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ABSTRACT

Energy storage technologies are rapidly being developed due to the increased awareness of
global warming and growing reliance of society on renewable energy sources. Among various
electrochemical energy storage technologies, high power supercapacitors and lithium ion
batteries with excellent energy density stand out in terms of their flexibility and scalability.
However, supercapacitors are handicapped by low energy density and batteries lag behind in
power. Supercapatteries have emerged as hybrid devices which synergize the merits of
supercapacitors and batteries with the likelihood of becoming the ultimate power sources for
multi-function electronic equipment and electric/hybrid vehicles in the future. But the need for
new and advanced electrodes is key to enhancing the performance of supercapatteries. Leading-
edge technologies in material design such as nanoarchitectonics become very relevant in this
regard. This work involves the preparation of vanadium pentoxide (V20s), pristine and zinc
doped lithium manganese silicate (LioMnSiO4) nanoarchitectures as well as their composites
with hydroxylated graphene (G-ol) and carbon nanotubes (CNT). The nanoarchitectured
electrode materials were characterized by various morphological, physical and electrochemical
techniques and tested as symmetric and asymmetric electrodes for supercapatteries and
supercapacitors. G-ol nanosheets with single layers of 14 - 23 nm thick delivered specific
capacitance of 137.7 F g%, high specific energy of 47.8 Wh Kg™and specific power of 377 W
kg as symmetric supercapacitor cells. V,Os—based electrode materials with particle sizes of
10.4 — 22.9 nm were also assembled as asymmetric supercapacitors with activated carbon.
AC/IV,0s-CNT-G-ol asymmetric device delivered a specific capacitance of 173.4 F g2, high
specific energy of 63.2 W h kg™ and good cycle stability over 4,000 cycles. Supercapattery
devices were further assembled with activated carbon and zinc doped Li2MnSiOs in 1 M

Na.SO; electrolyte. The devices delivered good capacitance retention and specific energies of



38.4 W h kgt - 21. 3 W h kg, capacitance retention of 72.5 % - 84.5 % and excellent
coulombic efficiency of 99.6 —99.7 % over 3000 cycles. With regards to new electrode designs,
nanoarchitectures of Li2Mn1xZnxSiO4/V20s5-CNT/G-0l10% (N1) and Li2Mn1xZnxSiO4/V20s-
CNT/G-ols% (N2) were fabricated and applied as supercapattery electrodes with activated
carbon in 1 M Na>SOs electrolyte. The AC//N2 supercapattery device delivered a maximum
specific capacitance of 205 F g1, excellent specific energy of 92.3 W h kg™ at a specific power
of 769.8 W kg and excellent coulombic efficiency of 98.8 % over 5000 cycles. The various
nanostructured electrode materials demonstrated good electrochemical performance and
cycling stability as supercapattery and supercapacitor electrode designs. This study may serve
as a facile and low cost broad-spectrum approach towards the design of high performance

nanoarchitectonic electrodes for energy storage devices.
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CHAPTER ONE

BACKGROUND INFORMATION, AIMS AND OBJECTIVES OF

THE STUDY

The Role of Electrochemical Energy Storage in the Global Energy

Transformation

1.1 Introduction

Energy, water and food are the three key elements to ensure human survival and growth.
Energy can either be found in nature (For example: coal, crude oil, wind, solar, tidal,
geothermal, biomass and natural gas) or can be subjected to conversion and transformation
processes for direct consumption by humankind (For example: electricity, petroleum products,
fuel and gases). Worldwide energy consumption continues to increase significantly over the
years due to economic and population growth. The advent of a low-carbon society has initiated

the inevitable transformation from traditional fossil fuels to non-fossil new energy [1,2].



1.2 The Global Energy Mix

Global energy supply is dominated by carbon-based fossil fuels and their demand increases at
a rapid rate due to progress of society and economic development. Consumption of fossils fuels
by 2011 globally, emitted about 31 Giga tonnes of carbon dioxide (which represents two-thirds
of greenhouse gases) with coal contributing the largest emission share [3,4]. It is projected that
average global temperatures will rise above 3.5 °C by 2035 and about 5 — 6 °C by the end of
this century if the consumption of fossil fuels increases at the current rate. This is regarded as
a serious scenario that will lead to very severe damage on the environment. It is therefore
imperative that the emission of greenhouse gases are reduced substantially and urgently for
effective climate change mitigation. According to a framework for Sustainable Development
Goals (SDGs) adopted in 2015 by the United Nations General Assembly (UNGA) for
international cooperation for realisation of a sustainable future for the planet, clean energy is
central to the success of this framework [5]. The global goal on energy aims to ensure
affordable, reliable and universal access to modern energy services, increase the share of
renewable energy in the global energy mix and double the rate of improvement in energy

efficiency.
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Figure 1.1: Historical and Projected data for global energy consumption by fuel type [3].

Global energy demand is predicted to reach 18 Billion tons of oil equivalent (toe) by 2030 and
by 2040 (regardless of the increase in demand), natural gas and new energy as clean energy
resources will take up a higher share in the primary energy mix as shown in Figure 1.1.
Moreover, coal, oil, gas and new energy resources will each account for a quarter of global
energy consumption [2]. In the sustainable policy for climate change mitigation, three
technological pillars are considered. Namely; energy efficiency, replacing fossil fuels with
renewables energy and carbon capture. Renewable energies are absolutely the best energy
sources compared to fossil fuels due to their minimal associated emissions of CO2 and other
pollutants. According to the International Energy Agency, about 1.4 billion people currently
lack access to electricity and about 2.7 billion people are using biomass for cooking [6]. Due

to Africa’s low capacity to adapt to change, its impending water crises, population growth and



overreliance on subsistence agriculture, the United Nations has regarded it as one of the

continents with maximum vulnerability to the effects of climate change [7].

The South African economy heavily relies on coal for electricity generation and it is in conflict
with sustainable development. In an effort to reduce its carbon footprint of electricity and
increase energy efficiency, the South African Renewable Energy Independent Power Producers
Procurement Programme was launched in 2011 [8]. The programme was expensive at first but
proved successful. With the rising costs of coal and decreasing cost of renewables, the Witbank
coal fields that have be exploited mainly are nearing exhaustion and moving to other coal fields
requires new infrastructure and investments and rising cost as reported by Richard and Colin

[9], for the new coal-based power stations at Medupi and Kusile.

Overall, countries worldwide are looking for new types of clean and sustainable energy which
could replace conventional fossil fuels and the development of renewable energy is considered
the focus as a new trend of industry promotion and development [10]. The need to mitigate the
environmental hazards of fossil fuel usage, the volatility of fuel prices and enhancement of the
national energy security necessitates a phenomenal change in the energy supply chain.
Although the need for electricity generation and storage will be far greater in future, the

problem of ensuring power quality is already upon us, as evidenced by recent power outages.

1.3 Electrical Energy Storage

With the increased awareness for global warming and the high demand for renewable energy
sources, electrical energy storage and conversion systems have become very crucial to replace

the traditional fossil fuels. The chief renewable energy sources are wind and solar energy.



However, these sources although sustainable, are intermittent due to their dependence on the
weather, resulting in output fluctuations, unavailability, and unpredictability. In this regard,
electrochemical energy storage devices such as batteries and supercapacitors become more
appealing. These devices will therefore, enable electricity to be produced at times of either low
demand, low generation cost or from intermittent energy sources to be used at times of high
demand, high generation cost or when no generation means is available. Indeed, these devices
are a priceless and sustainable technological approach for improving the reliability and the

general use of the entire power system (generation, transmission and distribution) [11,12].

1.4 Research Problem and Motivation

Lithium ion batteries are a sustainable technology that offers higher energy densities when
compared to other electrochemical energy storage devices, but are confined by their low power
densities and poor cycle life. On the contrary, supercapacitors can provide much higher power
densities, fast charge-discharge rates and longer cycle life but also suffer from low energy
densities. In view of numerous applications of electronic devices and hybrid electric vehicles,
there has been great demand for high-performance energy storage devices with both high
energy density and power density. To solve this problem, a supercapacitor—battery hybrid
energy storage system - supercapattery, has emerged in recent years, composed of a capacitor-
type electrode and a battery-type electrode and thus expected to possess the best features of
both supercapacitors and batteries [13,14]. However, the key to enhancing the energy output
of these energy storage devices for large scale utilization lies in the choice of potential high
performance electrodes. Various hybrid systems based on the supercapacitor-battery design
have been developed. Although most works have reported fabrication of such devices based on
activated carbon as a supercapacitor-type electrode material, and LisTisO12, LiFePQas, graphite
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or metal oxides as the battery-type electrode materials [15-18]. The poor conductivity, low
capacity or instability of these materials during cycling have limited the electrochemical

performance of the devices.

Lithium transition metal orthosilicates (LioMSiO4, M = Mn, Fe, Co) have attracted extensive
attention as possible next generation cathode materials for lithium-ion batteries due to their
overwhelming advantages. These include; high theoretical capacity (=330 mA h g), high
thermal stabilities through strong Si-O bonds, environmental friendliness and low cost. Among
the orthosilicates, Li2MnSiO4 shows great promise due to the potential extraction of two Li*
per formula unit, utilizing the M?*/M** redox couples at potential range of current electrolytes.
However, like many other polyanionic cathode materials, LioMnSiO4 suffers low electronic
conductivity and structural instability linked with the Jahn-Teller distortion at the Mn site
resulting in large capacity fading which limits its practical application [19,20]. Several
strategies such as particle size reduction, coating with conductive carbon (CNTSs, graphene),
metal oxides (ZnO, TiO2) and partial substitution of manganese cations with Fe?*, Mg?*, Cr3*
and AIP* have realized an improvement in the electrochemical performance of Li-MnSiOa
cathode material. Recently, fast ultrasound synthesis of LioMnSiO4 nanoparticles and chelate
induced- formation of LioMnSiO4 nanorods which delivered high initial discharge capacities
ranging from of 260-275 mA h g, corresponding to ~80 % of the theoretical capacity. It is
evident from these reports that the synthetic route as well as the doping/conductive coating and
the relative purity of the synthesized materials can greatly improve the reversible capacity and

overall electrochemical performance of LioMnSiO4 cathode material [21-23].

Layered and orthorhombic structured V20s has been extensively investigated as a promising
cathode material for lithium-ion batteries due to unique intercalation structure, low cost and its

capability of reversibly accepting multiple Li* ions yielding a high capacity ~294 mA h gt in



a voltage range of 1.5-4.0 V. Unfortunately, poor electrical conductivity and low Li* ion

diffusion coefficient hinders its practical application [24,25].

Graphol (hydroxylated graphene) is a new member of the graphene family with a distinct
structure, defined band gap and the availability of groups for high density functionalization of
the carbon backbone. Graphol has shown high electro-catalytic properties towards biomarkers

and possesses great potential for multifunctional applications [26,27].

1.5 Research aim and objectives

This research is aimed at developing multifaceted nanoarchitectures based on hydroxylated
graphene, vanadia networks and Zn-doped LioMnSiOs  nanomaterials.
Supercapacitor/supercapattery assemblies of the nanoarchitectonic platforms are well
investigated in aqueous electrolytes for advanced energy storage applications. The objectives

of the study are outlined below.

0,

% Preparation of graphol, V20s, LioMnSiOs4, V20s-CNT-graphol, Li2Mn1.xZnxSiO4 and
nanoarchitectonic  (V20s-CNT-graphol)-LioMn1.xZnxSiOs  electrode  materials.
Optimization of parameters to obtain the desired products.

% Investigation of the nature and relative quantities of graphol and MWCNTSs present in
the synthesised materials by Raman spectroscopy.

s Surface, elemental and particle size analysis of the prepared materials by High

Resolution Transmission Electron Microscopy (HRTEM), High Resolution Scanning
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Electron Microscopy (HRSEM), Energy Dispersive X-ray Spectroscopy (EDS), Small
angle X-ray Scattering (SAXS) and X-ray photoelectron spectroscopy (XPS).
Crystallographic and functional group analysis of the pristine and Zn-doped materials
by X-ray Diffraction (XRD), Fourier Transform Infra-Red Spectroscopy (FTIR) and
Solid-State Nuclear Magnetic Resonance Spectroscopy (SS-NMR).

Electrochemical characterization of electrode materials to verify material dynamics at
the electrode surface using Cyclic Voltammetry (CV) and Electrochemical Impedance
Spectroscopy (EIS).

Galvanostatic charge/discharge studies of assembled supercapacitor/supercapattery

devices and stability test over extended cycling.

Thesis outline

The thesis is divided into seven chapters as follows

Chapter 1: Chapter one presents the introduction and background to the research, the
problem statement and motivation, research aims and objectives

Chapter 2: Presents a comprehensive review on the development trends and
performance metrics of supercapatteries. Recent advances in materials, device
performance and future prospects are also discussed

Chapter 3: Discusses the preparation, characterisation and application of hydroxylated
graphene nanomaterials as supercapacitor electrodes

Chapter 4: Discusses the preparation, characterisation and application of V.0Os-based

nanomaterials as supercapacitor electrodes
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Chapter 5: Discusses the preparation, characterisation and application of LioMnSiOgs-
based nanomaterials as supercapattery electrodes

Chapter 6: Discusses the preparation, characterisation and application of
nanoarchitectured electrode materials as supercapattery electrodes

Chapter 7: Presents a summary of the research findings and recommendations for

future work
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CHAPTER TWO

LITERATURE REVIEW

Development Trends and Performance Metrics of Supercapatteries. Recent

Advances in Materials, Device Performance and Future Prospects

2.1 . Introduction

The global drive and vast investments to harness the unlimited but intermittent renewable
energy sources such as solar, wind and tidal into one of the primary sources for electricity
production is very critical in facilitating the transition towards decarbonising the currently
fossil-fuel dependent energy economy. Key requirements of grid compatible electrical energy
storage technologies need to be addressed in order to meet this goal in the nearest future. These
include high energy and power densities, long cycle life, fast charge-discharge rates, stable

operation and performance, cost-effectiveness and easy scale-up [1,2].

The basis of energy storage involves the conversion of energy from one form to another that
can deliver the stored energy when needed in an efficient, cost-effective and reliable manner.
In this regard, electrical energy storage devices such as supercapacitors and Li-ion batteries
become strategic elements to facilitate these energy evolutions as they are able to store charges
in a fast and efficient way, enabling the harvest and conversion of renewable energy to usable

forms. Both supercapacitors and Li-ion batteries rely on electrochemical processes but work
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based on different distinct charge storage mechanisms. The Li-ion battery is a mature
technology characterised by increasing energy densities (~180 W h Kg™?) meeting industry
requirements, low cost and a high margin of safety. Howevre, the battery possesses limited
charging ability and low power output as a result of kinetically limited faradaic reactions such
as ion diffusion and charge transfer processes which occur in the bulk of the electrode materials
[3,4]. On the other hand, supercapacitors which store charge through accumulation of ions at
the electrode-electrolyte interface (electrochemical double-layer capacitors-EDLC) or quick
redox processes at the electrode surface (pseudocapacitors), have high power densities (~10
KW Kg?) and very long cycle stability as compared to batteries. However, their energy

densities are much lower compared to Li-ion batteries [5,6], as summarized in Table 2.1.

Table 2.1: Comparison between batteries and supercapacitors based on operational Parameters

[7]1.

Comparison Parameter Battery Supercapacitor

Energy storage High (bulk) Limited (surface area)

Storage mechanism Chemical Physical

Power limitation Reaction kinetics, mass Electrolyte conductivity
transport

Charge rate Kinetically limited High charge and discharge

Cycle life limitation Mechanical stability, Side reactions

chemical reversibility
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Many investigators for the past few years have directed their efforts towards improving the
power density and cycle life of Li-ions and energy storage capabilities of supercapacitors to
meet the increasing requirements of electrical power systems. This has led to the development
of new energy storage technologies including hybrids of rechargeable battery and
supercapacitors into one device, known as supercapattery or supercabattery as proposed by
George Chen [8,9]. A supercapattery exhibits capacitive performance with enhanced energy
density, whereas a supercabattery delivers battery-type performance with improved power

capability.

This review presents recent developments in battery supercapacitor hybrids particularly
supercapatteries, associated redox active nanostructured materials as faradaic electrodes and
carbon-based materials as the commonly used EDLCs. Applications of these hybrid systems

and future directions are also discussed.

2.2 . Supercapatteries among electrochemical energy storage devices: Ragone Plot

The Ragone plot named by David Vincent Ragone is a very useful chart for directing the
development of energy storage devices and their limitations based on how much energy they
can store (energy density) and how rapidly the energy can be accessed (power density). Both
parameters are very important for determining a particular device’s specific function and has
been used to compare the performance of energy devices such as fuel cell, internal combustion
engine and batteries [10,11]. Supercapatteries which are analogous to the hybrid
supercapacitor, seek to achieve comparable performance to capacitors in power capability and

cycle life, and to batteries in energy density.
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Figure 2.1.: Comparing the energy and power densities of hybrid supercapacitors, batteries
and fuel cells [12].

Energy storage devices like batteries, fuel cells and supercapacitors are characterised by
electrochemical conversion processes. Compared to fuel cells, batteries and symmetrical
supercapacitors, hybrid supercapacitors show higher power density with elevated capacitance
and energy storage capabilities as shown on the Ragone plot, Figure 2.1. They have fetched
wide attention due to their propensity of combining the properties of EDLCs and
pseudocapacitors [7,12,13]. However, they have significant lower power density compared to
conventional capacitors. Supercapacitors differ from conventional capacitors in their charge
storage mechanism. Capacitors consist of dielectric plates for electrostatic charge storage
meanwhile supercapacitors consist of two electrodes kept apart by a separator and submerged
in an electrolyte that allows for the diffusion of electrolytic ions. Supercapacitors may be
symmetric or asymmetric based on either two different electrodes or same electrodes with

differences in charge storage mechanisms.
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2.3. Components, design considerations and mechanism of Energy storage in

Supercapatteries

The key factors that characterise the cost, operation and application of supercapatteries are

classified according to the following domains.

2.3.1. Typical components of electrical energy storage devices

In the likeness of many other energy storage devices, supacapatteries are composed of positive
(positrode) and negative (negatrode) electrodes set apart by separators to prevent short

circuiting and electrolytes for movement of charged species as shown in Figure 2.2.

e |
. L
11
Negatrode [M® @P Positrode
current collector current collector
Separator membrane ‘
Negatrode = (Porous or ion conducting) Positrode =
Negative electrode A Positive electrode

Positrode active
material + posilyte

Posilyte = Electrolyte
for positive electrode

Negatrode active
material + negalyte

Negalyte = Flectrolyte
for negative electrode

Figure 2.2: Schematic representation of a single cell of a typical electrical energy storage
device [8].
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The negative and positive electrodes are made of materials that possess high conductivity such
as metals, ceramics, carbons and their polymeric composites. These electrodes are usually
coated on electronically conducting substrates known as current collectors, which are
chemically and electronically inert in the cell environment. Electrical polarities of the
electrodes are determined by their potential window. That is, the electrode with the more
positive potential is used as the positrode and vice versa. Current flows through the external

circuit from positive to the negative electrode and electrons in the opposite direction [8].

2.3.2. Design considerations of supercapattery

The supercapattery design as shown in Figure 2.3 includes one battery-type electrode and one
capacitive-type electrode which may either be used as a positive or negative electrode
depending on its potential window. In general, battery-type materials in the hybrid device are
considered to be those charged through faradaic redox reactions including pseudocapacitive
metal oxides, conducting polymers, intercalation compounds and electroactive clusters or
molecular species. While materials charged through capacitive double layer are regarded as the
capacitive-type electrode [14,15]. Mainly high surface area carbons are used as the capacitive-
type electrode. Even though the supercapattery (battery-supercapacitor hybrid) is asymmetric
in nature, it is different from the conventional asymmetric supercapacitor in which both
electrodes are capacitive but with asymmetric capacitive charge storage [16]. Another
asymmetric device comparable to the supercapattery is the Li / Na ion capacitor, where the
battery-type electrode is a Li / Na -intercalating electrode [17,18], which offers high energy

density while the capacitive type electrode provides high power capability in the system.
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Figure 2.3: General design of a supercapattery.

A general and comprehensive approach to classify hybrids of batteries and supercapacitors
involving combinations of electrode materials and combinations of whole battery and
supercapacitors devices is illustrated in Figure 2.4, as designed by Dubal et al., [14]. Specific
challenges associated with either battery or supercapacitor devices can be addressed by proper

design of a hybrid device.
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Figure 2.4. Different hybridization approaches between battery and supercapacitor-type
electrodes and materials.

2.3.3. Mechanism of energy storage in supercapatteries

The mechanism of charge storage in electrical energy storage systems defines the fundamental
basis on which the devices are developed and their resulting applications. In general, electrical
charge can be stored depending on three main mechanisms (shown in Figure 2.5) on the surface
and/or the bulk of the electrode materials namely, double-layer charging, non-capacitive
faradaic charge storage (Nernstian) and capacitive faradaic charge storage (pseudocapacitive)

mechanisms [19].
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2.3.3a. Non-faradaic capacitive charge storage

Fundamentally, the EDL charge storage results from the accumulation or adsorption of charges
at the electrode/electrolyte interface based on electrostatic and non-faradaic processes.
Although charge storage in EDLCs is the same as that in traditional electrolytic capacitors, the
high surface area and porosity of active electrode materials, for instance, activated carbon,
increases the capacitance. However, the high porosity and surface area of activated carbon at
some point renders it weaker and less conducting resulting in lower capacitance output ~100
Fgl, which is the lower limit for the calculated capacitance range (100 Fg* — 300 Fg?) for
activated carbon. Carbon nanotubes and three-dimensional structures such as graphene with
EDLC charge storage with curved surfaces instead of the flat shape of carbon, benefit from the
sp2 carbon hybridization within the framework and electron conduction channels which yield
larger adsorption surfaces and higher capacitance values up to 550 Fg™ [20]. Apart for the
curved surface of these nanomaterials, the 3D nature of the sp2 carbon materials also influence
the capacitance performance at the microscale, which is the main difference between EDLCs

and traditional electrolytic capacitors [20,21].

2.3.3b. Capacitive faradaic charge storage (pseudocapacitive)

In principle, the faradaic process results from the transfer of valence electrons across ions or
molecules at the electrode-electrolyte interface known as the Nernstian process, due to its
dependence on the Nernstian equation. For charge storage in a faradaic process, huge
pseudocapacitance arises from electrosorption of ions accompanied by surface reduction and

oxidation processes with the transfer of electrons across the current collector and active
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material [19,22]. However, both EDLCs and pseudocapacitors with capacitive charge storage
experimentally offer rectangular-shaped cyclic voltammograms (CV) and linear or triangular-
shaped galvanostatic charge-discharge (GCD) profiles. As explained by the band theory, the
rectangular CVs and triangular GCD in pseudocapacitive materials with capacitive faradaic
charge storage develop from the transfer of delocalised valence electrons which spread over a
large range of energy levels as well as potentials [22]. This commonly occurs in many
semiconductors materials such as transition metal oxides like RuO,, MnO2, SnO», and
electronically conducting polymers such as polyaniline, polypyrrole and poly(3,4-ethylene
dioxythiophene). The specific capacitance of such electrodes is usually greater than that
obtained from EDLC carbon-based materials. However, the Nernstian equation cannot predict
these faradaic processes with rectangular CVs but rather, those occurring through the transfer
of localised valence electrons at fixed potentials, corresponding to peak-shaped CVs and non-
linear GCDs. The aforementioned processes usually occur in battery electrodes whereby, the
valence electrons of the active materials are similar to those of the ions or molecules in the

electrolyte [23].

2.3.3c. Non-capacitive faradaic charge storage (Nernstian)

Charge storage in battery electrodes is characterised by non-capacitive faradaic processes due
to the transfer of localised valence electrons within fixed energy levels which correspond to a
distinctive electrode potential (E°) giving rise to peak-shaped CVs. This faradaic process is
described by the Nernst equation (Equation 2.1) in terms of the mole fraction, x, of the reduced

sites on the electrode surface [24,25].
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If the process occurs under Nernstian conditions with reversible participation of the electrode
material in the redox process, the theoretical charge capacity of the electrode can be expressed

in terms of the Faraday equation (Equation 2.2).

_nF
QM—M (2.2)

Where Q is the Faradaic charge, n is the number of electrons transferred, F the Faraday constant

(96485 C g1) and M the molar mass of the electrode material.

The various charge storage mechanisms as well as the electronic states of the electrode

materials are illustrated in Figures 2.5 and 2.6.
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Figure 2.5: Scheme demonstrating similarities between capacitive and faradaic charge storage

in EDL capacitor, pseudocapacitor, battery and supercapattery (a) [19], Voltammetric

23



representation of Nernstian (b1, b2), mixed Nernstian and capacitive (b3) and capacitive (b4)

charge storage mechanisms (b).
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Figure 2.6: Outline of the band model for chemical bonding between metal atoms (c); that are
separated and non-interactive (i), and forming clusters of 2 (ii), 5 (iii), 20 (iv) and 10%° atoms
(v). Energy levels of the valence electrons as a function of the degree (or zone size) of

delocalisation of valence electrons in the respective clusters of metal atoms (d) [22,25].

2.4. Measurement of key performance parameters
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The electrochemical performance of electrical energy storage devices are generally evaluated
based on three critical parameters: voltage, current and time. These parameters are usually
obtained using electrochemical techniques such as cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) or constant current charge-discharge (CCCD) and electrochemical
impedance spectroscopy. Other parameters such as operating potential window, cell
capacitance/capacity (C), energy and power density and equivalent series resistance (ESR) can
be obtained from the three key parameters. Additional tests such as cycling stability,
capacitance/capacity retention, coulombic efficiency and time constant also shed more light on

the electrochemical performance of the energy storage device [26,27].
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Figure 2.7: Scheme showing key performance parameters, characterisation techniques and

factors affecting the evaluation of supercapatteries [27].
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2.4.1 Capacitance

The total charge storage capability of a supercapattery device is determined by the total
capacitance (Ct) of the cell. Ctis defined as the electrical charge AQ stored measured in ampere

seconds at a defined voltage change AV in volts.

C, :% (2.3)

The charge storage ability of a supercapattery material is given by a more intrinsic quantity,
specific capacitance (Csp), defined as the capacitance per unit mass, volume or area of the active
material or the whole device. The ensuing capacitance is either termed as gravimetric (F g%),

volumetric (F cm™®) or areal (F cm™) capacitance.

C :—2 2.4
P AVX (2.4)

Where X is either the mass, volume or area of the electrode material or device.

Csp 1s the most informative way to describe the charge storage ability of a material and it’s
considered the most important parameter to characterise supercapacitor/supercapattery

materials.

The cell capacitance can be evaluated from cyclic voltammetry, galvanostatic charge-discharge

test and electrochemical impedance spectroscopy according to Equations 2.5, 2.6 and 2.7,

respectively [26,27].
co=— L Tiav 2.5)
®2vAVx kY '
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Where, x = the mass, volume or surface area of the material or device, v = scan rate (V s2),

j Idv = absolute area under the cyclic voltammogram (AV), I = constant current (A), At =
-V

charge/discharge time (s), IRdrop = VOItage variation at the initial stage of the discharging curve
(V), @ = angular frequency (rad s) and Z = imaginary path of impedance () obtained from

the Nyquist plot.

2.4.2 Energy and Power

Energy and power stored/delivered are important aspects used to evaluate the performance of
various energy storage and conversion devices. The Ragone plot illustrated in Figure 2.2 is
used to express the relationship between these quantities. They are either measured
gravimetrically in the case of specific energy (W h kg?) and specific power (W kg?), or
volumetrically/area based for energy density (W h L™*/ W h cm2) and power density (W L/
Wcem2). The specific energy or energy density is the amount of energy stored per unit mass or
volume/area of the active electrode material or device, evaluated using Equation 2.8. Specific
power or power density refers to the amount of power a device can deliver per unit mass or

volume/area of the electrode active material or whole device as described by Equation 2.9.
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2.4.3 Cycle Stability and capacitance retention

The ability of an energy storage device to deal with being repeatedly charged and discharged
is described by its cycle stability. It is generally described as a percentile of the initial

capacitance that the device retains after an indicated number of cycles.

2.5. Recent advances in materials and performance of supercapattery electrodes

With increasing pursuits of high energy hybrid supercapacitors without compromising their
high power and long cycle life, recent research efforts have been devoted to advancing
electrode materials by combining battery and supercapacitor chemistries, creating new reaction
mechanisms with faster charge-discharge and high rate performance. Supercapatteries are
hybrid systems which range from ion capacitors (Li/Na) to asymmetric supercapacitors.
Different capacitive (with non-faradaic and faradaic charge storage) and battery-type electrode
combinations have been employed, with ion adsorbing/desorbing on one electrode surface and

charge transfer reactions with Li*/Na* intercalation/deintercalation in the bulk of the other.
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The capacitive-type electrode materials with non-faradaic charge storage (EDLCs) commonly
used in hybrid systems are carbonaceous materials (activated carbon, carbon nanotubes and
graphene). Among these materials, activated carbon is the most widely used due to its simpler
production methods, high surface area and satisfactory electrical conductivity. Graphene is also
widely investigated due to its high conductivity, high electron mobility and strong chemical
stability with large surface area. However, graphene suffers from a degree of irreversible
agglomeration of the thin sheets due to high n-n stacking and van der Waals interactions which

lead to a decrease in its surface area, thus limiting its high rate applications [28].

Transition metal oxides (TMOs) are actively studied as redox and intercalation
pseudocapacitive electrodes employing faradaic charge storage mechanisms. Examples of
TMOs include RuO., Co304, MNO2, NiO, V20s and mixed transition metal spinels like Fe3Oa,
MnFe204, NiC020s and CuCo.04. These materials have been extensively reviewed by
Augustyn’s [29] and Yan’s [30] groups. The TMOs exhibit the widest range of materials with
pseudocapacitance due to their ability to undergo multiple oxidation/reduction reactions with
change in oxidation states of the metal ion. By carefully selecting the TMOs with proper
architectures and investigating their electrochemical performance, such materials are expected
to become the basis for high rate electrochemical energy storage devices. Even though the
pseudocapacitor materials show superior electrochemical performance, the high cost of some
of these materials, for example, Ru in ruthenium oxide supercapacitor systems, substantially
limits their commercial usage and cost-effective materials with high energy densities and better
rate capability become the point of focus. Lately, V205 [31] has been explored as a suitable
pesudocapacitor material for supercapatteries among others metal oxides like NiO [32], Fe203
[33] and metal phosphates such as Cos(POa)2 [34,35] due to the low cost, comparable charge

storage capacity and its good catalytic activity.
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Battery-type electrodes consist of Li*/Na* intercalation materials usually used as positive
electrodes in batteries and conversion-type materials studied as negative electrodes in batteries.
Conversion-type electrode materials such as transition metal fluorides (FeFs, NiF2), oxides
(Fe203, MnO) and phosphides (NiP>), rely on multi-electron reversible redox reactions by
continuous lithium/sodium intercalation and phase transformation reactions. The intercalation-
types involve the electrochemical redox reactions of Li*/ Na* and electrolyte ions such as H,
OH-, ClOs, NOs and SOs*. The Li*/Na* intercalation electrodes include layered oxides
(LiCo0Oy), spinels (LiMn204), metal phosphates (LiFePOs, LiMNnPO4) and metal silicates
(Li2MnSiOs, NazMnSiO4, LiFeSiOs). In these materials, the charge transfer kinetics are
controlled by ion diffusion processes occurring in the bulk of the materials resulting in slower
kinetics and unsatisfactory rate performance. A recent review by Tie et al., [36] reports on the
extrinsic pseudocapacitance behaviour of battery-type electrodes, indicating that the rate
performance of these materials can be modified by structural regulations. That is, battery-type
materials exhibit varying degrees of capacitance characteristics when the material size is down
to the nanoscale or with specific nanostructures. Many researchers have reported the fabrication
of supercapacitor-battery hybrid devices using battery materials as either the positive or
negative electrode. The battery-type electrodes mostly used include LiMn204 [37], LixMnO2
[18], LiMnPO4 [17], LiNi13sMn13C01302 [38], LiFePO4 [39], NasMngO1s [40], LioFeSiO4 [41]
and Li2MnSiO4 [42,43]. Among them, the silicate-based electrode materials (Li2MSiOs, M =
Mn, Fe) offer more prospects due to their intrinsic stability, natural abundance and the
possibility of the extraction of more than one Li* ion per formula unit which results in high

electrochemical performance.

2.5.1. Activated carbon (AC)
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Activated carbon is produced generally through physical or chemical activation of various
types of carbonaceous materials like wood, coal or nutshells. Physical activation involves
treatment of carbon precursors at high temperatures (700-1200 °C) in the presence of oxidizing
gases like steam, CO> and air. Whereas, chemical activation is performed at lower temperatures
(400-700 °C) and activating agents such as potassium hydroxide, sodium hydroxide, zinc
chloride as well as phosphoric acid are used [44,45]. By careful selection of the activating agent
and the carbonaceous precursor, AC with different morphologies such as powders, monoliths
and fibres have been obtain with specific surface areas of up to 3000 m?/g. A number of reviews
are available on the electrochemical performance of AC, where AC is reported to deliver higher
specific capacitance in aqueous electrolytes (ranging from 100 to 300 F g) over organic

electrolytes (<150 F g*) [45,46].
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Figure 2.8: physical activation of AC from wood (a), changes in pore size with activation time

and electrochemical performance of AC negative electrode (b) [47].
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2.5.2. Doped Graphenes (Hydroxylated graphene- Graphol)

Graphene, a zero-gap semiconductor with a two-dimensional layer of sp2 hybridized carbon
atoms arranged in a hexagonal crystalline structure, has attracted wide research attention in
recent years. The interest in graphene stems from its excellent physicochemical properties such
as astounding surface area, high mechanical strength, high electrochemical stability and
exceptional electrical conductivity. These appealing properties enable its applications in
various technological domains ranging from lightweight to flexible energy storage systems,

Photovoltaics, biomedical and environmental applications [48,49], as shown in Figure 2.9.

Figure 2.9: Recent developments and applications of graphene and graphene-based composites
[48].

Graphene exhibits attractive capacitive performance. For instance, the intrinsic capacitance of

single-layer graphene can amount to 550 F g, which sets an upper limit for carbon-based
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materials. However, graphene is hydrophobic and thus insoluble in water and polar solvents,
which can cause it to restack irreversibly back to graphite [50,51]. This logically hinders its
production, storage and further restricts improvement of most of its applications. To address
this, researchers have developed strategies to manipulate the structure of graphene by either
chemical functionalization or cutting graphene into nanoribbons or quantum dots. Chemical
functionalization stands out from others due to the profound theoretical support from chemistry
and several reaction routes [50,52,53]. Chemical functionalization of graphene by doping with
elements such as P-block elements (nitrogen, boron, sulphur, hydrogen, oxygen and fluorine)
rearranges its planar structure by introducing other elements that alter its electronic properties.
In spite of this, the modifications have subsequently widened the applications of graphene and

its derivatives in various technological systems [54].

Gong et al., prepared hydroxyl functionalized graphene (graphol) by a systematic substitution
of fluorine atoms with hydroxyl groups through an oxofluorinated graphene (OFG)
intermediate according to Figure 2.10 [53]. Fluorinated graphene (FG) was obtained from
liquid exfoliation of commercially available fluorinated graphite in N-methyl-2-pyrrolidone.
The mechanism of formation of graphol (G-ol) from FG is shown by Equation 2.10, Where

R3C represents graphene subunits.
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Figure 2.10: Synthesis route of hydroxylated graphene; A- Formation of oxylfluorinated
graphene via hydroxyl substitution of fluorine atoms, B-Further substitution to graphol [53].

r Y —
R;C-F + OH —mm R3C-OH + F (2.10)

The formation of graphol via substitution of hydrophobic fluorine atoms with hydrophilic
hydroxyl groups not only initiates new grounds for the application of graphene and FG, but
enhances the fluorescent potentials of the materials by opening the band gap and modifying the

dispersivity.

Poh et al., reported on chemical functionalization of graphene with hydroxyl groups with the
formation of stoichiometric graphol composition as shown in Figure 2.11 [55]. This was
achieved through hydroboration of graphene oxide to an alkyl borane and subsequent oxidation
in peroxide and sodium hydroxide to stoichiometric graphol (C100.78Ho.75) n. Graphol in this
study was tested for the electrochemical detection of biomarkers and hydrogen evolution

reaction. Graphol demonstrated high catalytic properties towards hydrogen evolution reaction.
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Figure 2.11: Formation of hydroxylated graphene (graphol) through hydroboration [55].

Manthiram and Zu prepared hydroxylated graphene-sulphur nanocomposites with a sponge-
like morphology through a combination of ultrasonication and hydrothermal synthesis [52].
The nanocomposite exhibited high rate performance as cathode materials for lithium-sulfur
batteries. The sponge-like morphology enabled good electrolyte penetration and feasibly

absorbed volume changes induced by cycling.
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Figure 2.12: Electrochemical characterisation of hydroxylated graphene-sulfur
nanocomposites: cyclic voltammograms of the Li-S cell with nanocomposite as cathode (a),
cyclic performance of the Li-S cell (c) [52].

35



Recently, Ding et al., reported on surface hydroxylated graphene sheets prepared by molten
hydroxide-assisted exfoliation of natural graphite [56]. This method yielded highly flexible
hydroxylated graphene sheets with high thermal and electrical conductivity. The hydroxylated

graphene sheets exhibited super flexibility with up to 3000 bending and folding cycles.

2.5.3. Carbon nanotubes (CNTSs)

Carbon nanotubes have been extensively studied since their discovery in the early 1990s due
to their distinctive structure and outstanding electronic properties. CNTs can be described as
nanoscale concentric cylinders of graphene with closed ends. Structures consisting of one
cylinder are known as single-walled carbon nanotubes (SWCNTSs), while those with two or
more concentric cylinders are considered as multi-walled carbon nanotubes (MWCNTS).
SWCNTSs depending on how the graphene sheets are rolled up can have either the zigzag,
armchair or chiral crystallographic configuration, and thus exhibits metallic or semiconducting
behaviour based on the configuration. MWCNTSs show metallic properties where electrical
conductivity is through the outermost shell. Catalytic chemical vapour deposition is widely
used by researchers to produce CNTs with various configurations [57,58]. Even though CNTs
are 10° times thinner than human air, they exhibit extraordinary aspect ratios (can grow to
several centimetres long) with high flexibility and mechanical strength (tensile strength up to
100 GPa) [59]. Both SWCNTs and MWCNTS are investigated as electrode materials in energy
storage devices such as Li-ion batteries and supercapacitors. The specific capacitance of CNTs
is affected by the purity and morphology. Purified CNTs are reported to deliver specific
capacitance in the range of 15 to 80 F g* with surface areas between 120 to 400 m? g* [60].

The capacitance and energy density of CNT based materials is limited by the density of CNTSs.
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Thus, research efforts are focused on developing CNT composite materials to enhance their

electrochemical performance.

2.5.4. Vanadium pentoxide (V20s)

V205 is a typical intercalation compound, explored as a promising electrode material for Li-
ion batteries and supercapacitors due to its wide availability, ease of preparation and rich
structural chemistry. Besides, the variable electrochemically accessible oxidation states of
vanadium offer the possibility of storing more than one Li* ion per formula unit leading to high
capacity. V2Os has a layered structure and orthorhombic unit cell made up of bilayers of VOs
square pyramids which share corners and edges to form zigzag chains as shown in Figure 2.11
[61]. The layers are bonded by weak van der Waals forces between vanadium and oxygen of
the neighbouring pyramid [62]. The open-layered structure of V20s makes it a good host for
reversible intercalation/ de-intercalation of Li* ions into the interlayer space, offering the
potential for it to store more Li* ions than other intercalation compounds. The mechanism of
charge storage in V20Os (intercalation reaction) is based on the reversible insertion/ de-insertion

of Li* ion into the host structure, depicted by Equation 2.11.

V,0;5 + XLi* + xe” Li, V505 (2.11)
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Figure 2.13: Crystal structure of V20s

The amount of Li* inserted determines the phase of LixV20s formed. For the formation of the
a—phase of LixV20s (x <0.01), € —phase (0.35 <x <0.7), 6-phase (0.7 <x < 1) and y—phase (1
< x < 2) [63]. A rock salt-type structure and irreversible ®-phase is formed when further
lithiation (2 < x < 3) occurs after formation of the y—phase [63,64]. The calculated theoretical
capacity of V,0s is at 147 mA h g™ when one mole of Li* ion is intercalated/ de-intercalated,
294 mA h g* for two moles and as high as 442 mA h g* when three moles of Li* ions are
inserted/extracted [61,65]. However, the practical application of V2Os is restricted by low
electronic conductivity and Li* ion diffusion coefficient, which lower the kinetics of Li* ion
and electron transport, resulting in low rate performance. Hence, values of the specific capacity
/capacitance obtained experimental vary considerably with V2Os particle size and morphology.
Nanotechnology has open limitless opportunities in material science including based V20s-
electrode materials. It is reported that employing nano-morphologies significantly improves
the electrochemical performance due to shorter ion and electron transport distances as well as
high packing density and high active-area exposure to electrolyte. VVarious V20s nanostructures
such as nanoparticles [66], nanorods [67], nanowires [68], nanobelts [69] and nanocomposites

with carbon-based materials such as conducting polymers, carbon black, graphene and carbon
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nanotubes [70—72] have been prepared to boost the electrochemical performance. A range of
synthetic protocols have also been employed to prepare thin films of V2Os, which are reported
in literature. These include: Hydrothermal, sol-gel, solvothermal, electrospining,
electrochemical deposition and electron beam evaporation. It is well understood that the
method of synthesis influences the architecture of nanomaterials produced as well as their
performance in various applications [64,73]. Zhang et al., prepared three dissimilar
morphologies of V20s including nanobelts, nanoparticles and microspheres through
hydrothermal synthesis and the nanostructures were investigated as electrodes for
supercapacitors [73]. The electrodes delivered good electrochemical performance with the
microspheres offering maximum specific capacitance of 238 F g, over nanoparticles with 208
F g and nanobelts with 129 F g*. Zheng et al., reported on mesoporous V.Os flakes with
average pore sizes of 28.66 nm prepared by crystallization of aqueous ammonium

metavanadate (NH4VO3z) and subsequent calcination in air according to Equation 2.12 [74].

2NH,VO, — 2NH, +V,0; +H,0 (2.12)

The material delivered high specific capacitance of 510 F g™* at a current density of 0.2 A g
when investigated as a battery-type electrode for supercapacitors. A capacitance retention of
110 % was obtained after 1000 cycles in [74]. More recently, Bai and co-workers prepared 3D
hierarchical porous structure of V>Os/holey graphene hybrid electrode by hydrothermal
synthesis using holey graphene oxide (HRGO) nanosheets, acetic acid and NH4VOs, forming
an interconnected and stable 3D porous network. The hybrid electrode exhibited high specific
capacitance of 264 F g* at a current density of 0.25 A gt in 0.5 M K2SO4 aqueous electrolyte
with a capacitance retention of 85 % after 1000 cycles. The high specific capacitance delivered

was reported to be due to electronic conduction channels provided by HRGO nanosheets, the
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3D hierarchical porous structure which shortened the diffusion length of electrolyte ions as
well as V20s nanobelts which provided large interstitial spaces for free transport of electrolyte
ions and numerous active sites for electrochemical reaction [75].

Table 2.2 displays the comparison of the electrochemical performance of V2Os-based electrode
materials with respect to the method of synthesis, particle morphology and size, electrolyte,

potential window, capacitance and cyclic stability reported in literature.

Table 2.2: Synthesis methods, morphology, size of particle and electrochemical properties of

V20s- based electrodes reported in literature.

Method Morpholog Electrolyte Potential  Specific Capacitan Ref
Y, window / Capacitan ce
) Vv ce ]
size retention
/ Current
density
Sol-gel V205-N- 1M NaSOs -1.0-10 595.1Fgl 97% @ [76]
CNFs @05AQ 12000
! cycles
Core/shell
V.0s-Ni  1MLIiClOs -04-10 135Fg! 51% @ [77]
hollow in @ 0.5 mA 5000
Hydrothermal  gpperes propylene gl cycles
(300-500  carbonate
nm)
V20s5-W 1MLINOs -05-06 407Fg! - [78]
nanobelts @ 0.5 Ag
1
2D 2MNaNO; 0-08 3575Fg! 995% @ [71]
V,205/CNTs @10 A g* 1000
-SAC cycles
V20s/N- 0-1.0 487 F gt 84% @ [79]
Mesopoporo @05AQg 2000
us C- ! cycles
spheres
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V205 1MKCI 0-0.8 787Fgl 787% @ [80]
nanorods- @1Ag? 5000
G- cycles
poypyrole
V205 1MLINO; -04-08 351Fg? 15% @ [81]
nanowires @2Ag! 50cycles
(50 nm)
3DV,0s/G 1MLIiCIOs -0.8-08 384Fg! 822%@ [82]
aerogel in @01AqQg 10000
propylene ! cycles
carbonate
Chemical V205 2MLIiCIOs 0-1.0 222Fg!  88% @ [83]
bath intermixed @1Ag? 1000
decompositio flakes cycles
n
Wet spinning V20s/ PVA- 0-08 63Fcm® 90%@ [84]
SWCNT H3PO4 gel @ 10 mA 3000
fiber cm3 cycles
V205 5MLINO; -02-08 559Fg! 70%@ [85]
hollow @3Ag?
spheres 100 cycles
3DV20s 1MNaNOs 0-1.0 414Fgl  70% @ [86]
Solvothermal nanocorals @03A(Qg 3000
(50 — 150 ! cycles
nm)

These studies revealed that optimization of a variety of factors such as electrode morphology
and size, temperature of annealing of the V20s particles along with electrolyte characteristics

considerably affect the electrochemical behaviour of the electrode.

2.5.5. Lithium manganese silicate (Li2MnSiOa4)
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Lithium transition metal orthosilicates (Li2MSiO4, M = Mn, Fe, Co, Ni) were proposed in 2002
as alternative and competitive electrode materials for next generation lithium ion batteries,
alongside other polyanionic compounds such as phosphates to replace lithium transition metal
oxide electrodes. This was motivated by the relative availability and environmental friendliness
of metals such as Fe, Mn, and the strong covalent bonds between oxygen and metal ions
resulting in high chemical stability towards the electrolyte [87,88]. Remarkably, Li2MSiO4
electrodes are more attractive due to the possibility to extract more than one lithium ion per
transition metal, resulting in high theoretical capacities of about 333 mA h g™. Conversely,
LiFePOs is limited due to the fact that only one lithium ion is extracted from the host with a
theoretical capacity up to 170 mA h g1 [89,90].

The electrochemical potential of lithium insertion and extraction in electrodes is calculated

based a two electron process and illustrated by Equations 2.13 and 2.14.

Li,M?'Si0, — LiIM¥*SiO, + Li* (2.13)

LiM*SiO, — M*'SiO, + Li* (2.14)

The electrochemical potential in Equation 2.13 and 2.14 vary with the transition metal ion.
Among the orthosilicate family of electrode materials, LioMnSiO4 drawn more attention since
both lithium ions in each formula unit could potentially be extracted at moderate voltages,
resulting in a high theoretical capacity of 333 mA h g™. This process possibly employs both
the Mn?*/%* and Mn3*/** redox couples for the extraction/insertion of the first and second
lithium ions respectively. Even though it is also theoretically possible for the Fe and Co
counterparts, in the case of Fe and Co, the Fe3*/** and Co®*/*" couples are predicted to be

outside the voltage stability window of common electrolytes [90,91] as shown by Figure 2.14.
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Even though LioMnSiO4 demonstrates huge potential as a high capacity cathode material for
lithium-ion batteries, drawbacks such as co-existence of impure phases, low electronic
conductivity, and poor cycle performance, hinder its extensive applications in electric vehicles
(EVs) and hybrid electric vehicles (HEVS).

LioMnSiO4, as well as the Fe and Co analogues, are iso-structural with tetrahedral
lithiophosphate (LisPO4) exhibiting wide polymorphism. Its crystal structure consists of
distorted hexagonal close-packed oxygen ions with half tetrahedral sites occupied by Li, M and

Si cations.
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Figure 2.14: Comparison of Li insertion voltage of M?*/M** and M3/M** redox couples in
LioMSiO4[91].

LioMnSiO4 exhibits four different structural forms which differ in the arrangement of the

tetrahedra. Namely the low-temperature orthorhombic Pmn2; and Pmnb forms and the high-
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temperature monoclinic P21/n and Pn forms. The orthorhombic forms (Pmn21 and Pmnb) have
two-dimensional pathways for Li-ion diffusion while the monoclinic forms (P2:/n and Pn) are
framework structures with Li-ion positions interconnected in three dimensions with Si cations.
Figure 2.15 displays the crystal structure of the orthorhombic and monoclinic forms of
LioMnSiOas. Mn tetrahedra are denoted by purple, Li sites by green, Si tetrahedra by blue while

the red spheres represent oxygen atoms [92,93].

Figure 2.15: Crystal structures of the four orthorhombic and monoclinic polymorphs of
Li2MnSiOg4: (a) Pmn21, (b) Pmnb, (c) P21/n and (d) Pn space groups [92].

Literature studies have demonstrated that due to the variety of pathways of lithium-ion
diffusion and the different interconnections of the Mn and Si tetrahedra within the crystal lattice
of Li2MnSiOs, the different polymorphs of Li-MnSiOs deliver varying electrochemical
performance [94-96].

Different methods of synthesis, structural modifications and use of conductive additives have

been employed by researchers to circumvent the drawbacks of LioMnSiO4 electrode material
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and to optimise the physical and electrochemical performances. Strategies such as particle size

reduction to achieve nanostructures, carbon coating (carbon films and graphene), doping with

other metal ions (Mg, Ni, Ti, V, Al, Cr, Ca and La) have been reviewed by a number of

researchers [92,97-99]. Carbon coating and nanosizing can improve the electronic

conductivity, influence the Li* ion diffusion coefficient and enable high contact area between

electrode material particles and electrolyte. Doping with other metal ions can also modify the

electrical properties of LioMnSiO4 and further enhance its structural stability.

Table 2.3: Method of synthesis, physical and electrochemical properties of Li-MnSiOs- based

electrodes reported in literature

Method Morphology / Crystal Capacity/ Retention Ref
size system / Space capacitance | %
group
Hydrothermal Li2MnSiOa/c Orthorhombic  275mAhg 76 @50 [100]
nanorods / / Pmn21. l@8mAg cycles
40-60 nm .
Li,MnSiO4/Al,0;  Orthorhombic  1415Fg? 936% @ [43]
nanoparticles / 70 / Pmn21. @0.5Ag?! 100 cycles
+3nm
Li2MnSiO4 Orthorhombic 525 mAh %@ [101]
nanoparticles / 25 / Pmn2; gl@1.2 3300
nm Agt cycles
LioMnogsTio1sSi  Orthorhombic 214 mAhg 72% @  [102]
O4 nanoparticles / / Pmn2; 1@0.05C  30cycles
40 nm
Sonochemistry  Li»xMni—V,SiOs  Orthorhombic 261 mAhg 318% @ [103]
Nanoparticles / Pmn2; ! 50 cycles
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Li>MnSiO4/C Orthorhombic 260 mAhg 325% @ [104]

nanoparticles / / Pmn2; l@ 165 50 cycles
22.5nm mA gt
Solvothermal LioMnSiO4 Orthorhombic  326.7mAh  50.45 % [95]
Prism-shaped
nanoplates / Pmn2; gl@0.05 @ 100
C cycles
Liz+xMnSi1- Orthorhombic 308 mMAhg 39% @  [105]
xAIxO4/C
Nanoparticles / 7- / Pmn2; l@0.05C 50 cycles
11 nm

LioMnSiO4/RGO  Orthorhombic 210mAhg 87% @  [106]

/ Pmn2; 1

100 cycles
lon exchange Li2MnSiO4 Monoclinic / 120 516 % @ [107]
nanoparticles / 10 Pn mA h g 50 cycles
um
Sol-gel CNT/Li2MnSiO,C  Orthorhombic 227 @ 0,2  69.6 @50 [108]
core-shell / Pmn2; C cycles
nanotubes (70-
100 nm,)
Li2MnSiO4 Monoclinic  100mAhg 65% @  [109]
nanopartilces (40 P2i/n 1 10 cycles
+3nm)

Cu-Li2MnSiO4-  Orthorhombic  192mAhg 63% @50 [110]

PANI nano / Pmn2; 1 cycles

hybrids (30-60

nm)
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C/Li2MnSiO4 Orthorhombic 275 mAhg - [111]
nanoparticles (14- / Pmn2; 1
22 nm)

Solid state Li2MnSiO4/C Orthorhombic  335mAhg 657% @ [112]
core-shell / Pmn2; ! 50 cycles
nanoboxes
Li2MnSiO4 Orthorhombic 230 mAhg - [103]

agglomerated / Pmnb L @20 mA
nanoparticles (50 gt
pm)
LioMnSiO4 Orthorhombic 92mAhg! 69.2% @ [109]
nanoparticles / Pmn2; 10 cycles
Water in oil LioMnog73)SiOs  Orthorhombic 170 mAh g - [113]
emulsion nanoparticles / Pmn2; l@20 mA
g-l
In-situ LioMnSiO4/C Orthorhombic 230mAhg 81% @ [114]
template and /15 nm / Pmn2; 1 100 cycles
polymer
pyrolysis

It is clear from these studies that preparation of LioMnSiO4 particles with the orthorhombic
Pmn2. crystallographic phase has an advantage over obtaining other structural forms since it
results in better electrochemical performance over polymorphs. The synthetic method and other

physical conditions during material preparation also influence the morphology, size and
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electrochemical performance of the electrode material. These studies will serve as important
tools to facilitate the choice of methodologies employed in this study to design an electrode

system with optimum performance.

2.5.6 Electrochemical Performance of reported Hybrid Energy Storage Devices
(HESD)

In recent years, researcher’s efforts to meet the high energy and power density requirements of
high power electrical systems have led to the integration of batteries and supercapacitors
chemistries to produce HESD known as supercapatteries, supercabatteries and Li-ion
capacitors with one shadowing the limitation of the other. Battery electrodes contribute to the
energy storage capability while the supercapacitor electrodes contributes to the power density
advantage. In general, the energy density of HESD can exceed that of conventional
supercapacitors due to the fast electrochemical kinetics of battery-type electrodes. The
presence of the capacitive electrode and the advanced design of battery-type electrode could
overcome the power density limitation of battery electrode. However, the huge capacity
asymmetry may cause significantly depressed charge/discharge ability of the battery-type
electrode, thereby limiting the energy density of the HESD [14,115].

The potential/voltage window and electrochemical performance of electrodes and HESD
devices vary greatly among different electrolytes due to different electrochemical reactions and
ion diffusion rates. The selection of proper electrolytes and electrodes working in separate
potential windows to utilize the full capacitance of the capacitive electrode could enhance the

cell capacitance and overall energy density of the device [3,15].

Table 2.4: Summary of the performance of different hybrid energy storage devices
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Device design Type Electrolyte Capacitanc Max. Ref
/ voltage e Cycling Energy
(negative//positive) window (Fgh/ stabilit (W h
Current y (%) kg @
density @ Power
(Ag?h) cycles (W kg
1
)
LisTisO12//LiFeEPO4/A  BSH LIiTf/EC: 36mAhg!/ ~80@ 274@ [39]
C PC + 0.05Ag* 100 75.7
PVdF-HFP
/0-3V
AC// Li2Ni2(M0Os)3 HSC 2MLIOH/ 1173Fg¥%1 68@ 365¢ [116]
0-1.7V Ag? 10,000 420
V205-NW-G// V20s- NIC 1M 1002 F gt 839@ 116@ [68]
NW-G Na2SOq4 /- 5,000 1520.2
15-15V
AC// LizMnSiO4/Al203 SCP 1M 175/1A 936@ 104 @ [43]
LiNOs/0- g* 100 864.3
1.6V
AC// LizMnSi04/C LIC 1M 43Fg-1@1 9@ 54@ [47]
LiPFs/EC:  mA cm? 1,000 150
DMC/O0 -
3V
AC/ICO3(POa)2/NF SCP 3MKOH 1990Fg'@ 84@ 432 @ [35]
/0-17V 5mAg! 20,000 20.6
AC// NasMngOas NIC 1M 119.2F gt 84 @ 348 @ [40]
Na;SO4/0 @ 100 mA 4,000 62.1
-1.7V gt
AC/I LiMn204/Super P LIHS 1M 36Fgl@ 85@ 13@ [37]
Li,SO4/0 1Ag? 4,500 5200
-12V
RGO//LIMNPO4/RGO LIHS 1MLIOH 503Cg'@ 91@ 16.46 [17]
/0-15V 05Ag? 10,000 @ 0.38
Fes04/3DGr//V:0s/3D ASC 1M 612Fgl@ 899@ 549@ [28]
Gr Na;SO4/0 1Ag! 10,000 898
-18V
AC//Li2Ni2(M00O4)3 ASC 2MLIOH 1137Fg-1 68 @ 365@ [116]
/0-18V @1Ag-1 10,000 420
Mesoporous ASC 6MKOH/ 133.7Fg? 43@ 266 @ [117]
C//PANI/MnO2 0-16V 5000 400
Li2FeSiO4//AC AHS 1MLiPFs- 49Fgl@1 43@ 43 @ [41]
EC/DMC/ mA cm? 200 200
0-3V
AC//LixMnO2 LIHS 1M 1446Fg-1 952@ 88.56 [18]
Li2SO4 @ 10,000 @
151.8

49



For clarity, BSH = battery supercapacitor hybrid, HSC = hybrid supercapacitor, NIC = Na-ion
capacitor, SCP = supercapatteries, LIHS = lithium-ion hybrid supercapacitor, ASC =

asymmetric supercapacitor, AHS = asymmetric hybrid supercapacitor.

2.6 Conclusion and Future Prospects

Supercapatteries are a new type of hybrid energy storage devices which seek to target both the
advantages of high power density supercapacitors and high energy density secondary batteries.
These devices are currently under the spotlight due to the likelihood that they can become the
ultimate source of power for multi-function electronic equipment and electric/hybrid vehicles
in the future. Due to the different energy storage mechanisms occurring in supercapacatteries,
they are capable of delivering higher energy densities without sacrificing their high power
density. Different battery-type and capacitive-type material combinations have been design for
supercapattery applications. Although great efforts have been devoted to the fabrication of
advanced electrodes and improving both power and energy densities, much work still remains
to be done. Pseudocapacitive materials such as metal oxides demonstrate relatively high
capacities but low electrical conductivity limits their rate performance and cycle stability.
Battery-type materials show considerably high energy densities but are also limited by low
conductivity, large volume expansion and slow diffusion of ions within the electrode materials
during repeated cycling. The asymmetry in performance of both capacitive and battery type
electrodes may lead to reduced charge/discharge ability and energy density of the

supercapattery device.
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Therefore, further improvement of supercapatteries and other hybrid devices depends on the
development of advanced electrode materials and the in-depth understanding of the massive
and kinetically matching principles. In the case of designing new and advanced electrodes,
computational analysis and other techniques such as spectroelectrochemistry could provide
more insights about the charge storage mechanism of the electrode materials. On the other
hand, the optimized matching between positive and negative electrodes is critically important
to the overall performance of the hybrid device. Careful selection of suitable positive and
negative electrodes and proper adjustment of their mass ratios to maximise capacity/
capacitance as well as energy/power density of the device is indeed critical for practical

application of supercapatteries.
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CHAPTER THREE

RESULTS AND DISCUSSION - MANUSCRIPT 1

High Voltage and Freestanding Hydroxylated Graphene Films for

Supercapacitors with Aqueous Electrolytes (Prepared for Carbon)

Abstract

Hydroxylated graphene (G-ol) nanosheets were prepared by hydroboration of graphene oxide
(GO) and subsequent oxidation by sodium hydroxide and hydrogen peroxide. Morphological
and small angle X-ray scattering investigations revealed G-ol nanosheets as single layers of
14- 23 nm thick with average particle sizes of 31.3 nm. X-ray diffraction studies revealed an
interlayer spacing of 0.88 nm. Fourier transform infrared spectroscopy showed strong
stretching vibrations of sp3 C-H bonds at 2921.6 and 2851.9 cm™, in addition to stretching and
bending vibrations of the OH group at 3409.4 cm™ in G-ol, indicating covalent
functionalization with the hydroxyl groups with GO. Breakage of the stacking order of C-C
bonding in GO and increasing degree of oxidation was confirmed by the decrease in the 2D-
Raman band of G-ol. Electrochemical studies in 0.5 M LiCIO4 aqueous electrolyte at a potential
window of -0.2 — 0.8 V revealed a specific capacitance of 24.0 F g and 73.8 F g* for GO and
G-ol, respectively at 50 mV st from cyclic voltammetric studies in three electrodes.

Electrochemical impedance spectroscopic results showed a lower equivalent circuit resistance
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for G-ol (Rs = 12. 43 Q) compared to GO (Rs = 19.71 Q). The practical application of G-ol in
electrochemical capacitors was tested in both symmetric (G-ol//G-ol) and asymmetric (AC//G-
ol) devices at a voltage window of 1.6 V. Discharge capacitance values of 137.7 F g™t and 91.73
F g were obtained for the symmetric and asymmetric cells, respectively at current load of
0.007 A g. The symmetric device was able to deliver a capacitance retention of 83 % and
coulombic efficiency of 99.8 % at current load of 0.5 A g* over 5000 cycles. A specific energy
of 47.8 Wh Kg™ and specific power of 377 W kg* was achieved by the symmetric device at a
current load of 0.007 A g. The electrochemical performance of these devices highlights the

huge potentials of graphol and associated devices in energy storage applications.

Key words: Hydroboration, Hydroxylated graphene, symmetric supercapacitor, high specific

energy

3.1 Introduction

The development of sustainable and renewable energy sources has recently become the center
of focus for energy research in the scientific and industrial space. However, the intermittent
nature of these energy sources requires advanced energy storage devices for back-up and load-
leveling during peak production as well as consumption periods. Likewise, the future energy-
intensive transportation sector requires electric and hybrid electric vehicles with low CO:
emissions. To meet the demands of these next-generation applications, a significant
improvement in the storage capabilities and cycle life of current energy storage devices is of

great importance.
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Supercapacitors (SCs), also known as ultracapacitors or electrochemical capacitors, have
drawn wide research attention due to their ultrahigh power density, superior rate capability,
remarkable safety, and long cycling life. They differ from other energy storage devices such as
batteries, which primarily employ chemical oxidation and reduction reactions for charge
storage resulting in slow reaction kinetics and low power densities. SCs employ high surface
area electrode materials and thin electrolytic dielectrics to achieve higher energy densities than
traditional capacitors, greater power density than batteries, ultrafast charge and discharge
processes (within several seconds or several minutes). They are considered as highly
competitive and promising candidates for next-generation power sources which are able to
bridge the gap between conventional capacitors and batteries [1-3]. On the basis of the charge
storage mechanism, SCs are classified into electrical double-layer capacitors (EDLCs) and
pseudocapacitors. The mechanism of fast adsorption /desorption of electrolyte ions at the
electrode surface to store energy is shown by EDLCs, while pseudocapacitors undergo fast and
reversible surface or near-surface redox reactions, delivering high power. Yet, to improve the
energy density and rate performance of SCs without sacrificing the high power density and
cycle life, the development of high-performance advanced electrode materials is crucial.
Carbon-based materials, including activated carbon (AC) and carbon nanotubes (CNTS), have
been investigated in this regard. Conversely, the microporous nature of the structures limit the
active surface area for charge storage [4,5]. Graphene, a two dimensional (2D) material with
astounding properties such as high specific surface area, outstanding electrical conductivity,
high physicochemical stability, tunable layered structure, and good mechanical flexibility has
shown more green light. Coupled with its numerous electrochemical active sites and high
theoretical capacitance of 550 F g*, graphene has attracted considerable attention for its
continuous development as novel electrode material for high-performance and new-concept

SCs [5-7]. However, graphene-based electrode materials have some intrinsic challenges that
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limit their large-scale practical application. These include the loss in hydrophilicity by re-
stacking of graphene sheets during preparation and electrode fabrication, which lead to inter-
planar pore sizes that block contact with electrolytes. The low packing density of graphene
limits its volumetric energy density and overall rate capability [8,9]. The preparation and
optimization of graphene materials is therefore key in the performance of graphene in different
energy storage systems. Researchers have employed various approaches such as the design of
porous 3D graphene structures, graphene composites and doping graphene with heteroatoms,
metals or metal oxides, to overcome its downsides.

Cao et al. prepared high-quality 3D graphene networks through ethanol assisted chemical vapor
deposition. The 3D graphene/metal oxide composites were tested for supercapacitor
application in 3 M KOH. The composite with NiO (3D graphene/NiO) delivered a specific
capacitance of 816 F g at a potential scan rate of 5 mV s and no drop in capacitance over
2000 cycles at 80 mV s [10]. Miao et al. also reported on the hydrothermal synthesis of 3D
hierarchical porous graphene-nanosheets on nickel foam as conductive agent and support for
high-performance pseudocapacitor applications. The concentration of GO was varied with the
addition of KOH to obtain different morphologies of 3D graphene thin films with improved
dispersivity of the resultant 3D structure. A hybrid electrode fabricated with Ni-Co-S
(NF/G/Ni-Co-S) exhibited high specific capacitance of 2397 F g at current densities of 5 A g
1 and good cycle stability of 77.0 % after 2000 cycles at a current density of 20 A g [11].
Chemical functionalization is a more subtle method of modifying the intrinsic structure and
electronic properties of graphene, due to the unfathomable theoretical support from chemistry
and variable reaction routes. Moreover, achieving control over its structural and chemical
transformation, coupled with the possibility of tuning the concentration of chemical groups on
the surface of graphene sheds more light on its structure-property relationship [7,12].

Heteroatoms such as boron, nitrogen, oxygen, sulfur, and phosphorus have been incorporated
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into 3D graphene materials. The heteroatomic functional groups are believed to affect the
electron-donor characteristics of carbon materials, thus improving the capacitive performance
of these materials for Supercapacitors [13,14]. Nankya et al. recently investigated a boron-
doped mesoporous graphene (BMG) composite prepared by hydrothermal synthesis and a
subsequent calcination process to improve its specific surface area. A high specific surface area
of 1102 m? g was achieved with a pore size of 5 nm, leading to enhanced supercapacitor
kinetic performance and high electrical conductivity. The BMG composite electrode delivered
a specific capacitance of 336 F g at a current density of 0.1 A gt and a capacitance retention
of 93.6 % after 5000 cycles at 3 current density A g™*. The good electrochemical performance
was attributed to the control of graphene porous structure and the boron configuration [15].
However, many of the methods used in preparing heteroatom doped graphene nanomaterials
result in non-stoichiometric composites. Stoichiometric derivatives of graphene (SDG) are of
great interest due to their specific and well-defined structures, physical, and chemical
properties such as band gap-opening and improved dispersibility. But, SDGs require well-
defined synthetic protocols/chemical reactions. Ambrosi et al., reviewed the electrochemistry
of graphene and its derivatives with SDGs such as: fluorinated graphene (CiHxFi-x) n,
hydrogenated graphene (C1H1) », thiographene [C1 (SH) 1] n, graphene acid [C1 (CO2H) 1] n,
and hydroxylated graphene [C1 (OH) 1] n [7]. However, only a few studies are available on
hydroxylated graphene (Graphol). Gong et al., investigated the preparation of graphol from
fluorinated graphene through controlled substitution of fluorine atoms with hydroxyl groups,
with resultant exclusive prevalence of hydroxyl groups as oxygen-containing groups in the
prepared graphol [12]. The hydrophilicity and good mechanical property of the prepared
graphol exhibited favorable activity for cell proliferation with great promise for biomedical
applications such as bone, vessel, and skin repair. Hydroxylated graphene—sulfur

nanocomposite with sponge-like morphology, prepared by a combination of sonication and
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hydrothermal synthesis was reported by Zu and Manthiram [16]. The homogeneously
distributed hydroxyl groups on the surface prevented the growth of sulfur into bulk crystalline
particles which allowed complete diffusion of electrolyte ions and absorbed the strain-induced
volume changes during cycling. The nanocomposite demonstrated promising performance as
a cathode material for high rate lithium-sulfur batteries. Furthermore, Poh et al. synthesized
stoichiometric and highly hydroxylated graphene composite with a stoichiometric ratio of (C1
Oo.78 Ho.75) n through hydroboration of graphene oxide and an ensuing hydroxylation reaction
using H20. [17]. The graphol composite served as a good electrocatalyst for the
electrochemical detection of biomarkers and hydrogen evolution reaction. More recently,
Singla and Kottantharayil investigated the covalent binding of hydroxyl functionalities on
graphene (prepared by chemical vapour deposition) via treatment with H.O; in the presence of
UV light [18]. Conductivity is proportional to the movement of charge carriers in the material.
Graphol in this study was applied as a channel for field effect transistors, which exhibited p-
type character with excellent mobilities.

Herein, with the guidance of classical organic chemical reactions, we report the fabrication of
graphol by regioselective hydroboration-oxidation of graphene oxide through an anti-
Markovnikov alkyl borane intermediate. Herbert C. Brown of Pursue University received a
Noble price in Chemistry (1979) for his work on the addition of diborane over a -C=C- bond
which resulted in an alkyl borane with anti-Markovnikov orientation [19]. In essence, hydration
of alkenes by hydroboration-oxidation involves the addition of borane (which is usually
available as a complex with tetrahydrofuran) to an alkene to form an alkyl borane intermediate.
The intermediate is converted to an alcohol by oxidation with aqueous sodium hydroxide and
hydrogen peroxide. We successfully performed these reactions and comprehensively
characterized graphol using various morphological, spectroscopic and electrochemical

techniques. Graphol was further tested as a symmetric and asymmetric electrode material for
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supercapacitors. To the best of our knowledge, no extensive studies have been performed on

graphol for supercapacitive applications.

3.2 Experimental details

3.2.1 Materials

Microcrystalline graphite (2- 15 um, 99.99 %) was purchased from Alfar Aesar. Other reagent
grade chemicals purchased from Sigma-Aldrich and used without further purification include:
potassium permanganate (> 99.0 %, ACS reagent), hydrogen peroxide solution (30 wt. % in
water, ACS reagent), sodium hydroxide (98 — 100.5 %), tetrahydrofuran (> 99.8 %), ethanol
(absolute, >99.8 %). Concentrated sulfuric acid (99.999 %), borane in tetrahydrofuran complex
(2 M), lithium perchlorate (99.99 %), chloroform and anhydrous N-methyl-2-pyrrolidone (99.5
%), polytetrafluoroethylene (mean particle size 20 um), activated charcoal (Norit ® pellets)
and carbon black (4 pm mesoporous carbon matrix, > 99.95 % metal basis). Concentrated
hydrochloric acid (reagent grade and assay 36.5 — 38.0 %) was obtained from Kimix chemicals

and nickel foam (1.6 mm thick, 0.25 um pore diameter) purchased from MTI Corporation.

3.2.2a. Synthesis of Graphene oxide (GO)

Graphene oxide was prepared by chemical exfoliation of graphite according to a modified
Hummers method [20]. Typically, 50 mL of concentrated H.SO4 was added into a 250 mL
flask containing 2 g of graphite at room temperature and vigorously stirred to avoid
agglomeration of the graphite powder. The flask was cooled to 0 °C in an ice bath, followed
by slow addition of 7 g of KMnO4 with a resultant dark green coloration. The flask was

removed from the ice bath and temperature was allowed to rise to 35 °C. The mixture was
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stirred for 2 h, cooled down again in an ice bath with subsequent addition of 120 mL of distilled
water to give a light pink color. Thereafter, 30 mL of H.O, was added dropwise until gas
evolution ceased. The resultant suspension was washed copiously with water and centrifuged
to remove the unexfoliated graphite. GO was finally obtained by vacuum drying the product

overnight at 65 °C.

3.2.2b. Synthesis of hydroxylated graphene (graphol /G-ol) nanosheets

Graphol was prepared by hydroboration of graphene oxide as illustrated in Figure 3.1. Firstly,
200 mg of graphene oxide obtained in section 3.2.2a above was ultrasonicated in 200 mL of
anhydrous tetrahydrofuran (THF) for 1 h followed by addition of 20 mL of borane in THF
complex. The mixture was heated at 50 °C with reflux under argon atmosphere for 24 h. A
mixture of 3 M aqueous NaOH and 30 % H20. was slowly added and the reaction was further
kept at 50 °C for 3 h under reflux. Hydroxylated graphene nanosheets were obtained by suction
filtration and washed several times with THF and water. The nanosheets were dried in a

vacuum oven at 50 °C for 48 h.
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Figure 3.1: Schematic illustration of the synthesis pathway of graphol

3.2.3.1 Material Characterization

The morphology and elemental composition of the nanosheets were obtained using ZEISS
ULTRA scanning electron microscope equipped with an energy dispersive spectrometer and a
Tecnai G2 F,0 X-Twin MAT 200 kV field emission transmission electron microscope from
FEI. The analyses were performed on a nickel-copper grid. The particle size distribution of the
nanomaterials was obtained by small-angle X-ray scattering experiments performed on an
Anton Paar SAXSpace system. Copper Ka radiation (0,154 nm) was used and the instrument

is equipped with a 1 D mythen 2 position sensitive detector and a beamstop alignment. X-ray
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powder diffraction patterns of the carbon-rich nanomaterials were obtained using a D8 advance
diffractometer (BRUKER-AXS) using copper Ko radiation (A ~ 0.154 nm) operating at 40 kV
and 40 mA. A Perkin Elmer Spectrum 100 series Attenuated Total Reflection (ATR) Fourier
Transform Infrared spectrometer with a resolution of 4 cm™ was used to obtain the functional
groups present in the materials. A HORIBA scientific Xplora Raman microscope integrated
with a 532 nm laser and Labspec spectral software with a resolution of 1 um was used to obtain
the vibrational modes present in the materials. Electrochemical studies were performed using

both three and two-electrode cells on a VMP-300 potentiostat from Bio-Logic instruments.

3.2.3.2 Electrode preparation and electrochemical measurements

The working electrode was prepared by mixing 70 % of the active material with 20 % carbon
black (conducting agent) and 10 % polytetrafluoroethylene (binder) in a few drops of
anhydrous N-methyl-2-pyrrolidone. Prior to coating, nickel foam was cut into rectangular
shapes of 0.5 x 1 cm? and coin-shapes of 20 mm in diameter. The different sizes were cleaned
and etched to remove surface oxide layer using 1 M HCI solution in an ultrasonic bath for 15
mins, then cleaned in absolute ethanol and deionized water for 15 min in sequence by
ultrasonication and finally dried at 90 °C for 12 h. A homogenous paste was obtained using a
mortar and pestle and coated on nickel foam with a diameter of 0.5 cm? using a spatula and
dried at 80 °C for 12 h. Ag/AgCl and Pt wire were used as the reference and counter electrodes,
respectively for studies in three-electrode system. For two-electrode cell analysis, the
homogenous paste was coated on coin-shaped nickel foam with a diameter of 20 mm and
assembled in a Swagelok using graphol nanosheets as the positive electrodes and activated

carbon as the negative electrode. Cyclic voltammograms were recorded in a potential window
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of -0.2 to 0,8 V at different scan rates and electrochemical impedance measurements were
obtained at a frequency range of 0.1 MHz —-100 kHz with 10 points per decade. CV curves,
galvanostatic charge-discharge profiles and the cycling performance of the supercapacitor cells

were obtained in aqueous 0.5 M LiClO4 electrolyte at a voltage of 1.6 V.

3.3 Results and Discussion

3.3.1 High-resolution Scanning and Transmission Electron Microscopic Analysis

Morphological features, elemental composition and the nanostructure of the carbon-based
materials were investigated by high-resolution scanning and transmission electron
microscopies (HRSEM and HRTEM). SEM high magnification images of graphene oxide and
graphol nanosheets are shown in Figure 3.2.1 (a) and (b), respectively. The exfoliated graphene
oxide nanosheets are observed to be layers of 11 — 45 nm thick, found in stacks of 20 -25 layers.
Whereas, the graphol (G-ol) nanosheets are observed as single layers with a thickness of 14-
23 nm, which is attributed to the disruption of the planar sp2 carbon sheets of graphene oxide
by the introduction of sp3-hybridized carbon upon oxidation [21]. Figure 3.2.1 (c) and (d)
display the HRTEM images of GO and G-ol nanosheets, with their selected area diffraction
(SAED) images, (e) and () as insets, respectively. The HRTEM images also reveal stacked
sheets for GO and G-ol single layers as seen in SEM observations. SAED images reveal that
the materials are crystalline, with graphol showing better and clear concentric circles,
indicating a more ordered pattern and a reduction in the number of graphene layers [22].

Elemental analysis by energy dispersive spectroscopy (EDS) coupled to TEM is shown in
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Figure 3.2.2. G-ol is observed to have a higher oxygen content than graphite and GO as

expected.
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Figure 3.2.1: SEM image of GO (a), G-ol (b), HRTEM image of GO (c), G-ol (d), SAED
image of GO (e), G-ol (f)
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Figure 3.2.2: EDS spectra of Graphite, GO and G-ol

3.3.2 X-ray diffraction Studies
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Powder X-ray diffraction was used to study the crystal structure, phase purity and interplanar
spacing between the graphitic planes of the nanomaterials. Figure 3.3 shows the XRD spectra
of graphite, GO and G-ol at 2 theta range of 5 — 70 °. The spectrum of graphite shows two
prominent peaks at 2 theta values of 24.9 and 42.9 °, which belong to the reflections of 002
and 004 planes, respectively. GO and G-ol show much broader peaks for the 002 reflection due
to the reduction in the crystallite sizes, with an additional peak developing around 2 6 values
of 10 — 11.5 °. This distinct peak is attributed to the 001 plane, induced by functionalization

(oxidation) of graphite. These patterns are similar to those reported by previous studies [23,24].

— Graphite
— Graphene oxide
30007  Graphitic plane — Graphol

Intensity (a.u)

0 20 40 60 80

Figure 3.3: XRD pattern of graphite, GO and G-ol.

The interplanar (d) spacing for the carbon-based materials was calculated using Bragg’s law,

Equation 3.1.
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nNA = 2dsin6 (3.1)

Where, n is the first order of diffraction (n = 1), 4; the wavelength of the X-ray beam (0.154
nm), d; the distance between the graphitic sheets or layers (d-spacing) and & is the diffraction
angle. The d-spacing obtained from the 002 plane of graphite at 12.5 degrees was 0. 34 nm,
while GO and G-ol showed d-spacings of 0.80 nm and 0.88 nm, respectively. These values
were calculated from the 001 reflection of GO and G-ol. The interlayer spacing increased from
graphite to GO and G-ol due to the intercalated oxygen, hydroxyl, epoxy, and carbonyl
functional groups at the basal planes of the graphitic sheets. Weak van der Waals forces
between epoxy and carbonyl groups are also said to influence the d-spacing of GO and other
functionalized graphitic materials. The increasing values of the d-spacing from graphite to GO
and G-ol is considered as good evidence for exfoliation and absence of restacking in the
graphitic sheets. These results are in good agreement with literature reports by Zaaba and Emiru
et al. [25,26].

The average crystallite sizes of graphite, GO and G-ol were calculated using Scherrer’s

formula, Equation 3.2.

D= (3.2)

Where: D is the mean crystallite size, K is the shape factor constant (0.89), 4 is the wavelength

of the X-rays, p is the full width at half maximum (FWHM) of the (210) Bragg peak, and 0 is
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the angle of reflection of the crystalline plane. The calculated grain sizes were at 59.0 nm for

graphite, 34.5 nm for GO and 23.3 nm for G-ol, as shown in Table 3.1.

Table 3.1: Structural properties of graphite, GO and G-ol nanosheets.

Material Interlayer spacing/  Average crystallite
nm size/ nm
Graphite 0.34 59.0
GO 0.80 34.5
G-ol 0.88 23.3

Simulation studies were further performed on the crystallographic patterns of the carbon-based
materials to determine the atomic positions and the effect of functionalization on the crystalline
domains using crystallographic information files (CIF) obtained from phase identification and
structure solution (Match and Endeavour) softwares. Prism-shaped crystallite clusters of
graphite were observed with interlayer spacing of 0.34 nm and a few oxygen atoms probably
emanating from moisture adsorbed during XRD measurements. Oxidation of graphite to GO
resulted in the formation of new C-O bonds and spherical clusters of carbon and oxygen atoms
sandwiched in between. From the model structure of G-ol, it is evident that graphitic sheets
were completely exfoliated with the formation of many new bonds such as C-O, C-OH, and C-
O-C. These studies corroborate results obtained from morphological and powder X-ray

diffraction studies.
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Figure 3.4: Model structures of graphite, GO and G-ol showing the position of all atoms

obtained simulated using Match and Endeavour softwares. A = oxidation, B = hydroboration/

oxidation.

3.3.3 Small-angle X-ray scattering experiments

The size of the graphitic primary sheets, their aggregates and the size distribution of the
nanosheets with oxidation was investigated using SAXS analysis. Figure 3.5 (a) and (b)
represent the particle size distribution based on the intensity of the scattered nanosheets and
the particle size distribution based on the physical volume of the scattered nanosheets,
respectively. The intensity particle size distribution of graphite is characterized by a left-
skewed distribution/curve indicating a variation in the sizes of the stacked graphitic sheets. The
intensity particle size distribution of GO and G-ol reveal almost a normal distribution or bell-
shaped curves displaying a multi-peak arrangement. Small peaks at 17.7 nm and 9.6 nm reveal
very small nanosheets of GO and G-ol, respectively. The center peaks at 30.8 nm and 31.3 nm
indicate the primary particle sizes for GO and G-ol, respectively with aggregates of the primary
particles at 66.7 nm for GO and 45 .5 nm for G-ol. These particle size distributions agree well

with the average crystallite sizes obtained from XRD measurements. The volume particle size
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distribution follows a bell-shaped distribution curve for all materials with a mixture of primary-
particles, intermediates, and aggregates of primary particles. The nanosheets display reduced
particle sizes due to the fact that at low volume fractions, nucleation behavior is favored with
a decrease in size while at high volume fractions, smaller particles outhumber fewer larger

particles leading to a decrease in the average diameter of the graphitic sheets [27].

— Graphite
— GO
— G-ol
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Figure 3.5 (a): Intensity particle size distribution of Graphite, GO and G-ol nanosheets
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Figure 3.5 (b): Volume particle size distribution of Graphite, GO and G-ol nanosheets

3.3.4 Fourier transform Infrared (FTIR) Spectroscopic Analysis

FTIR spectroscopy was used to investigate the nature of functional groups present and new
bonds formed upon oxidation of graphite to GO and subsequent hydroboration/oxidation to G-
ol. The FTIR spectra of graphite, GO and G-ol are presented in Figure 3.6 (a), with the enlarged
spectrum of GO shown in Figure 3.6 (b). Spectra are presented in the range of 4000 — 400 cm’
L with very little bond vibration observed for graphite. The FTIR spectra of GO and G-ol exhibit
characteristic stretching and bending vibrations of the OH group at 3229.8 cm™ for GO with
an intense band at 3409.4 cm™ for G-ol, indicating covalent functionalization of carbon
backbone with hydroxyl groups. Also, G-ol shows two strong stretching vibrations of sp3 C-H

bonds at 2921.6 and 2851.9 cm™ in addition to the symmetric band at 788.1 cm™® While GO
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exhibits a C-H characteristic band at 2815.1 cm™. This is due to the presence of sp2/sp3 carbon
centers in GO and G-ol induced by oxidation [28,29]. The peak at 1720.3 cm™ in G-ol and
1715.6 cm™ in GO is assigned to carbonyl C=0 groups. Furthermore, GO exhibits a strong
band at 1561.8 cm™ which is characteristic of graphitic domains (C=C), which is blue-shifted
in G-ol and appears at 1588.9 cm™ due to the difference in the chemical environment. The
peaks at ~1254 .2 and 1075.6 cm™ in G-ol and 1029.9 cm™ in GO are due to the presence of
epoxy and alkoxy functional groups in these materials [30,31]. These analyses are further

confirmed by Raman spectroscopic studies.
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Figure 3.6 (a): FTIR spectra of graphite, GO and G-ol nanosheets
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Figure 3.6 (b): FTIR spectrum of GO nanosheets (enlarged)

Table 3.2: Functional groups/ bonds present in graphite, GO and G-ol.

Functional

groups /
bond

OH

C-H

C=C

Material / Wavenumber

Graphite / cm™?

881.8

1622.5

GO /cmt

3229.8

2815.1, 876.2

1715.6

1561.8, 1183.8

G-ol /cmt?

3409.4
2921.6, 2851.9,
788.1
1720.3

1588.9, 1145.3
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C-O-C - 1029.9 1075.6

C-OH - -- 1254.2

C-O - - 1459.3

3.3.5 Raman Spectroscopic Studies

Raman spectroscopy was used to investigate the vibrational modes and quality of oxidized GO
and G-ol nanosheets. The Raman spectra of Graphite, GO and G-ol are shown in Figure 3.7.
The spectra of these graphitic materials are characterized by the D and G modes, whereby, the
D mode denotes dispersive vibrations induced by disorder intrinsic to sp2 hybridized carbon
systems and the G mode which describes the vibration of sp2 bound carbon atoms [23,32]. The
Raman spectra of graphite, GO and G-ol were collected in the range of 600 to 3500 cm™. The
most prominent peaks are assigned to the D-band, G-band, 2D-band (double overtone of the
D-band) and the D+G- band (band indicating the presence of edge-like defects in the basal
planes of the graphitic materials). Values obtained for the different Raman modes are recorded
in Table 3.3. The D-band was observed at 1460.3 cm™ for graphite with a slight blue shift for
GO (1342 cm™) and G-ol (1358.2 cm™?). The variation to lower Raman shift values in GO and
G-ol is attributed to the disruption of the sp2 hybridized carbon network in graphite with the
introduction of some sp3 carbon centers in GO and G-ol [29]. The Raman active G-band for
sp2 hybridized carbon-centers in the materials was observed at 1565.3 — 1573.3 cm™ and the
double overtone 2D-band was obtained at 2436.3 + 0.6 cm™ for all three materials. The
decrease in the intensity of the 2D-band in G-ol is attributed to the breakage of the stacking
order of C-C bonding in GO and increasing degree of oxidation. The D+G combination band
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was observed at Raman shift values of 2947 — 2972 cm* with weak intensities for graphite and
GO. G-ol, on the other hand, showed much higher intensities with a shoulder band at 2971.5
cm indicating various edge-like defects formed on the basal planes of GO sheets during
functionalization [33]. The ratio of the intensity of the D-band to the G-band (Ip/lg) provides
more insights on the nature of defects present in the graphitic layers and the different sp2 and
sp3 carbon atoms [22,34]. Ip/lc values calculated from the peak integration showed reducing
values from graphite to graphol. This is due to the breakage of graphitic linkages (structural
distortions) with more sp® character induced by the presence of hydroxyl, carboxyl and epoxide

groups on the carbon basal planes as evidenced by XRD and FTIR studies.
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Figure 3.7: Raman spectra of graphite, GO and G-ol nanosheets excited by 514.9 nm laser.

Table 3.3: Raman active modes of graphite, GO and G-ol
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Material D-band G- band 2D-band D+G L/

1 1 1 DG
(cm ) (cm ) (cm )
Graphite 1460.3 1565.3 2436.9 2947.89 2.03
Graphene 1342.0 1573.3 2436.3 2908.2 1.23
oxide
Graphol 1358.2 1566.6 2436.9 2903.6, 0.67

2971.5

3.3.6 Solid state 3C Magic Angle Spinning Nuclear Magnetic Resonance

Spectroscopic Studies (SS-1*C-MAS NMR)

SS-13C-MAS NMR was further employed for confirmation of the change in chemical structure
and composition with functionalization. Figure 3.8 displays the *C MAS SS-NMR spectra of
graphite, GO and G-ol. Spectra are dominated by resonances from graphitic sp2 carbon atoms
(-C=C-) occurring at ~110.9 ppm for G-ol and 111.3 for GO and graphite, with spinning
sidebands at ~191 ppm for all three materials. The graphitic sp2 carbon signal in GO is
broadened with a shoulder band at ~128 ppm. This is attributed to the changes in the chemical
environment of the hybrid carbon atoms present in GO. These results are consistent with other

reports by Si and Wang et al. [29,35].
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Figure 3.8: 3C MAS SS-NMR spectra of graphite, GO and G-ol nanosheets.

3.3.7 Electrochemical Performance of graphite, GO and G-ol

The electrochemical performance of the carbon-based materials was characterized using cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge-

discharge studies (GCD) in 0.5 M LiClOs-aqueous electrolyte.
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i) Cyclic Voltammetric (CV) studies

CV curves were obtained at scan rates of 10 — 50 mV s at a potential window of -0.2 — 0.8 V.
Figure 3.9 (a) presents a comparative plot of the CV profile of graphite, GO and G-ol at a scan
rate of 40 mV s*. The CV profile of G-ol at different scan rates is shown in Figure 3.9 (b).
Graphite showed a very little current response whereas, GO and G-ol showed rectangular-
shaped voltammograms exhibiting an increase in current response with increasing scan rate,
indicating capacitive charge storage with a high degree of electrochemical reversibility. No
redox peaks were observed in the rectangular-shaped CV curves for all scan rates, which is
typical of electrical double-layer capacitors [4]. Therefore, no pseudocapacitance contribution
was shown by the oxygen and hydroxyl functionalization on the basal planes of the graphitic
materials. The specific capacitance of graphite, GO and G-ol were calculated from the cyclic

voltammograms using Equation 3.3.

17
cC.=—=[Id
sp 2muAVI v (33)

-V

Where m denotes the active mass of the electrode, v is the scan rate, AV is the potential window

+V
and J' | dv is the absolute area under the CV curve. The specific capacitance values are plotted
-V

against potential sweep rates as shown in Figure 3.9 (c). The values vary from 1.68 F g* at 10
mV st to 0.71 F gt at 50 mV s for graphite, while GO delivered a specific capacitance of

240F gtat10 mV stand 10.5 F gt at 50 mV s™. G-ol demonstrated better electrochemical
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performance with a high specific capacitance 73.8 F gt at 10 mV s and up to 43.2 F gt at 50

mV s,
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Figure 3.9 (a): CV curves of graphite, GO and G-ol at a scan rate of 40 mV s in 0.5 M LiClOs-
aqueous electrolyte at a potential window of -0.2 — 0.8 V
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Figure 3.9 (b): CV curves of G-ol at scan rates of 10 — 50 mV s? in 0.5 M LiClO4-aqueous
electrolyte
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Figure 3.9 (c): Variation of specific capacitance with scan rate for graphite, GO and G-ol

il) Galvanostatic charge-discharge (GCD) studies

GCD curves of G-ol at current loads of 0.5 — 2.0 A g are presented in Figure 3.10 (a) at a
potential window of -0.2 —0.8 V. Typical triangular curves are observed, which further confirm
the electric double layer capacitive charge storage mechanism occurring at the electrode-
electrolyte interface [36]. The charge-discharge curves are almost symmetrical with a small
voltage drop arising from the equivalent series resistance (ESR). The charging and discharging
times are almost the same, signifying a high coulombic efficiency and electrochemical
reversibility. The specific charge and discharge capacitances were obtained from the GCD plots

using Equation 3.4.
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C, = Ixt

S MVIR,) o9

Where, m represents the active mass of the electrode (g), V is the potential window (V), IRdrop
is the voltage drop / equivalent series resistance (V), | is the applied current (A) and t is the
charge/discharge time (s). G-ol delivered specific charge and discharge capacitances of 135.5
F gtand 77.5 Fg?, respectively at a current load of 0.5 A g. Even at a higher current load of
2.0 A g%, the G-ol electrode delivered good specific charge and discharge capacitances of 59.3
F g and 56.1 Fg!, respectively at a coulombic efficiency of 94.5 %. The specific charge and
discharge capacitance values decreased with increasing current load as presented in Figure 3.10

b. These capacitance values are in good agreement with the CV results.
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Figure 3.10 (a): GCD profiles of G-ol at different current loads
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Figure 3.10 (b): Variation of specific capacitances with the current load of G-ol

iii) Electrochemical impedance spectroscopic (EIS) measurements

EIS was used to study the electron transfer processes between the interfacial electrode surface
and the electrolyte. EIS measurements were recorded at open-circuit voltage (OCV) in the
frequency range of 0.1 MHz to 100 kHz at an amplitude of 5 mV. As shown in Figure 3.11 (a),
the Nyquist plots consist of a semicircle at the high-frequency domain, which is related to the
charge transfer resistance (Rct). The bulk electrolyte resistance and inter/intra-particle electrical
resistances originating from the porous nature of the electrode materials is shown by the
intercept of the semicircle to the Zrea axis, known as the equivalent circuit resistance (ESR)

denoted by Rs in the circuit diagrams as illustrated in Figure 3.11 (b). An inclined line in the
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middle to low-frequency region of the curve represents Warburg diffusion (W,) within the host
of the materials. The constant phase element (CPE) which describes the double layer
capacitance between the electrodes —electrolyte interface as a function of electrode potential
was also observed. Values of the Ret, Rs, Wo, and CPE are tabulated in Table 3.4, obtained by

curve fitting the EIS plots in Z view according to the circuit models in Figure 3.11 (b).

As seen on the high-frequency enlarged area of the Nyquist plots of graphite, GO and G-ol (the
inset), it is eminent that graphite does not exhibit a distinct semicircle, indicating lack of a
faradaic contribution associated with redox species at the electrode surface. G-ol shows a
slightly higher Rct value than GO due to the presence of excessive oxygenated and hydroxyl
species (observed in FTIR and Raman spectroscopies) which arouse some insulating
characteristics and slightly hinder its electrochemical properties [37]. This is further explained
in a report by Abouelamaiem and co-workers, where it is ascertained that polar sides on the
basal planes of graphitic materials absorb water molecules and hinder the movement of
electrolyte ions [38]. On the other hand, G-ol shows a lower impedance at the end of the
semicircle (21.03 Q) as opposed to GO (24.64 Q), implying that GO holds a higher polarization
resistance than G-ol when further extrapolated to the Zrea axis. Moreover, G-ol exhibited a
lower equivalent circuit resistance (Rs = 12. 43 Q) compared to GO (Rs = 19.71 Q), which is
attributed to the increased total pore volume and lower internal resistance of G-ol. The increase
in the oxygen content in the carbon-based materials optimizes the material wettability thereby

enhancing its admittance [39].
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Figure 3.11 (b): Circuit models used to fit EIS data
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Figure 3.11 (d): Total impedance Bode plots of Graphite, GO and G-ol
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The phase angle and total impedance Bode plots of Graphite, GO and G-ol are shown in Figure
3.11 (c) and (d) respectively. All three carbon-based materials show a phase angle less than 45
° demonstrating a slow transition from resistive to capacitive behavior. From low to high
frequencies, the magnitude of the total impedance decreased from GO (22.1 Q at max
frequency) to G-ol (15.9 Q at max frequency) as the samples are oxidized and morphology of
the graphitic sheets changes from stacked sheets to less stacked or single sheets in G-ol. The
apparent resistive to capacitive behaviour of the materials may be attributed to the variation in
pore sizes created by functionalization of the graphitic sheets leading to a mixture of macro,
meso, and micro-pores. Therefore, the capacitive character of the electrodes will only dominate
once the pores are adjusted such that the electrolyte ions can diffuse through the smallest pore

sizes [38,40].

Table 3.4: EIS curve fitting data of graphite, GO and G-ol

Electrode Rs/Q CPE/ uF Ret/ Q Wo /Qs12  Z at fmax / Q

material

Graphite 9.86 0.53 755.61 - 14.41
GO 19.71 0.71 3.92 0.38 22.12
G-ol 12.43 0.46 8.12 0.46 15.92

3.3.8 Fabrication and Electrochemical Performance of flexible supercapacitor devices

To explore the potential application of G-ol in electrochemical capacitors considering its good
electrochemical properties, G-ol was used as both positive and negative electrode to assemble
a flexible Swagelok-type supercapacitor device (symmetric design) which is denoted as G-
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ol//G-ol as shown in Figure 3.12 and as a positive electrode with activated carbon as the
negative electrode (asymmetric design) denoted as AC//G-ol, in 0.5 M LiClO4 aqueous
electrolyte at a voltage window of 1.6 V. Activated carbon is a widely used active carbon-based
material in electrochemical double-layer capacitors, asymmetric and hybrid supercapacitors
[41]. The rate performance of the devices was also characterized by cyclic voltammetry,
extended charge-discharge tests and electrochemical impedance spectroscopic measurements

before and after cycling.
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Figure 3.12: Symmetric and asymmetric supercapacitor designs.

)} Voltage window determination via Cyclic Voltammetric Studies
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Figure 3.13 (a) displays the CV curves of the symmetric-G-ol//G-ol and asymmetric ~AC//G-
ol supercapacitor devices at a scan rate of 80 mV s*. Both CV curves display a rectangular
shape indicating the double layer capacitance nature of the devices with that of G-ol//G-ol
demonstrating an increased current response over AC//G-ol. This is indicative of the better
symmetry and no polarity between G-ol//G-ol electrodes with superior supercapacitive
performance. To further confirm the optimum or stable voltage window of the device to
maximize its specific energy in 0.5 M LiClO4 aqueous electrolyte, the device was investigated
at different voltages ranges from 1 — 1.8 V at a scan rate of 80 mV s as shown in Figure 3.13
(b). It is observed that the CV curves retain a rectangular shape up to 1.8 V, with no increase
in anodic current, indicating no electrolyte decomposition or unwanted side reactions [42].
Thus further confirming the good capacitive behavior and high electrochemical reversibility of

the symmetric supercapacitor.
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Figure 3.13 (a): CV curves of G-ol//G-ol and AC//G-ol devices at a scan rate of 80 mV s in
0.5 M LiClO4 aqueous electrolyte at a voltage window of 1.6 V.

g

o
l

Normalized Current / A

0.0 0.8 1.6
Cell Voltage / V

Figure 3.13 (b): CV curves of G-ol//G-ol devices at different voltage windows of 1.0 — 1.8 V

in 0.5 M LiCIlO4 aqueous electrolyte

i) Galvanostatic charge-discharge studies

The capacitive performance of the devices was further obtained by galvanostatic tests at
different current loads. Figures 3.14 (a) and (b) show the charge-discharge profiles of G-ol//G-
ol and AC//G-ol devices at current loads of 0.07 — 1.5 A g%, respectively at a voltage window
of 1.6 V while Figure 3.14 (c) is a comparative plot of the GCD curves of G-ol//G-ol and
AC//G-ol at a current load of 0.07 A g. The GCD profiles represent almost symmetric and

near-linear shaped curves with low IRaop (0.11 V at .1.5 A g?), further confirming the
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reversible charge-discharge performance and small internal resistance of the supercapacitor
devices [43]. The capacitive performance of the two-electrode systems is said to be strongly
controlled by the total active masses of the positive and negative electrodes more specifically
in the asymmetric design. The mass loading of the positive and negative electrodes was

adjusted according to the charge-balance equation as shown by Equation 3.5 [44].

M- - C AV * (3.5)

sp

M . Csp (AVJ

Where, M, Csp and AV denote the active mass, specific capacitance and the potential window
obtained from the individual half-cells, respectively. The mass loading of G-ol//G-ol symmetric
device was at 5.43 mg while that of AC//G-ol asymmetric device was adjusted to 9.45 mg. The

specific capacitance of the symmetric and asymmetric devices were calculated according to

Equation 3.6.

C = 41

s AV/ (3.6)
mAY A

Where 1 is the applied current (A), m is the total mass of positive and negative electrodes (g),
AV/At is the slope obtained by fitting a straight line to the discharge curve (V s*) and V is the
maximum voltage [44,45]. The variation of discharge capacitance with current load is
displayed in Figure 3.14 (e). The supercapacitor devices exhibit good electrochemical
performance due to their high mass loadings with the G-ol//G-ol device revealing better
discharge capacitance of 137.7 F g* at a current load of 0.07 Agtandupto 72. 4 Fglata

current Load of 1.5 A g. On the other hand, the AC//G-ol delivered a discharge capacitance
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of 91.73 F g at a current load of 0.07 A g and maintained a discharge capacitance of 41.83
F g at a current density of 1.5 A g*. The high specific capacitance of G-ol//G-ol can be
ascribed to the greater porosity and conjugation structure of G-ol which improves fast ion
movements during the charging-discharging process. The specific capacitance is also observed
to decrease with increasing current load. This is can be attributed to rapid potential changes
and the low penetration likelihood of ions into the inner region of pores. These results are in
good agreement with the CV performance of the devices and also consistent with literature

reports [4,46].
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Figure 3.14 (a): GCD profiles of symmetric device - G-ol//G-ol at current loads of 0.07 A g*-
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Figure 3.14 (e): Variation of discharge capacitance with current load for G-ol//G-ol and
AC/IG-ol.

iii) Electrochemical cycling/stability studies

Another key parameter used to demonstrate the practical application of supercapacitors is the
cycling stability. Extended charge-discharge tests were performed on the G-ol//G-ol and
AC//G-ol devices at a current load of 0.5 A g*. As shown in Figure 3.15, both devices maintain
more than 83 % of the initial capacitance after 5000 cycles with an excellent coulombic
efficiency of 99.8 % per cycle. Notably, this demonstrates appreciable electrochemical stability

and cycle reversibility.
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Figure 3.15: Cycling stability of G-ol//G-ol and AC//G-ol supercapacitors over 5000 cycles.

iv) Electrochemical Impedance studies before and after cycling

EIS measurements were further performed before and after extended cycling. Figures 3.16 (a),
(b) and (c) represent the Nyquist plots, Phase angle Bode plots and the total impedance Bode
plots of G-ol//G-ol and AC//G-ol, respectively before and after cycling. EIS data fitted using
circuit models in Figure 3.16 (d) and (e) is shown in Table 3.5. It is observed that Rs and Rt
values obtained from curve fitting the Nyquist plots at the low to medium frequency region,
increases from before to after 5000 cycles in the symmetric device. Conversely, the asymmetric
device shows a decrease in Rs and Rct values from before to after 5000 cycles. The increase in
the equivalent circuit and charge transfer resistances in the G-ol//G-ol device can be attributed

to a form of cycling degradation caused by the formation of a resistant film with cycling along
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the electrode/electrolyte interface. This resistant film may induce higher interfacial resistance
which gradually impedes charge transfer. Whereas in the case of the AC//G-ol device, due to
the asymmetric nature of the device, an irregular resistant film may be formed, which favors
conduction channels for electrolyte ions and thus lowers charge transfer resistance with cycling
[47]. However, from analysis of the Bode plots, higher phase angles are achieved in the
symmetric device before cycling (35.5 °) and after cycling (37.6 °) over the asymmetric device
before cycling (19.59 °) and after cycling (19.7 °), indicating better electrical conductivity in
the former device than later. The symmetric device, therefore, demonstrates a transmission
boundary between resistive to capacitive behavior before and after cycling as observed in
previous EIS characterization in three-electrode configuration. At maximum frequency in the
total impedance Bode plot, it is also observed that the symmetric device shows a lower total
impedance of 1.69 Q before cycling and 1.88 Q after cycling, compared to 4.64 Q before

cycling and 6.44 Q after cycling in the asymmetric design.
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Figure 3.16 (a): Nyquist plots of G-ol//G-ol and AC//G-ol devices before and after cycling at
ocv
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Figure 3.16 (d): EIS data fitting circuit models of G-o0l//G-ol device before and after cycling

Figure 3.16 (e): EIS data fitting circuit models of AC//G-ol device before and after cycling

Table 3.5: EIS simulation data of G-ol//G-ol and AC//G-ol supercapacitor devices before and

after cycling.
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Cell Design Rs/Q CPE/pF Rt/Q  Wo/Qs'?  Phase

angle/°
G-ol//G-ol before cycling 1.14 0.75 3.62 0.31 35.56
G-ol//G-ol after cycling 3.45 0.41 28.32 - 37.59
AC//G-ol before cycling 5.56 0.42 45.11 - 19.59
AC//G-ol after cycling 1.28 0.65 13.84 0.51 19.7

3.3.9 Specific Energy and Specific Power

The specific energy (W h Kg?) and specific power (W Kg™) at different current loads were

calculated according to Equation 3.7 and 3.8.

1 1
E=Z=C. X AV? x —
2 sp X 36 (3-7)
E
P =— x 3600
Y (3.8)

Where Csp represents the specific capacitance of the supercapacitor (F g), AV is the applied
voltage (V) and At is the supercapacitor discharge time (s) [48]. The Ragone plot of G-ol//G-
ol and AC//G-ol supercapacitors is presented in Figure 3.17. It is clearly observed that the
symmetric device delivers high specific energy of 47.8 Wh Kg* with a corresponding specific

power of 377 W kg™ at a current load of 0.007 A g*. Even at a current load of 1.5 mA g, the
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symmetric device was able to retain a specific energy of 25.72 Wh Kg™ and a specific power
of 6432 W Kg. Whereas, the asymmetric supercapacitor delivered a slightly lower specific
energy of 32.61 Wh Kg* and a specific power of 286.6 W kg™. The asymmetric device was
also able to retain a specific energy of 14.87 Wh kg and associated specific power of 5130.1
W kgata current load of 1.5 mA g. These results are comparable to those of nitrogen-doped
porous carbon symmetric supercapacitor cells [49] and ionic liquid-based capsicum seed-
porous carbon symmetric device [50] and even higher than biomass-derived ultra-microporous
carbon and porous graphene-like symmetric devices [51,52]. Moreover, the ability of the
devices to maintain more than 83 % of the initial capacitance with an excellent coulombic

efficiency of 99.8 % after 5 000 cycles further demonstrates their potentials in energy storage

applications.
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Figure 3.17: Ragone plot of G-ol//G-ol and AC//G-ol supercapacitors at different current loads
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Table 3.6: Electrochemical performance data of G-ol//G-ol and AC//G-ol flexible
supercapacitors

Current Specific Specific Specific ~ Specific ~ Specific  Specific
Load/ capacitance capacitance  Energy Energy Power Power
Agt (G-olllG-al)/  (ACI/IG-ol)/ (G-ol//G- (AC/IG- (G-oll/G- (ACI/IG-
Fg? Fg! o)/ Wh ol)/Wh ol)/W o) /W

Kg? Kg? Kg? Kg?
0.007 134.67 91.73 47.88 32.61 377 283.60
0.009 129.31 97.27 45.98 34.59 484.91 362.90
0.1 123.95 93.74 44.07 33.33 537.50 401.58
0.3 90.45 75.61 32.16 26.88 1667.10 1221.80
0.5 90.45 65.52 32.16 23.31 2297.14 1941.33
0.7 86.43 61.99 30.73 22.04 4097.46 3019.40
0.9 82.41 61.49 29.30 21.86 4578.33 3470.20
1 78.39 59.98 27.87 21.33 5161.50 3949.04
15 72.36 41.83 25.73 14.87 6432.00 5130.10

3.4 Conclusion

In this work, graphol nanosheets were prepared by hydroboration of GO in anhydrous THF and
1 M borane/THF complex and subsequent oxidation by sodium hydroxide and hydrogen
peroxide. The materials were comprehensively characterized by various physical and
electrochemical techniques. As observed from microscopic characterizations by SEM and
HRTEM, GO sheets exfoliated from graphite were found to be layers of 11 — 45 nm thick,
occurring in stacks of 20 -25 layers. While the G-ol nanosheets were observed as single layers
of 14- 23 nm thick. XRD studies revealed crystalline nanosheets with interlayer spacing of 0.34

nm for graphite, 0.8 nm for GO and 0.88 nm for G-ol with corresponding average crystallite
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sizes of 59.0, 34.5 and 23.3 nm for graphite, GO and G-ol, respectively. XRD and
morphological studies were corroborated by simulations performed using phase identification
and structure solution softwares such as Match and Endeavour. Meanwhile, SAXS
investigations revealed left-skewed intensity particle size distribution for graphite indicating
variation in sizes of stacked graphitic sheets. A bell-shaped intensity particle size distribution
was obtained for GO and G-ol with center peaks at 30.8 nm and 31.3 nm representing the
primary particle sizes for GO and G-ol, respectively with aggregates of the primary particles
at 66.7 nm for GO and 45 .5 nm for G-ol. Functional group analysis by FTIR of G-ol showed
two strong stretching vibrations of sp3 C-H bonds at 2921.6 and 2851.9 cm™ in addition to the
stretching and bending vibrations of the OH group at 3409.4 cm™, indicating covalent
functionalization with hydroxyl groups. Breakage of the stacking order of C-C bonding in GO
and increasing degree of oxidation was confirmed by the decrease in the 2D-Raman band of
G-ol in Raman spectroscopic analysis, while *C-NMR spectroscopy showed resonances of the
graphitic sp2 carbon atoms (-C=C-) at ~110.9 ppm and 111.3 ppm for G-ol and GO,
respectively. Electrochemical studies in 0.5 M LiClO4 aqueous electrolyte at a potential
window of -0.2 — 0.8 V revealed a specific capacitance of 1.68 F g%, 24.0 Fg* and 73.8 F g!
for graphite, GO and G-ol, respectively at 50 mV s from CV studies in three electrodes. EIS
results further revealed that G-ol showed a slightly higher R¢t value than GO due to the presence
of excessive oxygenated and hydroxyl species (observed in FTIR and Raman spectroscopies)
which arouse some insulating characteristics and slightly hindered its electrochemical
properties. However, G-ol showed a lower equivalent circuit resistance (Rs = 12. 43 Q)
compared to GO (Rs=19.71 Q). To explore the potential application of G-ol in electrochemical
capacitors, both symmetric (G-ol//G-ol) and asymmetric (AC//G-ol) devices were assembled
and investigated at a voltage window of 1.6 V. Discharge capacitance values of 137.7 F g* and

91.73 F g* were obtained for the symmetric and asymmetric cells, respectively at current load
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of 0.07 A g. The devices were able to retain more than 83 % of the initial capacitance at a
current load of 0.5 A g with an excellent coulombic efficiency of 99.8 % over 5000 cycles.
The symmetric device delivered a high specific energy of 47.8 Wh Kg* with a corresponding
specific power of 377 W kg at a current load of 0.007 A g*. Even at a current load of 1.5 A
g, the symmetric device was able to retain a specific energy of 25.72 Wh Kg™ and a specific
power of 6432 W Kg*. The asymmetric cell delivered a slightly lower specific energy of 32.61
Wh Kg* and a specific power of 286.6 W kgt at0.007 A g*and a specific energy of 14.87 Wh
kg and specific power of 5130.1 W kg™ at current load of 1.5 A g*. The electrochemical
performance of these devices is comparable and even better than some literature reports,

indicating the huge potentials of graphol and associated devices in energy storage applications.
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CHAPTER FOUR

RESULTS AND DISCUSSION - MANUSCRIPT 2

Vanadia-Hydroxylated Graphene Nanocapsules as Scherbinaite Active
Supercapacitor Electrodes (Prepared for ACS Applied Materials &

Interfaces)

Abstract

In this work, V20s nanorods, V20s-CNT and nanocapsulate V20s-CNT-G-ol crystals were
prepared by hydrothermal synthesis and a wet chemical process. All materials were indexed to
the Scherbinaite orthorhombic Pmmn phase. Particle size distribution obtained from SAXS
revealed primary V20s nanorods of 10.4 nm and V20s-CNT as well as V20s-CNT-G-ol
particles at 26.8 and 22.9 nm, respectively. Stretching and bending vibrations of V=0, V-O-V
bonds were observed at 1012.6, 835.8 and 608.6 cm™ in FTIR analysis. These bands were
slightly shifted to lower wavenumbers due to the interaction of V20s with CNTs and G-ol in
V20s5-CNT and V20s-CNT-G-ol electrode materials. The skeletal and bending vibrations of V-
O-V and V-bonds were observed at Raman shift values of 283.6 cm™ and 337.1 cm™,
respectively. Electrochemical studies performed in three electrodes in 1 M LiNO3 aqueous
electrolyte delivered a specific capacitance of 209.5 F g%, 142.6 F g%, and 88.1 F g* for V20,
V205-CNT and V20s-CNT-G-ol electrodes, respectively at a scan rate of 5 mV s™. A lower
charge transfer resistance was obtained for the nanocapsulate electrode indicating better faster

charge transfer reactions in the nanocomposite. Asymmetric supercapacitors assembled to
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V,0s-based electrodes and activated carbon delivered a specific capacitance 173.4 F g for
AC//V,0s-CNT-G-ol at a voltage of 1.6 V. This value was 2.3 times greater than that of the
AC/IV20s-CNT device (75.4 F g') and even 7.1 times greater than the AC//V20s device. This
higher capacitance can be attributed to the synergistic effect G-ol, CNTs and V20s-nanorods,
which reduced aggregation of V20s nanorods and provided a larger surface area for diffusion
of Li* ions, leading to enhanced electrochemical performance. A cycling stability of 69 % was
obtained for the AC//V20s-CNT-G-ol device over 4,000 cycles at a specific energy of 63.2 W
h kg* and specific power of 609.2 W kg™. These findings highlight the potentials of V20s and
G-ol composite electrode materials as high energy supercapacitor electrodes and may open up

new avenues for wide ranging applications.

Keywords: V20s nanorods, Graphol, Nanocapsules, Activated carbon, Asymmetric

supercapacitor, High specific energy

4.1 Introduction

The global drive towards decarbonizing the energy economy and environmental concerns have
motivated worldwide pursuits of sustainable energy sources and storage technologies. The
research community is therefore, engaging in wide-ranging research in the development of
energy storage/conversion devices with high power and energy densities [1]. Rechargeable
batteries and supercapacitors owing to their high energy and power densities are considered as
the most promising energy storage devices which could enable stable and steady electricity

supply from intermittent renewable energy sources in electric, hybrid electric vehicles and large
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scale grid energy storage [2,3]. Supercapacitors have the advantages of high power density,
long cycling life over rechargeable batteries and can ensure fast energy collection and delivery
due to their very fast charge/discharge rates. Supercapacitors are applied in emergency doors,
power back up systems and electric vehicles [4]. As for the energy and power density, they can
act as a bridge between batteries and conventional batteries. Based on the charge storage
mechanism, supercapacitors have two categories, which are: Electric double-layer capacitors
(EDLCs), mainly carbon-based materials which store charge electrostatically at the
electrode/electrolyte boundary and pseudocapacitors which mostly are transition metal oxides
(TMO) and conducting polymers which store charge through reversible faradaic redox
reactions [5]. The two mechanisms can all together rely on the nature of the electrode material.
Carbonaceous materials such as activated carbon, carbon nanotubes and graphene have been
used as electrode materials due to their ease of processability, low cost, tunable surface porosity
and good electrocatalytically active sites for various redox reactions. However, their charge
storage capability is restricted by agglomeration and lack of faradaic processes which limits
the specific capacitance of EDLCs [6,7]. The development of composites electrode materials

consisting of EDLCs and pseudocapacitors therefore becomes inevitable.

Among the available pseudocapacitive TMOs, V20s has been a candidate of many literature
studies due to its low cost, layered structure for efficient ion diffusion, high theoretical
capacitance of 2120 F g%, ease of synthesis and multiple oxidation states (+2 - +5) for a wide
redox bebavior [8,9]. However, poor lithium-ion diffusion, low electrical conductivity and high
dissolution in liquid electrolyte lead to undesirable capacity retention and rate capability
[10,11]. These problems according to previous reports can be alleviated by preparing porous
V205 nanoparticles with various morphologies for larger surface area and faster diffusion of
Li-ions [1,12], nanocomposites with carbonaceous materials such as graphene [9,13], carbon

nanotubes [14] as well as doping V20s with various metals [15], to enhance electrical
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conductivity and cycle stability. It is well recognized that electrode materials in nano-
dimensions enable increased contact area between the electrode particles and the electrolyte
with a corresponding shorter diffusion length of Li-ions within the host material. Carbonaceous
materials with high porosity and specific surface area on the other hand, can act as scaffolds to
support, stabilize and disperse the active electrode material, yielding more sites for charge
storage. In this regard, Ahirrao et al., reported a high surface area V20s nanowire-reduced
graphene oxide composite prepared via hydrothermal synthesis, with improved electrical
conductivity and a high gravimetric capacitance of 1002 F g at current load of 1 A g and
energy density of 116 Wh Kg™ [16]. Narayanan prepared a carbon nanodot entrapped V20s
nanobelts by hydrothermal synthesis which demonstrated an enhanced electronic and ion
propagation property with a specific capacitance of 270 F g at current load 1 A g and an
energy density of 60 Wh Kg* [17]. More recently, Bai et al., [18] and Zhang et al., [19]
synthesized freeze dried V20s/holey reduced graphene oxide hydrogel and mesoporous carbon
hollow spheres/3D-V20s nanosheets, respectively by hydrothermal synthesis and subsequent
freeze drying. The V20s/holey reduced graphene oxide composite showed an interconnected
3D porous network with V205 nanosheets distributed over the aerogel preventing restacking of
the reduced graphene oxide sheets. The electrode exhibited a high specific capacitance of 264
F gtatacurrent load of 0.25 A g*. Efficient electronic transport was shown by the mesoporous
carbon hollow spheres/3D-V,0s hybrid electrode with a high specific capacitance of 313 F g
ata current load of 0.25 A gX. Although considerable improvements on the specific capacitance
and overall electrochemical performance of V20s and composites have been achieved, a few
open questions are still to be addressed such as, restacking or self-aggregation of V205
nanosheets and carbon scaffolds which limits the surface area of electrochemical active sites

as well as mass transport. However, the use of nanoporous networks with high degree of pore
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connectivity and enhanced mass transport is expected to provide high specific capacitance and

commendable electrochemical performance.

Hydroxylated graphene (Graphol or G-ol) has recently emerged as a flexible and aqueous
dispersible form of tuned graphene, with a distinct structure, defined bandgap, high electrical
and thermal conductivity and available sites for high density functionalization of the carbon
backbone [20,21]. Sun et al., [22] prepared hydroxylated graphene with good mechanical
characteristics and promising biomedical applications such as bone, vessel and skin
regeneration. Zu and Manthiram [23] reported a hydroxylated graphene-sulfur nanocomposite
prepared by chemical deposition method. The nanocomposite delivered high electrochemical

performance as a positive electrode for lithium sulfur batteries.

Herein, we report on the synthesis of V20s nanorods and formation of a nanocapsulate
composite with CNTs and G-ol (V205-CNT-G-ol) via a combination of hydrothermal synthesis
and wet chemistry. Nanocapsulate morphology of the V20s-CNT-G-ol nanocomposite
electrode showed an increased interlayer spacing and reduced aggregation of VV20s nanorods,
which allowed faster diffusion of Li" ion within the electrode host, with improved
electrochemical performance. An asymmetric supercapacitor fabricated using the
nanocomposite electrode as positive electrode and activated carbon as the negative electrode
delivered high specific energy and power. These findings may promote the use of V20s and

carbon-based nanocomposites for supercapacitive applications.

4.2 Experimental details
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4.3 Materials

Microcrystalline graphite (2- 15 um, 99.99 %) was purchased from Alfar Aesar, while the rest
of the chemicals used were supplied by Sigma-Aldrich and were all used without further
purification. These include, vanadium (V) oxide (> 98 % reagent grade), oxalic acid dehydrate
(=99 % ACS reagent), isopropanol (70 % in water), ethanol (absolute, > 99.8 %), hydrogen
peroxide solution (30 wt. %in water, ACS reagent), carbon nanotubes, multiwalled (> 98%
carbon basis, 6 - 13 nm x 2.5 - 20 um), sodium hydroxide (98 — 100.5 %), Tetrahydrofuran
(THF, > 99.8 %), Borane in THF complex (1 M), ethanol (absolute, > 99.8 %),
polytetrafluoroethylene (mean particle size 20 um), activated charcoal (Norit ® pellets), carbon
black (4 pum mesoporous carbon matrix, > 99.95 % metal basis). lithium nitrate (99.99 %),
chloroform and N-methyl-2-pyrrolidone (anhydrous , 99.5 %). Hydrochloric acid (reagent
grade and assay 36.5 — 38.0 %) was obtained from Kimix chemicals and nickel foam (1.6 mm

thick, 0.25 um pore diameter) purchased from MTI Corporation.

4.3.1 Functionalization of CNTs by acid oxidation

Multiwalled CNTs were purified and further shortened in length by acid oxidation in nitric acid
[24]. Customarily, 120 mg of CNTs were dispersed in 10 mL of 3 M nitric acid solution for 24
h. Thereafter, the solid products were collected on a filter paper and washed several times with
distilled water until the pH of the filtrate was around neutral (pH ~7).The functionalized CNTs

were obtained by further drying at 80 °C in a vacuum oven overnight.
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4.3.2 Synthesis of V205 nanorods and V20s-CNT nanonetwork

Nanoporous V20s electrode material was synthesize by an oxalic acid-assisted hydrothermal
synthetic route with subsequent calcination. Typically, V20s powder was dissolved in 10 mL
of 0.5 M oxalic acid solution. The mixture was vigorously stirred at 60 °C for 6 h with the
formation of a clear blue colouration. The solution was allowed to cool down slowly to room
temperature and a mixture of isopropanol and H20: in the ratio of 6:1 was slowly added and
the resultant mixture further stirred for 30 mins. The mixture was transferred into a Teflon-
lined autoclave and heated at 170 °C for 18 h, followed by centrifuging, copious washing with
water and ethanol, and dried at 80 °C overnight. The V20s nanorods were obtained by
annealing the particles at 550 °C for 5 h in a muffle furnace, at a heating rate of 5 °C min™.
The V20s-CNT nanonetwork was prepared using the same procedure with the addition of 7.5

mg of purified CNTs dissolved together with VV.Os powder in oxalic acid.

4.3.3 Synthesis of hydroxylated graphene (graphol /G-ol)

Graphol was prepared by hydroboration of graphene oxide proposed by Poh et al., Graphene
oxide (200 mgq) initially prepared by a modified Hummers method [25] was ultrasonicated in
anhydrous THF (200 mL) for 1 h followed by addition of 20 mL of Borane in THF complex.
The mixture was heated at 50 °C at reflux under argon atmosphere for 24 h. A mixture of 3 M
NaOH / 30 % H20. was slowly added and the reaction was further kept at 50 °C for 3 h at
reflux. Hydroxylated graphene nanosheets were obtained by suction filtration and washed

severally with THF and water. The nanosheets were dried in a vacuum oven at 50 °C for 48 h.
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4.3.4 Synthesis of V205-CNT-G-ol nanocapsules

Nanoporous V20s-CNT-G-ol composite was prepared by a wet chemical process whereby, the
V20s5-CNT nanonetwork and graphol in a ratio of 6:1 were dispersed by ultrasonication in
chloroform and evaporated to dryness at room temperature for 36 h. The nanocomposite was

further annealed at 350 °C for 2 h in a muffle furnace at a heating rate of 5 °C min.

4.35 Material Characterization

The particle size distribution of the nanomaterials was obtained by small-angle X-ray scattering
experiments performed on an Anton Paar SAXSpace system using copper Ka radiation (0,154
nm) equipped with a 1 D mythen 2 position sensitive detector and a beamstop alignment.
Morphological studies were done using ZEISS ULTRA scanning electron microscope
furnished with an energy dispersive spectrometer and a Tecnai G2 F,0 X-Twin MAT 200 kV
field emission transmission electron microscope from FEI. The analyses were performed on a
carbon grid and nanomaterials were coated with a palladium-gold nanoalloy to improve
contrast during analysis. X-ray powder diffraction patterns of V20s, V205-CNT and V20s-
CNT-G-ol were obtained using a D8 advance diffractometer (BRUKER-AXS) using copper
Koz radiation (A ~ 0.154 nm) operating at 40 kV and 40 mA. A Perkin Elmer Spectrum 100
series Attenuated Total Reflection (ATR) Fourier Transform Infrared spectrometer was used
to obtain the functional groups present in the synthesized material. A HORIBA scientific

Xplora Raman microscope integrated with a 532 nm laser and Labspec spectral software with
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a resolution of 1 um was used to obtain the vibrational modes present in the materials.
Electrochemical studies were performed using both three and two electrode cells on a VMP-

300 potentiostat from Bio-Logic instruments, with aqueous 1 M LiNOg as electrolyte.

4.3.6 Electrode preparation and electrochemical measurements

Prior to electrochemical analysis, nickel foam was cut into rectangular shapes of 0.5 x 1 cm?
and coin-shapes of 20 mm in diameter. The different sizes were cleaned and etched to remove
surface oxide layer using 1 M HCI solution in an ultrasonic bath for 15 mins, then cleaned in
absolute ethanol and deionized water for 15 min in sequence by ultrasonication and finally
dried at 90 °C for 12 h. The working electrode was prepared by mixing 70 % of the active
material with 20 % carbon black (conducting agent) and 10 % polytetrafluoroethylene (binder)
in a few drops of anhydrous N-methyl-2-pyrrolidone. A homogenous paste was obtained using
a mortar and pestle and coated on nickel foam with a diameter of 0.5 cm? using a spatula and
dried at 80 °C for 12 h. Ag/AgCl and Pt wire were used as the reference and counter electrodes,
respectively for studies in three-electrode system. For studies in the two-electrode cell, the
homogenous paste was coated on coin-shaped nickel foam with diameter of 20 mm and
assembled in a Swagelok using V20s, V20s-CNT and V20s-CNT-G-ol nanomaterials as the
positive electrodes and activated carbon as the negative electrode. Cyclic voltammograms were
recorded in a potential window of -0.2 to 0.8 V at different scan rates and electrochemical
impedance measurements were obtained at a frequency range of 10 kHz — 100,000 mHz with
10 points per decade. CV curves, galvanostatic charge-discharge profiles and the cycling

performance of the hybrid supercapacitor cells were obtained at a voltage window of 1.6 V.
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4.4 Results and Discussion

4.4.1 Structure and morphological Analysis by Scanning and Transmission Electron

Microscopies (SEM and HRTEM)

The structure and morphology of V205, CNTs, V20s-CNT and V20s-CNT-G-ol were
examined by SEM and HRTEM. Figure 4.1 (a — f) shows the SEM, HRTEM and selected area
diffraction (SAED) images of V20s, CNTs, V20s-CNT, G-ol and V20s-CNT-G-ol
nanomaterials obtained at high resolution. The SEM micrographs of V20s as shown in Figure
4.1 (a) reveal V.05 nanorods growing from a centre point in an irregular manner while CNTs
display a fibrous and agglomerated morphology as shown by Figure 4.1 (b). The SEM
micrographs of V20s-CNT also reveal aggregated nanorods growing in a vertical orientation.
The sizes of V20s nanorods obtained from ImageJ show rods with thickness ranging from 10.4
— 130.6 nm, average thickness of 73.5 nm and a standard deviation of 31.9 nm. Meanwhile,
V205-CNT nanorods range from 70.1 — 105.7 nm with an average thickness of 87.6 nm and a
standard deviation of 12. 7nm. The SEM image of V20s-CNT-G-ol as shown in Figure 4.1 (d)
displays nanocapsule-like morphology with sizes varying from 61.6 — 141.9 nm in thickness,
with average thickness of 110.7 nm and standard deviation of 37.7 nm. G-ol nanosheets shown
as the inset in Figure 4.1 (d) consist of nano-layers of 14- 23 nm thick. A darker contrast is
obtained for the V,0s nanorods from HRTEM analysis as shown in Figure 4.1 (e) due to the
presence of ethanol used as solvent to disperse material prior to analysis and was not properly
evaporated. Lattices fringes and SAED images shown as insets in the HRTEM image
confirmed the crystallinity of the VV.Os nanomaterial. The presence of the fibrous morphology

of CNTs in V20s-CNT nanonetwork and the capsule-like shape of V.0s-CNT-G-ol
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nanocapsules are both observed in the HRTEM images as shown in Figure 4.1 (f) and (g),
respectively. Their lattice fringes are also shown as insets on the images and the concentric

circles in SAED micrographs, all confirm that the materials possess good crystallinity.

The elemental composition of V20s-CNT-G-ol nanocapsules displayed as energy dispersive
spectroscopic (EDS) maps, are shown in Figure 4.1 (h). The contrast of each map indicates the

percentage composition of the element in the material.

EHT = 5.00 kv Signal A = InLens Date 8 Feb 2018
WD = 4.8 mm Mag= 20.00KX Time :11:45:02

Figure 4.1 (a): SEM image of V205
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EHT = 5.00 kV/ Signal A = InLens Date :13 Oct 2017
WD = 4.8 mm Mag= 20.00 KX Time :11:21:20

Figure 4.1 (b): SEM image of CNTs with the HRTEM and SAED images as insets
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EHT = 500 kY Signal A = InLens Date :8 Feb 2018
WD= 46mm Mag= 2000 KX Time :12:00:42

Figure 4.1 (c): SEM image of V20s-CNT nanonetwork
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EHT = 5.00 kV Signal A = InLens Date :2 Nov 2018
WD = 51 mm Mag= 20.00 KX Time :11:30:34

T

Figure 4.1 (d): SEM image of V,0s-CNT-G-ol nanocomposite with SEM image of G-ol as the

inset
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Figure 4 1 (e): HRTEM image of V20s nanorods with its lattice fringes and SAED image as
insets
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Figure 4 1 (f): HRTEM image of V20s-CNT nanonetwork with lattice fringes and SAED

images as insets
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Figure 4.1 (g): HRTEM image of V20s-CNT-G-ol nanocomposite with lattice fringes and
SAED images as insets
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Electron image

Figure 4.1 (h): EDS maps of V20s-CNT-G-ol with relative elemental intensities: carbon (red),
vanadium (yellow) and oxygen (blue)

4.4.2 Particle size distribution by Small Angle X-ray Scattering (SAXS)

The particle size distribution, primary particle sizes and sizes of aggregates of the primary
particles of V20s, V20s-CNT, CNTSs, G-ol and V20s-CNT-G-ol nanomaterials were elucidated
by SAXS investigations. Figure 4.2 (a) and (b) represents the scattering patterns and pair
distance distribution functions [P(r)] according to the physical volume of scattered particles
and the number of the scattered particles, respectively. By visual inspection of the pair distance
distribution functions in Figure 4.2, the shape of the particles can be deduced. The slightly left
skewed nature of the particle size distribution of V20Os nanorods as shown in Figure 4.2 (a)

indeed confirms their globular nature and variation in particle sizes of the rods. Moreover, the
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shape of V20s-CNT-G-ol as displayed by the number scattering intensities / P(r) in Figure 4.2
(b) with broad maximum particle diameters, indicate some hollow characteristics of the
particles [26] and further confirms the nanocapsule morphologies obtained in SEM and
HRTEM investigations. The hollow inside may be induce by the presence of CNTSs in the
material. The particle size distribution by number of CNTs scattered indicates bell-shaped
distribution with maxima at 7.9 nm as shown in Figure 4.2 (b). Likewise, the scattering
intensities of V20s nanorods present a left-skewed particle size distribution by volume with the
maximum primary particles at 10.4 nm and aggregates of primary particles at 81.9 nm as well
as a bell-shaped distribution by number of scattered particles with maximum primary particles
at 19.0 nm and aggregates at 89.4 nm. More so, V20s-CNT and V20s-CNT-G-ol show almost
a dumbbell-shaped particle size distribution by number of particles scattered with maximum
population of primary particles at 26.8 and 22.9 nm, respectively and aggregates or both
secondary particles showing a maximum diameter of 131.3 nm. It worth noting that, the G-ol
nanosheets demonstrate the same particle size distribution arrangement as V.0s-CNT-G-ol
nanocapsules. This is quite informative due to the fact that, on addition of G-ol nanosheets, the
morphology of V20s-CNT nanonetwork is transformed from rod-like shape to capsules as
revealed by SEM and HRTEM analysis. Therefore, G-ol in V20s-CNT-G-ol acts as a
structure/performance directing agent. It is also observed that the center-peak in the particle
size distribution by physical volume of particles scattered is lower than that of the number of
particle scattered. This can be attributed to an occurrence whereby, at low volume fractions,
nucleation of particles is favored with a decrease in size while at high volume fractions, smaller
particles outnumber fewer larger particles leading to a decrease in the average diameter of the

primary particles [27].
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Figure 4.2 (a): SAXS pair distance distribution function by physical volume of scattered
particles
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Figure 4.2 (b): SAXS pair distance distribution function by number of particles scattered

4.4.3 Crystallography by X-ray Diffraction Studies (XRD)

4.4.3 (a) Crystal structure and phase identification

The crystal structure, phase purity and average crystallite sizes of V205, V20s5-CNT, and V20s-

CNT-G-ol nanomaterials were further examined by XRD analysis. Figure 4.3 (a) shows the

XRD pattern of V20s, V20s-CNT and V20s-CNT-G-ol materials obtained at a 2 6 range of 8
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—92°. The XRD patterns obtained for V20s, V20s-CNT and V.0s-CNT-G-ol are all crystalline
and can be indexed to the Scherbinaite orthorhombic Pmmn (59) standard phase (JCPD file no
-41-1426) [16,28]. Typical reflections of 00l peaks of layered vanadium pentoxide structure,
which describe the interlayer spacing are well observed with associated lattice parameters of a
= 1151 A, b =356 A and ¢ = 434 A [29]. It is fascinating that the conventional
crystallographic peak of graphitic sheets, usually located at ~28 ° as displayed by the XRD
spectrum of G-ol in Figure 4.3 (b), was not observed in XRD pattern of V20s5-CNT-G-ol
nanocomposite, possibly resulting from the low content of G-ol in the samples and uniform
formation of V205 nanorods on G-ol sheets [30]. The interlayer spacing (d) was calculated

according to Bragg’s law, Equation 4.1.

nA = 2dsin 6 (4.1)

Where, n denotes the order of diffraction (n = 1), 4; the wavelength of the X-ray beam (0.154
nm), d; the distance between VOg layers (d-spacing) and @ is the diffraction angle. The d-
spacing obtained from the 001 reflection of the materials was 0.44 nm for V2,05 nanorods, 0.48

nm for V>0s-CNT and 0.65 nm for V20s-CNT-G-ol nanocapsules, as shown in Table 4.1.

The Scherer’s formula was used to determine the average crystallite sizes of V205, V205-CNT

and V20s-CNT-G-ol according to Equation 4.2.

D= (4.2)
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Where: D represents the mean crystallite size, K, the shape factor constant (0.89), 4 is the
wavelength of the X-rays, g is the full width at half maximum (FWHM) of the (001) Bragg
peak, and 0 is the angle of reflection of the crystalline plane. The calculated crystallite sizes as
shown in Table 4.1, were at 45.7 nm for V205, 52.6 nm for V20s-CNT and 72.9 nm for V20s-

CNT-G-ol.

Table 4.1: Structural properties of V20s, V20s-CNT, V20s-CNT-G-ol nanomaterials obtained

from XRD studies

Material Interlayer spacing/  Average crystallite
nm size/ nm
V205 0.44 457
V205-CNT 0.48 52.6
V205-CNT-G-ol 0.65 72.9
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Figure 4.3 (a): XRD pattern of V20s, V20s-CNT and V.0s-CNT-G-ol nanomaterials
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Figure 4.3 (b): XRD pattern of G-ol nanosheets

4.4.3 (b) Crystal geometry and atom connectivity

The crystal geometry and connectivity of atoms in V20s nanorods, V2Os-CNT nanonetwork
and V20s-CNT-G-ol nanocapsules were revealed by simulation studies using structure solution
softwares such as Match and Endeavour. The crystal structure of V.05 nanorods as shown in
Figure 4.4 (a), consists of VOs octahedra that share corners and edges along one dimension
creating a square pyramidal V coordination and a V2Og double octahedral chain when two of
such octahedra are linked together through corner sharing [31]. An idealized V20Os structure is
reported to be obtained from V209 double chains first by sharing their edges to form a V4014
layer, and then by sharing the apical oxygen atoms of adjacent parallel V4014 layers to form
the V4010 structure [28,31]. However, vanadium atoms are displaced from the center towards

corners of the octahedron, with carbon and hydrogen atoms sandwiched between vanadium
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and oxygen atoms in the crystal structures of V.0s-CNT and V20s-CNT-G-ol as shown by
Figure 4.4 (b) and (c), respectively. The increased interlayer spacing reported in Table 4.1 is
also observed. New bond centers and connections between V-O-C, V-O-H, C-O-H and many

others, are depicted by Figure 4.4 (c), which will be further demonstrated by Fourier transform

infrared spectroscopy.

Figure 4.4 (a): Crystal structure models of V20s nanorods simulated from Match and

Endeavour
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Figure 4.4 (b): Crystal structure models of V20s-CNT nanonetwork simulated from Match and

Endeavour
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Figure 4.4 (c): Crystal structure models of V.0s-CNT-G-ol nanocapsules simulated from

Match and Endeavour

4.45 Functional group Analysis by Fourier transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was used to obtain further details on the chemical bonds and functional
groups present in the electrode materials as the V20s crystal was transformed from vanadium
square pyramidal coordination to irregular centers with carbon and hydrogen atoms
sandwiched between vanadium and oxygen atoms. Figure 4.5 (a) and (b) represent the
overlayed FTIR spectra of V20s nanorods, V20s-CNT nanonetwork and V20s-CNT-G-ol
nanocapsules and the FTIR spectra of V.0s-CNT-G-ol nanocapsules showing position of bond

vibrations, respectively. The FTIR spectrum of V.0s nanorods is characterized by strong
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vibrations at 1012.6, 835.8 and 608.6 cm™ which are attributed to the stretching and bending
vibrations of V=0, V-O-V and asymmetric and symmetric vibrations of V-O bonds,
respectively. These bands are also observed in the FTIR spectrum of V2,0s-CNT nanonetwork
and V20s-CNT-G-ol nanocapsules. However, the position of the bands are slightly shifted to
lower wavenumbers due to the interaction of V20s with CNTs and G-ol. Other significant
bands observed in the spectra are at ~1664.4 cm™ and~1310.7 cm™, which are ascribed to the
vibration of the new bond linkages (C=C and C-O) observed in simulation studies.
Furthermore, the band appearing around 3662.1 — 3104.2 cm™ in the various spectrum can be
ascribed to the vibration of -OH from G-ol or adsorbed water molecules on the surface of the
nanomaterials. These results support XRD simulated studies and are in good agreement with
literature reports on V20s and composites with CNTs and graphitic materials [7,16]. The
various observed functional groups and their assigned wavenumbers in the nanomaterials are

tabulated in Table 4.2.
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Figure 4.5 (a): FTIR spectrum (overlayed) of V20s nanorods, V2Os-CNT nanonetwork and

V>05-CNT-G-ol nanocapsules
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Figure 4.5 (b): FTIR spectrum of V.0s-CNT-G-ol nanocapsules illustrating all bond

vibrations

Table 4.2: Functional groups/ bonds vibrations in V20s nanorods, V20s-CNT nanonetwork

and V20s-CNT-G-ol nanocapsules.

Functional Material / Wavenumber
groups /
bond i
V20s5/ V205-CNT  V205-CNT-G-ol/ G-ol/cm~ CNT/
cm? /cm? cm? 1 cm?
V=0 1012.6 1007.9 1007.9 - -
V-0-V 835.8 831.8 831.0 - -
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V-O 608.6 607.8 616.1 - -

OH - 3667.1 3104.2 3409.4 -
C=C - 1654.1 1664.4 1588.9, 1663.5
1145.3
C-H - 2986, 2898 2893.4 2921.6, 839.5
2851.9,
788.1
C-OH - -- 1184.7 1254.2
C-O0 - 1403.4- 1310.7 1459.3  1313.6

446 Raman Spectroscopy

Raman spectroscopy was used to obtain supplementary structural information for V20s, V20s-
CNT and V20s5-CNT-G-ol nanomaterials. Figure 4.6 displays the Raman spectra of V20s
nanorods, V20s-CNT nanonetwork and V20s-CNT-G-ol nanocapsules obtained with an
excitation laser of 514.9 nm. The band observed at low wavenumber value of 283.6 cm™ is
attributed to the skeletal bending vibrations of V-O-V bonds, while band at 337.1 cm™
corresponds to the bending vibrations of V with bridging doubly coordinated O-atoms as
observed in XRD crystal geometry and atom connectivity investigations [16]. The peak
appearing at ~466.8 cm™ comes from the silicon background used for Raman analysis [32].
However, the peaks appearing at 686.5 cm™ and around 1600 — 2000 cm™ can be due to the
interaction between VO and CNTs of G-ol. The presence of CNTs and G-ol in the materials is
ascertained by the presence of the D and G-band of graphitic materials at 1461.2 and 1525.4

cm* respectively.
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Figure 4.6: Raman spectra of V205, V20s5-CNT and V20s-CNT-G-ol nanomaterials with
excitation laser of 514.9 nm.

4.4.7 (a) Electrochemical Performance

The electrochemical properties of V20s, V20s-CNT and V20s-CNT-G-ol nanomaterials and
their potentials for supercapacitive applications were evaluated using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and galvanostatic charge-discharge studies
(GCD). V0s-based nanomaterials have been reported to exhibit better capacitive performance
in aqueous nitrate solutions [7]. Electrochemical investigations were therefore performed in 1

M LiNOz aqueous electrolyte in both three and two electrode configurations.
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)] Cyclic Voltammetric (CV) studies

CV curves were obtained at scan rates of 5 — 60 mV s at a potential window of -0.2 — 0.8 V.
Figure 4.7 (a) presents a comparative plot of the CV profiles of V20s nanorods, V20s-CNT
nanonetwork and V20s-CNT-G-ol nanocapsules in a three electrode cell, at a scan rate of 10
mV st. A set of oxidation and reduction peaks is observed in the CV curves, due to the
intercalation and de-intercalation of Li* ions into and out of the V.Os lattice, suggesting a
prevailing faradaic charge storage mechanism [9,33]. The Li* ion insertion /extraction reaction

of V205 occurs together with compensating electrons according to Equation 4.3 [34].

V,O; + XLi* + <> Li V,O, (4.3)

Where x represents the number of Li* ions inserted / extracted.

The CV profile of V2,05-CNT-G-ol nanocapsules exhibits a higher current response over those
of V205-CNT nanonetwork and V.Os nanorods due to better synergy between the
pseudocapacitance of V205 and the double layer capacitance of G-ol and CNTSs. Figure 4.7 (b)
shows the CV curves of V20s-CNT-G-ol nanocapsules at different scan rates from 10 — 60 mV
sL. Itis observed that the CV curves reveal an increase in current response with increasing scan
rate with no significant change in shape, which is indicative of a good capacitive charge storage
of the material. The specific capacitance obtained by integrating the area under the CV profiles
of the nanomaterials at 5 mV st according to Equation 4.4 [35], was at 209.5 F g%, 1426 F g

! and 88.1 F g! for V205 nanorods, V20s-CNT nanonetwork and V>Os-CNT-G-ol
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nanocapsules, respectively. Even at a scan rate of 40 mV s! the V.0s-CNT-G-ol
nanocomposite was able to maintain a capacitance of 68.4 F g, while V20s-CNT showed a
capacitance of 42.7 F g%, and 28.3 F g’* was maintained by V20s nanorods as displayed on

Figure 4.7 (c). These results also confirms their good pseudocapacitive performance.

1
C.=— = [1dv
s 2mUAV_-\[, (44)

Where m denotes the active mass (g) of the electrode, v is the scan rate (V S?), AV is the

+V
potential window (V) and j | dv is the voltammetric charge obtained from the area under the
v

CV curve (A V).
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Figure 4.7 (a): CV curves of V205 nanorods, V20s-CNT nanonetwork, and V>0s-CNT-G-ol
nanocapsules at 10 mV s in 1 M LiNOs aqueous electrolyte at potential window of -0.2 — 0.8
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Figure 4.7 (b): CV curves of V20s-CNT-G-ol at scan rates of 10 — 60 mVs?tin 1 M LiNOs

aqueous electrolyte at potential window of -0.2 - 0.8 V
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Figure 4.7 (c): Variation of specific capacitance with scan rate for V20s, V205-CNT and V20s-
CNT-G-ol nanomaterials in 1 M LiNO3 aqueous electrolyte at potential window of -0.2 — 0.8
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i) Galvanostatic charge-discharge (GCD) studies

Further capacitive performance investigations were conducted on the V»Os-based electrode
materials in the three electrode cell using GCD. Figure 4.8 (a) shows the GCD curves of V20s,
V205-CNT and V20s-CNT-G-ol nanomaterials at a current load of 1 A g* while the GCD
curves of V20s-CNT-G-ol electrode material at different current loads are presented in Figure
4.8 (b). The GCD curves revealed non-linear profiles with plateaus observed during the
charging and discharging processes of Li* ions into the V2Os host material. This further
confirms the pseudocapacitance behavior of the VV2Os-based electrode materials. The charge

and discharge plateaus of V205-CNT-G-ol nanocapsules are much more distinguished with a
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longer charge and discharge time, as well a reduced IRqrop, indicating superior electrochemical
performance offered by the synergistic effect of the pseudocapacitance contribution of V205
and the double layer capacitance delivered by CNTs and G-ol as observed in CV studies. A
reduction in the IRgrp Of V205-CNT-G-0l nanocomposite suggest that the carbon based
additives significantly reduced the internal resistance of V.Os electrode material. These results
are very consistent with literature reports [7,36]. Figure 4.8 (c) shows the variation of
capacitance with the current load of V.0s-CNT-G-ol nanocapsules. As expected, the
capacitance values decrease with increasing current load. Capacitances values were obtained

from the GCD plots using Equation 4.5.

C,, = Ixt

P T M(V-IR ) (9

Where, m represents the active mass of the electrode (g), V is the potential window (V), IRdrop
is the voltage drop / equivalent series resistance (V), | is the applied current (A) and t is the

charge/discharge time (s).
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Figure 4.8 (b): GCD curves of V20s-CNT-G-ol at different current loads in 1 M LINO3
aqueous electrolyte at potential window of -0.2 - 0.8 V
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Figure 4.8 (c): Variation of discharge capacitance with current load of V,0s-CNT-G-ol

iii) Electrochemical impedance spectroscopic (EIS) measurements

EIS was used to obtain additional electrochemical properties of V20s, V205-CNT and V20s-
CNT-G-ol nanomaterials which described the kinetic processes occurring at electrode/
electrolyte interface. EIS measurements were recorded at open circuit voltage (OCV) in the
frequency range of 0.1 MHz to 100 KHz at an amplitude of 5 mV. As shown in Figure 4.9 (a),
the Nyquist plots reveal three distinct frequency regions. These domains include; a semicircle
at the high frequency region, associated to the charge transfer resistance (Rct); the intercept of

the semicircle to the Zra axis which describes the internal resistance; and an inclined line in
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the middle to low frequency region of the curve representing the frequency dependent Warburg
diffusion (Wo) arising from linear diffusion of ions at the outer surface of the electrode material
from electrolyte solution [37]. It is observed that V20s-CNT-G-ol nanocapsules exhibit low
impedance due to the synergistic effect of the carbon-based additives as revealed by CV and
GCD studies. EIS curves were fitted using the well-known Z-view software according to circuit
models displayed in Figure 4.9 (b). The constant phase element (CPE) provides information
on the double layer capacitance between the electrodes —electrolyte interface as a function of
the electrode potential. Values of the Rct, Rs, Wo and CPE obtained from curve fitting are
tabulated in Table 4.3. It is observed that V.Os electrode material demonstrates commendable
semiconductive performance as evidenced by the phase angle of 51.3 °, followed by V20s-
CNT at 29.2 ° and V20s-CNT-G-ol at 10.1 °, as shown in the Bode plot, Figure 4.9 (c).
However, the V205 electrode also presents the largest Rt value of 324.6 Q and V20s-CNT at
29.46 Q. Meanwhile V205-CNT-G-ol electrode showed the smallest Ret value of 2.38 Q,
suggesting the faster faradaic redox reaction occurring in the electrode material due to the
expanded interplanar spacing provided by the presence of CNTs and G-ol as well as the
nanocapsule morphology which also provided more pores and reduced aggregation between
the nanorods, allowing more electrolyte ions to diffuse within the electrode and electrolyte
interface. Moreover, the V20s-CNT-G-ol electrode also demonstrated a low ion diffusion
resistance as indicated by the presence of the vertical line in the low frequency region of the
Nyquist plot. All V20s-based electrode materials showed CPE values with at 0.71 pF for V20s,
0.55 pF for V20s-CNT and 0.72 pF for V20s-CNT-G-ol electrode, suggesting some degree of
double layer capacitance contribution to the total capacitance of the materials. Notably, the
electrochemical parameters obtained from EIS investigations further reveal the commendable
electrochemical performance of the VV2Os-based electrode materials and also demonstrate their

promising potentials for supercapacitor applications.
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Figure 4.9 (b): Circuit models used to fit EIS data
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Figure 4.9 (d): Total impedance Bode plots of V205, V20s-CNT and V20s-CNT-G-ol
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Table 4.3: EIS curve fitting data of VV20s-based electrode materials

12
Electr(?de R/Q  CPE/pF R, /7Q W /Os- Phase
material ° angle / °
V.0, 5.86 0.71 324.6 - 51.3
V,0-CNT 2.73 0.55 29.46 - 29.4
V,0,-CNT-G-ol 5.94 0.72 2.38 0.30 11.3
4.4.7 (b) Electrochemical Performance of the fabricated asymmetric supercapacitor

devices

Additional evaluation of the potentials for practical application of the V20s-based electrode
materials in supercapacitors were done by fabrication of asymmetric supercapacitors, based on
the V20s-based electrodes as positive electrodes and activated carbon (AC) as the negative
electrode using Ni foam as the current collector. Figure 4.10 (a) displays the CV curves of
V205-CNT-G-ol electrode material and AC electrode material in 1.0 M LiNO3z aqueous
electrolyte at a scan rate of 50 mV s, indicating the suitability of using V2Os-based materials
as positive electrode and AC as negative electrode [38]. As shown in Figure 4.10 (b), the
comparative GCD profiles of the asymmetric devices assembled with the V,0s-based positive
electrodes and AC negative electrode at a current load of 0.25 A g and voltage window of 1.6

V, still maintain the non-linear and plateau characteristics as observed in three electrode
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investigations. It is worth noting that the AC//\V20s-CNT-G-ol supercapacitor device delivered
an impressive specific capacitance 173.4 F g which was 2.3 times greater than that of the
AC/IV20s-CNT device (75.4 F g') and even 7.1 times greater than the AC//V20s device. This
higher capacitance is attributed to the synergy between the carbon-based additives (G-ol and
CNTs) and V20s-nanorods, with the unique nanocapsule-like morphology of V20s-CNT-G-ol
which reduced aggregation between the nanorods and providing a larger surface area for
diffusion of Li* ions, resulting in enhanced electrochemical performance. The GCD profiles of
AC/IV,05-CNT-G-ol supercapacitor at different current loads as shown in Figure 4.10 (c),
exhibit some asymmetry in the discharge curves at low current density (0.125 Ag1-05A g
1. This can be ascribed to the contribution of the faradaic processes of V20Os electrode material.
However, it is also revealed that the capacitance decreases with increasing current load as
displayed by Figure 4.10 (d). This is a characteristic behavior observed in energy storage
devices, due to the ion transfer limitation of electrolyte ions through the electrode material at
higher current loads. As current load increases, electrolyte ions face mass transport limitations
within the host material, reducing the accessible electrode volume for the electrochemical
reactions. And the inner portion of electrode finds it difficult to sustain the redox transition at
higher current loads, leading to reduction in charge storage [16]. The specific charge and
discharge capacities of the asymmetric device were calculated based on the total active mass

of the two electrodes according to Equation 4.6 [35].

C = 41
T WAV (4.6)
mAVA¢
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Where I is the applied current (A), m is the total mass of positive and negative electrodes (g),
AV/At is the slope obtained by fitting a straight line to the discharge curve (V s) and V is the

voltage window.

As shown in Table 4.4, charge and discharge capacities were found to be 425.2 F gt and 178.1
F g at a current density of 0.125 A g™ as well as 39.7 F gt and 25.8 F g™ at a current density
of 2 A g, respectively. To optimize the energy storage capabilities of the devices, the
mass/charge balance of the different electrodes should be carefully considered since the
electrodes operate in different potential windows and deliver varying specific capacitances.
The mass loading of the positive and negative electrodes were adjusted according to the charge

balance equation, Equation 4.7 [39].

M-~ C*IlAV* 4.7

M* _ Csp (AVJ
sp

Where, M, Csp and AV represent the active mass, specific capacitance and the potential window

obtained from three electrode investigations of the electrode materials, respectively. The mass

loading of AC//V.0s-CNT-G-ol asymmetric device was adjusted to 9.31 mg, while those of

AC//IV,0s and AC//V,0s-CNT devices were at 10.25mg and 11.13 mg, respectively.
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Figure 4.10 (a): comparative CV plots of AC and V20s-CNT-G-ol electrodes at scan rate of

50 mV st in 1.0 M LiNO3 aqueous electrolyte at different potential windows
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Figure 4.10 (b): Comparative plot of the GCD profiles of AC//V20s, AC//V20s-CNT and

AC/IV,05-CNT-G-ol asymmetric devices at a current load of 0.25 A gtin 1.0 M LiNOs

aqueous electrolyte.
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Table 4.4: Charge and discharge capacities of Asymmetric AC//V20s-CNT-G-ol device

Current Density / Specific charge Specific

A g-1 capacity/ F g-1 discharge 4
capacity/ F g

0.125 425.2 178.1

0.25 292.7 173.4

0.5 251.0 146.9

1.0 119.2 86.8

1.5 64.6 41.5

2 39.7 25.8

)} Electrochemical cycling / stability studies

The long-term cycle stabilities of the V20Os-based supercapacitors were studied up to 4,000
cycles at a current load of 0.5 A g*. As shown in Figure 4.11 (a), the devices exhibited good
cycle stability with a capacitance retention of 69 %, 66.8 % and 110 % over 4,000 cycles for
the AC//V20s-CNT-G-ol, AC//V20s-CNT, and AC//V.0s devices, respectively. The
coulombic efficiency per cycle is displayed in Figure 4.11 (b). Interestingly, the AC//\V/20s-
CNT-G-ol device delivered an excellent coulombic efficiency of 96.8 % followed by the
AC/IV20s-CNT device at 94.2 % and AC//V.0s at 93.1 %. It has been reported that
combination of transition metal oxide and electrochemically stable graphitic sheets play a
significant role in the improvement of electrochemical behavior of supercapacitor electrodes
due to the synergy between the pseudocapacitance and EDLC mechanisms [40]. Overall, the
very good electrochemical performance as well as the excellent long-term cycle stability of the

V20s-based devices can be attributed to the synergistic effect of the pseudocapacitance of V20s
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and the double layer capacitance of the carbon based additives. More specifically, G-ol
nanosheets and CNTs in the AC//\V20s-CNT-G-ol device provided the physical support and
reduced the stress due to the larger interlayer spacing during insertion and removal processes

of Li-ions which led to the good cyclic stability.
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Figure 4.11 (a): Cycling stability of AC//VV2:0s, AC//V2.0s-CNT, AC//V20s5-CNT-G-ol

supercapacitor devices over 4000 cycles
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Figure 4.11 (b): Coulombic efficiency of AC//V20s, AC//\V205-CNT, AC//\V/205-CNT-G-ol

supercapacitor devices over 4000 cycles

4.4.7 (c) Specific Energy and Specific Power

The specific energy (W h Kgt) and specific power (W Kg?) are the most important parameters
used to evaluate the performance of supercapacitors. The specific energy and power of the
asymmetric devices at different current loads were calculated according to Equation 4.8 and
4.9 [41].
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E= %Csp X AV? x — (4.8)

P =— x 3600
~ (4.9)

Where Csp denotes the specific capacitance of the device (F g?), AV is the applied voltage (V)

and At is the supercapacitor discharge time (s).

The specific energy and power of the devices is displayed in the Ragone plot, Figure 4.12. It
was observed that the specific energy of the AC//\V,0s-CNT-G-ol device could reach 63.2 W
h kg at a specific power of 609.2 W kgt and still retain a specific energy of 9.2 W h kgt when
the specific power increased to 34144.3 W kg*. The AC//V20s—CNT device was able to deliver
a specific energy of 43 W h kg? at specific power of 487.7 W kgt.while the AC//V20s
supercapacitor showed a specific energy of 12.3 W h kg™ at a specific power of 204.2 W kg™.
The obtained results are comparable to literature reports as shown in Table 4.5 and even show
better energy storage capabilities over some reports. These results highlight the potentials of
V205 and G-ol composite electrode materials as supercapacitor electrodes and opens up new

avenues for wide range applications.
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\

Table 4.5: Comparison of V20s-CNT-G-ol supercapacitor with other devices assembled with

V20s-based electrode materials and composites with different carbon forms.

S. Device design Electrolyte/ Capacitance Cycling Max. Ref
No voltage stability  Energy
window (V) @diﬁ;;em @ cycles (W h kg
(negative//positive) y h@
Power
(W kg™)
1 V20snanorod/RGO// 5MLINOs/ 835Fgl@ 345% 335@ [42]
V05 nanorod/RGO 0-1.7 05Ag! @ 1000  425.6
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2 RGO/V20s//AC 05M 53Fgl@ 52% @ 7.4 @ [43]
K2S04/0 — 05A(Qg? 300 127
1.0
3 V20s/CNT//MnO2/C 1MNaSOs 45Fgl@ W@ 16@75 [44]
/0-1.6 0.64 mA cm™ 100
4 RGO/C- 1M 2755Fgl@ 91.1% 387@  [45]
cloth//V,0s/polyindol  LiCIO4/prop 1Ag? @ 5000 900
e/C-cloth ylene
carbonate /
0-1.8
5 V205 nanowire- 1MNaSOs 1002Fg'@ 839% 116@  [36]
G//V20s-nanowire-G /-15-15 1Ag? @ 5,000 1520.2
6  Fes04/3DG//V.0s/3D 1MNaSOs 612Fgl@1 899% 549@  [38]
G /0-1.8 Agt @ 898
10,000
7 CNT/V20s 1M - 80% @ 40 @ [46]
LiClO4/prop
nanowire//AC ylene 10,000 210
carbonate /
0-27
8 V,0s/Ketjin black//  LiCl/polyvi 40Fcm?2@ 90% @ 56.8@ [47]
V,0s/Ketjin black nyl alcohol 5 mA cm?
gel/0-1 8,000 303
9 RGO/V20s/IG 1M R2Fgl@ 822% 804 @ [9]
LiClO4/prop  0.2Ag! @
ylene 10,000 275
carbonate /
0-25
10 AC/IV20s/N- 05M 91Fgt@1 84%@ 128@  [48]
mesoporous carbon  K3SO04/0 - Ag? 500
1 317
11  AC//V20s5-CNT-G-ol 1MLINO3/ 178.1Fg-1 69.% @ 63.2@  This
0-1.6 @ 0.125 4,000
609.2 work
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4.5 Conclusion

In summary, V20s-based electrode materials and composites with CNTs and G-ol were
prepared by a combination of hydrothermal synthesis and wet chemistry. Morphological
studies by SEM and HRTEM showed aggregated nanorods of thickness ranging from 10.4 —
130.6 nm for V205, 70.1 — 105.7 nm for V20s-CNT and nanocapsule-like morphology in range
of 61.6 — 141.9 nm for V20s-CNT-G-ol. SAXS results revealed slightly left-skewed particle
size distribution of V20s nanorods indicating the globular shape and variation of nanorod sizes,
with maximum primary particles at 10.4 and aggregates of primary particles at 81.9 nm. A
dumbbell-shaped particle size distribution by number of particles scattered were obtained for
V20s5-CNT and V20s5-CNT-G-ol electrode materials. Maximum population of primary particles
for V20s5-CNT and V20s-CNT-G-ol were at 26.8 and 22.9 nm, respectively. XRD studies
showed crystalline patterns for all three electrode materials which could be indexed to the
Scherbinaite orthorhombic Pmmn (59) standard phase (JCPD file no -41-1426), with an
increased interlayer spacing for V20s-CNT-G-ol nanocapsulate electrode. The FTIR spectrum
of V205 nanorods showed strong vibrations at 1012.6, 835.8 and 608.6 cm™ which were
attributed to the stretching and bending vibrations of V=0, V-O-V and asymmetric and
symmetric vibrations of V-O bonds, respectively. These bands were slightly shifted to lower
wavenumbers due to the interaction of V20s with CNTs and G-ol in V2.0s-CNT and V20s-
CNT-G-ol electrode materials. The skeletal and bending vibrations of V-O-V and V-bonds
were observed at Raman shift values of 283.6 cm™ and 337.1 cm™, respectively. The D and G-
band of graphitic materials was observed at 1461.2 and 1525.4 cm™ respectively.
Electrochemical studies conducted in three electrodes in 1 M LiNOs aqueous electrolyte
delivered a specific capacitance of 209.5 F g%, 142.6 F g, and 88.1 F g* for V20s, V205-CNT
and V,0s-CNT-G-ol electrodes, respectively at a scan rate of 5 mV s, EIS studies confirmed
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faster faradaic redox reactions occurring in the nanocapsulate electrode with Rt value of 2.38
Q compared to 29.46 Q for V20s5-CNT and 324.6 Q for V20s. Asymmetric supercapacitors
assembled to demonstrate the practical applications of V20s-based electrode with AC as the
negative electrode delivered an impressive specific capacitance 173.4 F g for AC//V20s-
CNT-G-ol at a voltage of 1.6 V. This value was 2.3 times greater than that of the AC//V20s-
CNT device (75.4 F g) and even 7.1 times greater than the AC//V20s device. This higher
capacitance can be attributed to the synergy between the carbon-based additives (G-ol and
CNTs) and V20s-nanorods, with the unique nanocapsule-like morphology of V20s-CNT-G-ol
which reduced aggregation between the nanorods and provided a larger surface area for
diffusion of Li* ions, resulting in enhanced electrochemical performance. Long-term cycle
stabilities of the V.Os-based supercapacitors studied up to 4,000 cycles at a current load of 0.5
A g retained a capacitance of over 65 % for all three devices. The Ragone revealed that the
specific energy of the AC//V,0s-CNT-G-ol device could reach 63.2 W h kg* at a specific
power of 609.2 W kg and still retain a specific energy of 9.2 W h kg* when the specific power
increased to 34144.3 W kg*. The AC//V,0s-CNT device was able to deliver a specific energy
of 43 W h kg at specific power of 487.7 W kg*.while the AC//V20s supercapacitor showed a
specific energy of 12.3 W h kg* at a specific power of 204.2 W kg™. These results are
comparable to literature reports and highlight the potentials of V20Os and G-ol composite
electrode materials as high energy supercapacitor electrodes and may open up new paths for

wide ranging applications.
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CHAPTER FIVE

RESULTS AND DISCUSSION - MANUSCRIPT 3

Zinc Doped Lithium Manganese Silicate Mixed Spherical and
Rhombohedrally-Shaped Nanocrystals as battery-type Electrodes for
Supercapattery Applications (Prepared for ACS Applied Materials &

Interfaces)

Abstract

Mixed spherical and rhomboherally-shaped Zn—doped Li2MnSiO4 (Li2Mn1.xZnyxSiO4, X = 0,
0.02, 0.04, 0.06, 0.08) nanocrystals with diameters of 22.5 — 30.7 nm were prepared by
solvothermal synthesis at 180 °C in ethylene glycol. Crystalline and orthorhombic structural
phases of the materials were confirmed by X-ray diffraction. Skewed and bell-shaped particle
size distribution of the nanocrystals were revealed by small angle X-ray scattering.
Electrochemical studies revealed superior performance of 4 % Zn-doped Li2MnSiO4
(LizMno.g6ZN0.04Si04) with a specific capacity of 80.46 C g* at a scan rate of 20 mV s™. The
enhanced performance was ascribed to the high nucleation density observed in XRD
investigations and majority rhombohedra morphology of the electrode which provided a larger
surface area, more available sites for electrolyte penetration and faster diffusion of Li-ions.
Supercapattery devices assembled with activated carbon as negative electrode and LiMn;-
xZNxSiO4 as the positive electrodes delivered good capacitance retention and coulombic
efficiencies over 3000 cycles. The AC//LizMno.96Zn0.04SiO4 supercapattery exhibited a specific
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energy of 38.4 W h kg* at a specific power of 516 W kg* and up to 19.9 W h kg* was retained
at specific power of 14429 W kg*. The pillar effect of Zn doping as well as the nanocrystallite
morphology provided high contact volume of the electrode particles with the electrolyte and
enhanced the electrical conductivity of the material leading high rate performance and overall

energy storage capability.

Keywords: Nanocrystals, Zn-doping, LiMnSiOs, supercapattery, high specific energy

5.1 Introduction

Technological advancements and the drive towards a low carbon environment have greatly
increased the demand for high-performance energy storage devices. Batteries and
supercapacitors are major electrochemical energy storage devices that have been widely used
in several practical applications. Supercapacitors (SCs) such as electric double-layer capacitors
(EDLCs) and pseudocapacitors have attracted vast attention among several energy storage
devices due to their high power density, fast charge-discharge rates, long cycle life and easy
device fabrication [1,2]. Lithium-ion batteries which are renowned for their high specific
energy, high working voltage, no memory effect, and long cycle life have also been the focus
of research in recent times due to their promise of near-term advancements [3]. However, the
low specific energy of SCs and low specific power of Li-ion batteries limits their widespread
applicability. Therefore, the design of hybrid energy storage devices known as supercapatteries
is a promising way of enhancing the energy and power capabilities of these systems. A

supercapattery offers improved specific energy without sacrificing its specific power by
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combining the high structural and cycling capabilities of EDLC-type materials with the
excellent charge-storage properties of redox-type materials. More so, it utilizes carbonaceous
EDLC-type materials as a power source and pseudocapacitive/battery-type materials as an
energy source [1,4]. Battery-type electrode materials store larger amounts of energy when
compared to pseudocapacitive materials due to their diffusion-controlled redox reactions
within the bulk of the electrode material and strong dependence on electrode potential whereas
pseudocapacitive materials store electrical charge by fast surface-confined redox reactions [5—
7]. Hence, battery-type electrode materials with high charge storage capabilities have been
widely investigated. Recent developments in Li-ion battery specific energies have been
accomplished mainly by modification and optimization of battery cell designs rather than its
chemistry [8,9]. To achieve a significant increase in battery capacity, new electrode materials
and materials which are able to reversibly intercalate more than one lithium ion per formula
unit are crucial. The earliest efforts of this approach have been based on layered oxides like
LixMO2, LixVSez, vanadium oxides such as LixV20s, LixV3Os and spinels like LixMn2Os,
LixTi2Ss (2<x<3) and rhombohedral LisV2(POas)2. These technologies were not widely

commercialized due to low working potentials, kinetic limitation of the reinsertion of Li-ions
and rapid capacity fading of the cells [8,10,11]. In recent years, lithium metal orthosilicates

(Li2MSiO4, M = Mn, Fe, Ni) have been identified as potential cathode materials which can
theoretically fulfill the energy requirements of advanced Li-ion batteries. These materials show
higher theoretical specific capacities and better safety than the conventional cathodes, with
Li-MnSiO4 being the most investigated on account of its high theoretical capacity of 330 mA
h g, outstanding thermal stability, and natural abundance. However, LizMnSiO; electrode
material possesses some inherent drawbacks, such as poor electronic conductivity and
structural instability caused by Mn coordination change upon oxidation and Jahn-Teller

distortion during cycling [12,13]. These drawbacks restrict its wide-ranging applications. To
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solve these problems, different strategies have been developed to improve electrochemical
kinetics and structural stability of LioMnSiO4 cathode including; hybridization with
carbonaceous materials [14,15], morphology control [16,17] and ion doping [18,19]. Ding et
al., prepared hexagonal and prism-shaped Li-MnSiO4 nanoplates using ethylene and diethylene
glycol as capping agents/ structure-directing agents. These electrodes delivered a near
theoretical discharge capacity of 326.7 mA h g at 0.05 C and good cycling stability [20].
Furthermore, doping of LizMnSiO4 with aliovalent ions has been reported by many researchers
to enlarge its unit cell volume by modifying its crystalline grains, leading to improved
electrochemical performance. For instance, Choi et al., prepared LizMnSiOs nanoparticles
doped with various trivalent ions such as Ga®*, AI**, and Mg?* by sol-gel chemistry. The
cationic ion-doped LizMnSiOys electrodes especially Ga**-doped LizMnSiO4demonstrated high
initial charge/discharge capacities and good cycling efficiency due to the observed enlarged
nucleation density and high surface active sites [21]. Partial substitution of the Mn?* ions in
Li-MnSiO4 electrode material with V** ions has also proven to improve its electrochemical
performance by reducing the electrode grain sizes with corresponding higher crystallinity and
Li*-ion diffusion rates [22]. Don’s and Shenouda’s groups have also reported the improvement
of the electrochemical performance of Li2MnSiOs electrode material via mild substitution of
the Mn-site with La3* [23] and Ni?* [24] ions. These results further confirmed that doping
Li-MnSiOy4 ions with trivalent or divalent cations can effectively reduce its particle sizes with
high nucleation/ packing densities, reduced charge transfer resistance, and enhanced
electrochemical performance. High discharge capacities in the range of 150 — 250 mAh g*
were obtained with commendable cycling stabilities. Likewise, the effects of Zn?* doping on
the electrochemical performance of several battery and supercapacitor electrode materials
including LiFePO4, LIMNPO4, MnO2, NazMnO- and Fe;O3 [25-29] have been investigated.

These results demonstrate that a small amount of Zn doping through the pillar effect, can
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significantly expand the lattice volume of the unit cell and provide more space for Li-ion
intercalation/ de-intercalation. In addition, Zn doping can reduce cell polarization, improve the
electrode charge transfer kinetics and the reversibility of lithium intercalation and de-
intercalation as a result of shorter diffusion distance of lithium ions. More recently, Mao et al.,
[30] studied the variation of lattice cell parameters and voltage fading mitigation upon Zn
doping in layered NaNio 2Feo.3sMno 4502 positive electrode for Na-ion batteries while Zhao et
al., [31] investigated the synergistic effect of Zn doping and nanorod morphology on the
electrochemical properties of spinel LiMn2O4 positive electrode for Li-ion batteries. These
studies reveal that a low amount of Zn doping (as low as 2 %) on the Mn-site in combination
with the design of nanostructures can effectively stabilize the crystal structure by increasing
the lattice volume. A reduction in the Jahn-Teller active Mn®* ions also contributes to the
stability of the electrode during repeated intercalation/deintercalation reactions thereby

alleviating voltage fading during cycling.

In this work, we report on solvothermal synthesis of LioMnSiO4 nanomaterials and the effect
of Zn doping on its electrochemical performance for the first time. A small amount of Zn
doping is observed to enhance the electrochemical performance of undoped Li>MnSiOa by
almost two folds with an optimal ratio of 4 %. The orthosilicate-based electrodes are applied
as battery-type electrodes in supercapattery devices assembled with activated carbon as the

anode.

5.2 Experimental details

5.2.1 Materials
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The following chemicals were purchased from Aldrich and used without further purification.
Ethylene glycol (anhydrous, > 99.8 %), tetracthyl orthosilicate (> 99.0 %), zinc acetate
dihydrate (99.999 % trace metal basis), lithium hydroxide (98 % reagent grade), sodium sulfate
(>99.99 % trace metal basis), manganese (II) chloride tetrahydrate (99.99 % trace metal basis),
N-methyl-2-pyrollidone  (anhydrous, 99.5 %). ethanol (absolute, > 99.8 %),
polytetrafluoroethylene (mean particle size 20 um), activated charcoal (Norit ® pellets), carbon
black (4 um mesoporous carbon matrix, > 99.95 % metal basis). Hydrochloric acid (reagent

grade and assay 36.5 — 38.0 %) was obtained from Kimix chemicals and nickel foam (1.6 mm

thick, 0.25 um pore diameter) purchased from MTI Corporation.

5.2.2. Synthesis of pristine and Zn doped Li2MnSiO4 nanomaterials

Li2MnSiO4 and a series of Zn doped Li2MnSiOs (Li2Mn1xZnxSiOs, X = 0.02, 0.04, 0.06, 0.08)
were prepared by solvothermal synthesis in ethylene glycol. Ethylene glycol acted as both a
reducing and capping agent. First of all, 0.6008 g of manganese (1) chloride tetrahydrate (0.01
mols) were dispersed in 20 mL of ethylene glycol until complete dissolution. Afterwards, 2.
2329 mL of tetraethyl orthosilicate (0.01 mols) was slowly added to the mixture and vigorously
stirred for 30 mins. Then, 0.9580 g of LiOH (0.04 mols) dispersed in distilled water were
rapidly added to the mixture. The molar ratio of Li: Mn: Si were kept at 4: 1: 1. The mixture
was transferred to a 100 mL Teflon-lined autoclave, stirred for 15 mins and maintained at 180
°C for 15 h. After cooling to room temperature, the obtained products (greyish precipitate)
were centrifuged and washed for several times with distilled water and ethanol. The products

were preheated at 350 °C for 4 h and calcinated at 700 °C for 18 h. The different ratios of Zn-
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doped Li2MnSiO4 were prepared by same procedure but with the addition of different amounts

of zinc acetate dihydrate with manganese chloride tetrahydrate.

5.2.3.1 Material Characterization

Structure and morphology of the pristine and Zn doped LioMnSiO4 nanomaterials were
characterized using ZEISS ULTRA scanning electron microscope equipped with an energy
dispersive spectrometer and a Tecnai G2F,0 X-Twin MAT 200 kV field emission transmission
electron microscope from FEI. Analyses were performed on a nickel-copper grid. The particle
size distribution of the nanomaterials were obtained by small-angle X-ray scattering
experiments performed on an Anton Paar SAXSpace system. Copper Ka radiation (0,154 nm)
was used and the instrument is equipped with a 1 D mythen 2 position sensitive detector and a
beamstop alignment. Powder X-ray diffraction studies were obtained using a D8 advance
diffractometer from BRUKER-AXS using copper Ko radiation (A ~ 0.154 nm) operating at 40
kV and 40 mA. A Perkin Elmer Spectrum 100 series Attenuated Total Reflection (ATR)
Fourier Transform Infrared spectrometer with a resolution of 4 cm™ was used to obtain the
functional groups present in the materials. Electrochemical studies were performed using both

three and two-electrode cells on a VMP-300 potentiostat from Bio-Logic instruments.

5.2.3.2 Electrode preparation and electrochemical measurements

The working electrode was prepared by mixing 70 % of the active material with 20 % carbon

black (conducting agent) and 10 % polytetrafluoroethylene (binder) in a few drops of

194



anhydrous N-methyl-2-pyrrolidone. Prior to coating, nickel foam was cut into rectangular
shapes of 0.5 x 1 cm? and coin-shapes of 20 mm in diameter. The different sizes were cleaned
and etched to remove surface oxide layer using 1 M HCI solution in an ultrasonic bath for 15
mins, then cleaned in absolute ethanol and deionized water for 15 min in sequence by
ultrasonication and finally dried at 90 °C for 12 h. A homogenous paste was obtained using a
mortar and pestle and coated on nickel foam with a diameter of 0.5 cm? using a spatula and
dried at 80 °C for 12 h. Ag/AgCl and Pt wire were used as the reference and counter electrodes,
respectively for studies in three-electrode system. For two-electrode cell analysis, the
homogenous paste was coated on coin-shaped nickel foam with a diameter of 20 mm and
supercapattery cells were assembled in a Swagelok using pristine and Zn doped Li2MnSiO4
samples as the positive electrodes and activated carbon as the negative electrode. Cyclic
voltammograms were recorded in a potential window of 0.1 to 0.8 V at different scan rates and
electrochemical impedance measurements were obtained at a frequency range of 0.1 MHz —
100 kHz with 10 points per decade. CV curves, galvanostatic charge-discharge profiles and the
cycling performance of the supercapattery cells were obtained in aqueous 1 M Na;SO4

electrolyte at a voltage of 1.6 V.

5.3 Results and Discussion

5.3.1 Structure and morphological Analysis by Scanning and Transmission Electron

Microscopies (SEM and HRTEM)

The structure and morphology of LiMnSiO4 and Zn doped counterparts (Li2Mno.9gZno.02SiOx4,

Li2Mno.96ZN0.04S104, Li2Mno.94ZN0.04S104 and Li2Mng.92ZN0.0sSi04) were examined by SEM and

195



HRTEM microscopies. Figure 5.1 displays the SEM and HRTEM micrographs of these
nanomaterials obtained at low magnification. As shown in Figure 5.1 (a), the SEM image of
pristine LioMnSiOs shows aggregated and mixed spherical and rhombohedral-shaped
nanocrystals. It is observed that Zn doping increases the nucleation density of the nanoparticles
and favors the growth of a more rhombohedral morphology of the nanocrystals especially at a
zinc doping ratio of 4 % (Li2Mno.96ZNn0.04Si04), as shown in Figure 5.1 (c). HRTEM images
present micrographs with a little darker contrast which may be attributed to the presence of
ethanol used as solvent to disperse nanocrystals prior to analysis. The rhombohedral shape is
more revealed in high resolution micrographs obtained from HRTEM. The lattice fringes and
selected area electron diffraction images are displayed as insets in the HRTEM images. The
observed concentric circles together with lattice fringes reveal the crystallinity of the materials.

Nanocrystal sizes processed using ImageJ are shown in Table 5.1.

Elemental composition of the undoped and Zn-doped Li2MnSiO4 nanocrystals were also
verified using energy dispersive X-ray spectroscopy (EDS). Figure 5.1 (f) shows EDS spectra
of the nanomaterials and all expected elements are observed. EDS maps of 4 % Zn-doping ratio
which showed the desired morphology and particles sizes are shown in Figure 5.1 (g). As

observed, the maps portray a homogenous distribution of all expected elements.
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Table 5.1: Nanocrystallite sizes of Li2MnSiO4 and Li2Mno.98Zno.02SiO04, Li2Mno.96ZNn0.04Si04,

Li2Mno.94ZN0.04Si04, and Li2Mno.92Zn0,0sSi04 obtained from HRTEM analysis

Electrode material Zn content Average diameter Standard deviation

1 % /nm
/nm

Li2MnSiO4 0 22.5 +15.3
Li2Mno.98ZNn0.02Si04 2 30.7 +16.4
Li2Mno0.94ZN0.04Si04 4 23.5 +3.2
Li2Mno.92ZNn0.08SiO4 6 26.1 +13.2
Li2Mno.90ZNno.1SiO4 8 27.8 +18.6
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EHT = 5.00 kV Signal A = InLens Date :15 Mar 2018
WD = 48mm Mag= 50.00 KX Time :9:34:11

Figure 5.1 (a): SEM and HRTEM micrographs of Li-MnSiOs with SAED and lattice fringes

as insets
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EHT = 5.00 kv Signal A = InLens Date :15 Mar 2018

WD =47 mm Mag= 50.00 KX Time :9:41:51

Figure 5.1 (b): SEM and HRTEM micrographs of Li2Mno.9gZno.02SiO4 with SAED and lattice

fringes as insets
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EHT = 5.00 kV Signal A = InLens Date :15 Mar 2018
WD = 46mm Mag = 50.00 KX Time :9:53:19

Figure 5.1 (c): SEM and HRTEM micrographs of Li2Mno.96Zno.04Si04 with SAED and lattice
fringes as insets
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£ .
EHT = 5.00 kv Signal A = InLens Date :16 Mar 2018
WD = 4.7 mm Mag = 20.00 KX Time :9:16:36

Lattice fringes

Figure 5.1 (d): SEM and HRTEM micrographs of Li2Mno.94Zno.0sSiOs with SAED and lattice

fringes as insets
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EHT = 5.00 kV Signal A = InLens Date :15 Mar 2018
WD = 4.4 mm Mag= 20.00K X Time :10:01:52

o N 2 %,

Figure 5.1 (e): SEM and HRTEM micrographs of Li2Mno.92Zno.0sSiO4 with SAED and lattice

fringes as insets
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Figure 5.1 (f): EDS spectra of undoped and Zn-doped Li2MnSiO4 nanomaterials
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Figure 5.1 (9): EDS maps of Li2Mno.96ZN0.04S104 nanocrystals

5.3.2 Particle size distribution by Small Angle X-ray Scattering (SAXS)

SAXS experiments were used to obtain the primary particle sizes, aggregates of the primary

particles (secondary particles) and particle size distribution of undoped and Zn-doped
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nanomaterials. The scattering curves are presented in the form of pair distance distribution
functions with respect to scattering intensities of the particles as shown in Figure 5.2 (a) and
the physical volume of the scattered particles as shown in Figure 5.2 (b). The scattering curves
of the intensity particle size distribution of pristine Li2MnSiOs and 2 % Zn dopant ratio
(Li2Mno.98Zno.02Si04) as shown in Figure 5.2 (au), portray bell-shaped distribution of the
primary particles diameters with center-peaks at 23 nm and 15 nm, respectively. Aggregates of
the primary particles show left-skewed distributions for both electrode materials, indicating a
variation in the sizes of the aggregated nanocrystals. An increase in particle nucleation density
is highly noticeable in the Li2Mno.9sZno.02SiO4 electrode material as indicated by the increase
in the intensity of the secondary particle diameters with a maximum center-peak at 134.9 nm.
The intensity particle size distributions of samples with slightly higher Zn dopant ratios (4 — 8
%) display almost a bell-shaped / normal particle size distribution, indicating almost uniform
particle sizes of the nanocrystals as shown in Figure 5.2 (a1) and (a2). Primary particles of
Li2Mno.94Zno.04SiO4 electrode materials showed a center peak at 23.1 nm with aggregates at
135.3 nm. Primary particles of Li2Mno.9sZno.02SiO4 showed diameters with a center peak at
15.8 nm with the absence of the secondary particle sizes. This can be due to an increase in

particle nucleation which favored the reduction in the sizes of the nanocrystals.

A cross section of the pair distance distribution function with respect to the volume of the
scattered particles is shown in Figure 5.2 (b). Bell-shaped particle size distributions are
observed. LizMnSiO4 showed primary particles diameters with center-peak at 14.7 nm while
Li2Mno.98ZNn0.02Si04, Li2Mno.96Zno.04Si0O4, and LizMno.9aZnp04SiO4 showed diameters of 15.6

nm, 16.1 nm and 15.7 nm, respectively for the primary particle sizes.
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Figure 5.2 (a1): SAXS pair distance distribution functions of undoped and Zn-doped
Li2MnSiO4 nanocrystals by intensity of scattered particles
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Figure 5.2 (a2): SAXS pair distance distribution functions of undoped and Zn-doped

Li>MnSiO4 nanocrystals by intensity of scattered particles (enlarged lower section of az)
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Figure 5.2 (b2): SAXS pair distance distribution functions of undoped and Zn-doped
Li2MnSiO4 nanocrystals by physical volume of particles scattered (enlarged lower section of
b1)

5.3.3 Crystallography by X-ray Diffraction Studies (XRD)

5.3.3(a) Crystal structure and phase identification

XRD was used to study the crystal structure, phase purity and interplanar spacing of undoped
and Zn-doped LioMnSiO4 nanomaterials. Figure 5.3 shows the XRD pattern of the

orthosilicate-based nanomaterials at a 2 0 range of 8 — 75 °. All the spectra can be indexed to
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the orthorhombic Pmn2; space group of Li2MnSiO4. The sharp peaks indicate the good
crystalline nature of the nanomaterials. No major peaks are detected which may be associated
with the zinc dopant but a shift in peak positions of the Zn-doped samples is observed. Two
minor peaks appearing at 2 0 values of 10.70° and 21.95 ° are attributed to Li»SiOz and MnO
impurities, which are reported to co-exist with LioMnSiO4 electrode materials [32]. These
results are in good agreement with literature reports by Liu and Rangappa et al.[33,34]. The
interlayer spacing and average crystallite sizes of the orthosilicate-based materials obtained at
010 reflection are shown in Table 5.2. Crystallite sizes were calculated based on the Scherer’s
formula as shown in Equation 5.1 while the d-spacings were obtained according to Bragg’s law
[35], represented by Equation 5.2. It is surprising to note that the crystallite sizes from XRD
studies are slightly bigger that those obtained from SAXS studies. This can be attributed to the
differences in the scattering methods whereby SAXS uses small-angle beams as opposed to
wide-angle beams used in XRD investigations. Data acquisition in SAXS studies is generally
spread out over a large number of detector pixels providing a true representation of the sample
under investigation. Wide-angle XRD on the other hand maps out crystallographic patterns by
limited number of pixels, thereby providing structural information based on a small sample
size [36]. The interlayer spacing is observed to increase with Zn-doping from 0.90 nm for
LioMnSiO4 to 0.95 nm at 6 % Zn dopant ratio. This is very vital to provide a dimensional
pathway for Li-ion insertion/de-insertion reactions. The electrode material at 8 % Zn-dopant
ratio is an exception with a d-spacing of 0.85 nm, which may be attributed to the increase in

atomic nucleation in the unit lattice.

KA
D=
Bcos 0 6.1)
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Where D is the mean crystallite size, K, the shape factor constant (0.89), 4 is the wavelength of
the X-rays, f is the full width at half maximum (FWHM) of the (010) Bragg reflection, and 0

is the angle of reflection of the crystalline plane.

NA = 2dsin6 (5.2)

Where, n denotes the order of diffraction (n = 1), 4; the wavelength of the X-ray beam (0.154

nm), d; the distance between MnSiO4 and LiO4 layers and & is the diffraction angle.

Table 5.2: Crystallographic data of LizMnSiOas, LizMno.98Zno.02SiO4, Li2Mno.96ZN0.04SiO04,

Li2Mno.94Zno.06Si04, and Li2Mng.92Zn0.08Si04 electrode materials

Electrode material Average crystallite Interlayer spacing /
size / nm nm
Li2MnSiO4 37.4 0.90
Li2Mno.98ZNn0.02Si0O4 52.4 0.97
Li2Mno0.96ZN0.04Si04 42.6 0.95
Li2Mno0.94ZN0.06S104 441 0.95
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Li2Mno.92ZNn0.08SiO4 43.7 0.85
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Figure 5.3: XRD spectra of LioMnSiO4 (a), Li2Mno.9g8Zno.02Si04 (b), Li2Mno.96ZN0.04Si04 (C),
Li2Mno.94ZNn0.04S104 (d), and Li2Mno.92ZNn0.08SiO4 (€)

5.3.3(b) Crystal structure models and atom connectivity
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Crystal structure simulations to reveal atomic bonds and unit cell properties of the electrode
materials were performed by a combined study involving Match and Endeavour structure
solution softwares. Figure 5.4 displays the crystal structure models, unit cells and cell axes of
undoped and Zn-doped Li>MnSiO4 electrode materials. As earlier mentioned, the orthosilicate-
based electrode materials were all indexed to the orthorhombic Pmn2; space group which is
isostructural to the low temperature form of LisPOs. The crystal structure of LiMnSiOa is
reported to consist of infinite ridged layers of MnSiO4 subunits which lie on the ac-plane and
linked by LiO4 tetrahedra along the b-axis. SiOs tetrahedra share four corners with four
neighboring MO tetrahedra and vice versa, within the layers of MnSiOa. Li ions occupy
tetrahedral sites located between two of the MnSiOg4 layers, with a pathway for lithium motion

to facilitating the extraction/ insertion process [37-39].

As shown by the simulated crystal structure model of LioMnSiO4 displayed in Figure 5.4 (a),
viewing along the b-plane shows primary Mn, Li and Si sites as ball (atomic spheres) lying on
the ac-plane and tetrahedrally connected to oxygen atoms through thin bonds, which is similar
to literature reports [38]. It is also worth noting that Li atoms are aligned in a dimensional
pathway along the ac-plane, which is beneficial to facilitate movement during charge and
discharge processes. Zn-doped LioMnSiO4 electrode materials all display the same atomic
arrangements observed in LioMnSiO4 as shown in Figure 5.4 (b), (c) and (d). However,
Li2Mno.92ZNn0.08S104 (8 % Zn-dopant ratio) showed some disorder in the atomic connections as
displayed in Figure 5.4 (e) which may be associated with the increased nucleation/ reduction

in the d-spacing observed in section 5.3.3 (a).
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Figure 5.4 (a): Crystal structure models of LioMnSiO4 nanocrystals

Figure 5.4 (b): Crystal structure models of Li2Mno.9sZno.02Si04 nanocrystals
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Figure 5.4 (c): Crystal structure models of Li2Mno.96Zno.04SiO4 nanocrystals

Figure 5.4 (d): Crystal structure models of Li2Mno.94Zno.0sSiO4 nanocrystals
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Figure 5.4 (e): Crystal structure models of Li2Mng.92Zno.0sSiO4 nanocrystals

5.3.4 Functional group Analysis by Fourier transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was used to obtain more structural information on the symmetric and
asymmetric vibrations/ rotations within LioMnSiO4 and the various ratios of Zn-doped
LioMnSiO4 electrode materials. Figure 5.5 (a) and (b) presents the FTIR spectra of undoped
and Zn-doped LiMnSiOs materials and an enlarge spectrum of LizMnSiO4 with 4 % Zn
doping. The vibrational peaks in the region of 400 cm™ - 1100 cm are in agreement with those
reported for Li,MnSiO4 [40,41]. Bands appearing at 1073 cm™ and around 750 - 590 cm™ can
be assigned to the asymmetric and symmetric vibrations of Si-O-Si bonds in the silicate
tetrahedra (SiO4*). The band at 850 cm™ can be assigned to the vibration of the Si-O-Mn
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linkage, thus confirming the complete incorporation of Mn ions into the Si-O framework. The
vibrational peaks around 540- 420 cm™* correspond to stretching motion of [LiOs] tetrahedron.
Additionally, the blue shift in the position of the Si-O-Mn bond as well as a reduction of its

intensity in the Zn-doped materials confirm the insertion of Zn ions into the Mn site.

. Si-O-Si Si-O-Mn Si-O-Si  Li-O
L|2Mno_922no.088|04 \ \
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Figure 5.5 (a): FTIR spectra of undoped and Zn-doped Li-MnSiO4 electrode materials
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Figure 5.5 (b): FTIR spectrum of Li2Mno.96ZN0.04Si04 nanocrystals

5.3.5(a) Electrochemical characterization

Electrochemical properties of undoped and Zn-doped Li2MnSiOa4 electrode materials were
investigated using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS)
and galvanostatic charge-discharge experiments in 1 M sodium sulfate (Na;SO4) agqueous

electrolyte.

i) Cyclic Voltammetric (CV) studies

CV studies were conducted at a potential window of 0.1 — 0.8 V at scan rates of 10 — 150 mV
st to determine the redox behavior of the electro-active species and the energy storage

mechanism occurring in undoped and Zn-doped Li>MnSiQOs electrode materials. Figure 5.6 (a)
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shows a comparative CV plot of the materials at a scan rate of 50 mV s. As observed, the CV
curves present peak-shaped voltammograms which is characteristic of battery —type materials
[42]. These materials are reported to exhibit Nernstian processes with non-capacitive faradaic
charge storage mechanism [43,44]. The Nernstian processes governing Li* ion insertion and
de-insertion in these materials are illustrated by Equations 5.3 and 5.4, respectively. Equation
5.3 describes the removal of Li* ions from the orthosilicate lattice with associated oxidation of
Mn?* to Mn** ions. While Equation 5.4 represents the insertion of Li* ions into the LiMnSiOs

framework with the concomitant reduction of Mn3* to Mn?* ions [35].

Anodic half reaction (A): Li Mn2+SiO4 — LiMn3+SiO4+ Lit+e (5.3)

2

Cathodic half reaction (B): LiMn3+SiO4+ Lit+e — Li MnZ“LSiO4 (5.4)

2

The redox properties of undoped and Zn-doped Li2MnSiOs4 electrode nanomaterials are
outlined in Table 5.3. An increase in peak cathodic and anodic currents illustrated by the Zn
doped counterparts especially that of 4 % Zn dopant ratio (LizMno.96Zno.04Si04) depicts better
electrochemical performance. It is observed that the CV profiles exhibit a peak-to-peak
separation (AEp) larger than the 57 mV predicted for an electrochemically reversible one-
electron redox couple. A quasi-reversible electron transfer process is therefore exhibited by
these materials due to their comparatively slow kinetics and peak overlapping with increase in

scan rate as shown in Figure 5.6 (b) [45,46]. The specific capacity values reported in Table 5.3
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were calculated from the CV profiles according to Equation 5.6 by integrating the area under

the CV curves [47].

114V

Csp - E mv (5.6)

Where | represents the current, V is the potential window, v is the scan rate and m is the active
electrode mass. The higher specific capacity values obtained for the Zn-doped electrodes
especially that of 4 % Zn ratio (Li2Mno.96Zn0.04Si04) may be attributed to the high nucleation
density observed in XRD investigations and well-defined rhombohedra nanostructures
obtained from morphological characterization. These vital features provided a larger surface
area, more available sites for electrolyte penetration and faster diffusion of Li-ions, leading to

high energy storage performance.

The scan rate is known to control how fast the applied potential is scanned. A faster scan rate
will lead to a decrease in the size of the diffusion layer; resulting in higher currents as observed
in Figure 5.6 (b) [45]. Figure 5.6 (c) displays the linear relationship between the peak current
and the square root of the scan rate indicating a diffusion controlled process, which is usually

governed by the Randles-Sevcik equation (Equation 5.7).

,,=2.69 x 10° n%?A D}? C v!2 (5.7)
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Where n represents the number of electrons transferred in the redox process, A (cm?) is the area
of the electrode, Dvi (cm? s%) is the diffusion coefficient of Li*, C (mol cm™) is the bulk analyte

concentration, and » (V s is the rate at which the potential is scanned.

The variation of specific capacity with scan rate of LioMno.gsZno.0sSiO4 electrode material is
displayed in Figure 5.6 (d). As expected, the specific capacity decreases with increasing scan
rate due to the fact that only a limited diffusion layer is available for redox activity at higher
scan rates [45]. The Li2Mno.gsZno.04SiOs majority rhombohedra electrode delivers a specific
capacity of 110.7 C g™* at a scan rate of 10 mV s and maintains a specific capacity of 38.1 C
g at a scan rate of 150 mV s, thus ascertaining the noticeable electrochemical performance

of Li2Mno.96Zn0.04SiO4 electrode material.

Table 5.3: Redox and charge storage properties of undoped and Zn-doped Li2MnSiO4 electrode

materials obtained from CV investigations

Electrode material Epa/ V' Epd/ V  Ipa/ JA  Ipd/ WA AEp/V E°/V Cs/Cg?

Li2MnSiO4 0.54 0.39 4.84 -5.63 0.15 0.47 29.42

Li2Mno.9eZno.02Si04  0.60 0.32 13.2 -5.99 0.28 0.46 71.42

Li2Mno94Zno.0sSiO4  0.62 0.33 234 -1.31 0.29 0.48 80.46

Li2Mno92Zno.0sSiO4  0.60 0.36 10.9 3.93 0.24 0.48 10.05

Li2Mno.90ZNn0.1SiO4 0.52 0.35 15.9 -1.34 0.17 0.44 64.07
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Figure 5.6 (a): Comparative CV curves of pure and Zn-doped Li>MnSiO4 nanomaterials at a
scan rate of 50 mV st in 1 M sodium sulfate (Na2SO4) aqueous electrolyte
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Figure 5.6 (b): CV curves of LizMno.gsZno04SiOa at scan rates of 10 — 150 mV st in 1 M

sodium sulfate (Na2SOa) aqueous electrolyte
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i) Electrochemical impedance spectroscopic (EIS) measurements

EIS studies were further conducted to elucidate the kinetic and diffusive properties occurring
at the electrode/electrolyte interfaces of the orthosilicate-based electrode materials. The
measurements were recorded at open circuit voltage (OCV) in the frequency range of 0.1 MHz
to 100 KHz at an amplitude of 5 mV. Figure 5.7 (a) shows the Nyquist plots of undoped and
Zn-doped Li2MnSiO4 electrode materials. The non-capacitive faradaic charge storage
mechanism observed in CV studies is further confirmed by the deviation of the Nyquist curves
from being perpendicular to the Z axis. This is ascribed to the fact that capacitive materials
exhibit Nyquist curves parallel to the Zimg axis and perpendicular to the Ze axis [47]. The curves
present a semi-circle (more pronounced in the pure LioMnSiQO4 electrode) at the high frequency
domain which describes the charge transfer resistance (Rct) in the materials. An inclined line
observed at the middle to low frequency region is ascribed to the frequency dependent Warburg
diffusion (Wo) of Li-ions in the bulk of the electrode materials. Z-view software was used in
EIS curve fitting using the circuit models shown in Figure 5.7 (b). Values obtained for the
solution resistance (Rs), constant phase element (CPE), Warburg diffusion (Wo), Ret and phase
angle for pure and Zn-doped Li2MnSiO4 electrodes are outlined in Table 5.4. It is observed that
Rt values increased with Zn doping except for the Li2Mno.96Zno.04SiO4 (Zn doping ratio of 4
%) electrode which has demonstrated superior performance in CV investigations and also
showed an almost uniform particle size distribution. As shown in Figure 5.7 (c), it is worth
noting that the electrode materials portray a near-semiconductor and semiconductor properties
with phase angles ranging from 38.8 — 54.2 °, which will enable faster movement of Li-ions
and electrons resulting in high electrochemical performance. Zn-doped LiMnSiOs electrode
materials show higher phase angles over the pristine LioMnSiO4 electrode materials indicating
that Zn doping modified the electrical properties of pure Li2MnSiO4 electrode [25]. The double
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layer capacitance contributions of the materials towards the total energy storage mechanism of
the materials are shown by the CPE values with pure Li2MnSiO4 having maximum at 0.73 pF

and minimum shown by Li2Mno.96Zno.04Si04to be 0.58 pF.

Table 5.4: EIS curve fitting data of pure and Zn-doped Li2MnSiO4 electrode materials

Electrode material Rs/Q  CPE/pF Rat/Q  Wo/Qs-1? Phase

angle/°
LioMnSiO4 1.81 0.73 17.03 0.68 38.8
Li2Mno9sZno.02Si0s  4.75 0.67 177.7 - 46.8
Li2Mno96Zno.0saSi0s  2.78 0.58 89.7 - 39.2
Li2Mno.9aZno.osSiOs  7.12 0.63 495 - 54.2
Li2Mno.92Zno.0sSi0s  1.269 0.74 392.7 - 52.1
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Figure 5.7 (a): Nyquist plots of pure and Zn-doped Li2MnSiQO4 electrode materials
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Figure 5.7 (b): Circuit models used to fit EIS data of pure and Zn-doped Li-MnSiOj4 electrode
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5.3.5(b) Electrochemical Performance of the fabricated supercapattery devices

The practical energy storage applications of pure and Zn-doped Li2MnSiO4 electrode materials
were investigated by fabricating aqueous supercapattery devices using the orthosilicate-based
materials as positive electrodes and activated carbon as the negative electrode. Studies were
performed in 1 M NaxSOs aqueous electrolyte at a voltage window of 1.6 V. Due to
electrochemical performance in three electrode cells, only three Zn-doped Li2MnSiO4 samples
(2 %, 4 % and 8 %) and pure Li2MnSiO4 were further investigated for supercapattery

applications.

i) Cyclic Voltammetric studies of supercapattery devices

Figure 5.8 (a) shows the CV curves of activated carbon and 4 % Zn-doped Li2MnSiO4 electrode
material at a scan rate of 50 mV s*. This comparative plot was used to ascertain the use of the
orthosilicate-based electrode as the positive electrode and activated carbon as the negative
electrodes and the voltage window of the supercapattery devices. The activated carbon
electrode exhibited capacitive behavior in the potential window of -0.8 — 0.1 V due to the
physical electrostatic adsorption of ions at the interface between electrode and electrolyte [48].
Meanwhile the orthosilicate-based electrodes showed well defined peak-shaped battery-like
character in the potential range of 0.1 — 0.8 V. A voltage window of 1.6 V was therefore

achieved for the supercapattery cells as shown in Figure 5.8 (b).

To achieve optimum capacitive performance of the supercapattery devices, the balance of the

masses as well as the charges of the positive and negative electrodes is very important. In order
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to keep the charges flowing through both electrodes, the masses of both electrodes must be
adjusted accordingly. The mass loading of the positive and negative electrodes were adjusted

according to the mass-charge balance equation, Equation 5.8 [49].

M-~ C. * AV (5.8)

M* Csp (AV - j
sp
Where, M, Csp and AV denote the active mass, specific capacitance and the potential window
obtained from the half cells, respectively. The mass loading of AC//Li.MnSiQO4 supercapattery
device was adjusted to 11.97 mg, while those of AC//Li2Mno.98Zno.02SiO4,

AC//Li2Mng.96Zng.04Si04 and AC// Li2Mng.92Zno.0sSiO4 devices were at 15.40 mg, 14.07 mg

and 11.41 mg, respectively.

Figure 5.8 (b) depicts CV curves of activated carbon with pure/Zn-doped Li2MnSiO4
supercapatteries. The devices present quasi-rectangular-shaped voltammograms which indicate
the prevailing pseudo-capacitance response in the devices as opposed to the purely battery
behavior (well defined peak-shaped CVs) observed in the three electrode cells [43]. An
increase in the normalized current output of the 4 % Zn-doped Li-MnSiO4 device (AC//
Li2Mno.96ZNn0.04Si04) reveals a significant increase in the specific capacitance as well as a
higher electrochemical performance over pure LioMnSiOs, 2 % and 8 % Zn-doped Li2MnSiO4

devices.
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Figure 5.8 (a): CV curves of activated carbon and Li2Mno.96Zno.04Si04 at a scan rate of 50 mV
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Figure 5.8 (b): CV curves of AC//Li2MnSiO4 and AC// Li2Mn1-xZnxSiO4 supercapattery

devices in 1 M Na>SO4 aqueous electrolyte at a potential window of 0.1 - 0.8 V
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i) Galvanostatic charge-discharge (GCD) studies of supercapattery devices

Figure 5.9 (a) displays the GCD profiles of pure and Zn-doped LioMnSiO4 supercapattery
devices with activated carbon at a current load of 0.1 A g** and a cell voltage of 1.6 V. Quasi-
triangular GCD curves are observed which are consistent with the CV profiles. The slight
deviation of potential plateaus observed in majority battery behavior and non-linear nature of
the GCD profiles indicates that the devices exhibit hybrid (battery-capacitive) charge storage
[35,50]. The specific capacitance of the various devices were calculated based on the total mass

of the two electrodes according to Equation 5.9 [35].

C = 4]
P AN (5.9)
mAVA

Where | is the applied current (A), m is the total mass of positive and negative electrodes (g),

AV is the voltage window (V) and At is the discharge time (S)

The AC//Li2Mno.96ZNno.04Si04 supercapattery device delivered a high specific capacitance of
108.2 F g which is almost twice that of the AC//LizMnSiO4 device at 59.8 F g and
AC//LizMno.06Zno2Si0s at 52.3 F g! and about five times higher than the AC//
Li,Mno.92ZNn0.0sSi04 device at 23.98 Fg*. The higher specific capacitance observed in the
AC//Li2Mno.g6Zno.04SiO4 Supercapattery can be attributed to the significant change in the
morphology of the Li2Mno.96Zno.04SiO4 electrode material and a pillar effect of Zn doping

which provided more volume for the movement of Li-ions and an enhanced electrical
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conductivity. These changes are favorable for the electrochemical performance of Li2MnSiO4
including discharge capacitance and rate capability. However, these beneficial properties are
traded off with increasing Zn doping. These results are in good agreement with various

literature reports [27,51,52].

Figure 5.9 (b) depicts the GCD curves of the AC//Li2Mno.96Zno.04SiO4 Supercapattery device at
current loads of 0.1 to 2 A g*. The almost symmetric profiles with no ohmic drops reveals the
good electrochemical performance of the devices. The variation of specific capacitance with
increasing current load is presented in Figure 5.9 (c). It is observed that the specific capacitance
decreases with an increase in current load due to the fact that not enough active material is
involved in the redox reaction [53]. The AC//LizMno.9sZno.04SiO4 Supercapattery device
delivers a specific capacitance of 108.2 F g at a current load of 0.1 A g and still retains a

specific capacitance of ~52 % (55.9 F g!) when the current is increased by a factor of 20 (2 A

g?).
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iii) Electrochemical cycling / stability studies

The stability of the supercapattery devices over repeated charge-discharge cycling was
achieved over 3000 cycles at a current load of 0.2 A g*. Figure 5.10 (a) presents the capacitance
retention of the AC//Li2Mno.96Zno.04Si04 and AC//Li2Mno.92Zno.0sS104 Supercapatteries over
3000 cycles and that of AC//Li2MnSiO4 and AC//Li2Mno.92Zno.08SiO4 devices over 1000 cycles
as the inset. The AC//Li2Mno.96Zno.04Si04 and AC//Li2Mno.92Zn0.08S104 devices exhibited good
capacitance retention of 72.5 % and 85.4 % respectively over 3000 cycles. While the
AC//LizMnSiO4 and AC//Li2Mno.92Zno.08Si04 devices delivered a capacitance retention of 69.7

% and 66.8 %, respectively over 1000 cycles. The cycling stability of the AC//LiMnSiO4 and
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AC//Li2Mno.92Zn0.0sSi04 devices is only reported for 1000 cycles because the supercapattery
cells became completely unstable after 1000 cycles with a “noisy voltage versus time output™.
The coulombic efficiency per cycle is shown in Figure 5.10 (b). Notably, the
AC//Li2Mno.96Zn0.04Si04 supercapattery exhibits an excellent coulombic efficiency of 90 1 %
for the 1st cycle to 99.7 % at 3000 cycles. AC//Li2Mno.9gZno.02SiO4 device showed a coulombic
efficiency of 97.3 % at cycle 1 and up to 99.6 % at cycle 3000. Meanwhile the AC//LizMnSiO4
device delivered 83.7 % coulombic efficiency at cycle 1 and 98.4 % at 1000 cycles over 89.8
% at cycle 1 and 99.5 at cycle 3000 by the AC//Li2Mno.92Zno.08SiO4. The superior cycling
stability and overall performance of the AC//Li2Mno.96Zn0.04SiO4 supercapattery device can be
ascribed to the increased interlayer spacing observed in XRD studies which accommodated
volume expansion during repeated charge-discharge studies. During the process of Li* ion
removal, the orthosilicate lattice is exposed to structural collapse due to the oxidation of Mn?*
ions to unstable and smaller Jahn-teller active Mn3* ions. However in the presence Zn?* dopant
ions, lattice shrinking is prevented by the unchangeable radius of Zn?*. As a result, the Zn?* in
the lattice will act as a pillar to prevent the collapse of the crystal during cycling. The favourable
Zn doping ratio is observed to be 4 %, after which more Zn?* ions acted as a barrier to the

movement of Li* ions leading to a reduction in electrochemical performance.
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Figure 5.10 (a): Cycling stability of AC//LioMnSiOs and AC// Li2Mni-xZnySiOa

supercapattery devices over 1000 and 3000 cycles
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Figure 5.10 (b): Coulombic efficiency of AC//LioMnSiOs and AC// Li2Mni-xZnyxSiO4

supercapattery devices

5.35(c) Specific Energy and Specific Power

The most important characteristics of an energy storage device are the specific energy and
power, usually expressed as the Ragone plot. Figure 5.11 presents the Ragone plot of the

supercapattery devices at increasing current loads. The specific energy (W h kg™) and specific
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power (W kg™) of the devices at different current loads were calculated according to Equation

5.10 and 5.11 [54].

1 1

E
P =— x 3600
~ (5.11)

Where Csp denotes the specific capacitance of the device (F g?), AV is the applied voltage (V)

and At is the supercapattery discharge time (s).

It was observed that the AC//Li2Mno.96Zn0.04S104 supercapattery could deliver a specific energy
of 38.4 W h kg when the specific power was at 516 W kg™ and even maintained a specific
energy of 19.9 W h kg when the specific power increased to 14429 W kg. On the other hand,
the AC//LiMnSiO4 device could deliver a specific energy of 21. 3 W h kg™ at a specific power
of 482.2 W kg and could attain a specific energy of 13 W kg at a specific power of 4978.6
W kg?. These results are comparable to recently reported supercapattery devices such as
MWCNT-C0304-Agl/AC (16.5 W h kg™ at 297.5 W kg™) [55], KCoPO//AC (19 W h kg at
214 W kg™ [6], Ni(OH)2/CuCo2S4/Ni//AC (39.7 W h Kg at 365.3 W kg'?) [56] and AC//2D-
MnCo20s (33.8 W h kg! at 318.9 W kg?) [57]. The commendable electrochemical
performance of the supercapatteries especially the AC//Li2Mno.96ZNn0.04SiO4 is due to the large

surface area of nanostructured Li2Mno.esZno.04SiO4 electrode material which provided high
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contact volume with electrolyte ions and the pillar effect of Zn doping which accommodated

volume expansion during charge and discharge processes leading high rate performance.
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Figure 5.11: Ragone plot of AC//LioMnSiOs and AC// Li2Mn1-xZnxSiO4 supercapattery

devices in 1 M Na>SO4 aqueous electrolyte and voltage window of 1.6 V
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5.4 Conclusion

Crystalline and orthorhombic Zn-doped Li2MnSiO4 nanomaterials were prepared in this study
by a solvothermal synthesis in ethylene glycol. SEM and TEM investigations revealed mixed
rhombohedral and spherically-shaped nanocrystals with average diameters in the range of 22.5
—30.7 nm. SAXS studies showed skewed to bell-shaped particle size distributions with primary
particles in the range of 14.7 — 23.1 nm. The vibration of the Si-O-Mn linkage was revealed by
FTIR investigations at 850 cm™ while the stretching motion of LiO4 were observed around 540-
420 cm. Electrochemical studies by CV showed that the 4 % Zn dopant ratio
(Li2Mno.96Zno.04Si04) depicts better electrochemical performance with specific capacity of 80
C g-1. Supercapatteries assembled with activated carbon as negative electrode and the
orthosilicate-based electrodes as the positive electrodes delivered a specific capacitances from
108.2 - 23.98 F g at 0.1 A g* and capacitance retention of 72.5 % - 84.5 % over 3000 cycles
at 0. 2 A g. The supercapatteries delivered excellent coulombic efficiency of 99.6 —99.7 % at
3000 cycles. A commendable specific energy of 38.4 W h kg at a specific power of 516 W
kg™ and up to 19.9 W h kg retained at specific power of 14429 W kg was delivered by the
AC//Li2Mno.96Zn0.04Si04 supercapattery. The superior electrochemical performance of the
AC//Li2Mno.96Zn0.04Si04 supercapattery is attributed to the high contact volume of the
electrode material with the electrolyte provided by the nano-morphology and high surface area
of the electrode. The pillar effect of Zn doping also provided more volume for the movement
of Li-ions and enhanced the electrical conductivity of the material leading an increased rate
performance. These results are comparable to recently reported supercapattery devices. With
further development, the Zn-doped Li2MnSiO4 rhombohedral nanostructures may find wide

applications in advanced energy storage systems.
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CHAPTER SIX

RESULTS AND DISCUSSION - MANUSCRIPT 4

Fabrication of Zinc doped Lithium Manganese Silicate/Vanadium
Pentoxide/Graphol Composite Nanoarchitectures for Supercapattery

Energy Storage (Prepared for Energy Storage Materials)

Abstract

Nanoarchitectured Li2Mn1.xZnxSiO4/V20s5-CNT/G-0l10% (N1) and LizMn1xZnySiO4/V20s-
CNT/G-olse% (N2) electrodes were prepared by facile mechanochemical reactions and annealing
for 2 h at 350° C. Morphological studies showed completely hybridized mesoporous
nanoarchitectures with majority platelet morphology for N1 and further elongation in N2. SAXS
investigations revealed mean primary particle sizes of 12.3 nm and aggregates at 29.4 and 48.1
nm for N1. N2 showed similar form of aggregation with a single peak at 65.1 nm. Majority
peaks in the X-ray diffraction patterns of N1 and N> were indexed to orthorhombic Pmn2; space
group of LioMnSiO4, with minor peaks belonging to the 001 and 002 planes of oxygenated
graphene sheets. Fourier transform infrared spectroscopy (FTIR) showed the asymmetric and
symmetric vibrations of Si-O-Si and V-O-V bonds as well as the stretching motion of [LiO4]
tetrahedra around 511 — 933 cm™ and 420 - 494 cm?, respectively. The vibration of Mn-O-Si
layers, C=C and C-O bonds from the graphitic domains and OH characteristic band were also
observed around 1060 — 1164 cm?, 1641.4 cm? and 1371.8 cm? in FTIR analysis.

Electrochemical studies by cyclic voltammetry in 1 M Na>SOg at a potential window of 0.1 —
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0.8 V revealed a charge storage mechanism of the electrodes involving surface bound faradaic
reactions such as oxidation/reduction of manganese and vanadium ions together with
intercalation processes of Li* ion. Electrochemical impedance spectroscopic studies showed a
smaller Ret value for N2 (2.29 Q) over Nj (4.02 Q), indicating faster movements of electro-
active species in N2. Assembled AC//N1 and AC//N. supercapatteries with activated carbon
delivered specific capacitance of 205 F g and 126 F g, as well as specific energy and power
0f 92.3 W h kg, 769.8 W kgt and 56.8 W h kg, 427.8 W kg%, respectively at voltage of 1.8
V and current load of 0.1 A g. The commendable electrochemical performance of the AC//N1
and AC//N supercapatteries can be attributed to the existence of nanoholes in the hybridized

nanoarchitectures which enabled faster ionic movements.

Keywords: Vanadium pentoxide, graphol, doped LioMnSiO4, nanoarchitectures,

supercapattery, naoarchitectonics, high specific energy

6.1 Introduction

The global rise in energy demand and environmental issues associated with the existing energy
production processes have necessitated the move towards clean and renewable energies based
on alternative sources such as solar energy as well as the development of high-efficient energy
conversion and storage devices. Electrochemical energy storage is an un-avoidable part of the
clean energy portfolio. In the past decade, significant progress has been achieved in developing
advanced technologies to face these challenges [1-4]. However, further improvement of

performance and efficiency of current technologies is strongly needed to facilitate cost-
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effective energy production and storage. The advent of nanotechnology and its rapid progress
projects the potentials for accelerated improvements in many fields including advanced
materials, energy devices and medicine. In recent times, nanotechnology has made impressive
advances and has become an important pillar in the development of new materials and devices.
The performance and lifetime of energy devices are critically dependent on nanoscale
interfacial phenomena [5-7]. Nanoarchitectonics, a new paradigm of materials science and
technology at the nanoscale, also known as the “rising tide on the horizon of current materials
research” was proposed by Masakazu Aono in 2000 [8-11]. This concept enables the
integration of predefined molecular functionalities, such as electrochemical, optical, catalytic
or biological properties, into bulk materials, thin films and devices. Nanoarchitectonics results
in creation of novel and reliable materials/systems where some inevitable uncertainties in
nanoscale phenomena are accommodated by balanced harmonization. This harmonization can
be done using known strategies such as chemical synthesis, atomic/molecular manipulation,
field-induced material control and self-assembly [3,12,13]. Oldacre et al., harmonized cofacial
cobalt porphyrin prisms - [Rus (n®-iPrCsHsMe)s (2, 5-dihydroxy-1, 4-benzoquinato)s (cobalt
(1) tetra-4-pyridyl porphyrinate).] [triflate]s by discrete self-assembly for oxygen reduction
catalysis. The Co prisms showed enhanced turnover frequency and catalyzed about 90 %
oxygen reduction to hydrogen peroxide in the chemical reduction [14]. Lee et al. prepared
densely packed functionalised multiwalled carbon nanotubes - (MWNT-NH2/MWNT-
COOQOH) ) electrodes for lithium ion battery applications through layer-by-layer assembly on
indium tin oxide glass. The nanoarray electrodes, with thickness of up to several micrometres,
delivered high reversible capacity of ~200 mA h g 2, specific power of 100 k W kg™ and
excellent cycling stability after 1000 cycles [15]. Also, Rajendran et al. synthesized a ternary
nanocomposite for supercapacitive applications based on nickel oxide (NiO), multi-walled

carbon nanotubes (CNTSs), and reduced graphene oxide (RGO) by solvothermal synthesis,
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using the concept of nanoarchitectonics. The RGO/CNT/NiO ternary nanocomposite exhibited
good synergistic effect and delivered a high specific capacitance of 367 F g™* at a current density
of 1 Agtin6 M KOH electrolyte, with a good capacitance retention of 94 % after 1,000 cycles
[16]. More recently, Ariga and co-workers reviewed various approaches to low dimensional
material (nanoparticles, nanorods, nanowires, nanosheets, cubic particles) nanoarchitectonics
ranging from metal to covalent-organic frameworks, structured nanocarbons, block-
copolymers and molecular receptors. The nanoarchitectured materials prepared by methods
such as layer-by-layer assembly, liquid interfacial precipitation and self-assembly can be used
for several applications including supercapacitors, sensors, photodetectors, supramolecular
differentiation, and enzyme reactors [1]. However, the control of functional constituents within
low-dimensional materials and the development of large scale production is regarded as the

key requirements of nanoarchitectonics.

Mechanochemistry, a solvent free technique has recently gained wide attention in organic and
inorganic synthesis due to its superior sustainability metrics such as low cost, reduced reaction
times, high yields and good selectivity [17-19]. Mechanochemical reactions enable formation
of materials with low agglomeration, uniform morphology and crystal structure, making it a

promising approach to harmonize nanoarchitectures.

Battery and supercapacitor hybrids known as supercapatteries, which combine the advantages
of supercapacitors and rechargeable batteries such as higher power densities, fast charge-
discharge rates and longer cycle life are currently considered to be excellent candidates to meet

the increasing energy demands of the energy intensive environment [20-22].

Herein, we discuss the hybridization of hydroxylated graphene (graphol) sheets into vanadia
and Zinc-doped lithium manganese nanonetworks and their harmozination into

nanoarchitectonic electrodes for supercapattery applications. The nanoarchitectured electrodes
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were prepared using straight forward and sustainable mechanochemical reactions involving

hand-milling and ultrasonication in a very short time.

6.2 Experimental details

6.2.1 Materials

Microcrystalline graphite (2- 15 pum, 99.99 %) was purchased from Alfar Aesar, while the rest
of the chemicals used were supplied by Sigma-Aldrich and were all used without further
purification. These include, vanadium (V) oxide (> 98 % reagent grade), sodium sulfate (>
99.99 % trace metal basis), manganese (Il) chloride tetrahydrate (99.99 % trace metal basis),
oxalic acid dihydrate (> 99 % ACS reagent). Ethylene glycol (anhydrous, > 99.8 %), lithium
hydroxide (98 % reagent grade), isopropanol (70 % in water), ethanol (absolute, > 99.8 %) and
hydrogen peroxide solution (30 wt. %in water, ACS reagent) were also used. Carbon
nanotubes, multiwalled (> 98% carbon basis, 6 - 13 nm x 2.5 - 20 um), tetraethyl orthosilicate
(> 99.0 %), zinc acetate dihydrate (99.999 % trace metal basis) and sodium hydroxide (98 —
100.5 %) were also included. Furthermore, tetrahydrofuran (THF, > 99.8 %), Borane in THF
complex (1 M), ethanol (absolute, > 99.8 %), polytetrafluoroethylene (mean particle size 20
pm), activated charcoal (Norit ® pellets), carbon black (4 um mesoporous carbon matrix, >
99.95 % metal basis). lithium nitrate (99.99 %), chloroform and N-methyl-2-pyrrolidone
(anhydrous , 99.5 %) were also used. Hydrochloric acid (reagent grade and assay 36.5 — 38.0
%) was obtained from Kimix chemicals and nickel foam (1.6 mm thick, 0.25 um pore diameter)

purchased from MTI Corporation.
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6.2.2. Synthesis of Li2Mn1xZnxSiO4/ V205-CNT/ G-ol Nanoarchitectures

The synthesis of graphol (G-ol), V20s, V20s-CNT and zinc doped lithium manganese silicate
(Li2Mn1xZnxSiO4) nanomaterials have been discussed in previous chapters of this work. In
summary, graphol (G-ol) was prepared by hydroboration of graphene oxide and subsequent
oxidation with NaOH and 30 % H2O>. Pristine V20s and V20s-CNT nanorods were prepared
by oxalic acid-assisted hydrothermal synthesis while LioMn1.xZnxSiOs nanocrystals were

prepared by solvothermal synthesis in ethylene glycol.

The nanoarchitectonic electrodes were prepared by mechanochemical reactions involving a
combination of hand-milling and ultrasonication processes with annealing at 350° C for 2 h.
Two nanoarchitectonic electrodes were prepared with same amounts of V20s-CNT and Li2Mn;.-
xZNxSiO4 nanostructures while varying the ratios of G-ol nanosheets. 375 mg of LioMn;.
xZNxSi04 nanomaterials (75 % of total amount), 50 mg of V.0s-CNT nanocomposite (10 %)
were carefully hand-milled with 60 mg (12 %) and 30 mg (6 %) of G-ol nanosheets separately
using an agate mortar and pestle. The finely ground materials were further hybridized
sonochemically in chloroform using an ultrasonic bath for 4 h. The mixtures were evaporated
at room temperature and the nanoarchitectonic electrodes were obtained by annealing the
materials at 350 ° C in a muffle furnace for 2 h at a heating rate of 5° C per minute. This was
to remove any strain effects offered by the different nanomaterials on each other and to avoid

variation in morphology from region to region.The synthesis scheme is displayed in Figure 6.1.
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V,0,-CNT nanorods

Figure 6.1: Synthesis scheme of N1 and N2 nanoarchitectonic electrode materials

6.2.3 Material Characterization

Structural and morphological features of the nanoarchitectures were characterized using ZEISS
ULTRA scanning electron microscope equipped with an energy dispersive spectrometer and a
Tecnai G? F.0 X-Twin MAT 200 kV field emission transmission electron microscope from
FEI. Analyses were performed on a nickel-copper grid. The particle size distribution of the
nanomaterials were obtained by small-angle X-ray scattering experiments performed on an

Anton Paar SAXSpace system. Copper Ka radiation (0,154 nm) was used and the instrument
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is equipped with a 1 D mythen 2 position sensitive detector and a beamstop alignment. Powder
X-ray diffraction studies were obtained using a D8 advance diffractometer from BRUKER-
AXS using copper Koy radiation (A ~ 0.154 nm) operating at 40 kV and 40 mA. A Perkin Elmer
Spectrum 100 series Attenuated Total Reflection (ATR) Fourier Transform Infrared
spectrometer with a resolution of 4 cm™ was used to obtain the functional groups present in the
materials. Electrochemical studies were performed using both three and two-electrode cells on

a VMP-300 potentiostat from Bio-Logic instruments.

6.2.4 Electrode preparation and electrochemical measurements

The working electrode was prepared by mixing 70 % of the active material with 20 % carbon
black (conducting agent) and 10 % polytetrafluoroethylene (binder) in a few drops of
anhydrous N-methyl-2-pyrrolidone. Prior to coating, nickel foam was cut into rectangular
shapes of 0.5 x 1 cm? and coin-shapes of 20 mm in diameter. The different sizes were cleaned
and etched to remove surface oxide layers using 1 M HCI solution in an ultrasonic bath for 15
mins, then cleaned in absolute ethanol and deionized water for 15 min in sequence by
ultrasonication and finally dried at 90 °C for 12 h. A homogenous paste was obtained using a
mortar and pestle and coated on nickel foam with a diameter of 0.5 cm? using a spatula and
dried at 80 °C for 12 h. Ag/AgCl and Pt wire were used as the reference and counter electrodes,
respectively for studies in three-electrode system. For two-electrode cell analysis, the
homogenous paste was coated on coin-shaped nickel foam with a diameter of 20 mm and
supercapattery cells were assembled in a Swagelok using nanoarchitectured samples as the
positive electrodes and activated carbon as the negative electrode. Cyclic voltammograms were

recorded in a potential window of 0.1 to 0,8 V at different scan rates and electrochemical
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impedance measurements were obtained at a frequency range of 0.1 MHz —-100 kHz with 10
points per decade. CV curves, galvanostatic charge-discharge profiles and the cycling
performance of the supercapattery cells were obtained in aqueous 1 M Na,SO: electrolyte at a

voltage of 1.8 V.

6.3 Results and Discussion

6.3.1 Structure and morphological Analysis by Scanning and Transmission Electron

Microscopies (SEM and HRTEM)

The morphology of Li2Mn1.xZnyxSiO4/V205-CNT/G-0l10% (N1) and Li2Mn1.xZnxSiOa/VV20s-
CNT/G-ols% (N2) nanoarchitectured electrode materials were examined by SEM and HRTEM
microscopies. Figure 6.2 (a) and (b) display the SEM and HRTEM micrographs of N1 and N,
respectively with their corresponding lattice fringes and selected area electron diffraction
(SAED) images. SEM micrographs revealed that the zinc-doped Li2MnSiO4 (LizMn1-xZnxSiO4
, X = 4 %) mixed spherical and rhombedral nanoparticles, V20s-CNT nanonetwork and G-ol
nanosheets were completely hybridized to give mesoporous nanohybrids with a majority
platelet morphology and some elongation especially in the case of N2 with 5 % G-ol content.
HRTEM images further highlighted the nanoarchitectural nature of the nanohybrids. The lattice
fringes and SAED images are displayed as insets in the HRTEM images. The observed clear
diffraction rings together with the very prominent lattice lines reveal the crystallinity of the
materials. Crystallite sizes obtained using ImageJ ranged from 55.4 -159.8 nm for N1 and from

35.8 — 92.7 nm for N2. These results are shown in Table 6.1.
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The elemental composition of N1 and N2 were confirmed using energy dispersive X-ray
spectroscopy (EDS). Figure 6.2 (c) and (d) represent the EDS spectra and maps of N1 and N2,
respectively. All expected elements are observed as well as the atomic and weight percentages
represented as an overlaid layer on the electron images. As observed, the maps portray a

homogenous distribution of all expected elements.

Table 6.1: Average crystallite sizes of N1 and N2 nanohybrid electrodes obtained from SEM

micrographs

Electrode material Average diameter  Standard deviation
/nm
/nm
N1-Li2Mn1-xZNnxSiOa/V20s5-CNT/G-0l10% 106.7 +25.1
N2-Li2Mn1-xZNnxSi04/V205-CNT/G-0ls0/ 66.1 +13.8
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EHT = 5.00 kv Signal A = InLens Date 4 Apr 2019
WD = 4.1 mm Mag= 20.00 KX Time :14:53:02

Figure 6.2 (a): SEM and HRTEM micrographs of N1 with SAED and lattice fringes as insets
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Figure 6.2 (b): SEM and HRTEM micrographs of N> with SAED and lattice fringes as insets
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Figure 6.2 (c): EDS spectra and EDS maps of N1 with elemental mass ratios overlaid on the

electron images
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Figure 6.2 (d): EDS spectra and EDS maps of N2 with elemental mass ratios overlaid on the

electron images

264



6.3.2 Particle size distribution by Small Angle X-ray Scattering (SAXS)

The primary particle sizes and the size distribution of the different nanodomains in the
nanomaterials were investigated using SAXS experiments. The scattering data was analyzed
and displayed in the form of pair distance distribution functions with respect to the intensity
and physical volume of the particles. Figure 6.3 (a) and (b) display the scattering profiles of
the nanomaterials as a function of the scattered intensity and physical volume of the scattered
particles, respectively. As shown in Figure 6.3 (a) the scattering curves of the intensity particle
size distribution show N1 to consists of an almost bell-shaped distributions with primary
particles having center-peak (mean) at 12.3 nm and aggregates at 29.4 and 48.1 nm. This
particle size range is lower than that obtained from morphological studies. This is due to the
fact that morphological analysis provide information based on a small sample size which does
not always account for the entire sample. While SAXS examines comparatively large portions
of materials, and generally do not suffer from insufficient sampling [23,24]. The intensity
particle size distribution of N2 exhibits a bell-shaped distribution with mean particle sizes at

65.1 nm, indicating that the hierarchical nanomaterials show a similar form of aggregation [25].

Figure 6.3 (b1) shows the pair distance distribution function of the nanomaterials with respect
to the physical volume of scattered particles. In volume particle size distribution functions,
each particle is considered as a sphere irrespective of its morphology. The obtained mean
volume of the particle is therefore converted to the mean diameter of the particle. As such,
aggregates of primary particles are measured as one big particle leading to a larger volume. In
this regard, the volume of secondary particles (aggregates of primary particles) in G-ol, V20s-
CNT and Li2Mn1xZnySiO4 are unusually high as compared to the particle size distribution by

intensity [26]. The particle size distribution by volume of G-ol and V.0Os-CNT display almost
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dumbbell-shaped distributions with center-peaks of primary particles at 22.9 and 26.8 nm and
secondary particles at 131.8 and 130.1 nm, respectively. The zinc doped electrode material
(Li2Mn1xZnySiO4) and N1 nanohybrid displayed bell-shaped particle size distributions by
volume for the primary particles with mean sizes at 23.5 and 24.2 nm, respectively as shown
in Figure 6.3 (b2). Agglomerates of LiMn1xZnxSiOs particles showed a left-skewed
distribution while secondary particles in N1 showed a dumbbell-shaped distribution. This
indicates the presence of size variations that were “seen” as larger spheres as observed in Figure
6.3 (a). N2 nanohybrid also showed a bell-shaped particle size distribution by volume with
mean size at 65.2 nm which further agrees with the similar aggregation of particles as observed
in the intensity particle size distribution. It is worth noting that the particle sizes obtained for
N: and N. are comparatively smaller than those of the starting materials indicating better
hybridization and formation of nanohybrids with larger surface area and high packing density,
essential for the diffusion of Li*-ions and electron movement for enhanced electrochemical

performance.
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Figure 6.3 (a): SAXS pair distance distribution functions of G-ol, V20s-CNT, LioMn;.

xZNxSi04, N1 and N2 nanomaterials by intensity of scattered particles
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Figure 6.3 (b1): SAXS pair distance distribution functions of G-ol, V2Os-CNT, LioMn;.
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6.3.3 Crystallography by X-ray Diffraction Studies (XRD)

6.3.3 (a) Crystal structure and phase identification

XRD was used to obtain further structural information such as the crystallite size, interplanar
spacing, crystalline phase and purity of the nanoarchitectured N1 and N> electrode materials in
addition to results discussed in previous chapters on G-ol, V20s-CNT, Li2Mn1xZnxSiO4
nanomaterials. Figure 6.4 presents the XRD patterns of N1 and N2 nanohybrids compared with

the starting nanomaterials (G-ol, V20s-CNT and Li2Mn1.xZnySiOa) at a 2 6 range of 5 — 80 °.
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The diffraction peaks at 2 0 values of 17.8 ©,26.6 °,32.8 °,38.4 °, 59.1 ° and 73.2 ° in the XRD
spectrum of N, are well indexed to the orthorhombic Pmn2; space group, belonging to the
(010), (110), (210), (002), (212) and (232) crystalline planes of LioMnSiOa4. These diffraction
peaks are slightly blue-shifted in N1 nanohybrid due to the higher G-ol content. Minor peaks
observed at 2 0 values of 10.2 © and 25.2 ° in Ny and 10.3 ° in N2 can be assigned to the 001
and 002 planes of oxygenated graphene sheets found in G-ol [27,28]. The disorder feature of
graphitic materials which is indicated by the broadening of the 002 plane [29] is also observed
in the N1 nanohybrid, thus confirming the higher content of G-ol in N1 (10 %) over N2 (5 %).
N2 nanohybrid also presents lower peak intensities, indicating the smaller crystallite sizes
compared to Ni1. No peaks were observed that could be assigned to V20s. The average

crystallite sizes of N1 and N2 were calculated based on the Scherrer’s formula [30] as shown in

Equation 6.1.
KA
D= :
Bcos 0 ©D

Where D represents the mean crystallite size (nm), K, is the Scherrer’s constant (0.89), 4 is the
wavelength of the X-rays (Cu Kol = 1.54 A), f is the peak width at half height of the (010)

diffraction peak (rads), and 0 is the angle of reflection of the crystalline plane (degrees).

The interlayer spacing plays an important part in the insertion and removal of Li-ions into the
crystal lattice of electrode materials. The interlayer spacing of N1 and N2 nanohybrids were
calculated according to Bragg’s law [29], represented by Equation 6.2. These values are

displayed in Table 6.2,
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nNA = 2dsin6 (6.2)

Where, n denotes the order of diffraction (n = 1), 4; the wavelength of the X-ray beam (1.54
A), d; the distance between MnSiOs and LiO4 layers (nm) and @ is the diffraction angle

(degrees).

Table 6.2: Structural parameters of N1 and N2 nanohybrids obtained from XRD analysis

Electrode material Average crystallite size Interlayer spacing
/ nm
/ nm
N1-Li2Mn1xZNnxSiO4/V205-CNT/G-0l10% 67.2 0.495
N2-Li2Mn1-xZNnxSi04/V205-CNT/G-0ls0/ 62.1 0.473
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Figure 6.4: XRD spectra of G-ol, V20s-CNT, Li2Mn1xZnyxSiO4 nanomaterials and N1 and N2
nanohybrids

6.3.3 (b) Crystal structure models and atom connectivity

Crystal structure simulations to reveal atomic arrangements or orientations of the crystal
subunits of N1 and N2 nanohybrid electrode materials were performed by a combined study
involving Match and Endeavour structure solution softwares. Figure 6.5 displays the crystal
structure models, unit cells and cell axes of N1 and N2 nanohybrid electrodes. As discussed in
section 6.3.3 (a), major diffraction peaks in N1 and N2 nanohybrids were indexed to the
orthorhombic Pmn2; space group of Li2MnSiO4 which is isostructural to the low temperature
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form of LisPOsstructure. The orthorhombic Pmn2; space group is reported to be the most stable
form of Li2MnSiOs and consists of corner-sharing tetrahedra pointing towards the same
orientation along the c axis. The crystal structure consists of layers of MnSiO4 which lie on the
ac-plane and linked by LiO4 tetrahedra along the b-axis. Li ions occupy tetrahedral sites located
between two of the MnSiO4 layers, with a pathway for lithium motion to facilitating the
extraction/ insertion process [31-33]. The crystal model structure of N1 with 10 % G-ol content
is displayed in Figure 6.5 (a), the introduction of the conductive carbon layer into the
nanohybrid crystal displaces some MnSiO4 layers from the ac-plane towards the b-plane and
thus changing the orientation of some of the MnSiO4 layers. This may be detrimental to the
electrochemical performance of N1 nanohybrid electrode since the dimensional movement of
Li-ions is impeded. Figure 6.5 (b) presents the crystal model structure of N2, The conductive
carbon layer is also observed but without displacing the MnSiO4 layers along the ac-plane.
However, a slight disorientation of the SiO4 tetrahedra is also observed which may be attributed
to the presence of other nanomaterials like V20s and CNTs in the crystal lattice. The N2
nanohybrid crystal model also shows a higher degree of nucleation which will enable a higher
packing density and high surface area of the electrode, resulting in enhanced electrochemical

performance.
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Figure 6.5 (a): Crystal structure model of N1 nanohybrid electrode material
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Figure 6.5 (b): Crystal structure model of N2 nanohybrid electrode material

6.3.4 Functional group Analysis by Fourier transform Infrared (FTIR) Spectroscopy

Further structural characterization of N1 and N2 electrode materials were performed using FTIR
spectroscopy to investigate the nature of functional groups/bond vibrations present in N1 and
N2 electrodes. Figure 6.6 displays the FTIR spectra of G-ol, V20s-CNT, Li2Mn1.xZnxSiO4, N1
and N electrode nanomaterials. Bands are presented in the region of 400 cm™ - 4000 cm™. The
bands around 420 - 494 cm™ are assigned to the stretching motion of [LiO4] tetrahedra.
Asymmetric and symmetric vibrations of Si-O-Si and V-O-V bonds are observed in the region

of 511 — 933 cm™%. Bands around 1060 — 1164 cm™ are assigned to the vibration of Mn-O-Si
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layers observed in the crystal structure models and the stretching of epoxy and alkoxyl groups
in G-ol. The peaks at 1641.4 cm™ and 1371.8 cm™ are assigned to C=C and C-O bonds from
the graphitic domains in the nanomaterials. The symmetric and asymmetric vibrations of the
C-H bonds are observed at 2828.6 and 2955.7 cm™, respectively. These bands also show a
higher intensity in N1 nanohybrid electrode compared to N2, indicating the higher content of
G-ol in N1 over Na. The peaks at 1641.4 cm™ and 1371.8 cm™ are assigned to C=C and C-O
bonds from the graphitic domains in the nanomaterials. The symmetric and asymmetric
vibrations of the C-H bonds are observed at 2828.6 and 2955.7 cm™, respectively. A strong OH

characteristic band is observed in the nanomaterials in the region of 3000 — 3500 cm™.
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Figure 6.6: FTIR spectra of G-ol, V20s-CNT, Li2Mn1xZnxSiO4, N1 and N2 electrode

nanomaterials.

6.4 Raman Spectroscopy

Raman spectroscopy was used to obtain more structural information especially that of the
disordered sp2 carbon sites found in the nanomaterials. Figure 6.7 displays the Raman spectra
of G-ol, V20s-CNT, Li2Mn1xZnxSiO4, N1 and N electrode nanomaterials obtained with an
excitation laser of 514.9 nm. The peak observed around 324.8 cm™ is ascribed to the metal-
oxygen bending vibrations such as Mn-O and V-O bonds [34]. The peak appearing at ~483.9
cm* comes from the silicon background used for Raman analysis [35]. The defect band (D-
band) of graphitic carbon was observed at ~1448.7 cm™ while the band related to the planar
configuration of graphitic sp2 carbon sites (G-band) was observed at ~1527.3 cm™. The
presence of graphitic nanomaterials like CNT and graphol in the nanohybrid electrode
materials are further confirmed by the presence of the 2D-band (double overtone of the D-
band) and the D+G- band (band indicating the presence of edge-like defects in the basal planes

of the graphitic materials) at 2441.5 cm™ and 2910.2 cm™, respectively [36].
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Figure 6.7: Raman spectra of G-ol, V20s-CNT, Li2Mn1xZnxSiO4, N1 and N electrode

nanomaterials with excitation laser of 514.9 nm.

6.5 (a) Electrochemical Performance

Electrochemical properties of the electrode materials were investigated using cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge-
discharge experiments in 1 M sodium sulfate (Na>SO4) aqueous electrolyte. Electrochemical
properties of Li2Mn1xZnxSiOs, G-0l and V20s-CNT electrode materials have been discussed
comprehensively as individual electrodes in previous chapters of this work, hence more

emphasis will be laid on N1 and N2 nanohybrid electrode materials in the succeeding sections.
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)] Cyclic Voltammetric (CV) studies

CV experiments in three electrode configuration were performed at a potential window of 0.1
— 0.8 V at scan rates of 5 — 100 mV s to determine the intercalation processes of the electro-
active species and surface bound reactions. Figure 6.8 (a) displays a comparative CV plot of
Li,Mn1-xZnxSiO4, N1 and N nanohybrid electrode materials at a scan rate of 80 mV st with G-
ol and V20s-CNT as the inset. As observed, the N2 nanohybrid electrode demonstrates better
charge storage capability as evidenced by its higher current and area of the CV curve due to
the presence of better electron transport channels endowed by the particle morphology and

conductive frameworks, which facilitates the rapid transfer of electrons.

The CV curves of N2 nanohybrid electrode at different scan rates are shown in Figure 6.8 (b).
It is worth noting that the current increases with increasing scan rate and the shape of the CV
curves remains unchanged even at higher scan rates, suggesting a good reversibility of the
nanohybrid electrode. The shape of the CV curves suggests a charge storage mechanism of the
electrode involving surface bound faradaic reactions such as oxidation/reduction of manganese

and vanadium ions together with Li* ion insertion/de-insertion [37].
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Figure 6.8 (a): Comparative CV curves of Li2Mn1.xZnxSiOs, N1 and N electrodes with G-ol

and V20s-CNT as inset at a scan rate of 80 mV s in 1 M sodium sulfate (Na,SOs) aqueous
electrolyte
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Figure 6.8 (b): CV curves of N2 nanohybrid electrode at scan rates of 5 — 100 mV st in 1 M
sodium sulfate (Na2SOa) aqueous electrolyte

i) Electrochemical impedance spectroscopic (EIS) measurements

EIS studies were employed to evaluate ion diffusion processes in the N1 and N2 nanohybrid
electrodes. Figure 6.9 (a) presents comparative Nyquist plots of Ni1 and N2 nanohybrid
electrode materials at open circuit voltage in 1 M NaxSOs electrolyte. The plots consists of a
semicircle in the high-medium frequency region, which describes the charge transfer resistance
(Rct) followed by a vertical line parallel to the imaginary axis, the frequency dependent
Warburg diffusion (W) of Li-ions which is typical of capacitive behavior [38,39]. The very
inclined line of N1 suggests capacitance contribution, indicating the higher content of G-ol

nanosheets. EIS curves were fitted using Z-view circuit models shown in Figure 6.9 (b). Values
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obtained for the internal resistance (Rs), capacitance contribution (Cy), constant phase element
(CPE), Warburg diffusion (W), Rct and phase angle for the nanohybrid electrodes are outlined
in Table 6.3. Even though N2 possesses a lower phase angle (7.1 °) compared to N (17.8 °)
which suggest lower conductivity as shown in Figure 6.10 (b), the Rt value of N2 (2.29 Q) is
lower than that of N1 (4.02 Q), indicating faster movements eclectro-active species in the

electrode.

Table 6.3: EIS curve fitting data of N1 and N2 nanohybrid electrodes

Electrode material Rs/Q  Ci, CPE/ Ret / Q Ws, Wo /Q  Phase angle

uF s-112 /°
N1 2.14 1.42 E0 4.02 0.47 17.8
N2 8.83 0.62 2.29 0.69- 7.1
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Figure 6.9 (a): Nyquist plots of N1 and N2 nanohybrid electrodes at OCV

Figure 6.9 (b): Circuit models used to fit EIS data
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Figure 6.10 (a): Total impedance Bode plots of N1 and N2 nanohybrid electrode materials
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Figure 6.10 (b): Phase angle Bode plots of N1 and N2 nanohybrid electrode materials

6.5 (b) Electrochemical Performance of the fabricated asymmetric supercapacitor

devices

The energy storage capabilities of the nanohybridized electrodes were evaluated by fabricating
Swagelok-type supercapattery devices using N1 and N2 nanohybrid electrode materials as
positive electrodes and activated carbon as the negative electrode. Studies were performed in
1 M Na2SO4 aqueous electrolyte at a voltage window of 1.6 V and extended to 1.8 V to increase

the specific energy.
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iv) Cyclic Voltammetric studies of supercapattery devices

Figure 6.11 (a) shows the CV curves of activated carbon and N2 nanohybrid electrode at a scan
rate of 50 mV s. The comparative plot was used to establish the use of the the nanohybrid
electrodes as the positive electrode and activated carbon as the negative electrode. The
activated carbon electrode exhibited rectangular shaped CV curves which are very indicative
of capacitive behavior in the potential range of -0.8 — 0.1 V. Meanwhile N2 showed surface

bound interconversion reactions as earlier mentioned.

To confirm the optimum or stable voltage window of the device to maximize its specific energy
in 1 M Na>SO4 aqueous electrolyte, the device was investigated at different voltages ranges
from 0 — 1.8 V at a scan rate of 80 mV s as shown in Figure 6.11 (b). It is observed that the
CV curves retain a rectangular shape up to 1.4 V, with a slight increase in anodic current at 1.8

V, indicating some electrolyte decomposition or unwanted side reactions [40].

A comparative plot of the N1 and N2 based supercapatteries with AC is shown in Figure 6.11
(c). AC/IN2 exhibits noticeable increase in the current response, signifying better specific
capacitance as well as a higher electrochemical performance over the AC//N1 device as

observed in studies in the three electrode cell design.

CV curves of the AC//N2 supercapattery at different scan rates are exhibited in Figure 6.11 (d).
It is observed that with increasing scan rate, the area of the AC//N2 device gradually becomes
larger due to the effective combination of EDLCs and pseudocapacitance, implying that a

hybrid device (supercapattery) has been successfully assembled [41].
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Figure 6.11 (a): CV curves of activated carbon and N2 nanohybrid electrodes at a scan rate of
50 mV s in 1 M NaSO4 aqueous electrolyte
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Figure 6.11 (b): CV curves of AC//N2 supercapattery at various potential ranges from 0 — 1.8
V at a scan rate of 80 mV s in 1 M Na.SO4 aqueous electrolyte
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Figure 6.11 (d): CV curves of AC//N2 supercapattery at scan rates of 10 -120 mVstin 1 M
Na>SO4 aqueous electrolyte at voltage window of 1.8 V
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V) Galvanostatic charge-discharge (GCD) studies of supercapattery devices

To increase the energy storage capabilities of the nanohybrid electrode supercapatteries, the
maximum cell voltage was set at 1.8 V. Figure 6.12 (a) shows comparative GCD profiles of
AC/IN1 and AC//N2 supercapattery devices at cell voltages of 1.8 V (i) and 1.6 V (ii) and
current loads of 0.1 A gt and 0.05 A g2, respectively. The near symmetric nature of the curves
indicates the high electrochemical reversibility of the devices. Quasi-triangular line curves and
the slight deviation from potential plateaus further indicates that the devices exhibit hybrid

(battery-capacitive) energy storage.

The specific capacitance of the various devices at the different voltage windows were
calculated based on the balanced total masses of the two electrodes according to Equation 6.3.

(Mass balancing has been discussed in previous chapters of this work).

C = 4]
P AV (6.3)
mAVA

Where | represents the applied current (A), m is the total mass of both positive and negative

electrodes (g), AV is the voltage window (V) and At is the discharge time (s)

At a cell voltage of 1.8 V, the AC//N2 supercapattery device delivered a high specific
capacitance of 205 F g which is almost 1.6 times greater than that of the AC//N1 device with
126 F gt at a current load of 0.1 A g*. A lower electrochemical performance was obtained for

the supercattery devices at 1.6 V. AC//N, showed a specific capacitance of 64.7 F g while
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AC/IN; delivered 53.5 F g* at 0.05 A g’ The higher specific capacitance of AC//N:
supercapattery can be attributed to better hybridization of V.Os-CNT, Li2Mn1.xZnxSiO4 and 5
% G-ol nanomaterials which provided conductive channels and large surface area for ion
diffusion and enhanced electrical conductivity. N1 nanohybrid based supercapattery showed
decreased electrochemical performance due to the higher content of G-ol which was in tune
with V20s-CNT, Li2Mn1xZnyxSiOs nanomaterials leading to slight sheltering of conduction
channels and impeding electron/ion flow. Figure 6.12 (b) - (c) display the GCD curves of the
AC//N2 and AC//Ny supercapattery devices at cell voltages of 1.8 V (i) and 1.6 V (ii) at various
current loads. The almost symmetric profiles with absence of the ohmic drop reveal the good

electrochemical performance of the devices.

The variation of discharge capacitance with increasing current load at 1.8 V for the AC//N>
device is shown in Figure 6.12 (d). It is observed that the specific capacitance decreases with
an increase in current load due to lack of active material accessibility at higher scan rates. The
AC/IN; device supercapattery device delivered a specific capacitance of 205 F g at a current
load of 0.1 A g and still retains a specific capacitance of ~26 % (52.6 F g) when the current
is increased by a factor of 20 (2 A g). The AC//N1 device delivered a specific capacitance of

126 F gt at 0.1 A g with a capacitance retention of ~18 % (23.3Fgl)at2 Ag™.

290



2.0
1.6 4
1.6
> 124
~
z 1.2 Q
o
g @
< = 0.8+
= 0.8 o
o >
> =
5 8 0.4
[} i 4
8 o4
0.0 0.0 4
' : L v Y T T T T T T T T T
0 400 goo 1200 1600 2000 0 200 400 600 800
Time/s Time/s

Figure 6.12 (a): Comparative GCD profiles of AC//N2 and AC// N1 supercapattery devices at

voltage range of 1.8 V and current load of 0.1 A g* (i) and 1.6 VV and 0.05 A g (ii)
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Figure 6.12 (b): GCD curves of AC//N2 (i) and AC// N1 (ii) supercapattery devices at various
current loads at voltage range of 1.8 V
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Figure 6.12 (c): GCD curves of AC//N2 (i) and AC// N1 (ii) supercapattery devices at various
current loads at voltage range of 1.6 V
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Vi) Electrochemical cycling / stability studies

Long cycling capability is an important parameter used to establish the electrochemical
performance of supercapatteries. The stability of the nanohybrid supercapattery devices over
repeated charge-discharge cycles was achieved over 5000 cycles at a current load of 0.2 A g
Figure 6.13 (a) presents the capacitance retention of AC//N2 and AC//N1 supercapatteries over
5000 cycles. The AC//N2 supercapattery demonstrated a capacitance retention of 55.1 % while

the AC//N1 device showed a capacitance retention of 33.5 % over 5000 cycles.

The coulombic efficiency per cycle is shown in Figure 6.13 (b). It is worth noting that AC//N>
supercapattery device exhibited an excellent coulombic efficiency of 96.4 % for cycle 1 and
up to 98.8 % at 5000 cycles. The AC//N1 device also showed a coulombic efficiency of 94.5

% at cycle 1 and 98.6 % at cycle 5000.

The superior cycling stability and overall performance of the AC//N supercapattery device can
be ascribed to the increased packing density and nucleation observed in XRD crystal structure
models which provided a high surface area and shorter diffusion length of Li-ions during

repeated charge-discharge studies.
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Figure 6.13 (a): Cycling stability of AC//N1 and AC//N2 supercapattery devices over 5000
cycles in 1 M NaxSO4 aqueous electrolyte at voltage window of 1.8 V
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Figure 6.13 (b): Coulombic efficiency of AC//N1 and AC//N2 supercapattery devices over

5000 cycles in 1 M Na>SO4 aqueous electrolyte at voltage window of 1.8 V
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vii) Electrochemical Impedance studies before and after cycling

EIS was further used to investigate the effect of cycling degradation on the Kinetic properties
of the supercapattery cells. Figure 6.14 (a) displays comparative Nyquist plots of the AC//N1
and AC//N2 supercapattery devices before and after 5000 cycles at open circuit voltage. As
observed in the half cells, the plots consists of semi-circles at the high-medium frequency
region and an incline line at the low frequency region. The high-medium frequency region is
associated with the internal/electrolyte resistance (Rs) and charge transfer resistance (Rct), while
the low frequency region describes the Warburg diffusion of electrolyte ions (W,). The
equivalent circuit model used to fit the obtained data is displayed as the inset in Figure 6.14
(@). Circuit element values obtained from fitting are shown in Table 6.4. The higher
electrochemical performance of the AC//N2 supercapattery device is corroborated by its Rt

values which are much lower than those of the AC//N1 device.

Rs and Rct values of AC//N2 supercapattery device before and after 5000 cycles are 2.48 and
6.03 Q, 2.52 and 1.61 Q, respectively. AC//N1 supercapattery device also showed values of Rs
and Rt to be 3.57 and 45.9 Q as well as 3.07 and 31.45 Q before and after 5000 cycles. The
slight decrease in the internal/solution and charge transfer resistances after 5000 cycles is
mainly due to the slight increase in the wettability of the supercapattery electrodes by repeated
electrolyte immersion [42]. A decrease in the phase angle values is noticed before and after
cycling as shown in Figure 6.14 (c). This decrease may be attributed to changes in the surface
states and transport properties of the supercapattery electrodes due to undesirable site reactions

of electrolytic ions with the electrode surface during the continuous charge-discharge process.
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Table 6.4: EIS simulation data of AC//N1 and AC//N supercapattery devices before and after

5000 cycles

Supercapattery device

Rs/Q CPE/pF

Re/Q  Wo /Qs? Phase

angle/°
AC/IN1 before cycling 3.57 0.57 45.94 0.96 29.2
AC/IN1 after cycling 3.07 0.69 31.45 0.87 23.9
ACI/INz before cycling 2.48 0.50 6.03 0.374 36.7
AC/IN2 after cycling 2.52 0.48 1.61 0.33 26.9
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Figure 6.14 (a): Nyquist plots of AC//N1 and AC//N2 supercapattery devices before and after

cycling with circuit model used to fit EIS data as inset
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Figure 6.14 (b): Total impedance Bode plots of AC//N1 and AC//N2 supercapattery devices

before and after cycling
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Figure 6.14 (c): Phase angle Bode plots of AC//N1 and AC//N2 supercapattery devices before

and after cycling

6.5 (c) Specific Energy and Specific Power

Supercapatteries are expected to deliver high energy and power densities due to their hybrid
nature (combination of high energy battery electrodes with electrochemical double layer
capacitor electrodes). To evaluate the energy storage performance of the assembled
supercapatteries, Figure 6.15 shows the Ragone plots of AC//N1 and AC//N2 supercapattery

devices at increasing current loads. The specific energy and power of AC//N1 and AC//N2
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supercapattery devices were obtained by discharging the charged devices at increasing current

loads at an applied voltage of 1.8 V, according to Equation 6.4 and 6.5.

1 1

E=1c. x AVZ x =
2~ *36 64)
E

Pp=FE 43600
- (6.5)

Where Cs, denotes the specific capacitance of the device (F g%), AV is the applied voltage (V)

and At is the supercapattery discharge time (s).

The AC//N2 supercapattery delivered an excellent specific energy of 92.3 W h kg™ at a specific
power of 769.8 W kg™ and even maintained a specific energy of 23.67 W h kg at a specific
power 13435.2 W kg. While AC//N; supercapattery device could deliver a specific energy of
56.8 W h kgt at a specific power of 427.8 W kg™ and could retain a specific energy of 10.48
W kg at a specific power of 6039.4 W kg™. These results are comparable and even higher
than recent reported supercapattery devices based on other transition metal nanohybrids. Such
as, NiCo-MnO.//C-FP (48.8 W h kg at 896.9 W kg'%) [43], MWCNT-C0304-Ag//AC (16.5 W
h kg! at 297.5 W kg) [44], graphene/MnO2//AC (51.1 W h kg? at 198 W kg*) [38],
AC//LIMnPO4-S (11 W h kg at 198 W kg™) [45] and 2D MnCo,04//AC (33.8 W h kg at
318.9 W kgl) [46]. The excellent electrochemical performance of the AC//N1 and AC//N;
supercapatteries can be attributed to the existence of nanoholes in the hybridized
nanoarchitectures that enabled faster ionic conductivity and reduced internal resistances via the

interconnected hybrid structures.
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Figure 6.15: Ragone plot of AC//N1 and AC//N2 supercapattery devices in 1 M Na2SOa

aqueous electrolyte at voltage window of 1.8 V

6.6 Conclusion

In summary, LizMn1.xZnxSiO4/V205-CNT/G-0l10% (N1) and Li2Mn1xZnxSiO4/VV20s-CNT/G-
olse% (N2) nanohybrid electrodes have been prepared by facile mechanochemical reactions and
an annealing step at 350° C for 2 h. Morphological studies by SEM and HRTEM showed
completely hybridized mesoporous nanoarchitectures with majority platelet morphology for N1
and further elongation in N2 with 5 % G-ol content. SAXS investigations revealed bell-shaped

particle size distribution with mean particle sizes at 12.3 nm and aggregates at 29.4 and 48.1

300



nm for N1. N2 showed similar form of aggregation with a single peak at 65.1 nm. XRD studies
showed peaks belonging to the (010), (110), (210), (002), (212) and (232) crystalline planes of
LizMnSiOs which were indexed to orthorhombic Pmn2; space group, and minor peaks
observed for the 001 and 002 planes of oxygenated graphene sheets. Asymmetric and
symmetric vibrations of Si-O-Si and V-O-V bonds as well as the stretching motion of [LiO4]
tetrahedra were observed in FTIR analysis around 511 — 933 cm™ and 420 - 494 cm™,
respectively. The vibration of Mn-O-Si layers, C=C and C-O bonds from the graphitic domains
and OH characteristic band were observed around 1060 — 1164 cm™, 1641.4 cm™ and 1371.8
cm™. Electrochemical studies in 1 M Na2SOs revealed CV curves with shapes suggesting a
charge storage mechanism of the electrodes involving surface bound faradaic reactions such as
oxidation/reduction of manganese and vanadium ions together with intercalation processes of
Li* ion. EIS studies showed a smaller R value for N2 (2.29 Q) over N1 (4.02 Q), indicating
faster movements of electro-active species in N2. To evaluate the energy storage performance
of the nanoarchitectured materials, supercapatteries were assembled with the N1 and N2
nanohybrids as positive electrodes and activated carbon as the negative electrode. The AC//N>
supercapattery device delivered a maximum specific capacitance of 205 F g, excellent specific
energy of 92.3 W h kg at a specific power of 769.8 W kg at 1.8 V and 0.1 A g*. While
AC/IN; supercapattery device delivered specific capacitance of 126 F g™, specific energy of

56.8 W h kg™ at a specific power of 427.8 W kg, voltage of 1.8 V and 0.1 A g™.

The higher AC//N2 supercapattery can be attributed to better hybridization of V20s-CNT,
Li2Mn1.xZnxSiO4 and 5 % G-ol nanomaterials which provided conductive channels and large
surface area for ions diffusion and enhanced electrical conductivity. Long cycling stability tests
demonstrated a capacitance retention of 55.1 % and an excellent coulombic efficiency 98.8 %
for AC//N2 supercapattery and a capacitance retention of 33.5 % and excellent coulombic

efficiency of 98.6 % for the AC//N1 device showed over 5000 cycles. The commendable
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electrochemical performance of the AC//N1 and AC//N2 supercapatteries can be attributed to

the existence of nanoholes in the hybridized nanoarchitectures which enabled faster ionic

conductivity and reduced internal resistances via the interconnected hybrid structures. This

study serves as a facile and affordable broad-spectrum approach to design high performing

nanoarchitectonic electrode platforms for energy storage devices.
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CHAPTER SEVEN

CONCLUSION AND RECOMMENDATIONS

7.1  Summary of main thesis results

Nanoarchitectonics, also known as the “rising tide on the horizon of current materials
research”, enables the creation of novel and reliable systems by integration of predefined
molecular functionalities into bulk materials or devices. This work involves the preparation of
various nanoarchitectures and their applications in energy storage devices such as
supercapacitors and supercapacitor-battery hybrids (supercapatteries). These nanostructures
have been prepared by various synthetic routes ranging from hydroboration with oxidation to
solvothermal and mechanochemical synthesis. Nanomaterials investigated in this work include
hydroxylated graphene nanosheets (G-ol), vanadium pentoxide (V20s) nanorods and
composites with carbon nanotubes (CNTs) and G-ol. Pristine lithium manganese silicate
(Li2MnSiOs) mixed spherical and rhombohedral nanocrystals and zinc doped counterparts
(Li2Mn1xZnySiO4, x = 0, 0.02, 0.04, 0.06, 0.08) as well as hybridized mesoporous
nanoarchitectures (Li2Mn1xZnxSiO4/V20s-CNT/G-0l109% - N1) and (Li2Mn1-xZnxSiO4/V20s-
CNT/G-ols% -N2) have equally been studied. Morphological, structural and spectroscopic
properties of the various nanostructures were investigated using characterization techniques
such as scanning and transmission electron microscopies, small-angle X-ray scattering, X-ray
diffraction, Fourier transform Infrared and Raman spectroscopies. Electrochemical properties
were obtained using cyclic voltammetry, electrochemical impedance spectroscopy and

galvanostatic charge-discharge studies. The energy storage capability of the various
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nanostructured electrodes were investigated individually and as composite electrodes in

supercapacitors and supercapatteries.

Important findings from the study are listed below

» G-ol nanosheets with layers of 14- 23 nm thick, prepared by hydroboration of graphene
oxide and subsequent oxidation were tested as freestanding symmetric supercapacitors
(G-ol//G-ol) and asymmetric supercapacitor devices with activated carbon. Good
electrochemical performance was achieved for the devices at a high voltage of 1.8 V in
aqueous 1 M LiClOs electrolyte. The symmetric device delivered specific capacitance
of 137.7 F g%, high specific energy of 47.8 Wh Kg* and specific power of 377 W kg
at a current load of 0.07 A g*. While the asymmetric supercapacitor cell delivered a
specific capacitance of 91.73 F g2, specific energy of 32.61 Wh Kg* and specific power
of 286.6 W kg™ at 0.007 A g1.The devices demonstrated commendable capacitance
retention of 83 % and coulombic efficiency of 99.8 % over 5000 cycles.

» V205 nanorods, V20s-CNT and nanocapsulate-shaped composite (V20s-CNT-G-ol)
nanocrystals with particle sizes in the range of 10.4 — 22.9 nm were prepared via
hydrothermal synthesis and fully characterized physically and electrochemically. The
energy storage performance of the V2Os—based electrode materials were tested as
asymmetric supercapacitors with activated carbon as the negative electrode in 1 M
LiNOs aqueous electrolyte at a voltage window of 1.6 V. The AC//\VV,0s-CNT-G-ol
asymmetric device delivered a specific capacitance of 173.4 F gt which was 2.3 times
greater than that of the AC//V20s-CNT device (75.4 F g*) and even 7.1 times greater
than the AC//V,0s device. A high specific energy of 63.2 W h kg* and specific power
of 609.2 W kg™ was obtained for the AC//V.0s-CNT-G-ol device and a capacitance

retention of 69 % over 4,000 cycles.
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» Mixed spherical and rhombohedrally-shaped Zn—doped Li2MnSiO4 (Li2Mn1-xZnxSiOa,
x =0, 0.02, 0.04, 0.06, 0.08) nanocrystals were prepared by solvothermal synthesis at
180 °C in ethylene glycol. Skewed and bell-shaped particle size distributions with
diameters of 22.5 — 30.7 nm were observed. Supercapattery devices assembled with
activated carbon as negative electrode and LioMn1.xZnxSiO4 as the positive electrodes
in 1 M NaxSO4 at 1.6 V delivered good capacitance retention and coulombic
efficiencies over 3000 cycles. The supercapattery devices exhibited specific energies
0f38.4 W hkg?-21.3W hkg?, capacitance retention of 72.5 % - 84.5 % and excellent
coulombic efficiency of 99.6 — 99.7 % over 3000 cycles.

> Finally, mesoporous nanoarchitectures of LizMn1.xZnxSiO4/V205-CNT/G-0l10% (N1)
and Li2Mn1xZnxSiO4/V20s-CNT/G-0ls% (N2) electrodes were prepared by facile
mechanochemical reactions and an annealing process at 350° C. After various physical
and electrochemical characterization, the energy storage performance of the
nanohybrids were evaluated in 1 M NaxSOs electrolyte at 1.8 V as supercapatteries
electrodes assembled with activated carbon as the negative electrode. The AC//N;
supercapattery device delivered a maximum specific capacitance of 205 F g, excellent
specific energy of 92.3 W h kg at a specific power of 769.8 W kg™. While AC//N;
supercapattery device delivered specific capacitance of 126 F g, specific energy of
56.8 W h kg! at a specific power of 427.8 W kg* Long cycling stability tests
demonstrated a capacitance retention of 55.1 % and an excellent coulombic efficiency
of 98.8 % for AC//N2 supercapattery as well as a capacitance retention of 33.5 % and

excellent coulombic efficiency of 98.6 % for the AC//N1 device over 5000 cycles.

Overall, the various nanostructured electrode materials prepared and investigated in this study
have demonstrated good electrochemical performance and cycling stability as supercapattery

and supercapacitor electrode designs. The performance is attributed to various
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material/electrochemical dynamics at various stages. Hence with further optimisation of these
electrode architectures, this work may serve as a facile and affordable broad-spectrum approach
towards the design of high performance nanoarchitectonic electrodes for energy storage

devices.

7.2 Recommendations for Future work

> Electrochemical long stability tests such as voltage holding/floating experiments to
further confirm the high potentials of the nanostructured electrode materials

> Use of spectroelectrochemical experiments to better understand the storage mechanism
of the electrode materials

> Electrochemical tests in various electrolytes such as ionic liquids and organic based

electrolytes to maximise the energy density of the supercapattery devices
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