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Abstract

With the rapid development of medical technology, implantable devices have been
invented and widely used in many applications such as physiological monitoring,
localized drug delivery, and biosensors. The artificial cardiac pacemaker, as one of the
most important implantable medical devices, is used to stimulate the heart with
electrical impulses in order to regulate heartbeats. Conventional rechargeable batteries
are very expensive with limited cycle life and cannot be used in implantable
applications due to their limited life cycle. Supercapattery is a new terminology to
define the hybrid energy storage system, which combines the high energy-storage-
capability of conventional batteries with the high power-delivery-capability of
supercapacitors. With the benefit of combining battery-type material and capacitive
material, supercapattery is able to obtain high energy from Faradaic redox reactions and
high power from fast electron charge-transfer. Thereby, supercapattery has good
electrical conductivity and a good capability to store huge amount of charges with long
term stability compared to the conventional batteries. Consequently, supercapattery is
an ideal hybrid energy storage device with superior storage capacity and long life,
which can be employed in next-generation artificial cardiac pacemakers as a
rechargeable energy source for the lifetime of the 20 years or more.

The aim of my PhD is to develop a supercapattery device based on novel nanostructured
materials to store the energy from heartbeats through a piezoelectric device. Nickel
foam with a porosity of 95% was used as substrate due to its high surface area to volume
ratio and highly conductive 3D network architecture. By employing different
hydrothermal processes, four different nanostructured materials including nickel oxide-
indium oxide heterostructure, nickel phosphate nano/ microflakes, cobalt phosphate
nano/ microflakes and cobalt phosphate nanoflake/ microflowers were synthesized.
XRD, Raman, SEM, EDX, TEM, and XPS analysis were performed to characterize the
morphology and structure of the materials. The electrochemical properties of the four
synthesized electrode materials were investigated in a three electrode configuration in-
order to understand the charge-storage mechanism. Among these materials, Co3(PO4)2
nanoflake/ microflower material achieved a highest specific capacity of 215.6 mAh g’!
(equivalent to 1990 F g!) with an excellent retention of 90.5% after 5000 charge-
discharge cycles. In terms of complete devices, a symmetric and three asymmetric
supercapatteries were assembled using synthesized electrode materials and activated
carbon. Hybrid supercapattery assembled using cobalt phosphate as the positive and
activated carbon as negative electrodes delivers a highest specific density of 43.2 Wh
kg!. The initial capacity of the device dropped only 16% after first 20,000 cycles and
even after 100,000 cycles, the device retained 68% of its initial capacity, which
exhibited a long cyclability of 24 years. This device has been investigated under
physiological conditions (25 - 45 °C) and showed stable electrochemical properties.
Therefore, supercapattery fabricated from these materials can be a promising energy
storage system for next generation pacemaker.
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Chapter 1 Background and Motivation

1.1 Evolution of Implantable Medical Devices

Global average life expectancy has risen to 71.5 years over the period 2010-2015,

consequently, the number of age-related diseases has also increased. Therefore,

treatment techniques such as implants, prostheses and long-term pharmaceutical usage

have drawn much attention in the scientific and medical industries. In particular,

implanted medical devices (IMDs), including implantable neuro-stimulators, cochlear

implants, artificial cardiac pacemakers, gastric electrical stimulators, insulin pumps and

foot-drop implants, are being used in many different parts of the body for various

applications as shown in Figure 1.1.

Implantable Neurostimulators

Cochlear Implants

Drug Delivery Chips

Gastric Electrical Stimulators

Insulin Pumps

Foot-drop Implants

Figure 1.1 Wireless implanted medical devices.
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In the past decade, wireless sensor networks and communication technologies have
become an intrinsic part of many IMDs for in-home monitoring and diagnosis. At
present, existing medical equipment is able to monitor diabetes and chronic heart failure
patients’ vital signs remotely and devices to track chronic kidney diseases and lung
diseases are under development. Ultimately, adding a wireless system to IMDs will
improve the medical treatment services and lead to a better health care system'. Further
to this, the miniaturization of IMDs is another crucial challenge. The size and shape of
the IMDs are restricted by the implantation spot in the human body. In order to meet
the miniaturization requirement, further advances in low power design techniques,

integrated circuits, system optimization, packaging, and power source are desired.’

In particular, approximately 300,000 IMDs are implanted in U.S. every year, and two-
thirds of them are artificial cardiac pacemakers.>* The artificial cardiac pacemaker is
used to stimulate the heart effectively with electrical impulses in order to regulate
heartbeats, and are powered by batteries. Since its invention, pacemaker technology has
grown immensely and continuously developed over the last 50 years. These devices are
currently powered by Li-batteries. The average pacemaker lithium battery has about
0.5-2 Ah of storage capacity’ and an estimated life of around 6 to 11 years®. Recently,
the micra™ transcatheter pacing system has been developed with an expected battery
longevity of 12 years.” Due to the toxicity and uncontrolled environmental issues of
lithium and to exclude patients from unnecessary injury by battery-replacement surgery,
researchers are now working on different types of self-powered or self-rechargeable
energy sources for pacemakers, such as generating electricity from glucose®, heart

movement’, radioactive material'’

, etc. to recharge the battery. However, the power
source for self-rechargeable pacemakers remains the biggest challenge for developers
and manufacturers. In the development of a leadless pacemaker, inserted inside the right
ventricular of the heart, the power source cannot be replaced and should ideally last for

20 years or more.

Silicon-based piezoelectric devices have been proposed to generate electrical power



from the mechanical energy of heartbeats to operate the pacemaker'!, where the
electrical energy is stored using a battery to power the electronics of the pacemaker,
and to deliver the electrical impulses during emergency. However, the state of the art
rechargeable Li-ion battery cyclability is limited to only 1,000+ cycles'? which is far
from the requirement to be recharged for more than 10 years lifetime® (or at least 20,000
cycles) without loss of power, which is a significant health issue for a pacemaker. This
then poses a significant concern for the long term operation of a pacemaker and the
safety of the recipient. For a pacemaker energy source, intermittent needs for fast charge
or discharge kinetics are required, often in emergency situations but without loss of
power. Typically, the higher voltage battery ‘component’ is kinetically more sluggish
that the higher rate capacitor, which the hybrid supercapattery addresses directly.
Therefore, the development of a new type of energy storage device is necessary with

enhanced cyclability and storage capacity for the next generation leadless pacemakers.

Concept for integration of different components

Leadless
Pacemaker Capsule

(\\,, :’:

Harvester

i di : Superca
flat silicontiers 1-2 with TSVs ~ Battery block Ceramic disc to bring percap
contacts from the flat

area to the diameter

Figure 1.2 Schematic of the next generation leadless pacemaker (Sorin Copyrights

used with permission).

In addition, the typical size of a pacemaker is ~46 mm x 52 mm x 6 mm,® and the
energy storage device usually occupies 2/3 of this volume. For the next generation
leadless pacemaker, it is necessary to reduce the average size of the energy storage

device considerably (6 mm diameter x 15 mm height) with a cell voltage of 2.8 V.6



Current pacemaker Future leadless
pacemaker

Figure 1.3 Current pacemaker vs. future leadless pacemaker. '

In general, conventional rechargeable batteries are very expensive with limited cycle
life and cannot be used in implantable applications due to their limited life cycle. The
supercapattery is a device that combines the high power capacity and short
charging/discharging times of a supercapacitor with the greater energy density of
batteries and is therefore an attractive power source for next generation self-
rechargeable pacemakers. Consequently, this hybrid device has attracted the attention
of biomedical industries as an ideal alternative rechargeable power source replacing
current battery technology. With high energy density, the device should be able to
provide enough power during cardiac emergency, which requires good stability once
fully charged. Therefore, supercapatteries are a promising power source for a number
of implanted medical devices requiring fast charging/discharging, good capacity and

ultra-long cycle life.

1.2 Classification of energy storage devices

With increasing levels of fossil fuel consumption and rising global pollution, alternative



energy storage devices such as fuel cells, chemical batteries, supercapacitors, and
supercapatteries have been the focus of a great deal of research over recent decades.
Samsung launched a new smartphone called Galaxy S9 which contains a battery that
can be fully charged in twelve minutes'*. Coincidentally, a team in Stanford developed
an ultrafast rechargeable aluminium-ion battery which can be charged in only one
minute with a specific capacity of 70 mA h g'!, and able to withstand more than 7,500
cycles without decay.!> Compared to the traditional lithium battery, these two novel
batteries represent a potential significant advancement of the chemical battery. As
another type of energy storage device, supercapacitors have been intensively
investigated due to their high specific power density and long lifetime. The best
commercial carbon based supercapacitor obtained a power density of 8.5 kW kg'!, with
only 20% capacitance decay after 1,000,000 cycles,* but the energy density is limited
to 7.4 Wh kg'!. In the last decade there has been a surge of research and development
in developing high power and high energy density supercapatteries to bridge the gap
between conventional high-power capacitor and the high-energy battery where it
bridges the gap in the Ragone plot between conventional capacitors and Li batteries.
Therefore, the three different types of energy storage devices are suitable for a variety

of applications.

1.2.1 Similarities and Differences between Batteries, Supercapacitors

and Supercapatteries.

Batteries are one of the most common energy storage devices in our day to day lives,
and are used to provide power for electric devices such as smartphones, flashlights, and
electric cars. Batteries are classified into two types: primary and secondary. Primary
batteries are also called single-use or disposable batteries, which are only used once
and discarded. Primary batteries are widely used for small electronic devices with low
power consumption, which is convenient but detrimental for the environment.
Secondary batteries are rechargeable batteries which are able to be charged and

discharged multiple times along with reversible chemical reactions. Comparing to other
5



1617 and nickel-cadmium

existing secondary batteries such as lead-acid batteries
batteries'®!?, lithium ion (Li-ion) batteries have drawn great attention due to their high
capacity, high energy density, small self-discharge, good cyclic stability, and safety

issues.?02!

Li-ion batteries are different from lithium batteries. The main difference is that lithium
batteries are primary batteries using lithium in its pure metallic form, while Li-ion
batteries are a type of rechargeable battery using an intercalated lithium compound as
one electrode material. In the Li-ion battery system, Li ions move between the positive
electrode and the negative electrode during charge and discharge process. The charge
storage mechanisms for Li-ion batteries are typically split into three different groups:
intercalation, conversion and alloying’>?* (Figure 1.4). In general, intercalation
materials are supposed to provide better cyclic stability, but the theoretical capacity is
low, while the other two mechanisms offer ultra-high capacity but the large volume

change limits the coulombic efficiency and cyclic stability. 223

Intercalation GEEDISI®

Reaction *

Conversion
Reaction

+0 0 <«

©
Alloying © © A
Reaction + .. ©
[ +]

Figure 1.4 Schematic diagram of the different reaction mechanisms of lithium ion

batteries.



In detail, classic intercalation materials such as LiMn2O4**?°, LisTis012>%%’, and

28-30

graphite with a two-dimensional layered or three-dimensional network structure

can allow lithium ions to reversibly intercalate without destroying the crystal structure.
For instance, LisTisO12 can be described asLiz(gg) [LiTi54+](16d)012(323). During the

intercalation process, lithium ions are inserted into the lattice and located at the
octahedral (16d) sites, while the existing tetrahedral (8a) lithium ions also transported
to the octahedral (16c¢) sites. The reversible reaction process of LisTisO12 is formulated

as following equation’!:
Lizga) [LiTi54+](16d)012(326) +3Li* + 3e” & Ligaec) [LiTi33+Ti24+](16d)012(326)

Equation 1.1

Though these metal oxide materials exhibit good cyclic stability due to the limited
volume changing during the intercalation process, the rate performance is limited by
slow diffusion of lithium ions and low electronic conductivity. Thereby, many efforts
are now focusing on enhancing the transport of lithium ion and electrons in battery

materials using element doping, surface coating, and other methods.*?

Moreover, the conversion reaction occurs based on a displacement reaction as

following?®:
M X, + (y -n)Li* + (y - n)e” o yLiyX +xM Equation 1.2

Where, M represents transition metal = Mn, Fe, Co, Ni, Cu, Ru, Cr, Mo, W, etc., X
represents H, N, O, F, P, S, etc.,, and n is the oxidation state of X. During the
conversion process, all these transition metal compounds firstly convert to metal cluster
then dispersed into Li,X matrix. Consequently, conversion reactions involve a
multiple electron transfer process, which will deliver remarkably high specific capacity
compared to the intercalation process. However, the large structure reconstruction and

the volume change can cause mechanical fracture and pulverization of active materials,



which limits the battery cyclic life’’*®. With the purpose of improving the battery
performance, recent investigations of these material are mainly focusing on nano-

crystallization, morphology modification, and surface treatments®>3*4,

Furthermore, elements like Si and Sb or metals like Sn, Zn and Cd can form alloys with

lithium*!, which can be classified to alloying/de-alloying mechanism. (Equation 1.3)
M + xLi* + xe~ o Li,M Equation 1.3

Among all alloying materials, Si has drawn the most attention due to its relatively low
delithiation potential, extremely high capacity (LiisSii4) low cost, and non-toxicity,*?
while Sn exhibits higher electrical conductivity but lower capacity and cell voltage®.
In addition, Sn can be easily fractured even at small particle size around 10 nm**.,
However, other alloying metals like Zn, Cd suffer from low capacity according to the
high molecular weight. Compared to intercalation and conversion mechanisms,
alloying materials have the highest theoretical capacity but do suffer from issues
associated with the large volume change rate caused by the alloying process. Thereby,
to reduce the impact of material pulverization, investigations into the development of
novel metal alloy and variations of their morphology are under progress**’. Thus, alloy
electrodes have been considered as one of the most promising electrode materials for
next-generation lithium-ion batteries due to their high energy densities, relatively low

cost, environmental compatibility and safe operation potentials.

In summary, Li-ion batteries have become commonplace for most of the daily electronic
devices including communication, transportation, and entertainment applications. The
study of improving the existing materials of Li-ion battery electrodes are under progress.
Though the Li-ion batteries can provide large operation voltage and high energy density,
the poor cyclic stability and low power output limit the applications so that an
alternative type of energy storage device with higher power density and longer lifetime

is required.

Supercapacitors, due to their fast charge-discharge capability and high power density,
8



give unique energy storage properties as compared to the conventional energy storage
system. A supercapacitor consists of positive and negative electrodes, which are
electrically isolated from each other by a separator. (Figure 1.5) In a classic electric
double layer capacitors (EDLC), an electrical double layer is formed at the interface
between the surface of a conductor electrode and electrolyte. Activated carbon,
graphene, and other carbon based materials are widely investigated as high performance
supercapacitor electrode materials due to their high surface area, good stability, and

high conductivity.

ENERGY DENSITY POWER DENSITY

VOLTAGE WINDOW

Charging
Elecirolyis Separatol

1
0 CYCLABILITY/LIFETIME \

CAPACITANCE RESISTANCE

Figure 1.5 Schematic diagram of the supercapacitor working process and relative

parameters.

Interestingly, some metal oxide materials like RuO>** and MnO>**! can exhibit
capacitive behavior achieved by Faradaic reaction on the surface of the electrode by
specifically adsorbed electrolyte ions. Due to the different electron transfer mechanisms
of capacitive behavior, these materials have been classified as pseudocapacitive
materials. As a matter of fact, due to the Faradaic process involved in redox reduction-

oxidation reactions, these metal oxides have higher theoretical capacitance than carbon



based materials, but also suffer from lack of cyclic stability and lower power density”>"
53, Thus, the study of hybrid materials has drawn much attention in recent years. Hybrid
materials involve a combination of carbon based materials with either metal oxides or

conducting polymers6-8

, incorporating benefits of both capacitive double layer of
charge and Faradaic pseudocapacitive mechanisms. Thereby, further research is
necessary to maximize both the capacitance and cyclic stability of the supercapacitor

materials in near future.

Supercapacitors can be classified into three different types, EDLC, pseudocapacitors
and hybrid devices of their combination. Generally, EDLC is a symmetric cell
consisting two carbon based electrodes, electrolyte, and the separator, which keeps the
two electrodes apart. EDLC exhibit a classic capacitive behaviour with a linear
dependence of the charge stored with changing potential within the window of interest.
Thereby, the capacitance, energy density and power density of the cell can be calculated

from galvanostatic charge/discharge curves using the following equations, respectively:

Ceenn = % Equation 1.4

E= % cetV? Equation 1.5
E .

P = " Equation 1.6

where, I (A) is the discharge current, t (s) is the discharge time, V (V) is the

potential window.

Since the two electrodes form a series circuit of two individual capacitors in the EDLC,
so that the capacitance of the cell is half of the capacitance of each electrode. Thereby,

the specific capacitance of the electrode material can be calculated as following:

2XCeepl 2XIXAt — 4XIXAt Equation 17

Melectrode AVXMelectrode AVxm

Cop =
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Where M ectrode (9) 1S the loading mass of the active material in the electrode,

and m (g) is the total mass of the two electrode materials.

Though pseudocapacitors utilize a Faradaic redox reaction mechanism, they also
behave like capacitors. Thus the related calculations for pseudocapacitors are following
the formulas as EDLC. The capacitance of a pseudocapacitor can be 10 to 100 times
higher than EDLC. However, due to the slower Faradaic reactions, the power output of
pseudocapacitor is normally lower than EDLC and the cyclic stability is also limited.
Thereby further development of hybrid materials and hybrid cells are necessary to

optimize the supercapacitor performance.>

It is worth pointing out that not all the catalytic materials exhibit pseudocapacitive
behaviour, such as NiO%®!, C0304%2. Due to the misconception in the literature of the
term “pseudocapacitance”, many researchers have classified their materials with a

63-65 and used the same

behaviour of a noticeable discharge plateau to be capacitive
equation to estimate the charge storage capacity. However, these materials demonstrate
either diffusion controlled or surface controlled reversible redox reactions on the
electrode surface with a behaviour of a noticeable discharge plateau. Thus, they should
be classified as pseudo-battery type due to no intercalation/ de-intercalation process
involved. Thereby the new terminology of supercapattery was created to define the
electrochemical behaviour between capacitor-like and battery-like hybrids.®%¢
Generally, the electrodes of a supercapattery cell consists of a pseudo-battery type
material and a supercapacitor-type material as shown in Figure 1.6. Due to the
combination of two mechanisms, the supercapattery devices could obtain high energy
from the battery-type material and coupling this with the ability to deliver high power
from supercapacitor-type material. Moreover, the supercapattery could also potentially

broaden the cell voltage and extend the cell lifetime.%%%®
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Figure 1.6 Schematic diagram of the supercapattery structure.

However, with rapid development of the high performance energy storage devices,
more and more novel devices have been investigated. Thereby, the definition
classification of supercapattery remains controversial. For instance, lithium/ sodium-
ion capacitor, which is a hybrid electrochemical energy storage device couples a high
capacity bulk intercalation based battery-style negative electrode (anode) and a high
rate surface adsorption based capacitor-style positive electrode (cathode), has drawn
much attention recently. The lithium/ sodium ion can intercalate into the anode and
counter-ions will form the double layer at the cathode (i.e. activated carbon) during the
charge process. Though the ion capacitor exhibits a capacitance-type behaviour, which
is a rectangular cyclic voltammetry (CV) and linear charge-discharge curve, it is hard
to categorise the ion capacitor as supercapacitor or supercapattery due to the different
storage mechanism. Some researchers claim that the Li/ Na ion capacitor is a hybrid

device , which belongs to supercapattery®, because discharging voltage reach zero
12



instead of Vmin as like batteries, however it is hard to distinguish from the devices which
can store the energy by chemical redox reaction but without involving intercalation
mechanism. Furthermore, another type of symmetric device (in which both the positive
and negative electrodes are made from same materials) fabricated by low cost pseudo-
battery type materials normally exhibit a noticeable discharge plateau or quasi linear
discharge behaviour®, with higher energy density than supercapacitors and higher
power density, and much better cyclic stability than battery. Thereby, they are worthy

for further investigation and needed to be classified properly.

1.2.2 Classification of Supercapattery

In general, the electrode materials of energy storage devices can be classified into four
different types due to their different energy storage mechanisms: capacitive materials
(activated carbon, graphite, graphene, etc.’’’%), pseudocapacitive materials (MnO,,
RuOy, etc.*®3%31) battery-type materials (LiTi4O, LiFePO4, etc.?>73%), and pseudo-
battery type materials (NiO, C0304, CoMo0QOs, Co3(POa4)2, etc.®®’>"7). Theoretically,
these materials all can be used as either positive electrodes or negative electrodes to
assemble an energy storage device according to their voltage window. Different
electrolytes also determine the charge storage characteristics of an energy storage
device, where each electrode exhibits a specific voltage window in a particular
electrolyte. Thereby, quite a large number of energy storage devices are fabricated by
selecting and pairing various electrodes and electrolytes. In order to maximize the
electrochemical performance of the device, researchers are now focusing on developing
asymmetric cells assembled using two different electrodes with positive and negative
working potential in a specific electrolyte. Compared to symmetric cells (same
electrode applied), asymmetric cells can broaden the cell voltage so that the energy
density may increase accordingly. Figure 1.7 illustrates the CV of the electrodes and

the charge/ discharge behaviour of the devices with different paired electrodes.

13
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Figure 1.7 Schematic illustration of selecting and pairing various electrodes to

assemble different types of energy storage devices.

Obviously, a rechargeable battery consists of two battery-type electrodes while a
supercapacitor consists two capacitive-type electrodes. Besides, there are also many
other choices for selection and pairing of electrodes. Typically, ion capacitors are
fabricated by pairing battery-type electrode and capacitive-type electrode, and
supercapatteries are assembled with pseudo-battery type electrodes. However, there
may still be many devices that cannot fit in to any of the above terminologies, then the
denotation of supercapattery may extend to describe all the energy storage devices apart

from rechargeable battery and supercapacitor. Figure 1.8 presents the classification of
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energy storage devices with various selection and pairing of same or different electrodes.

Further discussion on the detailed mechanisms will be explained in chapter 2.

; Supercapatter
Energy Storage Devices S pEE R ? . . . Battery
EDLC Pemrihean e Supercapattery Ion capacitor
CM CM CcM PCM | PCM | CM PCM | PBM | PBM CM BM
Electrode Materials I 11 11 I 11 II II I IT II 1T
CM CM PCM | PCM | PCM | PBM | PBM | PBM | PBM BM BM

CM: capacitive material

PCM: pseudocapacitive material

BM: battery material

PBM: pseudo battery material

I: symmetric device using same electrode material

I1: asymmetric device using different electrode material

Figure 1.8 Classification of energy storage devices with various selection and pairing

of same or different electrodes.

1.3 Research Objectives

The evolution of implantable medical devices has led towards leadless systems, which
require a miniaturized power source with long cyclic stability. Conventional
rechargeable batteries are very expensive and cannot be used in implantable application
due to their limited life cycle. Among all the different types of energy storage devices
described in the previous section, supercapatteries, which combines the high power
capacity and short charging/discharging times of a supercapacitor with the greater
energy density of batteries, can be an attractive power source for the next generation
self-rechargeable pacemaker. With high energy density, the device should be able to
provide enough power during cardiac emergency, which requires good stability once

fully charged.

Thereby, the aim of this study is to develop nanomaterial based supercapatteries to store
the energy from heartbeats through a piezoelectric device and drive the pacemaker to
deliver the electrical impulses during emergency. This device is required to survive for
at least 20 years inside the pacemaker with enough retention capability after thousands

of charge-discharge cycles.
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To fulfil the objectives, the main tasks of this research work include:

=  Development of different nanostructured electrode materials and the growth
mechanism study

= Characterization of the synthesized nanomaterials and the modification of their
morphologies

= Understand the electrochemical storage mechanism of the fabricated electrodes
and electrochemical performance characterizations

= Design of prototype supercapattery devices

= Measure electrochemical performance of assembled supercapattery devices

= Self-discharge behaviour and leakage current study on the fabricated
supercapattery devices

= Investigate performance of the supercapattery under physiological temperature

range

1.4 Thesis Outline

This thesis is organized in six chapters, and the general content of each chapter can be

summarized as below:

In Chapter 1, implantable medical devices, evolution and their power sources are
introduced. The similarities and differences of three different energy storage devices

are elucidated. The classification of different types of supercapatteries are clarified.

In Chapter 2, a literature review is performed on the energy storage mechanism in
electrode materials, including capacitive materials, pseudocapacitive materials, battery-
type materials and pseudo-battery type materials. Selection and pairing of electrode

materials and electrolytes are introduced.

In Chapter 3, the experiments associated with nickel foam (NF) supported materials
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fabrication, structural and characterizations of the fabricated materials are described.
The crystal structures of fabricated materials were analysed using X-ray diffractometer
(XRD Philips PW3710-MPD diffractometer with Cu Ka radiation, A=1.54 A). The
surface morphology and compositional analysis of the fabricated electrode materials
were studied using scanning electron microscope (FEI QUANTA 650 HRSEM) with
an energy-dispersive X-ray spectrometer (EDX Oxford Instruments INCA energy
system) and high resolution transmission electron microscope (JEOL HRTEM-2100 at
200 kV). The Raman spectra was recorded with the Renishaw (RA 100) in Via confocal
Raman Microscope at 514.5 nm excitation and the X-ray photoelectron spectroscopy
(XPS) analysis was performed on a Kratos Ultra DLD spectrometer with A1 K o (1486.6
eV) as the X-ray source. To avoid contribution of Ni from the NF, the EDX and TEM

measurements were carried out for the powder samples scratched off from the NF.

In Chapter 4, the four different fabricated materials were investigated using a three
electrode system using platinum wire (Pt) and saturated calomel electrode (SCE) as
counter and reference electrodes, respectively. The synthesized electrodes were cut into
1x1 cm? size and tested in inorganic aqueous sodium hydroxide / potassium hydroxide
solution. The electrochemical measurements, including CV, chronopotentiometry (CP),
and alternative current impedance techniques were conducted using a CHI 660C
electrochemical workstation and a Biologic VSP Modular 5 channel potentiostat. The
electrochemical mechanism of the synthesized materials was understood, and the
electrochemical properties of the materials were analyzed. In addition, the studies on
the electrochemical properties of cobalt phosphate electrode was carried out between

25 -45 °C and explained.

In Chapter 5, four different supercapatteries were assembled using synthesized
materials as positive electrode and activated carbon as negative electrode. The
balancing of two electrode were discussed and approved by experiments. The
electrochemical properties of the fabricated supercapatteries were investigated using

CV, chronopotentiometry, and alternative current impedance techniques using a CHI
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660C electrochemical workstation and a Biologic VSP Modular 5 channel potentiostat.
The electrochemical properties of the supercapattery device were analyzed and
discussed. The application of LED lighting was investigated for the devices and
moreover cobalt phosphate based supercapattery was investigated between 25 - 45 °C

and discussed.

In Chapter 6, a summary of the current work presented in the thesis and its novelty are
provided. Suggestions provided for future works that will be necessary to develop new
3D structured on carbon/silicon based substrate as supercapattery electrode for next

generation pacemaker and other applications.
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Chapter 2 Development Trends of
Supercapattery electrode materials

2.1 Introduction

Recent research efforts that have been devoted to advancing electrode materials for
energy storage devices, most often involved lithium or sodium based intercalation

materials’®%2,  carbon based materials’>**®, metal oxides®**>%¢  conducting

8788 and in recent year’s metal-organic frameworks (MOFs)**®!. In order to

polymers
achieve high electrochemical performance, optimization of the material structure and
morphology is crucial. Nanostructure morphology of the electrode material can bring
drastic variation in their electrochemical properties. Due to the high surface to volume
ratio of the nanostructure, the specific surface area of the electrode material can be
increased and consequently enhance the electrochemical performance of the storage
device. Nanostructure morphology of different materials may vary significantly
depending on their material composition, crystal structure and manufacturing method.
The various structures of different electrode nanomaterials are depicted in Figure 2.1.
In general, nanomaterials can be classified in four major categories based on their
structural complexity from zero dimensional (0D) to three dimensional (3D)
nanostructures. Basically, 0D nanostructure refers to spherical nanoparticles with
diameters ranging from a few to tens of nanometers, including core-shell nanoparticles
and nanoparticles loaded with nanospheres, while 1D nanostructure such as nanowires
and nanotubes can provide a direct pathway for efficient charge transport. More
complex 2D and 3D nanostructures often refer to nanosheets/ nanofilms and
stereoscopic heterogeneous architectures, respectively. Due to the structural
interconnectivities, the nanomaterials demonstrate great potential as candidate
electrodes for electrochemical energy storage devices. In this chapter, fabrication
techniques, nanostructure morphology, and electrochemical properties of these

different types of nanomaterials will be discussed.
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Figure 2.1 Schematic of heterogeneous nanostructures based on (a) 0D, (b) 1D, (¢) 2D,

and (d) 3D nanostructures.®?

2.2 Capacitive Materials

Carbon based materials are widely investigated as high performance supercapacitor
electrode materials due to their high surface area, high conductivity, low cost, and
established electrode production technologies. As discussed in section 1.2.1, the energy
storage mechanism of these material is the double layer formed at the interface between

the surface of electrode and electrolyte. Many studies aim at fabricating different types

93-95 73,96,97
b

of carbon based materials such as activated carbon’ ™, carbon nanotubes

98-100

graphene and their composites’”!°! (Figure 2.2), some of which will be described

in the subsequent sections.



93,102-104.

Figure 2.2 Electron microscopy images of high surface area carbon materials
(a) activated carbon, (b) graphene, (c) carbon nanotubes, and (d) graphene sheets-

carbon nanotubes

2.2.1 Activated carbon

Among different carbon based materials, activated carbons (AC) are widely used as
electrode materials in supercapacitors. Activated carbons (AC) are obtained from
different carbon based organic precursors, such as cola, corn grain, wood, peat,
nutshells, leaves, and straw.””195-1% Generally, AC can be obtained by either thermal
(also called physical) or chemical activation process. The physical activation involves
carbonization and gasification by the treatment of high temperature (700 to 1200°C)

N0 4y the case of

treatment in the presence of an oxidizing agent like CO» or steam.
chemical activation, the precursor reacts with chemical reagent such as sodium

hydroxide, potassium hydroxide, phosphoric acid, and sulfuric acid.''"!'> The obtained
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porous structure of AC can be broken down and named as micropores (< 2 nm),
mesopores (2 — 50 nm) and macropores (> 50 nm) according to their size. Thereby, the
surface area of AC is usually in the range of 1000-2000 m? g!, and even up to 3000 m?
g'lin some reports, which can enhance the electrochemical capacitance.!!®!!” Table 2.1
summarizes different precursors, the Brunauer—Emmett—Teller surface area (BET-SA)

and capacitance of some previously reported ACs.

Table 2.1 Electrochemical performance of activated carbons in the earlier reports.

BET-SA | Capacitance
Precursor Activation Method Ref.
m? g'! Fg!

Melamine mica 30% HNO3 + ammonia treatment 3487 148 18
Polyvinyl alcohol Chemical-KOH 2218 147 19
Glucose Chemical-ZnCl, KOH 2150 4
Tobacco Chemical-KOH 1297.6 148 120
Rubber wood sawdust Chemical-NaOH H3PO4 693 129 121
Poly Physical-CO, 1360 196 122
Carbon aerogels Chemical-KOH 428 152.6 123
Celtuce leaves Chemical-KOH 3404 273 106
Seed shell Chemical-KOH 2100 355 124
Camellia oleifera shell Chemical-ZnCl, 2080 230 107

One of the disadvantages of activated carbon powders is that they needed to be mixed
with binders to coat on the current collectors, which may block some of the pores and
reduce the effective area. In addition, the pore size distribution in AC powders is hard
to optimize during the activation process. Thereby, some regions of the activated

material do not contribute to capacitance.

2.2.2 Carbon nanotubes

Carbon nanotubes (CNT) have drawn much attention due to their unique structure
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obtained by the catalytic decomposition of certain hydrocarbons under different
manipulation parameters.!'> As CNTs can be grown on the conductive substrates
directly, the whole surface of the CNT can be exposed to the electrolyte during the
energy storage process, which may enhance the performance. Moreover, the resistance
between the activated material and the current collector is less as compared to activated
carbon. Thereby, the specific capacitance of CNTs is mainly controlled by the purity
and morphology of the material. The capacitance of CNT is normally limited to 200 F
gl due to the hydrophobic property of the surface. Table 2.2 summarized the

capacitance of reported CNT electrodes.

Table 2.2 Electrochemical performance of carbon nanotubes in the earlier reports

BET-SA Capacitance
Activation Method Electrolyte Ref
m? ! Fg!

Chemical KOH 1050 65 1.4 M TEABF,4 in AN 125
Catalytically grown + HNO3 430 102 38 wt % HaSO4 126
Ammonia plasma 86.5 207 6 M KOH 127
Chemical KOH 1050 90 6 M KOH 125
CVD method 259 300 6 M KOH 128
Chemical HNO3 430 104 38 wt % H2S04 129

CNTs can be categorized as single walled carbon nanotubes (SWCNTs), multi-walled
carbon nanotubes (MWCNTs), and both are widely investigated as electrode materials.
Due to the low CNT density and surface are, the capacitance and energy density of CNT
based EDLS is limited. Thereby, recent efforts are focusing on developing composites
materials over CNTs to enhance the electrochemical performance. Further details are

discussed in section 2.2 .4.

2.2.3 Graphene

Graphene is a one atom thick sheet 2D structure of sp? bonded carbon atoms arranged
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in a hexagonal lattice, which can be an ideal material for energy storage devices due to
its large surface area, rate and cyclic stability, excellent electrical conductivity, and
good chemical and thermal stability.””-!3® Compared to the other carbon based material
such as activated carbon and carbon nanotubes, graphene has drawn much attention due
to the wide potential window it can be cycled in, abundant surface functional groups
and having no issues associated with the distribution of pore sizes. The theoretical
capacitance of fully utilized graphene is 550 F g, however, the fabrication process is
crucial to achieve this capacitance. There are many methods of producing different
types of graphene such as thermal reduction, chemical vapor deposition (CVD), and
chemical exfoliation.!*! Graphene has been widely investigated in different electrolytes
including inorganic electrolyte (H2SOs, KOH)"*!*2, organic electrolyte (TEATFB),
and ionic liquid (N-butyl-N-methylpyrrolidiniumbis (trifluoromethanesulfonyl) imide
(PYRI4TFSI), IMIMTFB) 71133, Table 2.3 summarized the graphene electrode

developed through different methods and their performance.

Table 2.3 Electrochemical performance of graphene electrode in the earlier reports

BET-SA Capacitance
Exfoliation Method Electrolyte Ref
m? g’! Fg!

Thermal exfoliation 737 233 2 M KOH 134
Electrochemical reduction 165 0.1 Na,SO4 133
Chemically reduced 320 205 30 wt% KOH 135
Microwave expanded 463 191 5 M KOH 136

- 282 6 M KOH
CVD + N-doping 7

- 220 TEATFB
Hydrothermal 830 223 H2SO04 138
N-doping 190 217 6 M KOH 139

It 1s worthy to point out that graphene suffers from the agglomeration of restacking
back to graphite, and the reported surface area is far below the theoretical specific value

of 2630 m* g'!. Thereby, the structure modification is crucial. The last three electrodes
24



in Table 2.3 exhibit better electrochemical performance, which may due to
manipulation of local electronic structures by nitrogen doping. Furthermore, there are
also ongoing efforts to develop graphene based composites with conducting polymers

and metal oxides, which are discussed in the following section.

2.2.4 Carbon based material composites

The study of hybrid materials has drawn much attention in recent years. As a matter of
fact, most investigated hybrid materials combine highly conductive carbon allotropes ,
conducting polymer, and electroactive oxides to improve the energy density in
supercapacitors.'#®!4! A co-reduction process was developed to reduce dispersed
graphene oxide and single walled carbon nanotubes simultaneously and obtained a high
specific capacitance of 261 F g'! for a single electrode and a high energy density of 123
Wh kg! in the two-electrode configuration.’® A hollow polypyrrole (PPy) modified
nitrogen-doped graphene (NG/H-PPy) was prepared by in situ chemical oxidative
polymerization process. The specific capacitance of NG/H-PPy composites was 575 F
g! and the energy density was 47.92 Wh kg!.'¥* Research was carried out on the
comparison between pure carbon nanotubes, pure MnO; and their composites (Figure
2.3)!%!, MnO, microsphere-coated CNTs exhibited a highly porous structure. The
surface area of the composite was found to be 237.8 m? g”!, which is much higher than
that of the pure MnO> (42.1 m? g'!) and pristine CNTs (95.7 m? g'!). In another study,
MnO; modified CNTs were prepared via electrochemical deposition technique, where
the addition of 2-3 nm MnO; layer improve the composite capacitance significantly

(465 F g1).57
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Figure 2.3 FESEM images of (a) the pristine CNTs, (b) the flower-like MnO> powder,

and (c-d) the MnO2/CNT nanocomposite at different magnifications.

The structure of graphene composites can help to avoid the restracking of graphene
sheets, while graphene offers a uniformly dispersed controlled nanostructure to enhance
the overall surface area. The obtained capacitance of the composite is usually higher
than the individual material. Also, other electrochemical performance such as cyclic
stability, rate capability, energy density, and power density may also be improved owing
to the integrated three dimensional (3D) structure. As an example, a nanocomposite of
mesoporous MnO; nanospheres anchored on reduced graphene oxide was synthesized
by a simple and inexpensive reflux reaction delivered a specific capacitance of 466.7 F
g 1.5 Another composite of a-MnS anchored nitrogen-doped reduced graphene oxide
nanosheets was fabricated by one-pot solvothermal approach, and exhibit a high

specific capacitance of 933.6 F g!.!#

In summary, the carbon based material exhibit a negative potential window and limited
capacitance up to 300 F g! due to the electrostatic storage mechanism and exceptional
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cyclic stability over 100,000 charge-discharge cycles. The electrochemical performance
may be enhanced by coating a layer of activated material with multiple functional
groups. Further study is required to develop novel carbon based composite for energy

storage devices.

2.3 Pseudocapacitive Materials

Pseudocapacitance is used to describe the materials such as RuO,***°, Mn0,°%>!, which
show capacitive electrochemical properties (like carbon) through Faradaic reaction
mechanism. In detail, these materials exhibit a rectangular shape current/ voltage profile
and linear dependence of the charge stored with charging potential by chemical redox
reaction. RuO; and MnQO; based materials have been widely investigated due to their
high theoretical capacitance of 2000 and 1370 F g'!, respectively. RuO: has a good

144 while MnO; is more suitable for the neutral solution.>

stability in acidic electrolyte
The pseudocapacitive mechanism of these material is the chemical reversible redox

reaction between the activated material and the specific electrolyte ions. The reactions

of RuO2 and MnO; can be expressed using the following equations: 43147
RuO, + xH* + xe™ & Ru0,_,(OH), Equation 2.1
MnO, + M* + e~ & MnOOM Equation 2.2

Where x is the number of transferred protons during the reaction and M* represents

the protons or alkali metal cations in the electrolyte such like Li*, Na™ and K.

It is a remarkable fact that RuO> has a wide potential window of 1.2 V in inorganic
electrolyte.'*? Besides, it exhibits high proton conductivity, long cyclic stability, high
rate capability and good thermal stability.!**!*® So far, a specific capacitance of 1500 F
g has been achieved by electroplating RuO> on highly conductive nanoporous gold,
which is close to the theoretical value.'** However, the high cost and rarity of Ru make
it difficult for large scale production. Thereby, the study on developing RuO; based

composites are now highly focused. RuO2/TiO2 nanotubes composites were
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synthesized by loading various amounts of RuO> on TiO> nanotubes, and a maximum
specific capacitance of 1263 F/g was obtained for the Ru0,.!*° Furthermore, RuO»
modified carbon based materials have also been widely studied, including
RuO»-xH,O/carbon  nanofibers!®!, polyaniline/Nafion/hydrous Ru0,'>2, RuO;

nanoparticles/carbon nanotubes'>?, and cone-shaped polypyrrole/RuO,'>*.

MnO:; is an alternative ideal pseudocapacitive type material due to the low cost, low
toxicity and environmental safety.!*’ The capacitance and cycling stability of MnO» is
mainly determined by the microstructure and chemical hydrous state.'>> Since the high
crystallinity of manganese oxide may limit the proton exchange, the modification of
morphology and composition is crucial during the fabrication process.!>® Various
allotropic forms of MnO; were synthesized following dedicated preparation routes and
the 3D structure delivered the best performance.!* Moreover, the electrochemically
active surface area of MnO; could also be enhanced by growing over specific substrate
or other material.'>”!*® Interestingly, MnS and Mn3(POs4), also demonstrates

159-161 '\which is due to the successive surface redox reaction

pseudocapacitive behaviour
during the process.!®> Manganese based material are not suitable for symmetric energy
storage devices owing to the positive working potential, however, they have the

potential to assemble the hybrid system as a good positive electrodes.'

2.4 Battery-type Materials

Ion capacitors are hybrid devices that combine a battery type material as anode and
carbon based material (usually activated carbon) as cathode, which demonstrate an
electrochemical behaviour similar to capacitors. Theoretically, ion capacitors can
combine the advantages of batteries and supercapacitors, which means high energy
density, high power density, large potential window, and long cyclic stability. Ion
capacitors combine the two different mechanism of adsorbing/ desorbing on one
electrode surface and Li"/Na" ion intercalating/ de-intercalating in the bulk of the other

electrode.!® Various battery type electrode materials can be used as anode such as
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LiMn204, TiO2, LiNio sMnj 504, LizV2(PO4)3.716416¢ So far, these materials are usually

tested in liquid electrolytes, which may cause serious safety issues due to the leakage.

Table 2.4 summarizes the reported ion capacitor and their performance.

Table 2.4 Electrochemical performance of ion capacitors in the earlier reports.

Energy
Electrode materials Cyclic
Electrolyte density Ref
stability
Cathode Anode Wh kg!
1 M LiPF6 in
LiMn,0O4/graphe Activated 500
EC:DEC:DMC=1:1: 38.8 164
ne carbon (90.6%)
1, vol%
Activated IM LiPF¢ in EC:DMC =
Li5R606 40 - 167
carbon 1:1, vol %
Activated IM LiPF¢ in EC:DMC = 4000
MoO; 150 168
carbon 1:1, vol % (85%)
Carbon 6000
LisTisO12 1 M TEABF,4 63 169
nanosheet (97%)
Activated IM LiPFe in EC:DMC = 4000
Ti02-rGO 50 166
carbon 1:1, vol % (82%)
Carbon IM LiPF¢ in EC:DMC = 5000
MnO/C 100 170
nanosheets 1:1, vol % (70%)
Core-derived Core-derived IM LiPF¢ in EC:DMC = 5000
124.8 171
carbon sheets carbon sheets 1:1, vol % (66%)
Peanut shell Peanut shell 1 M NaClO4 in EC:DMC 10,000
201 81
nanosheet carbon | ordered carbon =1:1, vol % (72%)
High-quality Activated 1000
0.5 M Na,SO4 30 172
Prussian blue carbon (97%)

Apart from the Li ion system, Na, K and Al ions have the potential to be applied in the
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ion capacitor. Na and K has a low redox potential of -2.71 V for Na*/ Na vs. SHE and
-2.93 V for K'/K vs. SHE, while Al engages a three-electron transportation during the
redox reaction.!>'”* However the investigation in ion capacitor is still rare in the
literature, where more study on the in situ characterization techniques and the evidence

about the reaction mechanism is desired.

2.5 Pseudo-battery-type Materials

As mentioned in chapter 1.2.1 many materials such as NiO®*6! C0304%2, Ni(OH),!"#,
and CoHPO4!” are presented in the literature as pseudocapacitive materials, which is
technically inaccurate.®> These materials do not exhibit capacitive behaviour of
rectangular CV and linear charge-discharge curve like carbon based material. On the
other hand, their Faradaic reactions are not dominated by intercalation/ de-intercalation
mechanisms like a lithium/ sodium ion battery, but are controlled by diffusion and
absorption on the electrode surface. The word pseudo means almost and approaching,
thereby these materials, which have battery-like behaviour but no intercalation or huge
structure changing by alloying and conversion, should be named pseudo-battery-type

material.

In terms of fabrication, different methods were used for preparation of the nanostructure
oxide materials, such as hydrothermal, sol-gel, microwave, electrodeposition etc.!”®
The hydrothermal method is one of the simplest and cheapest ways to fabricate the
materials using water soluble metal precursors at high pressure and temperature. Using
this method, not only powder samples can be fabricated, but it also allow materials to
be grown on different substrates.®*’” Another easy and effective procedure to obtain
pure and homogeneous nanomaterials is sol-gel.!”” The concentration of the component,
solvents, temperature and reaction time are the main factors to determine the purity,
homogeneity and porosity of the final product. Electrochemical deposition is a process
by which a thin and tightly adherent desired coating of metal, oxide, or salt can be

deposited onto the surface of a conductor substrate by simple electrolysis of a solution
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containing the desired metal ion or its chemical complex. Electrochemical deposition
of metals and alloys involves the reduction of metal ions from aqueous, organic, and

fused-salt electrolytes.!”®

2.5.1 Metal oxide based materials

It is well accepted that metal oxides are promising materials for energy storage devices
due to their high theoretical capacity (NiO'” 359 mAh g/ 2584 F g'!, Co304'%° 445
mAh g/ 3560 F g!), controllable structure and simple fabrication methods.'®! Nickel
oxide has been widely investigated because of its low cost, easy synthesis, and
environmental friendliness.” Figure 2.4a shows the CV graph of NiO in 1 M KOH
electrolyte at different scan rates. Two obvious redox peaks indicate the electron
transfer and the valence change of the nickel during the process. The peak shifted with
increasing the scan rate exhibit the quasi-reversible reaction of nickel oxide. The

Faradaic reaction of NiO in alkaline electrolyte is:

NiO + OH™ & 2 NiOOH + e~ Equation 2.3
(@) (b)
] 5mVs’ 10 mvs”
e ——20mVs"' ——30 mVs"
0.04 | ——40 mVs" 50 mVs"'
< 0.02
] /%
3 -0.02
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Figure 2.4 Cyclic voltammograms of (a) NiO film electrode at different scan rates in 1
M KOH aqueous solution,'®? (b) NiO/CFC nanostructure at different scan rates in 1 M

TEABF4/PC organic electrolyte.”

The maximum capacitance (2018 F g™ at 2.27 A g!) of NiO was obtained by Zhiyi et
al,%! and the rate capacity was over 76% (1536 F g at 22.7 A g™"). NiO also showed
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stable electrochemical activity in organic electrolyte (1 M TEABF4 Figure 2.4b)">. The
assembled symmetric device demonstrated a wide potential window of 2 V with a good

energy density of 19.4 Wh kg™!.

Similarly, cobalt oxide has attracted much attention due to its various nanostructure
possibilities (Figure 2.5) and excellent reversible redox behaviour during the chemical
reactions. Co3O4 nanotubes displayed good specific capacitance of 574 F ¢! in 6 M
KOH solution,'® while Co304 nanowires delivered a high specific capacitance of 1525

F g—1.62

62,76,183,184

Figure 2.5 Different nanostructured cobalt oxide materials.

Instead of single metal oxides, binary transition metal oxides have drawn attention as
active materials for energy storage device, which possess multiple oxidation states to

realize multiple redox reactions. Different binary transition metal oxides have been
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reported to exhibit better electrochemical properties than single component metal
oxides, such as NiFe>04'%, FeC0,04'%, NiC0,04'%7 with a high specific capacitance of
1135.5F g!, 2445 mA h g'!, and 506 F g!. These materials show unique performance
due to the coexistence of two different cations in highly porous nanoflake/nanoflower
structure (Figure 2.6). The surface area of binary metal oxides may be larger than single

metal oxides, thereby it may enhance the overall electrochemical performance of the

electrode materials.

Figure 2.6 (a) SEM image of FeCo,04-Nanoflowers on nickel foam after calcination
at 400 °C for 2 h in air, (b) SEM image of NiCo2,04 nanosheets after calcination at 200
°C for 3 h in air, (c) SEM image of NiC0204 nanoflowers (d) SEM image of CoMoO4

nanoflakes structure on carbon fibre cloth.””186-188

Among different types of binary systems, NiCo204 is one of the most investigated
materials due to its much better electrical conductivity and higher electrochemical
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activity compared to monometallic nickel oxide or cobalt oxide. However, due to the
powder-form of this material, to fabricate the bulk electrode requires a polymer binder,
which hinders the electron transport from the oxide materials to the current collector.
Thus the ion transport kinetics in the electrode and electrolyte is limited. To solve this
issue, growing the materials over a conductive substrate becomes an attractive choice.

Yunhuai et al. '®

reported the fabrication of self-supported Ni-Co oxide nanowires
grown on TiO; nanotubes. By controlling the molar ratio of 1:1, the specific capacitance
of single electrode was calculated to be 2545 F g'! while the theoretical capacitance was
calculated to be 3108 F!. A symmetric device based on this material was also

investigated. Due to the limited diffusion space in a two electrode system, the lab

handmade cell only demonstrated 187 F g! at current density of 1A g™!.

Since both nickel and cobalt are heavy metals and are harmful to the environment, an
abundance, cheap, and environmentally friendly metal such as iron becomes an ideal
candidate to replace nickel or cobalt in NiCo204. Due to serious aggregation and low
specific surface area of active sites, both NiFe,O4 and FeCo,04 were reported as grown
on some 3-dimensional conductive substrates like nickel foam or carbon fibre cloth.
Hong et al. fabricated high performance NiFe>O4 nanoparticles over carbon cloth with
a specific capacitance of 1032 F g in H»SO4 and 871 F g'! in KOH. '* In addition,
after 3000 cycles, the capacitance remains more than 91% in both electrolyte systems.
In the case of PVA-H>SO4 gel electrolyte based symmetric device, an energy density of
2.07 mW h cm™ was calculated at 2 mA cm™. Even at a current density of 10 mA cm™,

the energy density remains at 0.56 mW h cm™,

Compared to carbon materials, metal oxide materials give higher specific capacitance
because of the different mechanism of chemical redox reaction. However, the surface
area of metal oxide materials are limited to 300 m? g, mostly around 100 m* g! or
even less. Due to the big atom size, aggregated particles form by the fabrication method,
and the small pore on the layer-by-layer structure, increasing the surface area becomes

a big challenge for metal oxide materials. Recently, much effort was focused on
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developing core-shell structured material such as MnCo20s@Ni(OH):!*°, NiCo0,S4
nanotsheets@NiCo0,S4 nanotube'®!. These hybrid electrodes exhibit a significant
improvement on the surface area and further improves the electrochemical properties

of the material.

2.5.2 Metal phosphate based materials

Metal phosphate based materials exhibit huge potential as promising electrode material
for energy storage devices. Phosphorus can react with most of the elements in the
periodic table to form various phosphides and phosphates. Many lithium metal

192,193 while

phosphates have already been commercialized in battery manufacturing,
nickel or/and cobalt phosphates were widely investigated in the past decade as positive
electrode for hybrid devices. The phosphates present good ion conductivity and charge

storage capacity due to the open structure with large channels and cavities,'** and good

chemical stability according to the covalent bonds of P-O.

In general, metal phosphate electrodes are synthesised via simple hydrothermal process
with controllable synthesis temperature, fabrication time, and other conditions. Various
structures can be obtained such as nanoparticles, nanoflakes, nanoflowers, and
nanorods. (Figure 2.7). Other methods such as chemical precipitation and aqueous-
based reflux can also be applied due to the low cost and simple process, and the
structure and morphology can be modified by an extra calcination process to obtain

195,196

highly stable phosphates.

The phosphate-based materials exhibit a pseudo-battery type behaviour similar to the
oxide based materials. The Faradaic reaction of metal phosphate in alkaline electrolyte

is as follows:
M3(P0O4), + OH™ & M3(P0,),0H + e~ Equation 2.4
M3(P0O,),0H + OH™ & M3(P0,),(OH), + e~ Equation 2.5
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M3(P0,),(OH), + OH™ & M3(P0,),(OH); + e~ Equation 2.6

where, M represent transition metals like Ni, Co, etc.

Figure 2.7 SEM images of (a) nickel phosphate nanoparticles, (b)nickel phosphate

nanoflakes, (c) cobalt phosphate nanoflowers, and (d) cobalt phosphate nanorods.!*7-2%

To date, a specific capacitance of 1876 and 1578 F g! have been achieved for nickel
and cobalt phosphates .%2%! The nickel-cobalt binary phosphates demonstrate higher
electrochemical performance due to the synergistic effect of nickel-cobalt species.
Thereby, the Ni3P>0s-Co3P>0s nano/ microflower achieved 1980 F g in 6 M KOH
solution with excellent cyclic stability over 90% after 1,000 cycles.??? Table 2.5
presents a comparison of electrochemical performance for different metal phosphate
based electrode in three electrode configuration. There still remain doubts on how many
electrons are transferred during the redox reaction for this phosphate. Thereby, further

in-situ characterizations are crucial to understand the behaviour of the phosphates in
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the chemical redox process.

Table 2.5 Comparison of electrochemical performance for different metal phosphate

based electrode in three electrode configuration.

Specific Applied
Material Electrolyte Cycles | Retention | Ref
Capacitance | Current
Fg'! Ag! %

(NH4)(NiCo)PO4-0.67H,O | 6M KOH 1128 0.5 5000 95.6 203
C00.4Nij 6P207 3M KOH 1259 1.5 1000 34.09 204
Co0.36N12.14(PO4)2 2M KOH 1409 0.25 2500 57.8 205
Co11(HPO3)3(OH)s 3M KOH 312 1.25 3000 89.4 206
Co2P204 3M KOH 367 0.625 3000 96.2 196
Co03(PO4)2 3M KOH 210 10 mVs'! 800 95 207
Co03(PO4)2 3M KOH 1174 2 - - 208
Co3(PO4)2-8H0 3M KOH 350 1 500 102 199
CoHPO4:3H,0 3M KOH 413 1.5 3000 85.1 175
MOF-NixP,0, 2M KOH 1627 1 2000 76.82 195
NH4Co2Ni3PO4-H2O 3M KOH 1567 1 3000 97.6 209
NH4CoPO4-H2O 3M KOH 662 1.5 3000 92.7 210
NH4CoPO4HO 3M KOH 369.4 0.625 400 99.7 200
Nii(HPO3)s(OH)s 3M KOH 558 0.5 10000 97.6 21
Nii(HPO3)s(OH)s 3M KOH 1876 0.625 2000 95 201
Ni,P,07 3M KOH 1050 0.5 6000 90.5 212
Ni3(PO4)2 3M KOH 265 20mVs! [ 1000 97 213
NizP20s-Co3P20s 6M KOH 1980 0.5 1000 90.9 202
NixCo3.x(PO4)2 IM KOH 940 1 1000 84.5 214
NixCo3.x(POas)2 3M KOH 1132 1 8000 93 215
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2.5.3 Other materials

Other materials like sulphides and phosphides have also been studied in the past
decades.?!®?!7 Ni3S; coated indium tin oxide core-shell structures exhibited excellent
capacitance of 1865 F g'! and the assembled symmetric devices delivered a maximum
energy density of 1.02 mWh cm™.2!® Ni;xZnxS multilayers showed a capacitance of
1815 F g'! and the complete cell demonstrated a specific energy of 38.9 Wh kg™!.2!7 In
addition, NiP amorphous delivered a capacitance of 1597.5 F g! at an applied current
of 0.5 A g’!, and ~50% of the capacitance remained when the current increased to 8 A
g’!. An asymmetric supercapattery was assembled using Co2P nanoflowers as positive
electrode and graphene as the negative one. The device demonstrated a specific energy
of 24 Wh kg™! with 97% retention after 6,000 charge-discharge cycles.?!® Interestingly,
fluorides and chlorides offer a high theoretical specific and volumetric capacities so
that they are investigated as supercapattery electrodes.!>*!? (Figure 2.8) A 3D
nanoporous NiF2-dominant film was deposited on a flexible PET substrate, and
produced a maximum capacitance of 66 mF cm™.?** A wide potential window of -1.4
V to 1.4 V was applied to convert NiF> to Ni(OH), to obtain good electrochemical
performance. However, conversion of NiF, and Ni(OH); is not reversible so that it is
hard to distinguish the contribution of fluoride and hydroxide in the system.

Furthermore, the cyclic stability may be limited.

In summary, four categories of the supercapattery electrode materials were discussed
in terms of their preparation process, microstructure, and electrochemical applications.
Carbon based materials have extremely high stability during long charge-discharge
cycles but suffer from the low capacitance and energy density. Battery type materials
(for ion capacitors) are facing the safety issues due to the leakage of liquid electrolytes.
Pseudo-battery type materials have a huge potential for supercapattery applications due
to the abundant resources, high theoretical capacity, easy fabrication process, various

morphologies, good cyclic stability, low toxicity, and environmental friendliness.
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Figure 2.8 Approximate range of average discharge potentials and specific capacity of

some of the conversion-type cathodes.!?

2.6 Supercapattery Performances

Different nanostructured electrode materials have been investigated recently as
electrodes for the fabrication of supercapattery cell. However, to bring a material study
to a commercial product is a long process and therefore, fabrication of complete
supercapattery cells in the lab has started to draw more attention in recent years. Both
the symmetric (using same material) and asymmetric (pairing different materials)
supercapattery cells were reported and the asymmetric cells give better
electrochemistry properties due to the combination of two different materials, which
can easily broaden the potential window and enhance the performance of the complete

cell.
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2.6.1 Selection of Electrode Materials and Electrolytes

Since one specific material normally displays either positive or negative working
potentials in the specific electrolyte, a large potential range may be obtained by
combining a positive potential material and a negative one. Notably, supercapattery
attracted much interest because it combines two different mechanism in one system.
The benefit of building a hybrid device is to obtain high energy from the battery-type/
pseudo-battery type material and coupling this with the ability to deliver high power
from supercapacitor-type material is attractive for the energy storage community. As a
capacitive material, activated carbon is now the most popular electrode for both hybrid
supercapatteries and ion capacitors due to its excellent electrochemical performance in
inorganic, organic and ionic electrolytes. Interestingly, the material behaves differently
in different electrolytes, which is related to the different reaction mechanism, diffusion
efficiency, and charge transfer efficiency. Thereby, it is crucial to select an electrolyte
which is suitable for both electrode materials. Overall, aqueous electrolytes are widely
used in various energy storage devices due to their high conductivity and high ionic
concentration.””! However, the aqueous electrolytes suffer from small working
potential windows, which limits the energy capability. Organic electrolytes can offer a
wider working potential, but may cause serious safety issues, while ionic liquids have
an acceptable conductivity and are mot flammable, they are not cost-effective.’*?
Thereby, the understanding and optimisation of electrode pairings and electrolyte
selection are needed to be explored further through fundamental study on their

electrochemical mechanism.

2.6.2 Comparison of Different Types of Supercapatteries

Much effort has been made in studying ion capacitors and hybrid supercapatteries. Both
of these devices belong to supercapattery group (as discussed in chapter 1.2.1-1.2.2),
but the energy storage mechanism and electrochemical properties are significantly
different. In general, the hybrid ion capacitor couples a high capacity bulk intercalation
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based battery-style negative electrode and a high rate surface adsorption based
capacitor-style positive electrode. The anode material is usually a Li/ Na doped material,
while the cathode materials are usually carbon based materials and the electrolyte is an
organic electrolyte with dissolved lithium/ sodium ion salt. The energy storage
mechanism in ion capacitors is dominated by intercalation/ de-intercalation mechanism
like a lithium/ sodium ion battery. However, the hybrid supercapattery is another type
of storage device, which has no intercalation/ de-intercalation ions in the system. In
supercapattery, the energy storage mechanism is a diffusion controlled reversible redox
reaction on the electrode surface. Thereby, ion capacitors exhibit several times higher
energy than the hybrid supercapattery, but the latter can survive more than 10,000
charge/ discharge cycles. Table 2.6 enumerates the differences between the two

different supercapatteries.

Table 2.6 Comparison of ion capacitor and supercapattery.

Specification Ion Capacitor Hybrid Supercapattery
Positive
Ion adsorption electrode Metal oxide/sulphate/phosphate, etc.
Electrode
Negative Activated carbon or other material with
Li/Na doped electrode
electrode negative window

. . Inorganic aqueous solution
Organic electrolyte with 8 q

Electrolyte

issolved lithi ium ion sal
dissolved lithium/sodium ion salt KOH/NaOH/H,SO4

Mechanism intercalation/de-intercalation Non-capacitive Faradaic redox reaction

2.1 Prospects and Future

The study of supercapattery has entered a high-speed development period through the
development of electrode materials and complete cells. However, the following aspects
are needed to be considered during the development of a complete cell: packaging

volume, packaging materials, electrolyte materials, operating temperature range,

41



environmental friendliness, large scale production, toxicity, cost, safety, and reliability.
The specific energy/ energy density would decrease tremendously by considering the
whole packaging mass and volume when comparing to the values calculated from the
mass and area of the active materials and electrodes. Another issue is that previous
research was carried out under an ideal repeatable process, for instance, charging/
discharging measurements were operating under a fully or half voltage window setup.
However, it is sometimes impossible to achieve a fully charged or discharged condition
in the real life. Thereby, more investigation under realistic condition are needed,
including various partial charge/ discharges, self-leakage current testing and the

performance under a wide range of temperatures.
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Chapter 3 Fabrication and Material
Characterization

3.1 Introduction

For the specific application as the energy storage device of the next generation self-
charged pacemaker, the supercapattery device should work effectively, steadily, and
safely inside the human body for at least 15 to 20 years, which requires the nano/ micro
structure to offer high capacity and excellent stability. The aim of this task is to develop
novel electrode materials with enhanced electrochemical performance to be used as
supercapattery electrodes. Three dimensional network structured nickel foam substrates
have recently attracted great attention owing to the high surface area to volume ratio
offered by the highly porous structure. A nanostructured electrode material is grown
over a nickel foam homogenously, which can bring drastic variations in the capacitive
nature of electrode material and consequently increase the energy capacity of the

supercapattery device.

Precipitating nanoparticles from a solution of chemical compounds can be classified
into several major categories such as colloidal methods, sol-gel processing, water-oil
micro-emulsions, hydrothermal synthesis and polyol method. Hydrothermal method
was carried out for the nanomaterial synthesis, due to the low cost, simple operation
and fully controllable variables (temperature, pressure and composition)??*. The
following Table 3.1 shows the parameters of nanostructured materials synthesis process.
Further fabrication process and characterizations of each material are discussed in this

chapter.
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Table 3.1 Parameters of the fabricated nanostructured materials.

Temperature | Temperature | Time
Material Cation Anion Substrate
rate (°C/ h) O (h)
5 mM Ni**
NiO-In;03 Urea NF 1.5 120 12
10 mM In®*
Co03(PO4)2
2.5mM CO* | 2.5mM PO NF 1.5 120 8
-8H20
Niz(POs),
10 mM Ni?* 10 mM PO4* NF 1.5 120 4
8H,0
Co3(PO4)2 | 2.5mM CO** | 2.5mM PO,* NF 0.5 120 8

3.2 NiO-In203 Microflower (3D)/ Nanorod (1D) Hetero-
Architecture on Nickel Foam

3.2.1 Synthesis and growth mechanism

Growth of NiO-In;O3; hybrid structure on nickel foam: nickel foam was cleaned
ultrasonically in 3 M HCI, deionized (DI) water and ethanol for 15 min, respectively,
and then dried in air. In a typical process, 0.1 g NiCl2-6H>O, 0.2 g of InCl3, 0.6 g of
urea were dissolved into equal volume of DI water (40 ml) and ethanol (40 ml) mixed
solvent to form a transparent green solution. After putting in a piece of cleaned nickel
foam (4 cm x 4 cm), the solution was then transferred to a reaction vessel and kept at
120 °C for 12 h. After hydrothermal growth, the nickel foam covered with Niln-
precursor was carefully rinsed several times with de-ionized water, absolute ethanol
and acetone with the assistance of ultrasonication, and finally dried in air. Then, the
sample was put in a muffle furnace and calcined at 400 °C for 2 h to get well defined
crystallized NiO-In20O3 microflower/ nanorod hybrid structures on nickel foam. For the
sake of comparison, pure NiO, InoO3 and NiO-In>O3 hybrid composites with different
concentrations of Ni/ In (1:1 and 2:1) also prepared using the same procedure. The mass
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of the hybrid structure on nickel foam was determined by subtracting the weight before
deposition from the weight after deposition. Typical mass densities of active materials
were about ~0.5 mg cm™, ~0.5 mg cm?, ~1.5 mg cm™, ~1.8 mg cm? and ~1 mg cm™
for NiO-NF, In203-NF, NiO-In203-NF (1:1), NiO-In203-NF (1:2) and NiO-In2O3-NF
(2:1) respectively. Figure 3.1 shows the photograph of NiO, NiO-In,03 (1:2) and In203

grown on NF substrate.

Figure 3.1 Digital photograph of NiO, NiO-InoO3 (1:2) and InoO3 grown on NF

substrate.

To confirm the heterogeneous growth process, a time dependent synthesis was
conducted using the same fabrication procedure with different timings of 3, 6 and 9
hours and the growth process is schematically represented in Figure 3.2. As evidenced
from the time dependent experiments, In,O3; nucleates first as nanocubes and then
grows as 1D nanorods. Simultaneously, NiO nucleated as 2D nanosheets and
subsequently into a 3D microflower-like hierarchical architecture possibly due to

crystal-face attraction, van der Waals force and hydrogen bonds.?**
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Figure 3.2 Schematic description NiO-In>Oj3 hybrid structure growth process with the

corresponding SEM images

Finally, at the end of calcination, a well-defined and stable NiO-In2O; hetero-
microflower structure is formed as observed in the SEM images as shown in Figure 3.3
(a-f). After 3 h, only nanorods covered with irregular microcubes mainly composed of
In,O3 were present (Figure 3.3 (a and b)). At the end of 6 h, (Figure 3.3 (c and d)) a
distinct microstructure of microcubes and nanoflowers are visible. Further increase of
the growth time to 9 h, resulted in extensive growth of nano/ microflowers as seen in
Figure 3.3 (e and f). At the end of 12 h, a typical 3D-1D hybrid microstructure was
formed with the NiO-In2O3 hetero-composite. The growth process can be explained by

the following chemical processes:

(NH2)2CO (excess) + 3H,O — 2NH4OH + CO21 Equation 3.1
NH4OH (excess) — NH4" + OH Equation 3.2
2In*"+ 60H" — 2In(OH);— In,03 + 3H,0 Equation 3.3
NiZ*+ 20H" — Ni(OH)— NiO+ H20 Equation 3.4
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Figure 3.3 (a-f) SEM images of NiO-In;O3-NF (1:2) hybrid structure captured at
different time of growth 3h (a & b), 6 h (c & d) and 9 h (e & f).

Generally, the hierarchical nanostructure can be grown under the surfactant mediated
experimental conditions and the oriented attaching growth might be used to explain the
formation mechanism.??®> Since the absence of surfactant during the synthesis, it is

proposed the Oswald ripening mechanism for this anisotropic growth of hybrid
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structure.?? In this study, water/ ethanol mixed solvent and urea plays an important role
in the formation of this hybrid microflower structure. It is reported that the polarity of
the solvents can affect the dispersity of the reactants in the reaction medium, the nucleus
formation in the products and their growth directions. Since the solvents are of different
polarities, the less polar solvent could act as a surfactant over the metal-hydroxide
surface and leads to the further particle assembly and their growth.??¢ First, the
hydrolysis of urea under mild (120 °C) hydrothermal condition, slowly produces the
OH- ions in the reaction system.??”??8 The slow reaction rates lead to the low degree of
supersaturation in solution and eventually the nucleation between metal (In*" and Ni*")
and OH’ ions occurs. In this case, the nucleation occurs heterogeneously and forms the
hybrid microstructure at the end.??23° To investigate this heterogeneous growth, pure
NiO, In203 and various composition of NiO-InOs3 such as 1:1, 1:2 and 2:1 (Ni:In) have
been grown over nickel foam under the same experimental conditions. Also, time
dependent experiments were carried out for 1:2 (Ni:In) composition. The SEM images
of the samples are shown in Figure 3.4 (a-d) and Figure 3.5 (a-1). From these figures it
may be seen that the networked nanosheets like microstructure for pure NiO (Figure
3.4 (a and b)) and irregular aggregated nanocubes for pristine In,O3 (Figure 3.4 (¢ and
d)). Ultimately, all the Ni-In mixed composites exhibited the hybrid microstructure as
shown in Figure 3.5 (a-1) indicating the heterogeneous growth of NiO-In2O3 mixed
oxide. These results were in good agreement with the time dependent experiments as

discussed earlier.
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Figure 3.4 SEM images of pure NiO-NF (a and b) and pure InoO3-NF (c and d). EDX
spectrum of (e) pure NiO-NF and (f) Pure In,Os-NF.
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Figure 3.5 (a-1) SEM images of NiO-InoO3-NF composites at various concentration of

Ni and In, (a-c) 1:1, (d-f) 1:2 and (g-1) 2:1 at different magnifications.

3.2.2 Structure Analysis (XRD and Raman)

To understand the crystal structure and phase of NiO-In2O3 hetero-structure, powder X-
ray diffraction (XRD) was used. Figure 3.6 shows the XRD patterns of pure nickel foam
and nickel indium oxide heterostructure (Ni:In/1:2) before and after calcination. In the
mixed oxide, well-defined diffraction peaks are observed, which indicates the
crystalline nature of the compound. Before the heat treatment at 400 °C, mixed
hydroxide phases of In(OH)3 and Ni(OH), can be indexed to the corresponding JCPDS
cards (#06-0202 and #22-0444).22823! Also some of the un-assigned peaks (=49°, 53.3°,
54.5°,56.3, 71.6° and 75.9°) can be visible in the mixed hydroxides due to intercalated
charge balancing anions (i.e. CO3", CI") or water molecules.?3? After calcination, the

hydroxides phases were completely converted to oxide phases, as evidenced from the
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corresponding EDX elemental mapping analysis that correlates composition to

structural morphology.

NiO-In,0,
* In(OH),/o Ni(OH),
—— #NF

Intensity (a.u.)

20 30 40 50 60 70 80
Position 20 (deg)

Figure 3.6 XRD patterns of NiO-InoO3-NF (1:2) hybrid structure before and after

calcination at 400 °C for 2 h.

When compared to pure monometallic oxides, the diffraction peaks in the XRD pattern
of nickel indium oxide is well-matched to the cubic InOz phase (JCPDS # 06-
0416)*2>232 a5 shown in Figure 3.7 (a). Interestingly, there is no evidence of Ni based
secondary phases in the NiO-In,O3 samples after calcination and it may be due to either
the diffusion of Ni into the In,Os3 lattice or insufficient/ amorphous NiO phase formation,

which is below the detection limit of the XRD (Figure 3.7 (b)).?** The crystallite size

KA 934

of the hybrid material was estimated using Debye-Scherrer equation: D = Feosd

where D is the mean size of crystallites (nm), K is crystallite shape factor (a good
approximation is 0.9), 1 is the X-ray wavelength (1 = 1.5406 A), B is the full width at
half the maximum (FWHM) in radians of the X-ray diffraction peak and 0 is the Braggs'

angle (degree). The average diameter of the crystallites was found to be ~15.7 nm for
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NiO-In203; composite.
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Figure 3.7 (a) XRD pattern of pure NiO-NF and In2O3-NF with their stand JCPDS
patterns and (b) XRD pattern of NiO-InoO3-NF composites prepared using different Ni/

In concentrations.

It is well recognized that Raman spectroscopy as a powerful tool to ascertain the
secondary phases in the composites. Figure 3.8 shows the Raman spectra of NiO-NF,
In203-NF and NiO-In03-NF with different compositions. In the Raman spectra of
NiO-NF sample, NiO shows two broad absorption bands at ~500 cm™ and 1060 ¢cm’!
correspond to the Ni-O stretching. Similarly, the InoO3-NF shows the vibrational modes
at 131, 306, 367, 497 and 630 cm™!, associated to the vibrations of body centred cubic
InyO; structure. In the NiO-In2O3-NF mixed oxides, a considerable variation in the peak
positions is observed, especially in the frequency region around 450-650 cm™ (marked
as a circle in Figure 3.8) compared to their mono-metallic oxides. These peak-shifts are
due to the interaction between NiO and In,0s. Also, the peaks due to the Ni-O stretching
at 557 cm™ and 1060 cm™! in the mixed oxide further confirm the formation NiO-In,Os

nanocomposite.
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Figure 3.8 Raman spectra of pure NiO-NF, InoO3-NF and NiO-In2O3-NF composites

with different concentrations.

The equal molar concentration of Ni/In shows both the Ni-O and In-O-In stretching.
Followed by the high Ni and low In concentration (Ni:In/2:1) shows predominant Ni-
O vibrations in addition to the In-O-In stretching. However, the exact phase of the Ni
compound is still unpredictable and can be attributed to the existence of low crystalline

structure with many defects.

3.2.3 Morphology under SEM and TEM

Figure 3.9 shows SEM images of the structure and morphology of the nickel-indium
oxide on nickel foam (NF). Low magnification SEM image of Figure 3.9 (a) shows the
formation of well integrated NiO-In,O3 hetero-microstructure over the nickel foam
surface (inset of Figure 3.9 (a)). It contains uniformly grown flowers (Figure 3.9 (b and
c¢)) comprised of ultra-thin nanosheets (Figure 3.9 (d)) with diameters ranging from 0.8-
2 um. Each nanosheet has a thickness in the range of 10-14 nm and has long planar

dimensions.
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Figure 3.9 (a-d) SEM images of NiO-In,O3-NF (1:2) hybrid structure at different

magnifications.

Interestingly, all the flowers are supported by the nanorod arrays of several hundreds of
nanometre in length with an average diameter of ~80 nm, as evidenced from the tilted

angle SEM images in Figure 3.10 (a-d).
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Figure 3.10 (a-d) 45° tilted angle SEM images of NiO-In2O3-NF (1:2) hybrid structure.

The energy dispersive X-ray spectroscopy (EDX) (Figure 3.11 (a-f)) of the NiO-In20;
hetero-structures fabricated using 3 different mole concentrations of Ni:In (1:1, 1:2 and
2:1) confirms the presence of individual elements (Ni, In and O). However, hetero-
structures showed variation in their elemental compositions, which may be attributed
to the diffusion or formation of intermetallic compounds. Interestingly, for all the
compositions, the regions over flowers (Figure 3.11 (a, ¢ & ¢)) show a dense
distribution of Ni and a limited amount of In. On the other hand, the nanorod portion
(Figure 3.11 (b, d & f)) shows a dominant In distribution and low quantity of Ni. This
observation further supports the formation of the hetero-composites. The deviation
from initial concentration (Ni:In) suggests the partial incorporation of In and Ni ions
within the NiO and In2O3 lattices during hydrothermal growth, which substantiates the
formation of a solid solution. For better understanding of this microcube-nanorod-nano/
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microflower heterostructure formation, monometallic oxide of pure NiO and In20;
were grown on the NF using similar fabrication method. Figure 3.4 (a) and (b) are the
SEM images and the corresponding EDX analysis of the NiO-NF (Figure 3.4 (e))
confirms the formation of highly dense networked nanosheets of NiO grown on the NF.
By contrast, Figure 3.4 (c) and (d) and the EDX of (f) reveal the irregular aggregates of

In,O3 microcubes growth on the NF.
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Figure 3.11 EDX spectrum of NiO-In2O3-NF hybrid composite at various
concentration of Ni:In (a and b) 1:1, (c and d) 1:2, and (e and f) 2:1 scanned at different
regions. The observed Cu peak was due to the copper tape used to attach the samples

to the sample holder.

The elemental mapping of the sample scanned at different regions of nanorods, flowers
and microflower/ nanorod areas of the NiO-In2O3 (1:2) are displayed in Figure 3.12,
which shows the elemental distribution of Ni, In and O. Over the nanorod region, In is
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predominant with oxygen demonstrating the formation of InoOs. Alternatively, the
flower area is extensively covered by the Ni with O, which reveals the growth of NiO
microflowers over InpOz nanorods. The dispersion of Ni and In in their respective

nanorod and microflower regions indicates the partial diffusion/ incorporation of metal

ions in the hybrid composite lattices.

Figure 3.12 Elemental mapping spectrum of NiO-In2Os—NF (1 : 2) hybrid composite

scanned at different regions

Further inspection using high-resolution TEM (HRTEM) and the corresponding
selected-area electron diffraction (SAED) are shown in Figure 3.13 (a-f) reveal that
these hybrid microflower/ nanorods are polycrystalline in nature, as seen by the well-
defined diffraction rings. TEM image in Figure 3.13 (a) clearly shows a distribution of
fine nanocrystals of ~8-11 nm (inset Figure 3.13 (b)) in the nanorod region which is
consistent with XRD analysis. Figure 3.13 (b) is the high magnification TEM image on
nanorod portion showing the d-spacing of 0.29 nm for (222) planes of In,O3 oxide and
0.21 nm for (200) planes of NiO. The corresponding SAED pattern as shown in Figure

3.13 (c) reflects the diffused rings of In2O3 and nearly amorphous NiO referring to the
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growth of nanocomposite. Figure 3.13 (d) shows the petals of microflower structure
comprised of fine nanocrystals with uniform particle distribution. These interconnected
thin sheets (Figure 3.13 (e) and inset) self-assembled in such a way to form the final
microflower structure where both 0.21 and 0.29 nm lattice spacings are visible. A
typical SAED image (Figure 3.13 (f)) shows the lattice spacing of 0.29, 0.18, 0.25, and
0.15 nm, in agreement with the (222), (440), (400) and (622) planes of In,O3, which is
followed by the estimated lattice spacing of 0.21 nm for the (200) plane of NiO?** and
ultimately confirms the formation of nickel indium nanocomposite. All the rings in the
SAED pattern in Figure 3.13 (f) can be indexed to the cubic In2O3 (# 06-0416) and NiO
(#47-1049).
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Figure 3.13 HRTEM images of (a) NiO-In2O3 (1:2) hybrid structure, (b) nanorod region
and (c) corresponding SAED pattern. (d) and (e) flower/ flakes region and (f)

corresponding SAED pattern.

3.2.4 XPS analysis

The samples were further analysed using XPS to investigate the formation NiO-In203
nanocomposite, and their appropriate valence states. Figure 3.14 (a-c) represents the

fine scan XPS spectra of pure NiO, In203 and different NiO-In2O3 composites. The de-
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convoluted XPS spectra of NiO-InoO3 composites obviously validate the perception of
the hetero-structured composite which is composed of NiO-In>O3. The Ni2p, In3d and
O1s XPS spectra of pure and NiO - InoO3; mixed oxides are shown in Figure 3.14 (a-c).
The Ni2p spectrum of NiO shows the asymmetric main and multiplet-split Ni2p3/2 (NiO)
peaks at the corresponding binding energies of 853.8 (Ni**) and 855.9 (Ni*") eV,
respectively. The satellite peaks in the respective binding energies further confirm the
existence of Ni>*/Ni*" in the NiO sample.?**?*%23 The slight deviation in the peaks
position from the binding energy value of pure NiO (854.2) is mainly attributed to the
oxygen defects on the NiO surface.?? The observed Ols spectrum (Figure 3.14 (c))
further proves this speculation. It shows a distinct peak at 529.3 eV and the shoulders
at 531 and 532.5 eV related to the oxygen ions in the NiO crystal lattice and defects
sites within the oxide crystals such as adsorbed oxygen (Ox") or hydroxide species.?**-**
Similarly, the pure In,O3 (Figure 3.14 (b)) show the dominant bands related to In3ds»
and In3d3. at the binding energies of 444.5 eV and 452 eV, respectively. The existence
of symmetric peaks indicates the oxidized state of In, rather than the metallic state. The
strong O1s peak at 529.8 eV with a shoulder peak at 531.6 eV reveals the existence of
In-O bonding with some adsorbed surface oxygen defects. The observed binding
energies are in good agreement with earlier reports for In2O3 nanostructures (443.9 eV

& 443 .8 e\/)_230,238,240,241
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Figure 3.14 (a-c) XPS spectra of pure andNiO-In,O3 hybrid structure prepared at
various concentrations.
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When compared to individual oxides, the XPS spectra of mixed compounds showed
significant variations in the Ni2p32 peak positions due to the addition of InoO3 as shown
in Figure 3.14 (a). In particular, the intensity ratio of Ni’>*/Ni*" has been varied
according to the Ni:In concentrations. The NiO-InoOs; with equal concentration
Ni:In(1:1) and Ni rich concentration Ni:In (2:1) showed the Ni*>*/Ni*" intensity ratio of
0.62. Meantime, for the In rich NiO-InoO3 (1:2) hetero composite, the ratio was
increased to 0.66 due to the high concentration of defects as supported by the Raman
spectra. However, these values are quite lower than the pure NiO sample (0.84), which
may be due to the decrease in hole concentration of p-type NiO semiconductors as a
results of In incorporation.?** This indicates that a limited amount of the In ions were
incorporated into NiO lattice for all the composites. Similarly, the In3d spectra of NiO-
In,0O3 hetero-composites (Figure 3.14 (b)) showed the characteristic spin-orbit splits at
the binding energies ranging from 444.4-444.7 eV and 452-452.2 eV corresponds to the
In3ds» and In3dss, respectively.??32%9-241 This indicated that element indium in NiO-
In,O5 hetero-structures existed in the oxide state only.?*! The relation between metal
and oxygen is further evaluated by the O1s XPS spectral analysis and depicted in Figure
3.14 (c) for the pure and NiO-In203 (1:1), NiO-In2O3 (1:2) and NiO-In203 (2:1) samples.
Typical Ols spectra of all the composites showed a distinct peak at 529.8+0.1 eV
associated to the O* species in Ni-O and In-O. Also, there is a visible shoulder peaks
between 531.1-532.2 eV and can be proposed to the defects sites within oxide crystal
in addition to the adsorbed oxygen and hydroxides.?*® The ratio of the shoulder peak
versus the total Ols peak for NiO:In,O3; composites are found to be 28.5%, 30.6% and
23.6% for Ni:In (1:1), Ni:In (1:2) and Ni:In (2:1) respectively, confirming the existence
of more surface defects in Ni:In (1:2) sample than the other two compositions. These
results are in good agreement with the observed Ni2p and In3d spectra as well as with
the XRD and Raman analysis and contribute to the perception of the heterostructured

composite, which is composed of NiO and In20s.
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3.3 Co3(PO4)2:8H:0 Multilayer Nano/ Microflakes on
Nickel Foam

3.3.1 Synthesis and growth mechanism

Co03(PO4)2-8H20 nano/ microflakes were synthesized by hydrothermal method on
nickel foam (NF). In detail, equal concentration (2.5 mM) of Co(NO3)2-6H,O and
NH4H2PO4 were dissolved in deionized (DI) water under stirring for 15 min. The
solution was transferred to a 100 ml reaction vessel, which contained the pre-treated
nickel foam substrate and was then kept at 120 °C for 8 h in oven. After this time, the
reaction vessel was allowed to cool down to room temperature naturally. Finally,
substrates covered with Co3(POs)2°8H>0 were washed with DI water several times with
the assistance of ultrasonication, and then dried in air. For the mass loading study,
different concentrations (5 mM, 10 mM, 20 mM) of Co*? and PO4~ were prepared using
the same procedure. The amount of Co3(PO4)2:8H20 was measured from the weight
difference of the pure nickel foam and Co3(PO4)2-8H20 grown nickel foam. Figure 3.15
shows a photograph of Co3(PO4)2:8H2O/NF samples prepared using different
concentrations (2.5 mM, 5 mM, 10 mM, 20 mM). Pink-purple nano/ microstructure was
grown over the nickel foam. The color becomes brighter with increasing concentration,
which indicates the larger loading mass for the Co3(POs)2'8H20. The samples were
measured before and after the synthesis. Typical mass of the active electrode material

is ~4, ~8, ~11, 15 mg cm™, respectively.
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Figure 3.15 Digital photograph of Co3(POs)2-8H2O grown on NF substrate prepared

using different concentrations (2.5 mM, 5 mM, 10 mM and 20 mM).

In order to study growth mechanism of Co3(PO4),-8H>O multilayer nano/ microflakes
during the hydrothermal process, two samples were made using the following method:
two pieces of nickel foam (3x3 cm?) treated with 3 M HCl followed by washing with
ethanol and deionized water for 15 minutes was used as substrate. One reaction vessel
was filled only with 80 ml deionized water, while the other one contained 2.5 mM
NH4H2PO4 dissolved in 80 ml deionized water. Two reaction vessel with the pre-treated
nickel foam substrate was kept at 120 °C for 8 h in oven. Then, the reaction vessel was
allowed to cool down to room temperature naturally. Finally, water treated NF (H>,O/NF)
and ammonium phosphate treated NF (PO4/NF) samples were washed with deionized

water several times with the assistance of ultrasonication, and then dried in air.
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Figure 3.16 (a-b) SEM images with EDX analysis as inset of H2O/NF, PO4/NF samples,
(c-d) SEM images of scratched Co3(PO4)2-8H2O/NF samples.

Figure 3.16 shows the SEM images of H>O/NF, PO4/NF, and scratched
Co03(PO4)2-8H20O/NF samples. In Figure 3.16 (a), fiber like morphology was formed on
the nickel foam and start to crack, which is a thin layer of NiO. In the SEM image of
PO4/NF sample as shown in Figure 3.16 (b), no fibre like structure can be seen and the
rift are deeper than the H>O/NF sample. In Figure 3.16 (c-d), part of scratched
Co3(PO4)2:8H20/NF sample shows the same morphology as HoO/NF and PO4/NF.
Therefore, according to the EDX analysis, the growth process can be explained as
follows: First NiO thin layer was formed on the nickel foam, then nickel phosphate

layer and finally the cobalt phosphate hydrate micro/ nanoflakes as following equations:

3Co(NOs3)2 + 2NH4H,PO4 — 3Co*" + 2P04*" + 2NH4NOs + 4HNO;  Equation 3.5
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3C0%" + 2P04* + 8H20 — Co3(PO4)-8H,0 Equation 3.6
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Figure 3.17 (a-b) XRD pattern and Raman spectra of PO4/NF sample.

XRD and Raman spectroscopy were used to explore the phase structure of PO4/NF
sample. In XRD result (Figure 3.17 (a)), except the marked (#) peaks of nickel foam,
nickel phosphate (Ni2P4O12) phase were formed (JCPDS NO. 86-2160). In Raman
spectroscopy (Figure 3.17 (b)), PO4/NF sample shows two bands at 473 cm™ and 560
cm’! correspond to the Ni-O stretching.>*? The symmetric O-P-O stretching vibrations
are observed at 956, 1023 and 1046 cm™ while the asymmetric P-O-P stretching

vibration was obtained at 894 c¢cm™.2#3-?%5 All these modes confirm the formation of
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Ni2P4sO12 composite on nickel foam. The XRD and Raman results are in good

agreement with the SEM and EDX analysis.

3.3.2 Structure Analysis (XRD and Raman)

X-ray diffraction (XRD) and Raman spectroscopy were used to explore the phase
structure of Co3(PO4)2-8H20 nano/ microflakes. As shown in Figure 3.18a, except the
marked peaks of nickel foam (peaks at 44.6°, 51.9° and 76.6°) single phase of
Co3(PO4)2-8H20 were formed. All the other peaks can be indexed to the planes of cobalt
phosphate hydrate (JCPDS NO. 41-0375). With increasing concentration, the peak
intensity of Co3(POa4)2:8H20 increased (Figure 3.18c), while the peak intensity of

nickel decreased due to larger mass loading for higher concentration samples.
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Figure 3.18 (a) XRD pattern, (b) Raman spectra of pure nickel foam and 2.5 mM
Co3(PO4)2-8H20O/NF nano/ microstructure, (c) XRD pattern of 2.5 mM, 5 mM, 10 mM
and 20 mM Co3(PO4)2-8H2O/NF nano/ microstructure.
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Figure 3.18b shows the Raman spectra of nickel foam and Co3(POs),-8H>O/NF. No
obvious peaks were obtained from acid pre-treated pure nickel foam spectroscopy,
because of no changes in polarization in the pure metal. In the spectroscopy of
Co3(PO4)2-8H2O/NF, the peaks due to the Ni-O stretching at 560 cm™! indicated the
conversion of the nickel foam which is presented in section 3.3.1.2*> O-Co-O bending
appears at 260 and 370 cm™'.2* The O-P-O bending modes are located at 462 cm™! 24324
while the symmetric O-P-O stretching vibrations are observed at 956, 1023 and 1046
cm!. 243245 The asymmetric P-O-P stretching vibration was obtained at 894 cm™.>* The
external modes are found in the 160-250 region.>*?*¢ All these modes confirm the

formation of Co3(PO4)2-8H,0 composite on nickel foam,244:243-247.248

3.3.3 Morphology under SEM and TEM

Figure 3.19 shows the SEM images of nickel foam supported Co3(PO4)2-8H20 nano/
microflakes at different magnifications fabricated from 2.5 mM concentration. Low
magnification images (Figure 3.19a-b) shows the homogeneous growth of the
Co3(PO4)2-8H20 multilayer nano/ microflakes. These nano/ microflakes were formed
layer by layer with an average thickness ranging from 400 nm to 1 um as can be seen
in Figure 3.19¢c-d. With increasing concentration (from 2.5 to 20 mM), individual layer
of the multilayer structures grew thicker (600 nm to 1.2 um) in a disorderly fashion into
different directions as can be observed in Figure 3.19f. Thicker flakes easily block the
interspace of the nickel foam and might reduce the overall surface area of the electrode.
To analyze the component in the nano/ microflakes structure, thin flake-powder was
scratched off from the nickel foam and stuck to the copper tape. The elemental mapping
on the flakes in Figure 3.19e clearly shows the distribution of Co, P and O, which is in

good agreement with the XRD and Raman analysis.
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Figure 3.19 (a-d) SEM images of 2.5 mM Co3(PO4)2:8H20/NF nano/ microflakes at
different magnifications (e) Elemental mapping spectrum of Co3(PO4)2-8H>O/NF nano/
microstructure scanned at different flake-powder. (f) Different magnification SEM

images of 2.5 mM, 5 mM, 10 mM and 20 mM Co3(POs)2°-8H2O/NF nano/ microflakes.

In addition, high-resolution transmission electron microscopy (HR-TEM)
measurements were carried out for the powder samples scratched off from the nickel
foam to avoid the contribution of the substrate. The HR-TEM and corresponding
selected-area electron diffraction (SAED) images are shown in Figure 3.20. Different
thicknesses of scratched powder sample were selectively analyzed. Figure 3.20a-b
clearly show a single layer found at the edge of a thick sample piece, which is comprised
of several layers. Similarly, Figure 3.20c demonstrates the obvious layer-by-layer
structure, confirming the multilayer structure shown in the SEM images in Figure 3.19
(c-d). The corresponding SAED pattern in Figure 3.20d shows the electron diffraction

from different planes and is consistent with XRD results.
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Figure 3.20 (a-c) HRTEM images of Co3(PO4)2:8H>O multilayer structure, (d)
corresponding SAED pattern, (¢) HRTEM image of Co3(PO4)2-8H20 at high

magnification with particle analysis.

Figure 3.20e presents the edge of the thick piece at high magnification (treated by
particle size analysis), which shows the honeycomb-like pores with an average size of
~5 nm. The porous structure in scratched powder can be ascribed to the hydrated water

in Co3(PO4)2-8H20 structure.

3.3.4 XPS Analysis

The samples were further analyzed by XPS to investigate the appropriate valence states.
The Ni2p, Co2p, Ols and P2p XPS spectra are shown in Figure 3.21a-d. The Ni2p
spectrum of pure nickel foam (Figure 3.21a) shows the peaks at 855.7 eV (Ni(OH)z),
845.2 eV (NiO) 852.6 eV (Ni) and 861 eV (satellite). This may be caused by the slow
oxidation reaction in the air of the nickel foam. After synthesis process the nickel peak
at 852.6 eV vanished may due to the surface reaction on the nickel foam as explained
in the section 3.3.1. The Ols spectrum of Figure 3.21c further proves the existence of
Ni(OH)2 and NiO, which shows a distinct peak at 531.3 eV (Ni(OH)») and the shoulders
at 529.4 eV (NiO). For Co2p and P2p scan in Figure 3.21b and d, no obvious peaks

were obtained from the pure nickel foam sample. The binding energy peak of Co2p3.
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at 781.5 eV in Figure 3.21b, along with a satellite peak at 785.8 eV, indicates that +2
valence are the main state for cobalt.?**?° The peaks of Co2p correspond to Co2p1.
orbits at 797.8 eV and 803.5 eV further prove the speculation.??%22 As expected, in P2p
region (Figure 3.21d), a single binding energy peak of P2p was detected at 133.6 was
assigned to the P-O bonding®>*?**, which corresponds with the O1s peak at 531.3 eV.2*!
The other Ols peaks at 532.7 eV, 532.9 eV, 533.8 eV and 535.3 eV were obtained from
adsorbed oxygen, hydroxides and moisture. Therefore, the XPS spectrum confirmed

that the Co3(PO4)2-8H20 was successfully grown over the nickel foam.?3%258
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Figure 3.21 (a-d) Ni2p, Co2p, Ols and P2p XPS spectra of pure nickel foam and
Co3(PO4)2-8H,O/NF.

3.4 Ni3(PO4)2:8H20 3D Nano/ Micro flakes on NF

3.4.1 Synthesis and growth mechanism

Analytical grades of Nickel chloride hexahydrate (NiClz:6H20), Ammonium
dihydrogen phosphate (NH4H>PO4) and polyethylene glycol (PEG) were purchased
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from Sigma Aldrich, and used as received without further purifications. For typical
synthesis, 10 mM of NH4H>PO4 was first dissolved in 80 ml of deionized water
followed by the addition of equal mole of NiCl,-6H>O to the above solution under
vigorous stirring at room temperature. Subsequently, 5 ml of PEG was added into the
above mixture to form a homogeneous solution. After stirring for 20 min, the solution
was transferred to reaction vessel of volume 100 ml, which contains pretreated NF (3x3
cm?) and kept at 120 °C for 4 h. Finally, after cooling down to room temperature, the
Ni3(PO4)2-8H20 grown NF was take off and washed 3 times using deionized water,
Ethanol and Acetone, and dried in an oven at 120 °C for 12 h. The mass loading on NF
was carefully estimated from the mass difference before and after Niz(POas)>-8H2O

growth and found to be ~2.4 mg cm™.

3.4.2 Structure Analysis (XRD and Raman)

The XRD pattern of the Ni3(PO4)2:8H2O/NF is illustrated in Figure 3.22a. The strong
peak at 44° and 51° of 20 is due to pure NF substrate. The intense diffraction peaks
located at 14.3°, 18.5°, 29.1°, 31.2°, and 34.5° correspond to the hydrated nickel
phosphate phase (JCPDS No. 33-951). There is no peaks from other phosphides or
phosphates, confirming a single monoclinic phase of Ni3(PO4)2-8H20 with I>/m space
group is successfully grown over the 3D NF?>°. The intense and narrow diffraction

peaks demonstrates high crystallinity of the material. The average crystallite size of

KA
B cos@’

Ni3(PO4)2-8H20 flakes was estimated from the Debye-Scherrer equation, D =

where D is the mean size of crystallites (nm), K is crystallite shape factor (a good
approximation is 0.9), 1 is the X-ray wavelength (1 = 1.5406 A), B is the full width at
half the maximum (FWHM) in radians of the X-ray diffraction peak and 6 is the Braggs'
angle (degree). The calculated D value for (0 2 0) plane is found to be ~35 nm.
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Figure 3.22 (a) XRD and (b) Raman spectra of Ni3(PO4)2:-8H2O/NF nano/ microflakes.

Typical Raman spectra in Figure 3.22b consists of three ranges of vibrations including
140 — 300, 350 — 700 and 900 — 1100 cm! 66:243-245.247.260.261 ‘R aman shifts at 958.5 and
1052.8 cm! are assigned to the respective vi PO symmetric and vi POs*
antisymmetric stretching modes. There is also a band at 1009.6 cm™ corresponds to the
NiOH deformations modes. A low intensity band at 899.5 cm™! can be a water liberation
mode as reported by Breitinger et al.>°* Raman shift at 678.8 cm™ (within the 350 to
700 cm! range) is assigned to the v4 bending modes of PO4* unit**’. Other peaks at
378.5 and 577.4 cm™! indicate the deformation modes of PO4 and P-O-P, respectively**.
The corresponding O-P-O bending modes is observed at 450 cm™. At the low
wavenumber region, Raman band at 211.9 and 285 cm™ can be assigned for P-O-P
(bridge) bending and M-O stretching (i.e. Ni-O and O-Ni-O) vibrations, respectively.
As the metal oxygen stretching occurs in the P-O-P bending region, it is difficult to

261 " Also it can be seen that the Raman shifts at

assign this vibration unambiguously
140.8 and 187.5 cm™ are due to external vibrations®**?*. All these modes further
confirms the growth of single phase Ni3(PO4)2:8H>O monoclinic structure over NF

support, without any secondary phases.

3.4.3 Morphology under SEM and TEM

The surface morphology and microstructure of the nickel phosphate hydrate were

analyzed with electron microscope. The SEM images of the Ni3(PO4)2:8H2O/NF
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captured at different magnifications are shown in Figure 3.23a-b. Low magnification
SEM image confirms 3D growth of Ni3(PO4)2:8H2O/NF nano/ microflakes layers
radiating around all the directions. Each layer is randomly assembled and forming the
multilayer structure. High magnification SEM image Figure 3.23b shows
interconnected 2D micro flakes, where the average length and thickness of the flakes
vary from 5-10 um and 100-200 nm, respectively. HR-TEM image Figure 3.23c

confirms the interconnected disordered layer structure.
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Figure 3.23 (a-b) SEM images of Ni3(PO4)2:8H2O/NF captured at different
magnifications, (c) HRTEM image of Ni3(POs)2-8H20 nano/ microflakes, (d)
Individual flake consists of pores, (¢) Measured lattice space in layered flakes, and (f)

the corresponding SAED pattern.

Further TEM analysis (Figure 3.23d) shows visible pores with an average size of 4 nm,
reveals mesoporous microstructure of the materials. A well-resolved lattice fringe of
~0.48 A as shown in Figure 3.23e can be assigned to (020) plane of monoclinic
Ni3(PO4)2-8H20O crystal structure (JCPDS No. 33-951). The selected area electron

diffraction pattern in Figure 3.23f elucidate polycrystalline nature of the composite,
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whereas energy dispersive spectroscopy (EDS) analysis in Figure 3.24a reveals the
existence of primary Ni, P, and O elements with composition, asserting successful

growth of nickel phosphate without impurities.
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Figure 3.24 EDS spectrum of Ni3(PO4)2'8H20 nano/ microflakes and their

corresponding elemental composition

3.4.4 XPS Analysis

X-ray photoelectron spectroscopy was carried out to investigate the atomic valence
state of the nickel phosphate multilayer nano/ microflakes. From the XPS survey
spectrum in Figure 3.25a, it has been perceived that the primary elements of Ni, P and
O are present in the material, which is consistent with the EDS analysis. XPS spectra
of Ni2p, P 2p and O 1s of the sample are shown in Figure 3.25b-c. As seen from Figure
3.25b, Ni 2p consists of two peaks with their respective satellite peaks. The peaks
centered at 856.2 and 873.9 eV correspond to the 2p3/2» and 2p12 splitting of Ni**, which
possibly interacting with the phosphate and oxygen ions®?%2, Besides, the presence of

two additional deconvoluted peaks at higher binding energies of 858.1 and 875.9 eV in

74



the Ni2p XPS spectra can be assigned to the core levels of Ni** cations, which indicates
the presence of Ni-(OH), in the Ni3(POa)2-8H,0 structure?®*%4, In addition, the satellite
peaks at 858.1 and 875.9 eV further reveals the existence of Ni at their main +2 state.
The corresponding P 2p spectra in Figure 3.25¢ shows the major peak at 133.1 eV and
can be assigned to P-O interactions in nickel phosphate?>*. This XPS results is further
supported with O 1s spectra shown in Figure 3.25d. The strong and intense peak at
531.2 eV is associated to the Ni-O and P-O bonding. The small intensity peak

positioned at 532.8 eV mainly arises from the hydrates and moisture®*®.
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Figure 3.25 (a-d) XPS survey and core level XPS spectra of nickel phosphate
multilayer nano/ microflakes.

3.5 Co03(P0O4)2:8H20 Nanoflakes/ Microflower on NF

3.5.1 Synthesis and growth mechanism

Co3(PO4)2 nanoflakes/ flower was grown over nickel foam via hydrothermal method.

More specifically, 2.5 mM Co(NO3)2:6H20 and 2.5 mM NH4H>PO4 were dissolved in
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the deionized (DI) water under stirring for 15 min to form the transparent light pink
solution. The pre-treated nickel foam and light pink solution were transferred to a 100
mL autoclave, and then kept at 120 °C for 8 h in an oven. After cooled down to the room
temperature naturally, the sample was washed with DI water, ethanol and acetone with
the assistance of ultrasonication three times. After drying, the sample was annealed at
120 °C for 12 h in the oven. The loading mass of the Co3(PO4)2 nanoflakes/ flower was
calculated by subtracting the weight of pure nickel foam from the weight of nickel foam
with Co3(POa); after the growth process. Typical mass of Co3(PO4)2 nanoflakes/ flower
was ~4.5 mg cm™. Figure 3.26 shows a photograph of Co3(PO4),:8H2O/NF samples

before (pink-purple colour) and after (purple colour) annealing.

& Tyndall
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Figure 3.26 Digital photograph of Co3(PO4)2 grown on NF substrate before (left) and

after (right) annealing.

To comprehend the growth mechanism of the cobalt phosphate, the time dependent
analysis was carried out and samples were synthesized via same fabrication procedure
with different timings of 2, 4, 6 and 8 h. These samples were investigated with SEM
(Figure 3.27) and EDX (Figure 3.28) analysis to view the nanoflakes/ microflower
growth over nickel foam. In summary, cobalt phosphate nucleated on the nickel foam

and grew in different directions to form the flower, which started to grow initially at the
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edges of the NF then further grew towards the centre.

Figure 3.27 SEM images of 2, 4 and 8 hours growth at different magnifications. (d,h,l)

schematic of growth process.

Initially, the release of ammonium from phosphate precursor could drive the solution
pH towards neutral/ alkaline conditions where the nucleation has been started, which is
followed by the growth of Co3(POa), granules at the edges of the NF. After two hours
of reaction, granules are axially connected along different direction to form the flowers
(Figure 3.27a-c). In this way, cobalt phosphate microflower nucleated further and
started to grow towards the centre (Figure 3.27e-g) of the individual branch of the nickel
foam, at the end of a 4 h reaction. Finally, the Co3(PO4): flowers completely covered
the surface of the nickel foam substrate homogeneously after 8 h hydrothermal reaction
at 120 °C (Figure 3.27 i-k). The schematic representation of the Coz(PO4)2 growth
process is shown in Figure 3.27d, h, 1. EDX and elemental mapping of 2, 4, 6 and 8
hour growth (Figure 3.28) further confirm this proposed growth process, where the

growth can be explained by the following chemical reactions (Equation 3.7-3.8):

3Co(NOs), + 2NH4HPO4 — 3Co?" + 2PO4> + 2NH4NOs3 + 4HNOs;  Equation 3.7
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3C0%" + 2P04* + 8H20 — Co3(PO4)-8H,0 Equation 3.8

Figure 3.28 Growth process identification by EDX mapping. (a) Phase distinguishable
elemental mapping for 2h sample; (b-e) EDX elemental mapping for Co, P, O, Ni
elements; (f-j), (k-o) and (p-t) are corresponding results for 4, 6 and 8h samples,

respectively.

3.5.2 Structure Analysis (XRD and Raman)

The crystal structure and phase of nickel foam-supported cobalt phosphate was
determined by XRD before and after annealing as shown in Figure 3.29a. Both samples
can be indexed to cobalt phosphate hydrate (JCPDS 33-0432) with monoclinic crystal
structure. After dehydrating at 120 °C for 12 h, the electrode colour changed from pink-
purple to purple (Figure 3.26), which may be associated to the loss of surface water
during annealing. However, reflections from the planes of cobalt phosphate became
narrow and intense, which indicates that the low temperature annealing process

enhanced the crystal quality.%
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Figure 3.29 (a) XRD patterns of cobalt phosphate electrode before and after annealing,

(b) Raman spectra of cobalt phosphate electrode.

The observed room temperature Raman spectra in Figure 3.29b further support the
growth of high quality cobalt phosphate hydrate structure on Ni Foam (NF). The peak
at 277 em’! is due to the O-Co-O bending®*, and the high intensity peak at 957 cm’!
assigned to the vl PO4 symmetric stretching vibrations?***%, the peaks at 1009 and
1043 cm™ are assigned to v3 PO4> asymmetric stretching modes.?*?°! The low
intensity peak at 664 cm™ corresponds to the v4 bending of the PO4 unit. The O-P-O
and P-O-P bending modes are located at 443 and 894 cm™! 24*2% respectively. Raman
bands at 550 and 576 cm™! are attributed to the v2 PO4 and H,PO4 bending modes.>*?
All these Raman modes apparently confirm the formation of cobalt phosphate hydrate

structure and corroborate with the XRD analysis,?#4243-247.248.261

3.5.3 Morphology under SEM and TEM

The low magnification SEM image in Figure 3.30al shows a homogenous distribution
of the cobalt phosphate nano/ microflower over the nickel foam. Figure 3.30a2 confirms
the cobalt phosphate nanoflake (with an average thickness from 100 to 400 nm) outward
growth in different directions, forming a flower-like microstructure. The EDX (Figure
3.30b) analysis clearly evidences the presence of the Co, P, and O elements in cobalt
phosphate sample. In addition, Figure 3.30c shows the TEM image of cobalt phosphate

powder, which has been scratched off from the nickel foam. Figure 3.30c1 shows the
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substrate-delaminated few-nanoflake structures with an average thickness of 200 nm.
Corresponding selected area electron diffraction (SAED) pattern in Figure 3.30c2
indicates good crystallinity of the multilayer structure of the cobalt phosphate
nanoflakes and may be described as Bernal stacked single molecule layers with [001]

growth direction!”.

(a) e

15

10
Energy (keV)

Figure 3.30 (a) SEM images of cobalt phosphate electrode at different magnifications,
(b) EDX analysis of cobalt phosphate electrode, (¢) TEM image (1) and SAED pattern

(2) of cobalt phosphate electrode.

3.5.4 XPS Analysis

The CP/NF sample was analyzed by X-ray photoelectron spectroscopy (XPS) to
investigate the atomic valence state. The Ni2p, Ols, P2p and Co2p XPS spectra are
shown in Figure 3.31. As presented in Figure 3.31a, the peaks at 856.1 eV (Ni(OH),)*%
and 861.2 eV (satellite)**® are may be due to the surface reaction on nickel foam during
hydrothermal procedure. However, no peak observed at 854.3 eV?%7 or 871.8 eV?®
indicated no nickel oxide formed. The peaks of Ols at 531.5 eV?* in Figure 3.31b
corresponds to the existence of Ni(OH).. According to the P2p spectra in Figure 3.31c,
the single bonding energy peak at 133.6 eV>"" is assigned to the P-O bonding, which
corresponds with the O1ls peak at 531.1 eV?’!. As expected, the peaks of Co2p (Figure
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3.31d) correspond to Co2psn at 781.5 eV2"2, along with a satellite peak at 786.8 eV?73,
indicates that +2 valence are the main state for cobalt. Co2pi2 orbits at 797.8 eV>"* and

803.5 eV?” further prove the +2 valence state.

(a) Ni2p (b) O1s

Intensity (arb.unit)
Intensity (arb.unit)

870 865 860 855 850 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

(c) P2p (d) Co2p

Intensity (arb.unit)
Intensity (arb.unit)

140 138 136 134 132 130 810 800 790 780 770
Binding Energy (eV) Binding Energy (eV)

Figure 3.31 (a-d) Ni2p, Ols, P2p and Co2p XPS spectra of CP/NF.

3.6 Conclusion

In this chapter, the fabrication process and material characterization of four different
nanostructure materials were discussed. The materials were fabricated by simple
hydrothermal method controlled by different concentration of cations and anions,
temperature and pressure. Hierarchical 3D/1D hybrid NiO-In2O; hetero-structures were
optimized using different ratio of two cations, and Co3(POs), nanoflake/ microflower
structure was improved by controlling the temperature rate and annealing process. In
order to understand the growth mechanism of the fabricated materials, the time
dependent analysis was carried out via same procedure. The morphology and

microstructure of the fabricated materials were characterized using high resolution
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scanning electron microscope, and high resolution transmission electron microscope,
and structures were analysed by X-ray diffraction and Raman. X-ray photoelectron
spectroscopy was carried out to investigate the valences of the electrode materials,
which is conductive to understand the electrochemical mechanism. The fabricated
novel nanostructure materials show the potential to be the promising electrodes for
supercapattery application. The electrochemical performance studies are discussed in

the following two chapters.
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Chapter 4 Electrochemical performances of
materials

4.1 Introduction

In this chapter, the electrochemical properties of the four synthesized electrode
materials were investigated in a three electrode configuration in-order to understand the
charge-storage mechanism. The platinum wire (Pt) and saturated calomel electrode
(SCE) as counter and reference electrodes, respectively. Electrode material along with
the electrolyte determines the charge storage characteristics of materials. Different
chemical valence and nano/ micro structure morphology of the electrode material can
bring drastic variation in charge storage characteristic of the energy storage device. The
surface to volume ratio of the nanostructure can be controlled by varying the synthesis
parameter during the hydrothermal treatment, the more active sites on the electrode
surface may consequently increase energy storage capacity. On the other hand, different
types of electrolyte ions and their concentration also influence on the electrochemical
properties due to the variation in electron/ ion transfer kinetics. The following Table 4.1

shows the electrochemical performances of fabricated materials in different electrolytes.

Table 4.1 Electrochemical performances of fabricated materials in different electrolytes.

Voltage
Electrode Material | Electrolyte | Capacity | Capacitance Cyclability
Window
Composition mAh g! Fg! v Cycles
NiO-In,O3/NF 3 M KOH 212.9 1096 0.75 89% after 5,000 cycles
Co3(P0O4)2-8H2O/NF | 1 M NaOH 241.2 1578 0.7 72.8% after 1,000 cycles
Ni3(PO4)2-8H2O/NF | 1 M NaOH 301.8 1552.3 0.9 84% after 10,000 cycles
Co03(PO4)2/NF 3 M KOH 215.6 1990 0.5 90.5% after 5,000 cycles
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The four synthesized electrode materials all exhibit a non-capacitive Faradaic/ quasi-
battery mechanism, the specific capacity in terms of C g'!/ mAh g/ mAh cm™was

calculated using Equation 4.1-3.

Specific capacity (C g™!) of electrode material in three electrodes system

C=— Equation 4.1

where, I is the charge-discharge current (A), t is the discharge time (s), m is the mass

loading of active material (g).

Specific capacity (mAh g!) of electrode material in a three electrode system

c=—x Equation 4.2
3600xm

where, I is the charge-discharge current (mA), t is the discharge time (s), m is the mass

loading of active material (g).

Specific capacity (mAh cm™) of electrode material in a three electrode system

_Ixt
"~ 3600%A

Equation 4.3

where, [ is the charge-discharge current (mA), t is the discharge time (s), A is the area

of the electrode (cm?).

However, due to the misconception in the literature of the term “pseudocapacitance”,
many researchers have classified their materials with a behaviour of a noticeable

63,64

discharge plateau to be capacitive®"" and used the same equation to estimate the charge

storage capacity. In order to compare with those results, the specific capacitance of the

materials (in terms of F g'') was calculated using Equation 4.4.

Specific capacitance (F g!) of electrode material in three electrodes system
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mxU

where, I is the charge-discharge current (A), t is

Equation 4.4

the discharge time (s), m is the mass

loading of active material (g), U is the potential (V).

4.2 Electrochemical performance of nickel foam

In order to understand the contribution of bare NF, CV measurements of the NF before

and after acid treatment were carried out at a scan

4.1. The estimated specific capacity of the bare N

rate of 10 mV s and shown in Figure

F is 0.021 and 0.023 mAh ¢cm™ before

and after the acid treatment, thus remaining essentially unchanged. Compare to the

fabricated material, the capacity of NF is negligible. In addition, after acid treatment,

the substrate indicate two reduction peaks may due to the formation of NiOOH

metastable phase as: Ni—NiO—Ni(OH)—~NiOOH—Ni(OH),—NiO.

2.0 —— NF As Received
. —— NF Acid Treated
1.5
Q ]
E 1.0-
E ]
g: a 44
=
S ]
0.0 —
-0.5
-1 -0 1 ' I M 1 1 ' L)
-0.2 0.0 0.2 0.4 0.6
Potential (V) vs SCE

Figure 4.1 CV curves of bare NF before (black) and after (red) acid treatment measured

at 10 mV s™! in 3M KOH solution.
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During hydrothermal process, a thin layer of nickel hydroxide may synthesize on nickel
foam surface. To confirm the conversion of the substrate, one piece of nickel foam (3x3
cm?) was kept in deionized water at 120 °C for 8 hours. The obtained nickel hydroxide
on nickel foam sample (NOH/NF) was investigated under SEM, EDX (Figure 4.2) and
XPS (Figure 4.3a-b).

H —— NOH/NF
(c)

Ni

Counts

0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

Figure 4.2 (a-b) SEM images and (c) EDX analysis of NOH/NF sample.

Figure 4.2a-b shows the SEM images NOH/NF at different magnifications. A thin layer
of homogeneous fibre-like morphology was observed on the NH/NF sample, and from
the EDX analysis (Figure 4.2¢), the elements detected from NOH/NF were nickel and

oxide only.

To further investigate the growth mechanism, the NOH/NF samples was analyzed by
X-ray photoelectron spectroscopy. The Ni2p and Ols spectra are shown in Figure 4.3a-
b. As presented, the peaks at 856.1 eV (Ni(OH),)*%, 852.6 eV (Ni)**’ and 861.2 eV
(satellite)?®® were obtained, which indicated the slow oxidation reaction of nickel foam
in deionized water during hydrothermal procedure. However, no peak observed at 854.3
eV?7 or 871.8 eV?%® indicated no nickel oxide formed. The peaks of Ols at 531.5 eV>"!

in Figure 4.3b corresponds to the existence of Ni(OH)..
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Figure 4.3 (a-b) Ni2p and Ols XPS spectra of NOH/NF; (c) charge-discharge curves

of NOH/NF sample at current density of 5 mA cm™.

The capacity of NOH/NF was found to be 0.047 mAh cm™ using Equation 4.3. Overall,
there is compelling evidence that the substrate contributes negligible capacity/
capacitance which indicate that the nickel foam is not the principal contributor to the

charge storage of the electrode.
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4.3 Electrochemical performance of NiO-In2O3/NF hetero-

microflower

To demonstrate this NiO-InoO3 hetero-microflower as a supercapacitor electrode, a
conventional three electrode cell was constructed and tested with electrochemical
techniques such as cyclic voltammetry (CV), chronopotentiometry (CP) and
electrochemical impedance spectroscopy (EIS). Typical CV curves of the NiO-NF,
In;O3-NF and various compositions of NiO-In,O3-NF electrodes in 3 M KOH
electrolyte at a scan rate of 10 mV s’ are shown in Figure 4.4a, which show the non-

capacitive or battery-like redox characteristic of the electrodes.

40 60
{@)  —nio-~F (b)
ﬁso_ 1“203'NF 40- —— 1 mV/s 2 mV/s
< —— NiO-IngO3-NF(1:1) =z ——5mVis 10 mV/s
520 ] NiO-In,03-NF(1:2) E 204 —20mvyss
=104 NiO-In,0;-NF(2:1) =
g _ 203 E o
3 2
104 ©-20
-20 -40
0.6 0.4 -02 0.0 0.2 0.4 0.6 02 00 02 04 06
Potential V vs SCE Potential V vs SCE
0.7 '
0.61© —sae | 240049, —+-NO-n05@20 4%
= v ——6Alg &) $-0-0-0-0-¢,.
$0.5 —ag | =] $-0-0-0-0-0-0-0-
2 0.4 —8A%g £300{ =%
- — AR - g W
> 0.3 —wag| I 1 z%
_'c:s 0.2 —— 20 A/g = 200 %30 —-—[i:tlf.{n-' 1A/g
‘é 0.1 —30Alg E ?_-;20 ——NiO@ 5 Alg
= — ] _M
£ 0.0 21004 2%
=9 0 : : : :
-0.1 n 01000 2000 3000 4000 5000
-0.2 ._\l.‘l.‘l'l'l.lm er

0 '160'260'3,[5221 '243?'560'660 700 0 1000 éggg nsg;%gr 4000 5000
Figure 4.4 (a) Cyclic voltammograms of individual oxides and NiO-In,O3-NF hybrid
oxides measured at 10 mVs! in 3 M KOH. (b) Scan rate dependent cyclic
voltammograms of NiO-In2O3-NF (1:2) hybrid electrode. (c) Charge-discharge profile
of NiO-In2O3-NF (1:2) hybrid structure (d) Cyclic stability of NiO-InoO3-NF (1:2) at

20 A g'! and the inset represents the cyclic stability curves of pristine oxides.
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The comparison among the CVs in Figure 4.4a indicates that the NiO-InoO3-NF (1:2)
electrode possess a significantly higher specific capacity than its individual oxides as
well as the other NiO-InoO3 composites. This can be attributed to the synergistic
contribution of both NiO and In>O3 to the specific capacitance associated to the hybrid
microstructure. Figure 4.4b shows the CVs of the NiO-In2O3-NF (1:2) heterostructure
over a range of scan rates of 1-50 mV s™'. The pair of redox peaks between the potential
limit of -0.2 to 0.6 V present in the CVs of mixed oxide indicate the dominant non-
capacitive Faradaic energy storage behavior®®, which mainly originated from the

Faradaic reaction over the nickel oxide surfaces based on the following reaction:
NiO+ 30H < NiOOH+ H>O + e Equation 4.5

Figure 4.4c shows the charge-discharge profile of the NiO-In,O3-NF over a range of
current 5-30 A g'!. Typical battery features in the charge-discharge curves indicate good
pseudo-electrochemical characteristic of the electrode, which stays symmetric even at
a high current density of 30 A g}, representing a high rate performance of the electrode.
The charge-discharge profile clearly evidences the contribution of In;O3 to the redox
process. It can be seen that the second redox process occurring between 0 and -0.2 V is
due to the redox reaction over the InoOs surface. The investigation of In,Os3 electrodes
for supercapacitors is limited in the literature and therefore related reaction mechanism
is not mentioned.?”>?”7 However, the measurements demonstrate that in addition to the
redox process, In2O3 acts as an electron conducting channel between the NF and NiO
microflower. Furthermore, the partial incorporation of In*" into NiO can increase the
electrical conductivity of the NiO, which can increase the kinetics of NiO surface
significantly in the hybrid electrode. It is well known that the electrical conductivity of
pure NiO is poor (~5 <103 Q! cm™!) at room temperature. However, it can behave as
semiconductor when the acceptor level situated near 3dg levels. In this case the holes
from 3d8 bands can migrate through lattice by Ni*" ions hopping, which raise the
electrical conduction significantly.?’® The incorporation of In** creates more surface

oxygen through oxidation of Ni*" into Ni*" in the hybrid composite, followed by holes
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migration based on the following reaction:>’82"

1202 Op+V'ni + h® Equation 4.6

This results the formation of nonstoichiometric disorder in NiO surface and thereby
conductivity increased significantly.*® These observations are further supported by
Raman and XPS analysis as discussed in Chapter 3. Hence, it can be concluded that the
observed nonstoichiometric phase in NiO is related to the amount of In*" incorporation
and the Ni>*/Ni*" ratio. In this case, among three compositions, the NiO-In,O3 (1:2)
exhibits Ni>*/Ni** intensity ratio of 0.66 (see Chapter 3.3.4), which is slightly higher
than the other compositions and indicates a low amount of In** incorporation. This
result is also matched to the captured In percentage in EDX analysis. Thereby, NiO-
In,03 (1:2) electrode showed better electrochemical performance due to their improved
electrical conductivity. Even though, the measured potential drop during discharge is
slightly higher than the acceptable value of ~1 mV due to ion depletion effects in the

electrolyte, which increases the ionic resistance during redox processes. *-280-281

As the energy storage mechanism is non-capacitive Faradaic/ quasi-battery like, the
appropriate way to measure the amount charge stored in the electrode is specific
capacity in terms of mAh g rather than the specific capacitance F g™.%° Hence the
specific capacity (Cs) of the electrode was estimated using Equation 4.2.%" The best
specific capacity values of this hybrid composite electrode are found to be 212.9 mAh
g! at the current of 5 A g”!. Moreover, the electrode can retain 37.1% (79.2 mAh g') of
its initial value for 6 times (30 A g'!) of initial current. For the sake of consistency with
the reported literatures where they have measured the amount of charge in terms of
specific capacitance (F g™!), authors have calculated the specific capacitance from
Equation 4.4. Figure 4.5 shows the variation in specific capacitance with the current
ranging from 5-30 A g!' in 3.0 M KOH solution in three electrode configuration. The
estimated maximum specific capacitance is 1096.8 F g! at 5 A g'! and decreased to

407.1 Fg'at30Ag.
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Figure 4.5 Variation of specific capacitance with respect current density for NiO-In>Os-

NF (1:2) hybrid electrode in both three and two electrode configurations.

The observed specific capacitance value for the NiO-In,O3-NF are far better than the
similar hetero-composite oxide and chalcogenides based electrode materials as shown
in Table 4.2. Pu et al. achieved ultra-high specific capacitance of 2028 F g at 10 A g'!
with Ni(OH)>@ZnO, but the cyclic stability was limited to 68% after 500 cycles.?>
Similarly, Xing et al. reported 1529 F g'! at 2 A g™! with 42% capacity retention after
2,000 cycles in NizS2@ZnO hetero-structure.?®* Furthermore, Wang et al. showed 1716
Fg'at1A g!in the NiCo,04@NisS; core/ shell nanothorn array electrode with 83.7%

capacity retention.?8*
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Table 4.2 Comparison of electrochemical performance for different hetero-composite

electrodes in three electrode configuration

C Spec.ific Current Potential Cvelic
Materials apacitance Window y . Ref
Densit v Stability
(F g-l) y ( )
90.5% aft
ZnO@MnO, 4235 0.5 Ag" 1 P s
3000 cycles
Mn304@PbO; 338 10 mAcm? | ~2.5 i 286
88.6% aft
CuO@MnO; 167.2 0.3 Ag’ I PAET o
5000 cycles
93.8% aft
WO;@MnO, 363 0.5 Ag’ 1 PAE
5000 cycles
96.8% aft
ZnO@Co:0;4 857.7 2 mAcm? 0.5 I
6000 cycles
82.5% aft
TiO@Co(OH) | 199 mFem? | 02 mAem? | 0.6 PANE 2w
4000 cycles
42% aft
ZnO@NisS; 1529 2 Ag! 0.5 o anet 283
2000 cycles
83.7% after
NiCo204@NisS 1716 | Ag" 0.6 284
1C0:04@NisS, 8 2000 cycles
91% after
NisS:@MoS 848 5Ag! 0.8 1
15:@MoS, 8 2000 cycles
69% after
Ni@Ni;S 1293 5Ag! 0.5 292
I@NI:5, 8 1000 cycles
68% aft
ZnO@Ni(OH), 2028 10 Ag" 0.5 o antel 22
500 cycles
97% aft
CuO@NiIO 296.2 10 mVs! 0.6 o anet 293
500 cycles
85.7% aft
Ni(OH)@Fe20; 908 21.8 Ag! 0.6 o anet 20
5000 cycles
89.7% aft
ZnO@MoOs 241 5 mVs! 15 o antet 204
100 cycles
89.5% aft Thi
NiO-In;03-NF 1096.8 5Ag" 0.75 o aner '
5000 cycle Work

When compared to these electrodes, the NiO-In;O3 electrode exhibit acceptable
specific capacitance (1096.8 F g at 5 A g'!) but delivers excellent capacity retention of
89.5% after 5000 cycles. Also, these values are much higher than the electrodes made
from individual compounds as can be seen from the charge-discharge curves in Figure
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4.6a-b, with measured specific capacitances of 450 F g1 (292.5C g'@ 1 A g!) and 49
Fg'(29.4 Cg'@ 0.7 A g) for NiO-NF and In,O3-NF respectively. The low specific
capacitance for NiO and In>O3 can be attributed to their unfavourable microstructure

for ion diffusion and low intrinsic electrical conductivity.
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Figure 4.6 Charge-discharge curves of (a) NiO-NF and (b) In2O3-NF at various current

densities.

The electrical conductivity was further investigated by EIS analysis and presented in
Figure 4.7. From the extended view of Nyquist plot in Figure 4.7 inset, it can be seen
that the NiO-In,O3-NF hybrid electrode showed negligible charge transfer resistance of
~0.08 Q, which indicates the incorporation of the In*" ion has increased the electrical
conductivity of hybrid electrode significantly. Whereas, pure NiO-NF electrode showed
a dominant semicircle at high frequency region followed by sloped straight line
resulting in a charge transfer resistance of 0.45 Q.?842%32% However, the pristine In>Os-
NF showed a distinct EIS spectra. Due to limited measurement frequency, there is
incomplete depressed semicircle at high frequency region, visible semicircle at middle
frequency range and a sloped line in the low frequency region.?*”*°® Here in the Nyquist
plot, the high-frequency intercept on the real axis is mainly composed of the bulk
resistance of electrode materials, resistance of the current collector and contact
resistance.”’” The sloping line in the low-frequency range ascribes the proton diffusion

into the bulk electrodes.?” From EIS results, it can be confirmed that the hybrid
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electrode possess better electrical conductivity than the pristine materials and thereby

enhanced electrochemical performance have been observed.
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Figure 4.7 Nyquist plot of In2O3-NF, NiO-NF and NiO-In,O3-NF electrode measured

at 3 M KOH in three electrode configuration.

Similarly, the electrochemical performance of other compositions namely, NiO-In,O3
(1:1) and (2:1) were also measured using 3 M KOH electrolyte. Typical charge-
discharge curves of the samples measured at different current densities are shown in
Figure 4.8a-b. Non-linear charge-discharge profile indicates the pseudocapacitive
behaviour of the electrodes. However, the rate performance and specific capacitances
were drastically varied when compared to the NiO-In2O3-NF(1:2) electrode. This may
be due to the detachment of NiO from the In2Os3 surface during electrochemical

reactions owing to their inadequate hybridization and microstructure.
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Figure 4.8 Charge-discharge curves of (a) NiO-In,O3-NF (1:1) composite and (b) NiO-

In;O3-NF (2:1) composite at various current densities.

The observed large IR drop during discharge in positive potential (i.e. active potential
region of NiO ~ 0.55 to -0.2 V) in Figure 4.8a further reveals the disintegration of NiO.
The specific capacitance values for these composites are found to be 404.1 Cg™! (538.8
Fg!) for NiO-In,O3-NF (1:1) and 203.1 Cg™! (270.8 Fg!) for NiO-In2O3-NF (2:1) at 5
Ag', which are quite low than the NiO-InoO3-NF(1:2) electrode at the same current
density. In case of NiO-In2O3-NF (2:1), the electron kinetics between NiO and In20Os3 is
not sufficient enough for complete utilization of NiO active sites. This is due to the
formation of more Ni**Ox phase via the adsorption of negatively charged oxygen on the
NiO surface as evidenced from the XPS analysis.?® Thereby, only part of the NiO has

been involved to redox process, resulting low specific capacitance.

Interestingly, among the three compositions, NiO-InoO3-NF (1:2) showed the best
electrochemical performance in terms of specific capacitance and rate capability, which
is mainly attributed to their well-integrated 3D-1D hybrid microstructure. When
compared to the monometallic oxides, the mixed NiO-In,O3-NF (1:2) electrode has
delivered two orders of magnitude increased specific capacity (when compared to
In2O3-NF) and three order superior rate performance. Interestingly, the observed
specific capacity is even higher than the synergistic limit of individual oxides further

revealing the extra-ordinary performance of the hetero-structured electrode, driven by
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the three dimensional hierarchical microstructure. The nanorods-supported
microflower heterostructure provides improved electron transfer kinetics and thus
significantly increased specific capacity. One dimensional nanorods not only served as
a scaffold for electrochemically active materials, but also served as effective channels

for electron transfer between the active nano/ microflower and the NF substrate.?®

Another important requirement for supercapacitor applications is its long term cyclic
stability. Hence, the charge-discharge cycle was repeated up to 5,000 cycles at 20 A g!
as depicted in Figure 4.4d. When compared to individual oxides, the hybrid electrode
shows only 10.5% capacity loss after 5,000 cycles, while it was 21.5% and 35.6% for
NiO-NF and In;O3-NF (Inset of Figure 4.4d). Due to the unique structural and
conductive support, the NiO-InpO3-NF (1:2) is expected to retain excellent

electrochemical properties as supercapacitor electrodes.

4.4 Electrochemical performance of Co3(PQO4)2'8HO/NF

nanoflakes

To investigate the electrochemical performance of the Co3(POs4)2-8H2O/NF, a three
electrode system was used. Figure 4.9a shows the CV curves of pure nickel foam, 2.5,
5,10 and 20 mM Co3(POs4)>-8H>O/NF at a scan rate of 2 mV/s in 1.0 M NaOH solution.
The contribution of bare nickel foam is negligible compare to the Co3(PO4)2-8H>O0.
Clear current peaks are observed in all the samples, indicating the non-capacitive

Faradaic energy storage properties of the electrode material.
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Figure 4.9 (a) Cyclic voltammograms of nickel foam, 2.5, 5, 10 and 20 mM
Co3(PO4)2-8H20O/NF at a scan rate of 2 mV/s in 1 M NaOH. (b) Cyclic voltammograms
of 5 mM Co3(POs4)>-8H>O/NF at different scan rate from 1 to 50 mV/s. (c-f) Discharge

profile of 2.5, 5, 10 and 20 mM samples at different current densities.

With increasing concentration (i.e., with increased mass loading of the active material),
the main peaks around 0.45 and 0.25 V broaden and the peak current varies. This may
be due to the higher mass loading, which results in more activate material to take part
in the redox reaction but on the other hand reduces the conductivity of the electrode as
can be observed from the Nyquist plots in Figure 4.10. The resistance of the electrodes
are found to be 1.90, 1.94, 2.47 and 4.8 Q with increased mass loading. The 2.5 and 5

mM CVs are nearly symmetrical, indicating good redox property of the material.



However, for higher concentration samples, the secondary peaks (around 0.25 and 0.55
V) become more obvious because of the larger mass loading enhanced the first step of
the redox reactions (shown as Equation 4.7). Two pairs of oxidation and reduction peaks

indicate the transform between the different states of Co?" and Co>".

-Z"fOhm

Figure 4.10 Nyquist plot for 2.5, 5, 10 and 20 mM Co3(PO4)2-8H>O/NF

Figure 4.11a shows the CV curves of 2.5 mM sample at different scan rate from 1 to 50
mV/s. With increasing scan rate, the oxidation and reduction peaks started to shift from
each other, indicating quasi-reversible reaction and the shape of the CVs tends to be
asymmetric. Figure 4.9b shows that the peak shift in 5 mM sample is less than 2.5 mM
sample, which may be due to the larger loading (2x compared to 2.5 mM) of cobalt

phosphate, resulted in more active materials to be involved in the Faradaic reactions as

follows?8-2%4;

Co3(PO4)2 + OH <> Co3(PO4)2(OH) + & Equation 4.7
Co3(P04)2(OH) + OH <> Co3(P04)2(0) + H20 + ¢ Equation 4.8
0O+0« 01 Equation 4.9
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Figure 4.11 (a) Cyclic voltammograms of 2.5 mM Co3(POs4),-8H2O/NF at different
scan rate from 1 to 50 mV/s in 1 M NaOH. (b) Charge-discharge profile of the electrode
at different current densities. (c) Specific capacitance and capacity variation at different
current densities. (d) Cyclic stability of the electrode. Inset represents continuous

charge-discharge profile at 20 mA cm™.

Figure 4.11b shows the charge-discharge profile of 2.5 mM Co3(PO4)2-8H>O/NF. In
both 2.5 and 5 mM discharging curves (Figure 4.9¢-d), distinct potential plateaus are
observed, which demonstrate the battery-like characteristics of the electrodes. The
nearly symmetric charging and discharging curves at low current density indicate the
reversible redox reaction. 5 mM sample shows nearly twice discharging time than the
2.5 mM sample at similar current density, which may be due to double mass loading in
case of 5 mM sample. However, for 10 and 20 mM samples (Figure 4.9e-f), the
discharge time does not increase with larger mass loading. As shown in the SEM image
analysis in Figure 3.19f, the multilayer structures for higher-concentration samples
grew thicker and larger in a disorderly fashion, which reduces the overall surface area

of the electrode accessible by the electrolyte and thereby less active material is taking

99



part in storing the charge. These results are in good agreement with the CV analysis

presented in Figure 4.11a and Figure 4.9a.

Due to the non-capacitive Faradaic/ quasi-battery mechanism, the specific capacity in
terms of mAh g™! was calculated using Equations 4.2. A maximum specific capacity of
241.2 mAh g! at an applied current density of 5 mA cm™ was found for the 2.5 mM
sample. The capacity variation as a function of current density is shown in Figure 4.11c.
With a 10 times increase in the current density (from 5 to 50 mA cm™), the capacity
retention is 65.2% and 72.1% of the initial value for 2.5 and 5 mM samples, which are

much better than the state of the art (48%) cobalt phosphate electrodes.!'*

However, to be comparable with reported literatures, specific capacitance in terms of F
g was calculated using Equation 4.4. An ultra-high specific capacitance of 1578.7 F g°
!'was achieved from 2.5 mM Co3(PO4)2-8H2O/NF at 5 mA cm™ (1.25 A g!) and 1336.9
F g'! was attained for 5 mM sample at 5 mA cm™ (0.625 A g!), and reduced to 1029.5
F g (65.2%) for 2.5 mM and 963.6 F g (72.1%) for 5 mM sample for a current density
of 50 mA cm? (Figure 4.11c and Figure 4.12).

1600 |- Il
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— 1200
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©
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Figure 4.12 Specific capacitance as a function of applied current densities for 2.5, 5,

10 and 20 mM samples.
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The reduction in specific capacitance in the 5 mM and higher concentration samples
are due to the larger mass loading, which resulted in a thicker layer formation as
compared to low concentration sample that ultimately reduced the active sites for ion
diffusion from the electrolyte. However, the specific capacitance for 2.5 mM electrode
is found to be better than the work reported by Tang et al., where a specific capacitance
of 1409.8 F g'! at 0.25 A g! was obtained for a honeycomb-like mesoporous cobalt
nickel phosphate nanospheres, whereas for Co3(POa4)2, only 247.7 F g™ was reported®®.
Similarly, Li et al. showed 350 F g'! at 1 A g! for a 3D Co3(PO4)2-8H,0 architecture
with flower-like morphologies assembled from 2D microsheets.!” Furthermore, Pang
et al. reported three different phosphate microstructures, and achieved 312 F g! for
Co11(HPO3)s(OH)s nanoribbons®%, 413 F g! for COHPO4-3H,0 nanosheets and 369.4
F g! for NH4CoPO4-H,O nano/ microstructures. Whereas, the 2.5 mM electrode
showed ~4 times better specific capacitance as compared to the best reported cobalt
phosphate based electrodes. Another important requirement for supercapattery
application is the long term cyclic stability. Figure 4.11d shows the cyclic stability of
the 2.5 mM sample and the inset shows the continuous charge-discharge profile at 20
mA cm™. The electrode exhibited a capacitance of 1149 F g! (72.8% retention) after
1000 cycles, which is more than twice of the best capacitance value reported for cobalt
phosphate based electrodes.!’>19-205206 The decrease of the capacitance after 1000
charge-discharge cycles may be due to the morphology transformation and the
dissolution of the active material as shown in Figure 4.13. After 1000 charge-discharge
cycles, the Co3(PO4)2-8H>O micro/ nanoflakes started to fissure and fall off. The typical
mass loading of Co3(PO4),-8H2O/NF electrode after 1000 charge-discharge cycles is

3.45 mg cm™, which confirm the speculation of dissolution.
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Figure 4.13 (a-b) SEM images of Co3(POs4)-8H2O/NF electrode after 1000 charge-

discharge cycles.

It is noteworthy that the observed specific capacity (or capacitance) is higher than the
theoretical value (533 C g! or 969 F g'! %) for the cobalt phosphate electrode. This
may be attributed to the contribution of electric double layer capacitance in addition to
the battery-like Faradaic contributions.?!® When crystalline water is removed from the
Co3(PO4)2:8H20 during electrochemical reaction, a large amount of void space is
available for redox reaction. The interconnected Co3(PO4)2 nanosheets are favorable for
electrolyte penetration to the interior surfaces via the intercalated water molecules.
After oxidation of crystalline water, there is a possibility of forming abundant pores
within the Co3(POs); nano/ microsheets as can be seen in Figure. 3.20 (e), which

provide large surface area and numerous electroactive sites for effective ion adsorption.

4.5 FElectrochemical performance of Ni3(PO4)::8H20/NF

nanoflakes

In order to explore the potential application as a supercapattery electrode, the
Ni3(POs4)2-8H2O/NF was examined with cyclic voltammetry, galvanostatic charge-
discharge, cyclic stability and EIS measurements in a three electrode configuration.

Figure 4.14a shows the cyclic voltammogram (CV) at different scan rates ranging from
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2-100 mVs!. The CV curves are different from the ideal supercapacitor suggesting that
energy storage mechanism is non-capacitive in nature, which is due to the Faradaic
pseudo-battery property of the Ni3(PO4)2-8H2O/NF nano/ microflakes layers related to
the Ni**/Ni** redox mechanism®. The pairs of the redox peaks are attributed to the
oxidation of nickel phosphate and the reverse reduction processes as suggested by the

following chemical reactions®*3%:

Ni3(POy)2+ OH < Ni3(POy4)2(OH) + € Equation 4.10
Ni3(POy4)2(OH) + OH < Ni3(PO4)2(0) + H20 + ¢ Equation 4.11
0O+0< 0 Equation 4.12

According to Bajdich et al.*? the adsorption of OH and O species on the surface lead
to the oxygen evolution during electrochemical reaction in alkaline conditions. Since
phosphate is not involved to the redox process, during electrochemical reaction there is
an adsorption of OH ions on the electrode [i. e., Ni(OH):] surface leads to the oxidation
of existing Ni** to Ni*" and allows the formation of OH* followed by the O* and thus
results the oxygen evolution at the end.’***°! The high current response in the CV
curves is mainly due to the contribution of more active sites from the Ni3(PO4)2-8H20
layers and implies the excellent charge storage capacity of the electrode. As the scan
rate increases, the peak current increases and the redox potential start to shift more

positive and negative regions, indicating quasi-reversibility of the electrode.
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Figure 4.14 (a) Cyclic voltammogram of Ni3(PO4)2-8H20 nano/ microflakes electrode
at different scan rates of 2 — 100 mVs™!, (b) Charge-discharge profile at various applied
current of 5 — 50 mAcm™, (c) Cyclic stability of the electrode at 20 mAcm™ and inset
represents the continuous charge discharge curve, (d) Nyquist plot of the electrode
before and after 10,000 charge-discharge cycles and the corresponding equivalent

circuit (inset).

The charge-discharge (CD) studies under different specific current further supports the
electrochemical response, observed from the CV analysis. The CD curve with distinct
plateaus as shown in Figure 4.14b confirms the Faradaic pseudo-battery type energy
storage with quasi-reversibility of the Ni3(PO4)2:8H20 nano/ microflakes layered
electrode. Since the observed energy storage phenomenon is non-capacitive, the

average charge storage capacity and capacitance at the electrode surface was calculated

using equation 4.2 and equation 4.4.481

The measured specific capacity of the electrode was found to be 301.8 mAh g! (1552.3
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F g'), 270.4 mAh g!' (1390.8 F g), 246.9 mAh g!' (1270.1 F g'), 220.2 mAh g’!
(11324 F g1), 203.8 mAh g! (1048.3 F g'!) and 189.5 mAh g! (974.7 F g'!) for 5, 6,
7, 8,9 and 10 mA cm™ respectively. Recently, Chen et al. showed a specific capacitance
of 964 F g! at 5 Ag™! for NHy intercalated Ni3(PO4)2-HoO@NF.2* Similarly, layered
NH4CoxNiixPO4-H>0 nanostructures exhibit specific capacitance of 1567 and 1212 F
g'at 1 A g! with and without Co.?” In earlier, Zhao et al. showed a capacitance of
1497 F g at 1.25 Ag'! for Nizo [(OH)12(H20)6][(HPO4)s(PO4)4]- 12H20 nanorods.>* It
is worth mentioning that all these reports are for mostly intercalated metal phosphates
or pyrophosphates and Ni3(POas)2-8H>0 is rarely been reported. Thereby with such a
high energy storage capacity (e.g., 1552.3 F g'! at 5 mAcm2), the Ni3(PO4)2-8H20
based electrode is superior to other nickel phosphate and metal phosphate based

electrodes reported so far,200-214.303.304

The cyclic stability of the electrode was evaluated by continuous charge-discharge
measurements at 20 mAcm™ (Figure 4.14c). The proposed nickel phosphate nano/
microflake layered structure possesses excellent cyclic stability with 84% retention
capacity even after 10,000 cycles. Typical reaction kinetics of the electrode was further
interrogated by EIS and presented in a Nyquist plot in Figure 4.14d. These spectra show
typical two-time-constants behavior: one appearing as large semicircle in the low
frequency region and other as an incomplete semicircle at high frequency. Noticeably,
the impedance which is related to charge transfer at the electrode surface is quite similar
for before and after cycling, demonstrating consistent electrical conductivity of the
electrode. An increment in the high frequency semicircle after 10,000 cycles reveals the
adsorption of reaction intermediates. The existence of these two characteristic processes
are associated with the adsorption/ desorption of intermediates and the diffusion
controlled Faradaic reactions (electron/ ion transfer) at the electrode/ electrolyte
interface. The observed Nyquist plot was fitted with an equivalent circuit as described
by Ho et al.’*® and shown in the inset of Figure 4.14). Here the Rs, R.: and Cu, represents
the solution resistance, charge transfer resistance and double layer capacitance.®* The

elements C, and R, are associated with adsorption and desorption of reaction
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intermediates as quoted in electrochemical reaction 4.7-9.3% These reactions are
commonly interpreted in terms of Faradaic reaction in the presence of adsorption of the
reaction intermediates (i.e. OH' radical). The occurrence of the two depressed
semicircles in the complex-plane plot in the presence of Faradaic reactions is not well-
understood for real porous electrode and need more investigations. However, it can be
seen that the time constant associated with the adsorption of intermediates is large
compared to that of the charge transfer kinetics and hence the low frequency semicircle
is typically associated with the adsorption process whereas the high frequency

semicircle is associated with the redox kinetics.3%

4.6 Electrochemical performance of Co3(PQO4)/NF

nanoflakes/microflower structure

The electrochemical properties of the CP/NF nanoflakes/ microflower structure were
investigated using a three electrode system. In order to exclude the contribution of
nickel foam substrate, CV and charge-discharge studies were carried out for the NF and
CP/NF as shown in Figure 4.15a-b. The capacity of NF and CP/NF were found to be
0.023 and 0.970 mAh cm™ (C=It/a, where I is applied current, ¢ is discharge time and
a 1s the area of the electrode), which indicate that cobalt phosphate is the principal

contributor to the charge storage of the electrode.
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Figure 4.15 (a) Cyclic voltammograms of NF and CP/NF samples at a scan rate of 10
mV/s in 3.0 M KOH, (b) charge-discharge curves of NF and CP/NF samples at current

density of 5 mA cm™.

Figure 4.16a shows the CV curves of CP/NF at different scan rates from 1 to 50 mV s
1 The pair of oxidation and reduction peaks indicate the Faradaic energy storage
mechanism of the electrode material. With faster scan rate the peak separation increased,

representing quasi-reversible Faradaic reaction on the electrode surface.
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Figure 4.16 (a) Cycle voltammograms, (b) plot of forward anodic peak current density
and the square root of the scan rate, (c) the plot of log peak currents (Ip2) against the log
scan rate (v), (d) the plot of peak voltage vs. In scan rate for CP/NF in three electrode

system, (e) raising part of CV curve of the cobalt phosphate electrode at different scan

Potential (V) vs SCE

rates and the corresponding Tafel plot (f).

The observed peak currents (Ipa) are proportional to the square root of the scan rate (v)
(as shown in Figure 4.16b), with the equation of I,,(4) = 0.3518 x /v (V/s) +

0.00369 and R? = 0.9862. Thereby, it can be realized that the process is diffusion-

controlled process rather than surface-controlled process. From the theoretical point of
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view, a slope of 0.5 or 1.0 is expected for the plot of log Ipa vs. log v under diffusion or
adsorption-controlled process, respectively.’’® As can be observed, a linear curve was
shown in the lot of log I,a vs. log v (Figure 4.16¢) with the slope of 0.5113, which is
close to the theoretically predicted value of 0.5 for a purely diffusion-controlled
process.’? Furthermore, the plot of peak voltage vs. In v shows a linear behaviour

(Figure 4.16d), which confirm the diffusion-limited transfer process.

The peak shifting (1 mV/s vs. 50 mV/s) for the oxidation peaks (121 mV) is larger than
the reduction peaks (29 mV), which may be due to the quasi reversible oxidation and
reduction of Co™ & Co*™*. In general, OH" ions are adsorbed upon oxidation and
expelled during reduction, and thereby it is observed that the hydroxide ions are the
dominant mobile species. Quasi or nearly symmetric nature of the CV curves at each
scan rate signpost the good redox property of the material. The Faradaic reactions in

the overall process are>%37:

Co3(PO4)> + OH < Co3(POy4)2(OH) + ¢ Equation 4.13
Co3(P0O4)2(OH) + OH <> Co3(P04)2(0) + H20 + ¢ Equation 4.14
0+0«< 02 Equation 4.15

The electrochemical redox reaction mechanism was further supported by the Tafel

equation®®:
b =23032% Equation 4.16
anF

where b is Tafel slope, obtained from the Tafel plot (log I, vs. Ep) as shown in Fig. 3e-
f, a is charge transfer coefficient, #n is electron transfer number, ' is Faraday constant

(96485 C mol ™), R is gas constant (8.314 J mol! K'') and T is temperature (298 K).

a is often around 0.5, which is equal proportional of electrical energy for favouring

forward reaction and suppressing the reverse reaction®”® then the electron transfer
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number is estimated to be 1.2, which indicated Co*? had been oxidized to Co™ and Co™.
Furthermore, the diffusion coefficient was calculated using the Randles-Sevcik

equation®®’:
I, = 2.687 x 10° x n”/2 x A x VD X C x v Equation 4.17

where 7 is electron transfer number, 4 is the working area of the electrode (cm?), C is
the concentration (mol/cm?), D is the diffusion coefficient (cm? s™), and v is the scan
rate (mV s!). The calculated diffusion coefficient is 1.1 x 10'*, further confirmed

hydroxide ions are the dominant mobile species.

Figure 4.17 a shows the charge-discharge profile of the CP/NF at different applied
current from 5 to 50 mA cm™>. The quasi-reversible curves with distinct potential
plateaus demonstrate the battery-type redox reaction on the electrode surface. The
nearly symmetric charge-discharge curves at wide range of specific current indicate
quasi reversible Faradaic reaction of the electrode. At a high current, the cation mobility
is enhanced by the interlayer gallery spacing between the lamellar sheets of Co3(POs)2
on the porous Ni foam current collector, which prevents significant ohmic drop (< 0.7

mV) in the electrolyte and results the high electrochemical activity.
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Figure 4.17 (a) charge-discharge profiles and (b) cyclic stability of the cobalt phosphate

electrode in three electrode system.
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Due to the typical Faradaic charge compensation, the specific capacity was calculated
using C=It/m, where [ is applied current, ¢ is discharge time and m is the mass of the
active material. A maximum specific capacity was found to be 215.6 mAh g at an
applied current of 5 mA. The value was reduced to 124.6 mAh g™! at a higher current of
50 mA showing a capacity retentions of 57.8% of the initial value with a 10-fold

increase in applied current.

The word “pseudocapacitance” is used to describe those electrode materials, which
demonstrate a linear dependence of electrochemical charge storage properties like
carbon based capacitor, but with Faradaic chemical reaction®*>31°. However, due to
the misconception in the literature of the term “pseudocapacitance”, many researchers
have classified their materials with a behaviour of a noticeable discharge plateau to be

capacitive®>%4

and used the same equation to estimate the charge storage capacity. In
order to compare with those results, the specific capacitance (C=It#/mV) was calculated
for the electrode, which showed a maximum capacitance of 1990 F g'! at a current of 5
mA, which is much higher than the state of the art (1578.7 F g1)® cobalt phosphate
electrode and other metal phosphate based materials®!!*'3. This may due to the 3D
network architecture along with the thin nanoflakes offered the large contact area with
electrolyte for more efficient ion and charge transport. Also the interconnected
nanoflakes provided lots of nano/ microscale gaps, which were favorable for electrolyte
penetration to the interior surfaces. The stability of cobalt phosphate electrode was
tested with a continuous charge-discharge cycles at a specific current of 40 mA as
shown in Figure 4.17b. The interconnected nanoflakes provided a rigid structure so that
the electrode showed an excellent stability of 90.5% after first 5,000 cycles, and retains
80.4% of its initial capacity after 20,000 cycles. These results are much better than the

reported cobalt®®31* and phosphate?*®21%3!! based electrodes in terms of capacitance (up

to 1492 F g') and cyclability (up to 10,000 cycles).
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47 Conclusion

In this chapter, the Faradaic energy storage mechanism of each fabricated materials was
discussed. Among all the five different electrode materials, phosphate based materials
exhibited high capacity/ capacitance. Ni3(PO4)2:8H2O/NF nano/ microflakes and
Co3(PO4)2/NF nanoflakes/ microflower structure shows the highest capacity of 301.8
mAh g! and 1990 F g, respectively. The electrochemical properties improved by
optimizing the nanostructure as discussed in Chapter 3. Table 4.3 and Table 4.4
compares the specific capacity and capacitance of all the phosphate based electrodes
fabricated in this work and other similar metal phosphate and cobalt oxide based

electrode materials and from published literature.
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Table 4.3 Comparison of electrochemical performance for different metal phosphate

based electrode in three electrode configuration.

Capacitance
Electrode materials Retention Reference
(Fgh
Ni3(PO4)2'8H,O/NF 1552.3 10,000 (84%) This work
Co3(PO4)2/NF 1990 5,000 (90.5%) This work
72.8% after 1000
2.5 mM Co3(POs4)2-8H20 1578.7 This work
cycles

5 mM Co3(PO4),-8H,0 1336.9 - This work

10 mM Co3(PO4)2-8H20 722.9 - This work

20 mM Co3(POs4),-8H,0 870.3 - This work
Co11(HPO3)3(OH)s 312 3,000 (89.4%) 206
CoHPO3-3H,0 413 3,000 (100%) 175
NH4CoPO4 HO 369.4 400 (99.7%) 200
Co3(PO4)2-8H20 350 1,000 (102%) 199
Co00.86Ni2.14(PO4)2 1409 Not mentioned 205
NH4NiPO4-H>O 1072 3,000 (95%) 315
Nizo[(OH)12(H20)6][(HPO4)s(PO4)4] - 12H,0 1497 Not mentioned 302
(NH4)(Ni, Co)(PO4-0.67H,0 1128 Not mentioned 203
Mnj3(POs4)23H,0 320 2,000 (87%) 303
NaMnPO4 219 1,000 (93%) 316
NaCoPOg4 279 1,000 (96%) 316
NaNiPO4 390 1,000 (88%) 316
NH4CoPO4-H,O 662 3,000 (92.7%) 210
Mn3(POs4)2 194 1,000 (91.1%) 161
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Table 4.4 Comparison of electrochemical performance for fabricated phosphate based

electrode and other nickel or/ and cobalt oxide based electrode in three electrode

configuration.

Capacitance | Capacity
Electrode materials Retention Reference
(Fgh) (Cgh
Ni3(POs)2-8H,O/NF 1552.3 301.8 10,000 (84%) | This work
Co3(PO4)/NF 1990 215.6 5,000 (90.5%) | This work
2.5 mM Co;3(PO4)2-8H20 1578.7 868.3 1,000 (72.8%) | This work
5 mM Co3(PO4),-8H,0 1336.9 735.3 This work
10 mM Co3(PO4),-8H,0 722.9 397.6 This work
20 mM Co3(POs),-8H,0 870.3 478.7 This work
Pongam seed shells-derived
94 1,000 (88%) 317
activated carbon/CoO
Co304 nanobeads-carbon nanotubes-graphene
600.19 550 (95.4%) 318
nanpsheets
NiO/Ni 1204 10,000 (90%) 319
C0304-Mn0O,-NiO 2525 5,700 (80%) 320
Co304 504 Not mentioned 321
C0304-Ru0» 905 5,000 (96%) 322
Co304 407.5 2,000 (97.5%) 323
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Chapter 5 Electrochemical performances of

devices

5.1 Introduction

In this chapter, a symmetric and three asymmetric supercapatteries were assembled
using synthesized electrode materials and activated carbon. The electrodes and Celgard
separator (porosity 55%, average pore size 64 nm) were cut to 1x 1 cm? and then
assembled to a sandwich-type supercapattery as shown in the schematic Figure 5.1. The
total thickness of the supercapattery is ~0.2 cm and the total volume of the

supercapattery is ~0.2 cm?.

<€ Positive Electrode

<€ Separator

Negative Electrode

Figure 5.1 Schematic of sandwich-type supercapattery (1 x 1 x 0.2 cm?).

Specific capacity and capacitance of the assembled supercapatteries were calculated by
Equation 5.1-4, based on the total mass of total active materials loading mass or the

total measured volume of the supercapattery.

Ixt

C = Equation 5.1
3.6Xxm
c =" Equation 5.2
3.6XV
IXt .
Cs = — D Equation 5.3
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_Ixt
ST yxAU

Equation 5.4

where, C is the specific capacity (mAh g™ based on total active materials loading mass,
or mAh cm™ based on total volume of the fabricated supercapattery), Cs is the specific
capacitance (F g'! based on total active materials loading mass, or F cm™ based on total
volume of the fabricated supercapattery), I is the charge-discharge current (A), t is
the discharge time (s), V is the total measured volume of the supercapattery) (1 x 1 X
0.2cm?>), AU = V05 — Vinin, Where V4, is the voltage at the beginning of discharge
after the IR drop and V,,;,, is the voltage at the end of discharge, 3.6 is due to the
conversion of seconds to hours.

In addition, the specific energy and power are two important factors to evaluate the
performance of a supercapattery cell. Since the charge-discharge is a non-linear

function, the specific energy and power of the symmetric cell were calculated using the

following equations:®3-31°

t=t .
E=1[_,V(t)dt Equation 5.5
P=E/t Equation 5.6

Where, E is the specific energy (Wh kg™!), P is the specific power (W kg!), 1 is the

specific Current (A g!), V is the potential (V) and t is discharge time (s).

It's important to note that for asymmetric supercapatteries, the balancing of the charge
flow between the positive and negative electrodes is critical for optimum performance.
The charge stored by individual electrode is:

Q=C; XxAE Xm Equation 5.7

where, C, is the specific capacitance of the electrode, AE is the potential range of the
charging-discharging process and m is the mass loading of the active materials on the
current collector.

So the mass loading ratio of positive electrode (mp) and negative electrode (my) can
be calculated as following:
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mp _ CyXAEn
my CpXAEp

Equation 5.8

Herein, the electrochemical properties of the four assembled supercapatteries were

investigated in inorganic electrolytes. The summarized characteristics of these

supercapatteries are shown in Table 5.1.

Table 5.1 Electrochemical characteristics of the assembled supercapatteries.

Electrode Material Voltage | Energy | Power
Electrolyte Cyclability
Positive Negative Window | Density | Density
Composition Composition \Y \Y% Whkg! | Wkg'! Cycles

NiO-In,O3/NF NiO-In,O3/NF | 3 M KOH 1.5 26.24 9624.5 89% after 5,000 cycles
Co3(PO4),-8H2O/NF AC/NF 1 M NaOH 1.6 29.29 4687 72.8% after 1,000 cycles
Ni3(POs)2-8H,O/NF AC/NF 1 M NaOH 1.5 334 2058 84% after 10,000 cycles
Co3(PO4)2/NF AC/NF 3 M KOH 1.7 43.2 5800 90.5% after 5,000 cycles

5.2 NiO-In:03/NF symmetric supercapattery

For practical application, sandwich type symmetric cell was fabricated using two pieces

of NiO-In20s3-NF electrodes separated by Celgard separator and tested in 3 M KOH

aqueous electrolyte. Figure 5.2a shows the CV curves of the symmetric cell at scan

rates extending from 5 to 50 mV s!. Distinct CV curves indicate the battery like

characteristic of the device as a function of scan rate. Further increasing the scan rate

from 75 to 500 mV s! did not result any obvious changes (Figure 5.3), implying the

high rate capability of the device.
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Figure 5.2 (a) Cyclic voltammograms of symmetric supercapacitor fabricated with
NiO-In;O3-NF (1:2) hybrid structure at different scan rates in 3 M KOH; (b) Charge-
discharge curves of NiO-InoO3-NF (1:2) based symmetric supercapacitor at various
current densities; (c¢) Cyclic stability of the symmetric supercapacitor and inset
represents continuous charge-discharge profile at 10 A g'!'; (d) Capacity retention and

coulombic efficiency of the device at different current density.

Figure 5.2b shows the galvanostatic charge-discharge curves of the symmetric cell,
which is carried out at different current densities (2-10 A g™!). Nearly symmetric charge-
discharge behaviour envisages the non-capacitive Faradaic nature of the charge storage,
consistent with the CV results. The specific capacity of the device is evaluated using
equation5.1. The estimated specific capacity for the symmetric cell is found to be 101.4
Cg'(28.2mAh g!)67.6 F g'! at a constant current density of 2 A g''. When the current
density is increased, the specific capacity decreases due to the fact that insufficient
active materials involve in the redox reaction. However, the device still exhibits 52.95
C g!' (14.7 mAh g') 35.3 F g! of specific capacity even at a high current of 10 A g,
which is 52% of the initial capacity when the current is increased by a factor of 5. With
increasing current, the specific capacitance varies significantly. The observed Cs value

is much higher than the earlier reported values of 23 C g (23 F g!) for NijKOH|Ni
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symmetric device,*>* 52.8 C g'! (44 F g!) for Co(OH)2/SS(stainless steel) electrodes?’
and quite comparable to the Co(OH),/GF (graphene foam) electrode of 82.8 C g™ (69
F g1)’*® in symmetric cell configurations. Furthermore, the symmetric cell shows
outstanding cyclic stability (Figure 5.2c), with only 21% capacity loss after 50,000
cycles. The excellent cyclic stability may be attributed to a well-integrated and strongly
adhered NiO-In,O3 hierarchical nano/ micro architecture on the nickel foam substrate

and their synergistic effect.
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Figure 5.3 Cyclic voltammograms of NiO-In;Os3-NF (1:2) based symmetric

supercapacitor at high scan rates.

Figure 5.4a-d shows the SEM images of NiO-In2O; hetero-structure after 50,000
charge-discharge cycles. There is noticeable destruction in the microstructure for this
NiO-In,03 hetero-composite when compared to before cycling as shown in Figure 3.9
(chapter 3). It seems that some diffusion/ dissolution reaction between InoO3 and NiO
during charge/ discharge and resulted in the formation intermetallic compound between

NiO and In,O3 after long cyclic process.
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Figure 5.4 (a-d) SEM images of NiO-In,O3-NF (1:2) electrode after 50,000 charge-

discharge cycles.

In terms of coulombic efficiency, the device has showed significant variations based on
the applied current. Figure 5.2d shows the variation of specific capacity and the
corresponding coulombic efficiency measured at various current of 2 — 8 A g'l. Worth
mentioning, the estimated capacity retentions were about ~94% for all current densities
after 1000 cycles. However, the coulombic efficiency varied significantly during initial
few cycles. Figure 5.5a-d shows the initial charge/ discharge cycles of fabricated
symmetric cell measured at before and after 1000 cycling. The calculated efficiency
values for first 5 cycles are 75.5%, 79.4%, 84.76% and 89.1% for the current of 2, 4, 6
and 8 A gl respectively. It reaches to ~98% of the maximum value after prolonged
cycling. This can be explained by the effect of solid electrolyte interphase (SEI) layer
formation over electrode materials during redox reaction. It is well demonstrated that

120



the generation of SEI layer plays a crucial role in batteries and hybrid supercapacitors
or supercapatteries.’?’32° Generally, the SEI layer is created on an electrode surface due
to the reaction between solid electrode and liquid electrolyte. In this case, it is believed
that typical SEI layer is formed on the electrode surface during initial charge/ discharge
cycles as reported earlier.>?®32° The detailed mechanism of SEI layer formation is not
clear and needs further investigations. The same trend in efficiency was observed for
all the measured current as shown Figure 5.2d, which indicates that the formation of
SEI layer is independent to the applied current. However, the SEI formation requires
only few 10s of cycles at high current, whereas it is nearly 100 cycles for low current.
The variation in efficiency can be directly related to the electrode kinetics during redox
process. Since the NiO and In2O3 have different kinetic potentials, the redox process is
also different during charging/ discharging process, thereby asymmetric behaviour is
observed in Figure 5.2b. Also, the formation of stable SEI layer ensures the long term

cyclic stability of the device.*?’
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Figure 5.5 First few charge-discharge cycles of NiO-In2O3-NF (1:2) based symmetric
supercapacitor measured before (black line) and after (red line) 1000 cycles at different
current density (a) 2A g, (b)4Ag', (c)6 Agland(d) 8A g
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In general, the amount of energy stored in the electrochemical energy storage devices
is directly related to the voltage applied between the electrodes. So, a stable potential
window should be fixed appropriately for the symmetric cell. However, in two electrode
configuration, controlling the potential range of each electrode is not possible since
there is no reference electrode.*%*! In this case, the observed potential is ~1.5 V which
is significantly higher than the limit of water splitting voltage (~1.23 V) in aqueous
electrolyte.* Therefore to understand the electrode behaviour and stable potential
window, the cyclic voltammogram study was carried out for the symmetric cell using
SCE as reference electrode. Typical CV curves of symmetric cell are shown in Figure
5.6a-b, indicates the potential window of each electrode at different voltage limits. It is
important to point out that the positive electrode operates between 0 and 0.6 V vs. SCE
and the negative one between 0 and -1 V vs. SCE. So, the water reduction potential of
the negative electrode shifted beyond -1 V from the theoretical value of -0.38 V.
Meantime the positive potential is slightly under the thermodynamic limit of water
oxidation (~0.85 V). This result further confirms that the symmetric cell can be able to

reach the stable potential of 1.5 V as shown in Figure 5.2a-b.
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Figure 5.6 (a) Cyclic voltammograms of NiO-In2O3-NF symmetric cell at different
potential range and (b) the stable potential window of the device with respect to

reference electrode.

According to the Ragone plot shown in Figure 5.7, the highest specific energy for this
cell is 26.24 Wh kg™! with a power density of 1752.8 W kg and remained 13.1 Wh kg

!'at a maximum power density of 9624.5 W kg™!. The corresponding volumetric energy
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and power density for the symmetric supercapacitor is about 3.56 Wh cm™ and 438.1
W cm?. The observed energy and power performance for the NiO-In,Os; hybrid

structure is higher than most of the reported symmetric supercapacitors.324326:332
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Figure 5.7 Ragone plot for NiO-In,O3-NF (1:2) based symmetric supercapacitor.

In order to demonstrate practical usability of the device, three symmetric cells were
connected in series and lighting a red LED for 10 seconds while discharging (Figure
5.8a). Furthermore, the device which fabricated with NiO-In,O3 was lighting an LED
with the same power (Figure 5.8b) even a month after the initial test. Thus further
confirms the long-term activity of the electrode for high performance supercapacitor

applications.

(a) Initial test
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Figure 5.8 NiO-In,O3-NF (1:2) based symmetric supercapacitor connected in series

and their practical application of LED lighting.
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The electrochemical impedance spectroscopy was performed to study the resistance of
the supercapacitor device before and after 50,000 cycles (Figure 5.9). Both plots
consists of semicircle arcs at high to middle frequency region and straight lines at low
frequency range. The observed EIS data can be fitted with the equivalent circuit (inset
of Figure 5.9) consisting of solution resistance (Ry), charge transfer resistance (R.),
diffusion resistance (W) and electrochemical capacitance (Cu).?*® The Nyquist plot
revealed no obvious resistance change of the device even after 50,000 cycles, which is
remarkable. However, the deviation in the slope of the straight line confirms the
increased internal resistance at the electrode. Thereby, the EIS results further confirm

the excellent stability of the symmetric capacitor.
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Figure 5.9 Nyquist plot for NiO-In>O3-NF (1:2) based symmetric supercapacitor before
and after 50,000 cycles. Inset on the left is the equivalent circuit and inset on the right

is showing the expanded view of the high frequency region.

The superior electrochemical performance of the NiO-In20s heterostructured electrode
could be attributed to the following structural benefits: First, 3D mesoporous NF has
superior electrical conductivity and this leads to rapid electron transport during charge-
discharge process at high current density. Second, the 3D-1D hybrid micro/ nano
structure gives more active sites for redox reactions due to the existence of more surface
defects on the oxide surface as observed in the XPS analysis (section 3.2.4) and their
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synergistic contribution. Third, 1D nanorod integrated hierarchical microflower
structure increases the cyclic stability for long term applications due to strong
mechanical integrity with Ni support. Moreover, these 1D nanorods not only support
the electroactive materials, but also serve as effective channels for electron transfer and
act as an intermediate buffer layer between the highly active NiO flower and the Ni
foam substrate. Finally, formation of strongly coupled NiO-In,0O3 heterostructures with
mesoporous Ni foam resulted in a large contact area between active materials and the
electrolyte, leading to more efficient ion and charge transport, resulting in significant
increases in the specific capacitance and rate capability at high current densities over

longer cycle times.

5.3 Co03(P0O4)2:8H20/NF hybrid supercapattery

In order to evaluate the performance of the Co3(POs),-8H,O/NF electrode, a hybrid
supercapattery  (Co3(PO4)2:8HO//AC) was assembled with 2.5 mM
Co3(PO4)2:8H20O/NF as positive electrode and AC/NF as negative electrode in 1 M
NaOH solution. Figure 5.10a-b shows the cyclic voltammograms graphs and charge-
discharge curves of activated carbon electrode in a three electrode system where
saturated calomel electrode was used as a reference electrode in 1 M NaOH solution.
The activated carbon electrode presents a wide potential window of -1 to 0.2 V. Typical
carbon rectangular-shaped CV curves were obtained at low scan rate from 1 to 10 mV/s.
Linear charge-discharge curves at different currents indicate the non-Faradaic energy

storage properties of the electrode material.
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Figure 5.10 (a) Cyclic voltammograms of activated carbon at different scan rates in 1
M NaOH. (b) Charge-discharge curves of activated carbon at different current in 1 M
NaOH. (c¢) Cyclic voltammograms of 2.5 mM Co3(PO4)2:8H>O/NF and activated
carbon in a three electrode system where saturated calomel electrode (SCE) was used

as a reference electrode (scan rate: 2 mV/s).

However, to further investigate the optimization of positive and negative electrodes for
hybrid supercapattery, three negative electrodes with different mass loading of activated
carbon of 2, 4, 6 mg cm™ were fabricated and assemble hybrid supercapattery with 2.5
mM Co3(PO4)2-8H,O/NF as positive electrode. Among those, 4 mg cm™ mass loading
of activated carbon showed the best performance due to the balance of the charge flow
between the positive electrode and the negative electrode. Figure 5.11a shows the CV
curves of the Co3(POa4),-8H20//AC supercapattery at different scan rates from 5 to 50
mV/s. The quasi-rectangle shapes of these CV curves demonstrate the dominant
capacitive behaviour rather than battery characteristic. The CV curves retain the same
shape with increasing scan rate, which exhibited a good rate capability of the hybrid

supercapattery.
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Figure 5.11 (a) Cyclic voltammograms of the Co3(PO4)2:8H20//AC hybrid
supercapattery at different scan rates in 1 M NaOH. (b) Charge-discharge curves of
supercapattery at different current densities. (¢) Cyclic stability of supercapattery. Inset
represents continuous charge-discharge profile at 20 mA cm™ (d) Ragone plots of

supercapattery. 161,201,205,210,303,312,316

The individual CV curves of positive (Co3(PO4)2:8H2O/NF) and negative (AC/NF)
electrodes are shown in Figure 5.10c. The negative electrode demonstrated a typical
electric double layer charge-discharge profile, with hydrogen storage at deep cathodic
conditions. On the other hand, the positive electrode has a capacity of redox reversible
reaction. Thereby, a potential window of 1.6 V was achieved in this hybrid
supercapattery.

Figure 5.11b shows the charge-discharge curves of the Co3(POs4):-8H20//AC
supercapattery at different current densities with a cell voltage up to 1.5 V. Quasi-lined
charge and discharge curves rather than potential plateaus confirm the capacitive

characteristic of the hybrid supercapattery.
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Figure 5.12 Specific capacitance as a function of applied current densities for hybrid

supercapattery.

The device showed a specific capacitance of 111.2 F g! (4.44 F cm™) at a current density
of 5 mA cm™. Even at 50 mA cm, it showed a specific capacitance of 50.7 F g! (2.03
F cm™). Thereby, this hybrid device could retain a remarkable 45.6% of the initial value
for ten times of initial current density. Furthermore, the hybrid supercapattery showed
better cyclic stability of 77.9% (Figure 5.11c) after 1000 cycles as compared to the
earlier reported work (66.5% and 57.8%)%%. Compared to three electrode system, the
hybrid supercapattery exhibits a better cyclic stability, which may be due to the
synergistic effect of the positive supercapattery electrode with the negative carbon
based electrode, which reduced the dissolution of active material.

Due to the non-linear function of the charge-discharge curves, the specific energy
(density) and specific power (density) were calculated by equations 5.5-6. As in the
Ragone plots shown in Figure 5.11d, the highest specific energy was found to be 29.29
Wh kg! (energy density of 1.17 mWh cm™) at a specific power of 468.75 W kg™ (power
density of 18.75 mW cm) for the hybrid device using 2.5 mM Co3(POa4):-8H,O/NF as
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positive and AC/NF as negative electrode. Even at a high specific power of 4687 W kg
! (power density of 187.5 mW cm™), the device could retain a specific energy of 5.33
Wh kg! (energy density of 0.21 mWh cm™). The Nyquist plot of the hybrid
supercapattery before and after 1000 cycles is shown in Figure 5.13. From the two plots,
resistance was found to be only 0.80 Q and 5.06 Q for the hybrid supercapattery before
and after cyclability test, which indicate acceptable conductivity for the device even

after 1000 cycles.
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Figure 5.13 Nyquist plot for Co3(POs)2-8H20//AC hybrid supercapattery before and
after 1000 cycles.

Overall, cobalt phosphate hydrate multilayer nano/ microflakes structure showed
interesting properties as a positive electrode for supercapattery application. Lower
concentration samples exhibited better electrochemical performance due to the less
mass loading and thinner layer and showed state of the art specific capacitance for this
composite. Formation of Co3(PO4)2:8H20 nano/ microflakes coupled with mesoporous
Ni foam resulted in a large contact area between active materials and the electrolyte,

leading to more efficient ion and charge transport, resulting in significant increases in
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the specific capacitance and rate capability at high current densities. Thereby, the hybrid
device showed excellent specific capacitance with very good energy and power density,

acceptable retention capability and good cyclability.

5.4 Ni3(PO4)2-8H20/NF hybrid supercapattery

Considering the high performance of the Ni3(PO4)2-8H>0 micro/ nanoflakes electrode
at three electrode configuration, several hybrid supercapatteries were fabricated with
Ni3(POs)2-8H2O/NF (NP/NF) as the positive and activated carbon/NF (AC/NF) as the
negative electrodes. The different operating voltages of the NP (-0.2 to +0.5 V) and AC

(-1 to 0 V) indicate a good match in the potential windows for an asymmetric

—— AC/NF
—— NP/NF

supercapattery (Figure 5.14).
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Figure 5.14 CV curves of AC/NF and Ni3(PO)s-8H,O/NF at 10 mV s in 1 M NaOH.

Figure 5.15a-d summarizes the performance of the hybrid supercapattery in 1 M NaOH
electrolyte. The CV curves (Figure 5.15a) retaining their battery like characteristic even
at a high scan rate of 100 mVs™! indicate excellent rate capacity of the device. Figure
5.15b shows the charge-discharge profile of the Ni3(PO4)2-8H>O/NF ||AC/NF hybrid
supercapattery at various specific current ranging from 2.5 to 20 mAcm. The specific

capacity of the device was calculated from the discharge curve based on the active
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material masses of the device (~7.5 mg cm™) using equation (5.1). The specific
capacities are 67.4, 58.9, 52.3, 52.7, 46.3, 41.7, 26.8 and 16 mAh g! for 2.5, 3, 3.5, 4,
4.5, 5, 10 and 20 mA cm?, respectively. In addition, the supercapattery showed
excellent cyclic stability of up to 10,000 cycles as shown in Fig. 5(c) and retained 89%
of initial capacity at 20 mAcm™. The coulombic efficiency of the device was found to
be 96.5% for the first few cycles and reached to ~99%, and was quite stable up to 10,000

cycles (Figure 5.15¢), indicating steady redox process at the electrode surface.
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Figure 5.15 (a) Cyclic voltammogram of Ni3(POs4),-8H2O/NF | AC/NF supercapattery
at different scan rates of 10 — 100 mVs™!, (b) Charge-discharge profile for the device at
different specific current of 2.5 — 20 mA cm™, (c) Cyclic stability and coulombic
efficiency of the device at 10 mA cm™ and inset represents the corresponding charge

discharge profile, (d) Ragone plot related to the specific energy and power of the device.

Since the electrode kinetics are pseudo-battery type behaviour, the specific energy and
power of the device were calculated according to Equation 5.5-5.6. Ragone plot for the
hybrid cell at different currents are shown in Figure 5.15d. At 2.5 mA cm™ current, the
supercapattery delivers a specific energy of 33.5 Whkg™! with a specific power of 165.5
W kg!. At a high current of 20 mA cm™, the specific energy and power values are 16

Wh kg! and 2058.7 W kg'!, respectively. The observed specific energy and power
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output of the device is quite comparable with the value (35.3 Wh kg™ and 101 W kg™)
reported by Zhao et al. for (Ni, Co)3(PO4)2-8H,0%'? and nearly equal to the nickel-
cobalt pyrophosphates based asymmetric cell (33.4 Wh kg! and 399 W kg!)***.
Interestingly, this supercapattery shows comparable and in some cases better properties

than other reported works for similar materials (Table 5.2).

Table 5.2 Comparison of electrochemical performance for various metal-phosphate

based asymmetric cell.

Specific Specific | Specifi
Supercapacitor/ Stability
capacitance Energy | c Power Ref
Supercapatteries (Retention %)
/Capacity | (Whkg") | (Wkg™)
(161.8 F g This
Ni3(PO4)2-8H20IAC 335 165.5 10,000 (89%)
67.4 mAh g! work
Ni3P>03-Co3P,03-8H,0l AC 94 F ¢! 334 399 5,000 (83%) 333
Co3(PO4)2-8H0IAC 1112F ¢! 29.29 468.75 1,000 (77.9%) 66
CoNiPO IAC 1499 F g'! 45.8 42.4 2,500 (7.8%) 205
NaNiPO4IAC 56 F g! 20 138 500 (70%) 316
NH4CoPO4-H>OIAC - 26.6 852 - 210
Mn3(PO4)2lAC 419F g'! 14.89 400 10,000 (90%) 161
Mn3(PO4)2-8H20 IAC 80.53 F g! 32.32 426.25 - 303
Mn3(PO4)2/
28 F ¢! 7.6 360 10,000 (96%) 334
Graphene foam | AC
NiCoP I AC 164 C g'! 32 351 3,000 (91.8%) 335
Ni-P I AC 105 F g'! 29.2 400 1,000 (84.5%) 336

The Nyquist plots for the supercapattery before and after 10,000 charge- discharge
cycles are shown in Figure 5.16. The electrical conductivity of the electrode is quite
good for the hybrid device and the equivalent series resistance is 0.78 Q and 5.25 Q

before and after 10,000 cycles. The observed low ESR values confirm the high
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conductivity and excellent electrical contact between the active material and current
collector. From this study it can be concluded that Ni3(PO4)2:8H20 micro/ nanoflakes

could be an excellent candidate as positive electrode for future energy storage devices.
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Figure 5.16 Nyquist Plot of Ni3(PO)4:8H20 /NF ||AC/NF supercapattery before and

after 10,000 charge-discharge cycles.

5.5 Co3(PO4)2/NF supercapattery

5.5.1 Supercapattery performance

Considering the outstanding electrochemical activity of cobalt phosphate on nickel
foam, a supercapattery were fabricated using the CP/NF as positive electrode and
activated carbon on nickel foam (AC/NF) as negative electrode and tested in 3.0 M
KOH solution. Figure 5.17 depicts the individual CV curves of positive and negative
electrodes, where the CP/NF shows a non-capacitive Faradaic mechanism in the
potential range 0 - 0.5 V. The AC/NF electrode demonstrated a typical capacitive
behavior between -1.0 - 0.2 V, due to physical electrostatic adsorption of ions at the

interface between electrode and electrolyte.
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Figure 5.17 Cyclic voltammograms of CP/NF and activated carbon in a three electrode
system where saturated calomel electrode (SCE) was used as a reference electrode (scan
rate: 10 mV/s).

Thereby, a large potential window of 1.7 V was obtained in the supercapattery as shown
in Figure 5.18a. Due to the combination of two different charge storage mechanisms,
the CV response shows quasi-rectangular shape at low scan rate, and further shape
deviation at higher scan rate. This may be due to the electron/ ion transport restricted
to certain limit on the electrode surface at high scan rate (current flowing) during the

redox process.
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Figure 5.18 (a) Cycle voltammograms, (b) charge-discharge profiles and (c) cyclic
stability of the CP/NF // AC/NF supercapattery.
Figure 5.18b shows the charge-discharge curves of the supercapattery at different

applied currents. Quasi-linear charge-discharge curves confirm both the capacitive and
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battery like characteristic of the device, which is in good agreement with the CV
analysis. A maximum specific capacity of 50.84 mAh g™ (capacitance 107.7 F g!) at
an applied current of 5 mA is observed, using the active materials’ weight of the device.
Increasing the applied current by an order of magnitude (up to 50 mA), decreased the
capacity to 30.71 mAh g'! (capacitance 65.0 F g'). Even at a high current of 100 mA,
the capacity remained stable at 24.26 mAh g!, which is 47.7% of the initial value for
20x the initial current. Due to the non-linear charge-discharge behavior, the specific
energy and power were calculated according to Equation 5.5-6. A maximum energy
density of 3.53 mWh cm™ (43.2 Wh kg'!) was observed at a specific power of 8.5 mW
cm™ (293.1 W kg!), which is nearly 50% of the Lithium iron phosphate based battery
(90-110 Wh kg1).>*” Even at a high current of 100 mA, the energy density remains at
1.49 mWh cm™ (20.6 Wh kg!) and reached to a peak power density of 425 mW cm™
(5.8 kW kg!), which is similar to the maximum specific energy reported for most cobalt
based devices. 36314338

To replace the pacemaker battery system with this supercapattery, its storage
performance must be comparable with the battery in an actual pacemaker. Assuming
the pacemaker has to deliver 10 (usually it is twice per day for the pacemaker battery
life estimation)** impulses per day, then for 20 years lifetime the device has to be
operational for at least 73,000 charge-discharge cycles. Thereby, the hybrid device was
investigated 100,000 cycles at a charge-discharge current of 40 mA with no loss after
2,000 cycles (100% retention capability), and the device suffered just a 9.5% capacity
loss after 10,000 cycles, and retaining 84% of the initial value (Figure 5.18c) after
20,000 cycles. Surprisingly, after 100,000 cycles, the capacity dropped to 68%, while
the voltage remained at 1.5 V which confirms excellent cyclability of the device. The
shelf life of a lithium battery is typically equivalent to 90% capacity retention over 5
years.>* With similar retention, this hybrid device survived 10,000 cycles, which means
14 years of operability, according to two pulses delivered per day for the pacemaker
battery life estimation.** Furthermore, a battery is determined to be invalid when its
capacity retention is below 80%.34° The CP/NF // AC/NF supercapattery can retain 84%

capacity over 20,000 cycles and thereby can be active for more than 24 years (at two
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pulses per day), meeting the stringent requirement of the pacemaker (20 years lifetime).
The coulombic efficiency of the device was calculated to be 92.5%, 93.5%, 96.2% for
the 10", 20" 30" cycles and this may be due to the formation of solid electrolyte
interphase. After 100 charge-discharge cycles, the coulombic efficiency is ~99% and
quite stable (Figure 5.18c), indicating the redox process repeats in a consistent manner.
SEM and EDX analysis (Figure 5.19a) of cobalt phosphate electrode after 20,000 cycles,
showed no major change in nanoflakes/ microflower structure aside from some granular
particles, likely due to the partial dissolution (0.15 mg loss) of the active material. The
formation of potassium cobalt phosphate at the electrode surface after 100,000 cycles
and the more granular morphology are confirmed by the SEM, EDX (Figure 5.19b) and
XRD analysis (Figure 5.19¢ red spot marked peaks are assigned to potassium cobalt

phosphate (JCPDS 39-0261) and the peaks marked with # are from Ni foam.).
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Figure 5.19 (a) SEM and EDX images of cobalt phosphate electrode after 20,000
charge-discharge cycles, (b) SEM and EDX images of cobalt phosphate electrode after
100,000 charge-discharge cycles, (c) XRD patterns of cobalt phosphate electrode after
100,000 charge-discharge cycles.

The 3D Ragone plot of Figure 5.20a compares CP/NF // AC/NF supercapattery with
state of the art metal oxide and phosphate based devices, and displays the retention of
the initial capacitance/ capacity after certain numbers of cycles from green (100%), blue
(95%), purple (90%), and pink (85%) to white (<85%). Obviously, the MnO,/Au based
device achieved a high specific energy of 57 Wh kg! but only survives 1,000 cycles

with a decay of 15%.**! Among all the cobalt and phosphate based devices summarised
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in Figure 5.20a, the cobalt phosphate based supercapattery shows the best specific
energy with beyond state of the art cyclability. In terms of volumetric density (Figure
5.20b), LiTi2(PO4); based batteries®** can obtain a high energy density of 26-31 mWh
cm™ however, the retention is limited to 2,000 cycles. The device exhibits a higher
power density than other battery/ supercapattery devices with an acceptable energy
density. The space allocated (5 mm inner diameter X 13 mm height) for the energy
storage device can accommodate six layers of supercapattery cells (5 mm x 2 mm)
connected in series and should be able to store 0.175 mWh energy and deliver 49.98

mW (equivalent to 49.98 mJ/s) power, which is nearly 2,000 times the pacemaker pulse

requirements of 25 uJ.3¥
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Figure 5.20 (a) 3D gravimetric Ragone plots of the supercapattery and comparison with
other works, the z-axis indicates the charge-discharge cycles reported for each device
and the colour-gradient map,®6:63.86.311.314319.338.341 () yolumetric Ragone plots of the
CP/NF//AC/NF supercapattery and comparison with other energy devices.

In order to demonstrate the usability of the device, two supercapatteries were connected
in series to power an LED. By charging the devices through a USB port for 1 min, the
LED remained lit for up to 20 mins with no loss in brightness in the first minute as
shown in Figure 5.21. The cobalt phosphate supercapatteries were connected in series
and charged through 5 V USB port as shown in the circuit (left). The charging current
is around 10 mA controlled by current-limiting resistance R1 (470 Q). The working
voltage of the LED is around 3 V. Even after 5,000 charge-discharge cycles, the devices

were still capable of powering the LED with similar brightness to the initial test, which
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confirms the long-term usability of the proposed supercapattery device.
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Figure 5.21 Cobalt phosphate based hybrid supercapatteries connected in series and

the application of LED lighting.

5.5.2 Self-discharge avoidance in pacemaker supercapattery

To ensure that a pacemaker retains enough energy to provide electrical impulses during
emergency, the self-discharge behaviour and leakage current of CP/NF//AC/NF
supercapattery device were investigated by measuring the open-circuit voltage,
immediately after the device was fully charged with a charging current of 5 mA, as
shown in Figure 5.22a. The self-discharge is mainly due to the migration of active
electrolyte between two electrodes and the Faradaic redox reaction from some
depolarizing impurity.'*’ The oxidation and reduction reaction, if it occurs on the
surface of either electrode, could cause a voltage leak. Since clinical brain death occurs
from oxygen starvation in four minutes after the heart stops beating, a supercapattery
such as developed in this work remains at 1.35 V (79.4% of the fully charged voltage)
after 237 s, indicating that the device can provide enough power during cardiac
emergencies. In addition, the device maintained more than 66% of the initial voltage

after 1100 seconds, and remains stable for another 700 seconds.
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Figure 5.22 (a) self-discharge curves of supercapattery at different temperature from
25 °C to 45 °C, (b) Plot of forward anodic peak current density and the square root of
the scan rate for CP/NF at different temperature from 25 °C to 45 °C in three electrode
system, (c-d) discharge curve (at 40 mA cm™) and Nyquist plots of the hybrid device at

different temperature from 25 °C to 45 °C.

5.5.3 Operation under physiological conditions (25 - 45 °C)

For use under physiological conditions inside human body, studies on the
electrochemical properties were carried out between 25 - 45 °C. Besides the

electrochemical properties and purity of the reagents, temperature is another important
factor that determines the self-discharge current (I = A exp[— AE +/ rrl, where 4E is

a positive quantity around 16-20 kJ mol' for diffusion controlled reactions).'*’ As
shown in Figure 5.22b, the leakage current of the device increase noticeably with

increasing temperature, indicating the enhanced mobility of the electrolyte ions.

In order to understand the mechanism, individual electrode (CP/NF and AC/NF) were
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investigated between 25 - 45 °C. For individual electrodes in a three electrode system,
the diffusion coefficient (Figure 5.23 slopes) is amplified with increasing the
temperature, showing slightly improved activation energy. Thereby, in case of the
complete hybrid device (Figure 5.22c¢), it is observed a slight increase in specific
capacity (from 29.51 to 34.88 mAh g!') due to the thermal activation of the electrode
material. As presented in the Figure 5.22c¢ inset, the IR drop decreased from 0.079 to
0.034 V for 25 to 45 °C, indicating slight decrease of the device resistance. From the
Nyquist plots (Figure 5.22d) acquired in 5 °C increments from 25 to 45 °C, the
resistance of the device were found to be 1.13 to 0.70 , which is consistent with the
discharge behaviour and leakage current. Overall, the device is very stable and its
capacity and voltage stability are within operational and safety norms for pacemaker

power sources under nominal human body temperature (25-45 °C).
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Figure 5.23 (a) Plot of forward anodic peak current density and the square root of the
scan rate for CP/NF at different temperature from 25 °C to 45 °C in three electrode
system, (b) plot of forward anodic peak current density and the square root of the scan

rate for AC/NF at different temperature from 25 °C to 45 °C in three electrode system.

In addition, a charge-discharge study for 20,000 cycles at 38 °C showed only 18.5%
decay in the initial capacity, similar to room temperature, indicating excellent
electrochemical properties and stability for the cobalt phosphate based supercapattery
for the pacemaker implanted inside the human body. This rechargeable supercapattery
with a high energy density of 3.53 mWh cm™ (43.2 Wh kg™!") and retention of 68% after
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100,000 cycles, should be able to power the pacemaker for 20 years. The devices with
single cell voltage of 1.7 V can be connected in series to meet the requirement of 2.8 V
and would hold enough voltage (1.35 V) after the first 4 minutes with minimal self-
discharge, which should be sufficient time for a piezoelectric energy harvester to
recharge the device completely. The device exhibited good electrochemical properties
at normothermia (38 °C), so that it is a promising forerunner for the development of a
long-life rechargeable energy source for powering and operating next-generation self-

charging pacemakers in conjunction with suitable energy harvesting technology.

5.6 Conclusion

In summary, among all the fabricated nanomaterials in this work, cobalt phosphate-
nickel foam nanoflakes/ microflower structure based supercapattery exhibited the
highest energy density of 3.53 mWh cm™ (43.2 Wh kg'!) and remained at 1.49 mWh
cm™ (20.6 Wh kg!) at a high power density of 425 mW cm™ (5.8 kW kg!). Moreover,
the device demonstrated an excellent cyclability of 84% after 20,000 cycles, and even
after 100,000 cycles, the capacitance only dropped to 68% on initial value, confirming
a long-time reliability of this device. Furthermore, the cobalt phosphate based
supercapattery is stable at room temperature and above body temperature (25 to 45 °C).
The energy and power performance of this hybrid device exceeded the stringent
requirements of a leadless pacemaker system. Furthermore, in terms of power delivery,
cycle life, self-discharge stability and compatibility with human body temperature, the
device exhibits state of the art performance. This relatively simple technology is being
developed as a long-life rechargeable energy source for powering and operating next-
generation self-charging pacemakers in conjunction with suitable energy harvesting
technology. With further biological evaluation and device miniaturization, the concept
of a higher energy density, fast charging power source for cardiac care in patients will
be accomplished. This device is also adaptable to a range of other wearable technologies
and for internet of Things (IoT) applications requiring rechargeable power sources for
wireless sensor nodes.
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Chapter 6 Conclusions and Future Work

6.1 Thesis Summary and Main Results

The prompt development of miniaturized implanted medical devices like an artificial
cardiac pacemaker has increased the demand for power sources that can last for more
than 20 years. The conventional rechargeable batteries with high energy density are
very expensive with limited cycle life and cannot survive beyond 12 years. The
supercapattery that combines high power capability and short charging/ discharging
times of supercapacitor associated with greater energy density of batteries could be an
attractive power source for the next generation pacemaker. Such supercapatteries
fabricated using low-cost and abundant electrode materials could be the perfect
alternative to batteries. It is the aim of this study is to develop novel nanostructured
materials with enhanced electrochemical performance to be used as supercapattery
electrodes. In this thesis, the design, fabrication, and characterization of the four
different nickel foam supported materials have been systematically investigated. The
structure, morphology, and elemental valence was studied using XRD, Raman, SEM,
EDX, TEM, and XPS analysis, and these materials were electrochemically analysed in
a three electrode system. Moreover, different configuration supercapatteries have been
assembled and tested. The achievement of high energy density and high power density
with excellent cyclic stability of supercapatteries fills the gap in the Ragone plot

between conventional capacitor and batteries.
Important findings from the study are listed below:

Commercially available nickel foam with a porosity of 95% was used as substrate,
which offers a large active surface area and highly conductive 3D network
architecture. Moreover, the direct growth of active materials on nickel foam also
improved the morphology of the material therefore enhancing the efficient electron

transport for energy storage processes.
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Hydrothermal synthesis was carried out for the nanomaterial fabrication. The
material structure and morphology was controlled by altering solution
concentration, surface active agent, temperature, and holding time. Five different
cobalt phosphate nanostructures were obtained under several processing variables,
and optimized cobalt phosphate nanoflakes/ nanoflowers were synthesized in 8
hours at 120 °C in a 2.5 mM cobalt solution.

The supercapatteries were assembled in both symmetric and asymmetric
configuration using Celgard membrane (porosity 55%, average pore size 64 nm)
as separator. In the case of asymmetric cell, activated carbon was used as negative
electrode. It was observed that for each pair of electrode materials, the mass loading
balancing was a crucial factor to optimize the electrochemical performance of the
complete device along with the specific electrolyte.

3D/ 1D hybrid NiO-In2Os hetero-structures allow the synergistic contribution of
both nanostructure as well as materials leading to better electrochemical
performance as a supercapattery electrode. Noticeably, by varying compositions
these hetero-structured electrodes showed distinct electrochemical performances
due to their diverse electron/ ion transfer kinetics and microstructure. Among them,
the hierarchical hybrid structures of NiO— In2Os (1 : 2) delivered a high specific
capacity of 766.65 C g!' at 5 A g! in 3 M KOH electrolyte. Moreover, the
assembled symmetric supercapattery showed a high specific energy of 26.24 W h
kg! and a high specific power of 9624.5 W kg™ with a long term cyclic stability of
79% after 50,000 cycle testing.

Binder-free Co03(PO4)2:8H>O multilayer nano/ microflakes structures were
fabricated under different concentrations of the synthesis process with an average
thickness of 400 nm to 1 um. Among all the samples, the highest specific capacity
of 868.3 C g! (241.2 mAh g'') at a current density of 5 mA cm™ was exhibited
from 2.5 mM sample, with a rate capability of 65.2% for 10 times of the initial
current density. The hybrid supercapattery fabricated using Co3(PO4),-8H2O/NF as
positive and AC/NF as the negative electrode demonstrated a maximum specific

energy of 29.29 Wh kg! (energy density of 1.17 mWh cm™) and a maximum
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specific power of 4687 W kg™! (power density of 187.5 mW cm™), with good cyclic
stability of 77.9% after 1000 cycles.
Vi. 3D nano/ microflakes of Ni3(POs),-8H>O structure were grown on nickel foam and

delivered a specific capacity of 301.8 mAh g™! at a current density of 5 mA cm™.
The fabricated supercapattery based on the Ni3(POa4)>-8H2O/NF and AC/NF as the
positive and negative electrodes showed an specific energy and power of 33.4 Wh
kg! and 165.5 W kg'! with impressive cyclic stability of 89% after 10,000 cycles.

vii.  The optimized cobalt phosphate nanoflakes/ nanoflowers displayed a specific
capacity of 215.6 mAh g! (1990 F g'!) at an applied current of 5 mA cm™ and 80.4%
of initial capacity retention after 20,000 cycles, which is significantly better than
the state of the art. The assembled asymmetric supercapattery delivered a high
energy density of 3.53 mWh cm™ (43.2 Wh kg!) and retains 1.49 mWh cm™ (20.6
Wh kg'!) even at a high power density of 425 mW cm™ (5.8 kW kg!). The cyclic
stability of the device was found to be over 68% retention after 100,000 cycles.

Viil. The quantify self-leakage and the performance of the cobalt phosphate nanoflakes/
nanoflowers based supercapattery were tested under a temperature range from 25
to 45 °C. The cell remains 1.35 V (79.4% of the fully charged voltage) after 237 s
and the retention is 81.5% after 20,000 charge-discharge cycles at physiological
temperature (38 °C). Thereby, supercapattery may provide a new platform to the
bioelectronics industry, material scientists, engineers and the wider scientific
community for the development of power sources for next generation biomedical

devices and Internet of Things.
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6.2 Recommendations for Future Work

6.2.1 Development of Novel Materials

There are still many promising materials have not been widely investigated for
supercapattery applications, including chromium, copper, fluorides, phosphides, and
chlorides. These material are commonly used as intercalation electrodes, thus should
have the potential to extend the application as new type supercapattery. Besides, to
further improve the electrochemical properties of the electrode, new developments in
structure design are desired. There are many existing techniques to modify the surface
and structure such as nitrogen doping, multilayer synthesis, core-shell design, and
metal-organic frameworks. Further investigation on different composites and unique
structure development are required. Overall, the target is to improve the electrochemical
performance by increasing the surface active area of the activated material, enhancing
the electrochemical kinetics between electrode and electrolyte, and developing stable

structure.

6.2.2 Optimization of the Complete Supercapattery Cell

Supercapatteries can be classified into different categories according to their electrode
materials as discussed in section 1.2.2, but not all of them have been widely investigated.
With the development of materials, novel supercapatteries will be assembled using
different materials, such as pairing one battery type material with one pseudocapacitive
material, or pairing two different pseudo-battery type materials with different potential
window. On the other hand, it should be pointed out that the studies on electrolyte is
lacking. Only several kinds of aqueous solution, organic electrolyte, and ionic liquid
have been investigated. However, the understanding and evidence of the mechanism is
limited. Therefore, more research is required on in-situ studies to further analyse the
electrochemical performance of both electrode and electrolyte. Moreover, since most

of the metal base materials exhibit higher capacity/ capacity compare to carbon, the
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discovery of negative electrode material is needed to extend the working potential of
the complete supercapattery cell. Furthermore, besides carbon fibre, nickel foam, and
graphene sheets, other investigation on substrate are required to assemble different
types/ shapes of supercapatteries for various applications. Silicon may be an alternative
option for future energy storage devices. The future supercapattery may have the
potential to offer both high energy and high power with excellent cyclic stability and
wide working potential, so that would be suitable for various implanted medical devices

and other existing electronic devices.
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