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Abstract

Hierarchical mesoporous Nano-wires nickel-cobalt oxide at nickel cobalt selenide
(core/ shell) has been established as a promising electrode material due to the synergic
enhancement effect of cobalt cations replacement with selenium and nickel.
NCSe//NCO (Core/shell) nanowires were synthesized using a facile hydrothermal
approach followed by annealing treatment. For a comparative study nickel cobalt oxide
(NCO) was also synthesized by the same method. Electrochemical analysis affirmed
the developed hierarchically mesoporous NCSe//NCO nanowires for supercapacitors.
NCSe //NCO nanowires exhibit specific capacitance of 3281.54 Fg'at 1 Ag™
Moreover, asymmetric testing by employing NCSe //NCO as positive electrode and
Activated Carbon as a negative electrode. An asymmetric supercapacitor (ASC) with
activated carbon shows high energy density 37.91 Wh kg at a power density of
749.95W kg and excellent capacitance retention of 116% over 7000 cycles with
columbic efficiency of 99% at 20 Ag™.
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Chapter 1

Introduction

1.1 Introduction

The world is facing a severe energy crisis. The need of great importance is to move
towards sustainable and efficient green energy resources [1]. Because of expanded
human populace and development in energy utilization, the world's energy resources
are draining step by step. The reliance on petroleum products like coal gas and normal
oil is surpassing a disturbing rate. Because of this, petroleum derivatives are depleting
excessively. Additionally, the consuming of these materials produces gases like CO2,
SOx and NOx which are causing contamination in the climate as well as a hazard for
life on Earth due to global warming and greenhouse effect also, environmental and
water pollution has become so fatal for human life. This pollution is becoming
detrimental to human health [2] . Heavy metals and organic dyes are among the list of
materials which pollute the environment and cause serious health issues. Since the
capacity of automatic cleaning is limited and untreated industrial waste is also thrown
into these water bodies, water pollution has become a natural phenomenon in the

world. Now there is a crucial need to maintain a green and cleaner environment.

The renewable energy resources have been focused on overcoming the energy crisis
with depletion of nonrenewable energy resources like fossil fuels and petroleum. Many
materials are being tested that are not only cost-effective but also generate renewable
energy[3]. It is urgent for us to develop environmentally friendly and green
technologies so there would be lesser contamination in the environment. There have
been production of several materials and devices in the last few decades that are eco-
friendly and able to produce renewable energy along with the ability of storing it for a
long time, these include solar cells, fuel cells, supercapacitors etc. [4-7]. Higher energy
and power density are required due to increased energy usage and dependence on

portable energy devices[8, 9].



107
ol
w T N -
o I
10° ! —————————

10?

Power density (W kg—')

10

100 MEERRTI MR MEEETETT] R .......i L .......i TR
0.01 01 1 10 100 1000 10,000

Energy density (Wh kg~1)
figure 1.1 Rangone plot of energy storage devices [10]

1.2 Renewable Energy Resources

Renewable energy resources are those which cut off our dependence on non-
renewable energy resources. These resources do not deplete, and they can be reused

again for our convenience. There are many forms of renewable energies which include:

Hydrothermal energy[11]
Geothermal energy[12]
Solar energy[13, 14]
Wind energy [15]

Biomass[16, 17]

Renewable energy sources should be used as they are natural and better. They are also
cost-effective and ‘green.” They do not create havoc for the environment. They are
getting cheaper by the day as technology is progressing. New technologies are also

being explored in them.

1.3 Energy Storage devices

Increase in the demand for energy and more renewable resources developed there is a
strong need for devices which can store energy. Energy storage systems are
becoming more necessary as the availability of renewable energy sources rises. [18].
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Energy storage systems are divided into five major categories

Mechanical system
Chemical system
Electrochemical system
Electrical system

Thermal system [19]

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

Batteries

Supercapacitors

table 1.1 Characteristics of energy storage devices [6]

Characteristics Capacitor Supercapacitor  Battery
Specific energy (W hkg—1) = 0.1 1-10 10-100
Specific power (Wkg™") =10, 000 500-10,000 < 1000
Discharge time 10-%to 103 s to min 03-3h
Charge time 10 °tw10? s to min 1-5h
Coulombic efficiency (%) About 100 85-98 70-85
Cycle-life Almost infinite = 500, 000 about 1000

table 1.2 Comparison of batteries and supercapacitors [6]

Comparison Battery Supercapacitor

parameter

Storage mechanism  Chemical Physical

Power limitation Reaction kinetics, mass Electrolyte conductivity
transport

Energy storage High (bulk) Limited (surface area)

Charge rate Kinetically limited High, same as discharge

Cycle life limitations Mechanical stability, chemical Side reactions
reversibility




1.4 Batteries

The primary kind of electrochemical cell-based energy storage is found in batteries. It

can store energy through reversible electrochemical reactions. It can charge and

discharge several times when the load is applied. Major types of batteries include

e Primary Batteries
e Secondary Batteries
o Lead-acid batteries [20]
o Li-ion batteries
o Sodium-ion
o Li-polymer
o Li Sulphur

o Flow

® Lithium-ion battery

® [ ead-acid battery

™ Super capacitor
Sodium-sulfur battery

® Flow battery

® Others

figure 1.2 Energy storage system globally [21]

1.5 Supercapacitors

Supercapacitors (SC) are an electrochemical device that has gained quite consideration

within the previous decade due to their superior electrical energy storage and
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conversion capabilities. At the electrolyte electrode interface, these devices feature
nanoscopic charge separation[22]. These devices provide a link between traditional
electrolytic capacitors and rechargeable batteries by demonstrating capacitor power
density and battery storage capacity [23]. Supercapacitors are being used as they are
able to retain more energy and have a prolonged expectancy cycle. The specific

capacitance is calculated as follows:

Where,

C stands for specific capacitance, Vfor operating window, and Q for stored charge.
Because of its high power output and low cost, SCs are considered to be a good choice
for energy storage. They are divided into two groups based on the materials'

compositions.
1.6 Types of Supercapacitors

1.6.1 Conventional Capacitors

Two electrodes and a dielectric medium separate the two electrodes in a capacitor. In
Figure 1.3, By putting a voltage across the plates, the electric field in the dielectric
material creates equal-sized negative and positive charges on both sides. The formula
for computing capacitance (C), which is measured in farads (F) and used to describe
how energy is stored in capacitors, is

Here

A is the surface area, €is the dielectric constant, d is the Separation distance

Traditional capacitors can store energy in the pico to microfarad range.
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figure 1.3 Structure of Conventional Capacitor [10]

Supercapacitors are categorized into three following types:

Electricdouble
layer capacitors

Carbon aerogels
Activated carbons
Carbon fibers
Carbon nanotubes

Pseudo-capacitors Metal oxides
= Conducting

polymers

Hybrid capacitors | =

Carbon materials,

O Asymmetric conducting

O Composite polymers

O Battery-type = Carbon materials,
metal oxides

figure 1.4 Supercapacitors types [24]

1.6.2 Electron Double Layer Supercapacitors (EDLC)

The functioning of an EDLC is identical to that of a typical capacitor, with the
exception that an electrode-electrolyte interface is used for charge storage rather than
a dielectric material, as illustrated in Figure. With no redox reaction and no faradic
reaction, the charge storage mechanism in EDLC is entirely physical, meaning that

6



there is no active electrode material. Because of the physical charge transfer, EDLC
has a long cycle life. The capacitance of an EDLC can be written as

Ae 3)
O =—
A
Where
A denotes electrodes Surface area

€ denotes dielectric constant

D denotes effective thickness of the double layer

Cation

Charging
—_—
T

Discharging

000 00O
0000O00O0

Electrolyte
Negatively-Charged Positively-Charged
Neutral Electrodes Electrode Electrode

Separator

figure 1.5 EDLC's charge storing mechanism [5]

1.6.3 Pseudocapacitors

Redox reactions are used to store charges. These capacitors utilize conductive
polymers, transition metal hydroxides, and oxides. The faradic charge transfer process
or intercalation and electrosorption are used to induce capacitance [25] [26]

1.6.3.1  Advantages

e High energy density



e Large specific capacitance
e Low price
1.6.3.2  Shortcomings:
e Low rate capability
e Less Stable

e Semiconductors obstruct faster electron transport for large

charge/discharge cycles.

Electrolyte Electron

Cation
Metal lon
Positively-Charged Negatively-Charged
Electrode Electrolyte-Porous Electrode
Separator

figure 1.6 Pseudo capacitor charge storage mechanism [5]

1.6.4 Hybrid Supercapacitors

e Hybrid supercapacitors combine EDLC and Pseudocapacitor
technology as shown in figure 1.7. Hybrid supercapacitors are
classified as either symmetric or asymmetric, with the positive
electrode being a pseudo capacitor and the negative electrode being
EDLC. Hybrid supercapacitors have the following key
characteristics:

e Excellent specific capacitance



e High Power Density
e Greater Energy Density

e Superior cyclic stability
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figure 1.7 Mechanism in hybrid Supercapacitor [24]

1.7 Components of Supercapacitors

1.7.1 Electrode Materials

High-performance SCs are the focus of nanostructured materials. It is highly
dependent on surface area since it directly affects the working of capacitance. When a
material’'s capacitance is high, it suggests it has a lot of porosity and pore volume for a
given surface area. A supercapacitor's storage performance is heavily influenced by
the electrode materials. Supercapacitors are categorized into three groups according to
the electrode material being used, which includes electrochemical double layered
capacitor (EDLC), pseudo capacitors, and hybrid capacitors. Other carbon materials
such as graphene, carbon nanotubes (CNTSs), and activated carbon also display EDLC
characteristics. While the electrode materials themselves are electrochemically
inactive, the charge storage only happens because of the deposition of charges/ions on
the surface of electrode materials. On the other hand, the highly redox active transition
metal oxides and chalcogenides belong to the pseudocapacitive class, where charge is

held in reserve as a result of oxidation reduction reaction on the electrode surface. The

9



various primary electrode materials consist of

1.7.2 Carbon Materials

These materials are the most commonly utilized in supercapacitors owing to their ease
of processing and high abundance and being inexpensive. In CV, these materials have
a nearly rectangular shape, while in GCD, they have a linear curve. The majority of

electrode materials fall within this category.

1.7.2.1 Activated Carbon

Supercapacitors are most often made with activated carbon. In comparison to carbon
nanotubes and graphene, activated carbon has a greater surface area and is less
expensive. Natural resources are used to obtain its predecessors. The carbonization
procedure, which is a heat treatment method carried out in an inert atmosphere, can be

used to activate precursors.

1.7.2.2 Carbon nanotubes (CNTSs)

CNTs are manufactured from the decomposition of hydrocarbons and are a versatile
material for electrochemical devices. SWCNTs or MWCNTSs can be synthesized
depending on the technique. CNTs have great conductivity and surface area, along
with outstanding mechanical and chemical properties. The electrode made of CNTs
has almost the same capacitance as an electrode made of activated carbon, indicating
that supercapacitors made from CNTS capitalize their surface area.

1.7.2.3 Graphene

In the recent decade, researchers have focused intensively on graphene due of its
excellent qualities, which are essential for high-performance energy applications.

Graphene is a material that has a number of desirable properties.

o Remarkable surface area
o Lighter Weight
o Extraordinary conductivity [27]

o Superior Mechanical Strength

10



o Greater Charge Mobility
o Better efficiency

o Affordability

1.7.3 Conducting Polymers

Due to redox reactions, conducting polymers exhibit pseudo capacitance behaviour.
When ions are transported to a polymer, oxidation occurs, whereas reduction happens
when the polymer releases the ions into an electrolyte. For the supercapacitor
applications, the usage of conduction polymer for an electrode material has various

advantages.

e Economical

e Eco-friendly

e excellent conductivity

¢ large working window

e Large Surface Area

e Large Capacitance value

e Low Equivalent Resistivity and Conductivity

CPs that are commonly utilised for electrode materials include

1.7.3.1 Polyaniline

Polyaniline (PANI) is a conducting polymer that, in addition to carbon-based
materials, is used in SCs as they are inexpensive, possess high specific capacitance,
flexibility, and ease of manufacturing. The most significant issue that restricts PANI's
use is its inability to maintain stability and degradation at a high rate. As a result,
combining PANI with different materials improves its stability. PANI is made by
polymerizing aniline monomer with ammonium persulfate or iron chloride as an
oxidant [28-31].

11



1.7.3.2 Polypyrrole (PPy)

Polypyrrole (PPy) is a conducting polymer that's utilised in many electronic devices.
Easy production, good redox activity, lower density, and high conductivity are all
advantages of PPy. When compared to EDLC, it can store a larger amount of charge.
The concentration of dopant impacts the stability and capacitance performance of PPy
and can be synthesised by chemical polymerization employing an oxidising agent. [26,
32, 33]

1.7.4 Metal Oxides

Metal oxides are an excellent choice to be employed as the electrode materials for
energy storage applications because of their high specific capacitance and high level
of stability. Due to their enormous energy density, and tremendous electrochemical
performance they have attracted the attention of researchers. There are some
requirements that must be completed before a metal oxide may be considered for use

in an electrochemical supercapacitor.

e Metal oxide should be conductive

e protons can sweep into the lattice of oxide during reduction

e Existence or coexistence of two or three oxidation states

Vanadium oxide, Nickel oxide, Cobalt oxide, Iron oxide, and Manganese oxide are
examples of typical oxide materials that match fundamental requirements and are

employed as supercapacitors due to their excellent qualities. [34-37]

1.7.5 Metal Chalcogenides

Due to their anisotropic feature, the industrially important and scientifically
noteworthy metal chalcogenides have extensively been explored in the past two
decades. Transition elements including S, Se, and Te, mixed with VI A group elements
to generate dual stable layered crystalline structures. They are commonly used in SCs
because of their good features, which include:

* Have longer life cycle

* They are flexible
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* Provide extra active sites and catalytic activity
» Augment the conductivity and reduce its internal resistance and ohmic loss
* Have shorter pathway for transportation of electrons.

Because of their exceptional qualities, nickel selenide, cobalt selenide, molybdenum
diselenide, copper sulphide, molybdenum sulphide, nickel sulphide, and cobalt
sulphide are extensively utilised metal chalcogenides for supercapacitor electrode
material.

1.7.5.1 Nickel Selenides

Am Nickel selenides have gotten a lot of attention among the transition metal
chalcogenides because of their tuneable electronic configuration and numerous
oxidation states. Their paramagnetic nature, which gives them a resistance of 10
3ohm.cm™, makes them ideal candidates for energy storage, particularly

supercapacitors.

1.7.5.2 Cobalt selenides

Because of the following properties, cobalt selenides have piqued interest as a
promising Transition Metal Selenide for supercapacitor applications:

» Exceptional chemical stability

* Easy to fabricate

* Cheap

* Their availability in a variety of oxidation states, including CoSe, CoSez, and non-

stoichiometric Cog gsSe.

1.7.6 Molybdenum Diselenide

Molybdenum Diselenide (MoSe2) is an inexpensive, abundant material with a high
capacitance. The robust covalent interactions which characterise the Se-Mo-Se
interrelation compress the molybdenum atom sandwiched between two selenium
atoms in MoSe,. Weak van der Waals forces, which are accountable for ion relocation
in the Charge Discharge procedure, hold the stacked layers together. Only a few studies

on MoSe; for SC applications have been published.
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1.7.7 Nickel Sulfides

Owing to the excellent physicochemical properties they possess, nanometer-sized
metal sulphides have become increasingly important in electronics, particularly optical
and optoelectronic devices in recent years. Nickel sulphide is certainly fascinating due
to its various phases and morphologies, including NiS, Ni3S2, NiS2, Ni3S4, Ni7S10,
and Ni9S8. Because nickel sulphides have a variety of phases and morphologies that
cohabit as combinations of more than two distinct phases occasionally, researchers

face the issue of attaining a uniform morphology with pure nickel sulphide.

1.7.7.1 Cobalt Sulfides

Cobalt sulphides have gotten a lot of interest in recently owing to their incredible
qualities, which make them effective in a range of implementations such as super-
capacitors (SCs), batteries, magnetic materials, etc. Although there has been a great
amount of research on nanostructures of Cobalt Sulfides to be used as electrode
materials for SCs, it is quite challenging to synthesize them without compromising
their purity and complex morphology.

The difficulties could be linked to the following reasons.

e It is easy for Cobalt Sulfides to go through phase transformation as they
exist in several chemical forms in nature.

e It is quite a challenge to synthesize high purity Cobalt Sulfides as they
easily form bonds with oxygen due to their strong affinity to it, producing
cobalt oxide and cobalt hydroxide.

e As they have a complex phase diagram, it is difficult to control the

temperature.

1.7.8 Electrolytes

While fabricating a supercapacitor, our main concern is to improve its energy value
which can be done in two of the following ways.
e Increasing the electrode material's capacitance

e widening the capacitor's operating potential.
14



Widening the working potential is more advantageous because it increases the
device's energy density while also lowering the stacking numbers to achieve bigger
potential differences. There has been a great deal of research into choosing an
appropriate electrolyte material for super-capacitors because the cell voltage depends
on the electrochemical stability of the electrolyte utilized. The electrolytes that have
been developed, together with their respective potential windows, are listed below:

e Supercapacitors based on aqueous Electrolyte (1-1.3 V)

e Supercapacitors based on organic Electrolytes (2.5-2.7 V)

¢ lonic Liquid Supercapacitors (3.5-4 V)

Ideal material for electrolyte would increase both, the energy density rates and life
cycle and power output, reduce the internal resistance and decrease the self-discharge
process. An ideal electrolyte should be light in mass, have high electrical

conductivity, good electrochemical activity, and large tolerance towards degradation.

Types of Electrolytes

Electrolytes are divided three main types. Division of electrolytes can be
explained via a flow diagram.

Electrolyte ’
Ne———
r— I 1
Liquid Solid-state or | Redox-active
electrolyte quasi-solid-state electrolyte
: 1 clectrolyte )
8 D ol - oy
[, : ] — Aqueous
Aqueous W "Non-aqueouﬂ Dry solid — electrolyte
electrolyte | | electrolyte polymer | | oKI
electrolyte A—————
\_* PEO/LICI ) Organic
Acid Organic | electrolyte
P = | electrolyte (Gel polymer ¢ (EuN),B,F, H/PC
H,S0, ; e
e \* TEABF,/ACN) Electrolyte | —_—
T —_— « PVA/H,SO Ionic liquid
Alkaline| | | | Tonic liquid +H.O g | [EMII\(/Il][I]
* KOH * [EMIM](BF,] = +EMIM][BF,]
— = P e i, L,
= ———— 7 e
Neutfal ] Mixutures Inorganic Gel polymer
| *KCl — « [EMIM][BF,] eIeFtrolyte - electrolyte
+ACN * LiyS-P,S; » PVA/KI+H,0

figure 1.8 Types of electrolytes
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1.7.8.1 Liquid Electrolytes

The major part of developing a supercapacitor is the selection of its electrolytic
material and hence there has been a great amount of research carried out on several
liquid electrolytic materials. It is sub divided into two categories aqueous electrolytes
and non-aqueous electrolyte. These liquid electrolytic materials are further classified

into two groups that include lonic Liquids and Organic electrolytes.

1.7.8.2 Aqueous Electrolytes

This group includes those electrolytes that are an aqueous solution of inorganic
compounds and some salts. As they have separated ions, they are exceedingly
conductive and hence quite effective in increasing the power density in an economical
way due to the fact that they have lesser electrolytic resistance which helps in reducing
the ESR value. Aqueous Electrolytes also have the advantage of being easily

synthesized and handled, making them suitable to be used in supercapacitors.

1.7.8.2 Non-Aqueous Electrolytes

This type of electrolytes includes fused ions or organic salt solutions, these are quite
effective to use as they don’t degrade or decompose even at high working potential
windows, they are also more durable than aqueous electrolytes and can be used in
commercial applications. But they do have some disadvantages that are problematic
when it comes to large scale production including their high cost, low conductivity,

and toxicity. Non-aqueous electrolytes have the following categories:

1.7.8.2.1 Organic Electrolytes

A conducting salt is mixed with an organic solvent to make these. They are widely
commercialized as they have a broad potential window (2.5-2.8 V) which helps in
increasing the energy density and improving the thermal and cyclic stability of the

device.

1.7.8.2.2 lonic Electrolytes
In ionic liquids, an inorganic/organic anion is coupled with an asymmetric organic
cation., they are made of salts having melting point less than 100 °C. To test their

overall performance in a supercapacitor, they’ frequently ingested in the original state
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(without an impurity) or dissolved in organic solvents. These liquids are usually
designed by choosing different cation-anion pairs with the aim of improving the
functioning of potential window. The cations to be chosen include ammonium,

phosphonium, pyrrolidinium etc. and anions include tetrafluoroborate (BF4-).

1.7.8.2.3 Redox active Electrolytes

These are further divided into two types

Redox-active aqueous electrolytes

These electrolytes are quite special as they can increase the total capacitive functioning
of supercapacitor appliance by extracting redox based capacitance from itself, unlike
conventional supercapacitors which only relies on the oxidation, reduction reaction of
the electrode. Some of these electrolytes include hydroquinones, Kl, lignosulfonates,
etc.

Redox-active non-aqueous electrolytes

Several non-aqueous electrolytes have been studied to enhance the cell voltage which
would result in high energy density. These electrolytes include Organic and lonic
Liquid based electrolytes. The introduction of redox-active Polyfluorododecaborate
cluster ions into an organic mixture solvent containing Propylene Carbonate and
Dimethyl Carbonate, according to literature studies, would be extremely beneficial in
enhancing the pseudocapacitive contribution of carbon-based supercapacitors.

Solid and Quasi-solid(Gel) Type Electrolytes:

These are gel electrolytes that are made up of a polymer matrix contained in a liquid
electrolyte and are very flexible. They are appealing to employ because they aid in the
fast miniaturization of electronic industries. Although liquid electrolytes offer superior
ionic conductivity and hence facilitate redox reactions, their leakage and solution
resistance limit their use on a broad scale and prevent them from being employed in
portable electronic devices.

1.8 Applications of Supercapacitors

Currently, supercapacitors are widely used in

e Automobile industry [38]

e Hybrid transportation
17



Grid stabilization
Railway system

Consumer electronics
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Chapter 2

Literature Review

2.1 Literature Review

Supercapacitors in recent years have drawn more attention from the researchers.

Having a lower energy density is a major problem for these devices besides this

problem recent advancement in the electrode material and technology; they are filling

the gap between the fuel cell and batteries. The figure 2.1 shows the material focused

on recent years as well as the number of research work conducted on supercapacitors

in the last two decades
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figure 2.1 (a) Number of research publication on supercapacitors 2000-2010 (b) Publications on electrode
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2.2 Cobalt Oxide

It is discussed as a favorable material and there has been quite a lot of research on it.
Specifically, it is explored in energy reserving devices like supercapacitors and
batteries [39-41]. Cobalt oxides exist in four different forms, and among those, two of
which are quite valuable for the energy storage applications.

Table 2.1 Types of cobalt oxide

Name Formula
Cobalt (1) oxide CoO
Cobalt (III) oxide Co.0.
Cobalt (IV) oxide Co0,

Cobalt (11, I1I) Co.0,
oxide

The most commonly used form of Cobalt Oxide is Cobalt (I1, I11) oxide (CO) owing
to its excellent capacitance and thermal properties [25], [42, 43]. CO is also an
economical material and quite abundant. It possesses a spinal like structure which is
illustrated in the figure. Co (Il) ions are present. Red balls ions inhabit the tetrahedral

8(a) spots, while Co (111) ions take up the octahedral 16(d) positions. It has excellent
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capacitance values, i.e., 3560 F g-1 for supercapacitors.

figure 2.3 The cystal structure of Cobalt (1V) oxide [39]

Despite the advantages, there are some drawbacks associated with CO, including its
high resistivity, toxicity, and low charge ionic conductivity. Researchers are
experimenting with numerous techniques to tackle this problem by creating a hybrid
structure of CO. Graphene and carbon nanotubes are the most popular nanomaterials
that have been used to synthesize hybrids and they can significantly enhance the charge
transport and Kkinetics of the material, even when used in minute amount.

Poizot et al. used CO as an anode for the very the first time in lithium-ion battery in
2000 [34]. Alcantara et al., then reported NiCo204 as an electrode in sodium-ion
batteries in March 2002 [44].

Tremendous study was conducted on the morphological properties for the
supercapacitors as the capacitance value is interlinked with the morphology. Yuan YF
et al. reported the synthesis 3D Co0304 in March 2012, which consisted of a
hierarchical crystal structure to be used for the pseudocapacitive applications. He grew
nanoflakes film of about 20nm thickness which was porous in nature. The results
showed that 443 F g capacitance was achieved at 2 A g [45]. Kang CW et al. in
2012 reported the synthesis of nanosheets of Co304 for the supercapacitor
applications, for which he employed the electrodeposition method. He used Ti as a
substrate for the growth of the nanosheets. The results showed that 1035 F g* was
achieved for the specific capacitance at 2 A g* [46] Fin Y et al. in 2014 synthesized

Co304 nanoflakes exhibiting a hierarchical crystal structure for the supercapacitor
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applications. For its synthesis, he used precursor precipitation technique and the results
demonstrated 896 F g* 1 A g* capacitance value and 79.2% capacitance retention at
40 A g [47] Zhang G et al. in 2013 synthesized nanowires of Co304@ NiC0204
exhibiting a hierarchical structure for the supercapacitor applications. The results
showed that an excellent value of aerial capacitance was achieved of about 1.97 F cm-
2 at 4 mV st and there was a capacitance retention after 1500 cycles of 83.7% [48].
Hu et al. in 2014 synthesized Co304@ MnO2 having a hierarchal structure by
employing hydrothermal method. The results revealed that a specific capacitance of
about 560 F g was achieved at 0.3 A g and there was an excellent capacitance
retention of about 95% even after 5000 cycles. [49]. W. Fu et al. in 2015 synthesized
nano-flowers of ZnCO204 on Nickel foam to be employed for the supercapacitor
application. The capacitance of 684.9 F g** was achieved at 1 A g* and there was
around 95% of capacitance retention achieved following 3000 cycles [50]. C. Zhang
etal. in 2015 synthesized nano-flowers of NiC0204 on graphene foam for application
of supercapacitors, for which he utilized Chemical Vapor Deposition. The results
showed that there was a specific capacitance of about1402 F gt at 1 A g*and 77%
capacitance retention was achieved at 20 A g after 5000 cycles [51]. Huixin Chen et
al. in 2015 synthesized nano-sheets of ZnNiC0204 possessing a hierarchical structure,
The results showed that a specific capacitance of 1728 F g was attained at 1A gt and
1512 F gt at 15 A g, while there was a capacitance retention of 87.5% at 20 A g*
[52]. Wenquin et al. in 2015 studied the properties of hierarchical core-shell nanotubes
of ZnCo0204/Mn02. The results showed that the material gave capacitance value of
1981 F gt at 5 A gL. Additionally, an asymmetric device was assembled, and the
results were determined. The outcome revealed that the value of capacitance 158 F g
L was attained at 3 mA cm2 with the energy density of 41.2 Wh kgt along with 91%
capacitance retention for over 4000 cycles [53] Zu et al. in 2014 experimented with
nano-wires of NiC0204/MnO2. The results depicted exceptional electrochemical
characteristics of the material, additionally the asymmetric device assembled, showed that
the capacitance of 112 F gt was achieved at 2 A g*. [54]. Lau et al in 2015 manufactured
hierarchical NiCo204@NiO nanowires. The outcomes indicated the material achieved
the specific capacitance of 2220 F g and there was about 93% capacitance retention
for over 3000 cycles. Additionally an asymmetric device of NiCo204@NiO/Activated

carbon was constructed and its results depicted that energy density of about 31.5 Wh kg
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was attained and there was around 89% capacitance retention 50 A g* for over 3000 cycles
[55]. Xu Y et al in 2014 synthesized porous nanowires of CoMn204 and MnCo204.
The nanowires gave exceptional results, including the capacitance value of 1980 F g*
at 1A gtand 1342 Fgtat 1 A g correspondingly[56]. Yan Xu in 2016 synthesized a
mesoporous structure of NiCo204@GO has been employed as an electrode material.
The specific capacitance reached around 1211.25 F g* at 1 A gl.Additionally, an
asymmetric device was constructed with RGO, which gave the values of 144.45 F ¢!
for the capacitance at 1 A gt and 51.36 W h kg~ ! of energy density, meanwhile there
was retention of capacitance was around 88% for over 2000 cycles [57]. Sahoo et al.
in 2016 synthesized ZnCo204/RGO/NiO nano-wires. The output showed that
capacitance of 1,256 F g was attained at 3 A g and the retention of capacitance was
about 80% for over 3000 cycles. [58]. Fang et al. in 2017 worked on the material
CoMo04 which had a nanoneedle morphology. The results showed the capacitance of
1628.1 C gt at 2 mA cm and the stability of the sample was around 90% for over
5000 cycles [59]. Hu et al. in 2017 used NiZnCo0204 to synthesize flower-like nano-

wires. The output of the material exhibited the specific capacitance of around 776 F g
Lat 2 A gt and capacitance retention of around 91% for over 10000 cycles [60]. Wu
et al in 2017 synthesized microspheres of RGO@Mn-Ni-Co oxide. The findings
revealed that the value of specific capacitance reached around 646 C gt at 1 A g%
Moreover, the constructed asymmetric device of the material with N-RGO which gave
the energy density of 35.6 Wh kg and the retention of capacitance was around 77.2%
for over 10000 cycles [61]. Zhao et al in 2018 synthesized FeCo204@GF having a
hierarchal structure utilized as a positive electrode. The specific capacitance of 58.92
mF cm was attained with 17 uW-h-cm™ energy density. The capacitance retention
reached around 87.5% for over 8000 cycles. [62]. Heet al. in 2018 synthesized
hierarchical needles of FeCo204@NiCo. The results showed that the material had the
specific capacitance value of 2320 F g at 1 A g*. Furthermore, its asymmetric device
was assembled with activated carbon, which gave the energy density of 94.9 Wh kg
of energy density. The capacitance retention of 88.2% was achieved over 4000 cycles
[63]. Fing et al. in 2019 synthesized the nano-flakes of NiCo204/graphene hydrogel,
to be used as a positive electrode. The results showed that the energy density of 71 Wh
kg was achieved at 19.2 W kg power density. Furthermore, rate capability of around
92% was attained for up to 5000 cycles [64].
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Chapter 3

Experimentation Method

3.1 Synthesis route

synthesis of nickel cobalt oxide nanoparticles and nickel cobalt oxide@nickel cobalt
selenide core/shell nanoparticles was accomplished by utilizing bottom-up

approaches. Bottom-up approaches are discussed in detail below

3.2 Bottom-up approach

Chemical reactions are used to manufacture materials in bottom-up techniques. Cobalt,

nickel, and zinc oxide metal nanoparticles prepared by reduction of metal salts by

e Sol-gel [66]
e Hydrothermal/ Solvothermal [67, 68]
e Coprecipitation [69]

e Microemulsion method [70]
3.2.1 Sol-gel Method
The reactants were added together to produce a solution, which is known to be

hydrolysis, and later transformed into a gel, which is termed dehydration, afterwards
drying using thermal treatment, in which the liquid was evaporated from the gel.

Solution
Stirring & Heating &
heating evaporatlon
> v
= 1] Precipitate gel - [ Metal OXIde
Starti terial
L ?ing?;."f‘:n?'-)a ,: | Xerogel } IrPrecursor powd«il

figure 3.1 Sol-gel synthesis steps
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3.21.1  Advantages

o It is an easy and affordable method

o High purity

o Good homogeneity
o Low-temperature method
3.21.2  Flaws

o Weak bonding

o Difficult to regulate porosity

3.2.2 Hydrothermal/Solvothermal

A process in which the reaction occurs in presence some temperature and pressure is
known as hydrothermal/solvothermal. For this procedure, a hydrothermal reactor or
sealed vessel is utilized, and the precursors are distributed in the solvent and heated to
a temperature over their boiling point, resulting in autogenous pressure. The process

is known as hydrothermal in the case of water and solvothermal in the case of any

>
s

@ Teflon liner

other solvent.

Hydrothermal
Chemicals reactor

figure 3.2 Teflon lined Hydrothermal reactor

3.22.1  Advantages

o Simple method
o Changing time, temperature, concentration, and solvent type allows

for easy and exact morphology control.
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3.2.2.2  Disadvantages

e Expensive autoclaves and reactors

e Concerns about safety

3.2.3 Chemical coprecipitation

To make nanoparticles, coprecipitation is used. Precipitates are removed from the
solution inthis process. Contaminants are mixed into precipitates during
coprecipitation. The reactant was mixed in the presence of a precipitation agent to
generate a homogeneous solution, which was then dried, milled, and calcinated at a

high temperature in this procedure.
3.23.1  Advantages

e cheap

e Eco-friendly

e Synthesis on large scale

Precipitating agemnt
Precipitate Dry o
Hydroxide |:> &fb-“'
NS
Suitable pH <>

Oxide powder @

figure 3.3 Schematic of coprecipitation method
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3.2.3.2  Disadvantage

Size distribution and management are extremely problematic because to poor

crystallinity and agglomeration

3.2.4 Microemulsion

A microemulsion is another oxide nanoparticle production technology in which two
phases are blended together and chemical reactions occur. Metal salts and surfactants
make up the aqueous phase, whereas oil and water make up the other phase. Direct and
reversed microemulsions were utilized, during which the oil is dispersed in water and

other water is disseminated in oil, respectively.

3.24.1  Advantages

e |t is possible to produce uniform characteristics.

e Pore size distribution is good

3.24.2  Disadvantage

Surfactant removal is difficult

microemulsion | microemulsion Il

aqueous phase metal

salt aqueous phase

reducing agent

n mixingYI and Il
oil phase oil phase
percolation
chemical reaction
occurs
] precipitate

(metal or metal oxide)
€

figure 3.4 Micro emulsion process

In recent times, top down and bottom-up methods are employed to manufacture
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graphene sheets. Top-down methods mainly focus on exfoliation [71]
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figure 3.5 Top-down and bottom-up approach schematic

3.2.5 Wet chemical synthesis

Precursors are used to prepare the target materials, and the reactions take place within
the solution. Surfactants are used to manipulate the size, form, and morphology of the
products that will be manufactured. Template synthesis, hydrothermal synthesis,
solvothermal synthesis, self-assembly of nanocrystals, and soft colloidal synthesis are

some of the most extensively utilized wet-chemical processes for nanomaterials.

3.25.1  Advantages

e This technology was used to successfully synthesize all 2D

materials sheets and metals.

e High yield of 2D nanomaterials can be produced at a
reasonable cost.

e Wet chemical techniques are better at controlling the shape

of nanomaterials.

3.25.2  Disadvantage

e Asingle layer of 2D Nano sheets is difficult to achieve.

3.2.6 Chemical Vapour Deposition

CVD entails the chemical reaction of gaseous precursors at the substrate's surface in
order to deposit the desired substance. Temperature, time, pressure, and yield

concentration can all be used to alter the reaction kinetics.
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3.2.6.1  Advantages

e Heterogeneous reactions occur, resulting in high-quality films.

e The deposition occurs quite faster.

3.2.6.2  Disadvantages
e To initiate reactions, a higher temperature is necessary.

e Chemicals and particle contamination might occur.

3.3 Top-down approaches

Exfoliation of 2D materials[72] is a hot topic for preparing mono or multi-layered
materials. Exfoliated materials are significant in terms of both possible applications
and fundamental research. Exfoliated graphite and TMD materials are important
because they deliver a breakthrough in flexible electronics and optoelectronics
devices. Strong in-plane bonding [35], [73] and weak bonding between layers in 2D
materials can be isolated from each other to improve surface area and potential material

characteristics. There are numerous ways to carry out this process, such as

3.3.1 Mechanical Exfoliation
The layers are separated by mechanical forces in this technique[74] he "scotch tape
approach™ was used to manufacture graphene from bulk graphite[72]. High-quality

mono sheets can also be created using this process. This approach is popular because
it creates intrinsic sheets, and it is currently the subject of a lot of research.
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figure 3.6 Mechanical Exfoliation of 2D materials
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3.3.1.1  Advantages

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

3.3.1.2  Disadvantages

e This technique produces a low yield.
e Lack of scalability in this method[75].
e The method is only limited to small scale production.

e Controlling sheet size and thickness is a problem.

3.3.2 Liquid Phase Exfoliation

Solvents are utilized to intercalate the layers of chemical in this process. Solvents are
utilized that have a similar surface energy to that of the layered material's crystal
lattice. When an appropriate solvent in used in the mixture, sonication forms
nanosheets that are stabilized[76]. To achieve well-defined structures, certain
surfactants may be applied. For the preparation of mono- and few-layered structures
from bulk, sonication assisted exfoliation is currently widely employed. Sound energy
is used in sonication, resulting in shear forces. Cavitation bubbles are formed, and as

they collapse, the layers are peeled away.
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The solvent is an important consideration since it must aid in the delimitation process.
It should be able to maintain highly stabilized dispersions with a high concentration of
2D exfoliated sheets for an extended period of time. For efficient exfoliation of
materials, a mixture of solvents is sometimes used. NMP is the most prevalent solvent.
The surface energy of NMP is 40 mJ m-2, which is similar to that of many-layered
materials[77]. n NMP, stable graphite dispersions of up to 40 mg ml-1 having surface
energy 75 mJ m-2 could be achieved.

-1'-'—'.'_'.'2_-1_-_.- 7
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Poor mlven'r K Q %
figure 3.7 Liquid phase exfoliation of 2D materials

3.3.2.1  Advantages
e This method produces a high yield. This method is not air sensitive.
e There are no chemical reactions
e The result is a very crystalline product.
e This procedure is extremely straightforward and cost-effective.
e Good scalability sheets are obtained.

3.3.2.2 Disadvantages

e The Remaining chemicals in solution-based exfoliation may
alter the characteristics of Nano sheets such as graphene. The

solvent used could be volatile or toxic.
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e This approach can create faults in two-dimensional materials

and decrease the flake size to a few hundred nanometers.

3.4 Aim and Objectives

This study aims to synthesize a porous material for supercapacitor application. This
study includes

e Synthesis of Nickel cobalt oxide via hydrothermal method

e Synthesis of nickel cobalt oxide @Nickel cobalt selenide
core/shell via wet chemical method.

e Employing nickel cobalt oxide as an electrode in a supercapacitor
e Electrochemical performance testing of prepared materials.

e Asymmetric supercapacitor testing by employing nickel
cobalt oxide as positive and Activated carbon as a negative
electrode material.

e Furthermore, such materials could be employed for other

energy storage appliances like batteries.

3.5 Selected Synthesis Method

The hydrothermal method is adopted for the manufacturing of metals oxide Nano
particles because of control in the morphology and structure i-e nanorods,
nanoflowers, nanowires can be attained by varying temperature and time of the

reaction.

3.6 Materials Required

Cobalt Nitrate Hexahydrate

e Nickel Nitrate Hexahydrate pure
e Urea CO(NH;),>98%

e Ammonium Flouride NH,F

e Potassium Hydroxide KOH
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e Nafion@deflourinated resin solution

e Ethanol

e Distilled Water

e Pure Selenium powder from Sigma Aldrich.

e Sodium Borohydride NaBH4was purchased from DAEJUNG

3.7 Apparatus used

Apparatus used for the synthesis of oxide and selenide

e Teflon lined stainless steel autoclave
e Oven

e Magnetic stirrer

e Hotplate

o Beakers

e Petri dishes

e Weighing balance

e Fume hood

e Vacuum filtration

o Filter papers

e Muffle Furnace

3.8 Synthesis of Nickel Cobalt Oxide (NCO)

In the first step, 50 ml of distilled water was taken in a beaker then 0.3 M Nickel nitrate
hexahydrate, 0.6 M Cobalt nitrate hexahydrate, 1.2 M Urea, and 0.4 M Ammonium
fluoride were added and magnetically stirred for 2 hours. The uniform mixture was
then poured into an 100ml autoclave having a Teflon lining. The autoclave was placed
in the oven for five hours at 130 degrees Celsius. The precipitates were then washed
multiple times with distilled water before being vacuum filtered to remove the absolute

ethanol and precipitates. The sample was then dried at 60°C for 6 hours before being
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annealed at 350°C at 2°C/min in a muffle furnace for 2 hours to yield the NCO.

3.9 Synthesis of NCO@Nickel Cobalt Selenide (NCSe) core/shell

In 30 ml of water, 0.2 mmol Se and 1.2 mmol NaBH4 were dissolved to make a Se2
source solution. By immersing the NCO nanowires within the above-mentioned source
solution alongside maintaining their temperature at 50°C for the time of five hours,
hierarchical Mesoporous nanowires of NCO/NCSe core/shell were synthesized.
Following that, samples were cleaned using 100% ethanol and deionized water before

being dried in a nitrogen blower.

NCO Precursor
Hydrothermal Washing and Drvi
) ashing and Drying = |
Reaction t’ 8 Calcination
130°C, 5h g
o o ,
Se
NCO@NCSe i NCO
Nano wires
Selenization
Reaction

figure 3. 8 Synthesis route of NCO//NCSe
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Chapter 4

Characterization Techniques

4.1 Scanning Electron Microscope

In this technique, fine beam of electrons is focused over a specimen’s surface. Photons
or electrons are knocked off from the material’s surface in the result. These knocked
off electrons are then focused on the indicator. The luminance of the cathode ray tube
(CRT) is regulated by the detector's output. Every time the beams come into contact,

a consequent point on CRT is plotted and the material’s image is produced [78].

The electron-surface interaction causes the release of secondary electrons (SE),
backscattered electrons (BSE) and X-rays [79]. Common SEM mode for detection is
via secondary electrons. These electrons are emitted from near the sample surface. So,
a pronounced and clear image of the sample is obtained. It can reveal sample detail
even less than 1nm in size. Also, elastic scattering of incident electrons also takes place
and release back scattered electrons. They emerge from deeper locations as compared
to secondary electrons. So, their resolution is comparatively low. When an inner shell
electron knocks off from its shell it emits characteristic x-rays [80].

We use SEM as it has easy sample preparation, and we can figure our sample’s
morphology, chemistry, crystallography, and orientation of planes. Magnification of
SEM can be controlled from 10 to 500,000 times.

Morphology of the materials were examined on (JEOL-JSM- 6490LA) and FESEM

analysis were performed on (MIRA3 TESCAN). Elemental composition was
determined by EDS detector attached to FESEM.
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figure 4.1 (a) JOEL JSM-6490LA present at SCME; (b) SEM Schematic

4.2 X-Ray Diffraction (XRD)

For determining the crystal assembly of the material this technique is
employed. It is a non-destructive technique, and it provides fingerprints
of Bragg’s reflections of crystalline materials. It consists of 3 main parts.
A cathode tube, sample holder and detector. X-rays are produced by
heating filament element which accelerates electrons towards a target
which collide with target material with electrons. Crystal is composed
of layers and planes. So, x-ray which has wavelength having similar to
these planes is reflected that that angle of incidence is equal to the angle
of reflection. “Diffraction” takes place, and it can be described as by
Bragg’s Law:
2dsinf =nA  (4)

When Bragg’s law is satisfies, it means there is constructive
interference, and “Bragg’s reflections” will be picked up by the detector.
These reflections positions tell us about inter-layer spacing-ray
diffraction tells us about the phase, crystallinity, and sample purity. By
this technique, one can also determine lattice mismatch, dislocations,

and unit cell dimensions.



X-ray diffractions were performed by STOE diffractometer at SCME-
NUST. The scan angle was taken in

X-ray
gietector

figure 4.2 XRD present at SCME- NUST (b) XRD basic schematic

4.3 Brunauer Emmett Teller (BET)

Surface area and porosity are among the vital property of a material which can be
determined by BET analysis technique[81]. Equipment consists of several parts,
sample preparation device, vacuum system, sample tube/dewar, N2 transfer system,
computer hardware, and software Working principle of BET is sample drying at
elevated temperature with the purging of non-corrosive gases like N2 then the amount
of adsorbing N2 is related to the specific surface area along with pore volume. Sample
preparation is a key step for BET analysis. First, the calculated amount of sample is
purified by degassing to remove the extra atmospheric contaminants like water vapors
and air under elevated temperature for the desired amount of time under vacuum
conditions in the sample preparation device. Then the sample test tube was placed in
the surface area, and porosity analysis which relates to the computing system and
amount of adsorbing gases is calculated, related to the surface area and overall pore
volume. BET analysis was performed at Gemini® VI1 2390 instrument is present in

SCME the advantage of this equipment is accurate, fast and simple to operate.
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Operating conditions were degassing of the sample at 300°C for 3 hrs. and analysis

were performed at 0.05 to 0.3 p/p° range

figure 4.3 Gemini® V11 2390 Micro porosity analyser

4.4 Electrochemical Workstation:

Biologic VSP is the research-grade potentiostat present at SCME. Equipment consists
of workstation, electrochemical cell, computer hardware, and software system. It is
used for many applications including

e Battery testing

e Fuel cell and biofuel cell

e Liquid conductivity

e Electrochemical deposition of thin film
e Material impedance spectroscopy,

e Corrosion testing

e Photovoltaics and sensors
e Capacitor and supercapacitor testing

Supercapacitor testing was performed on this potentiostat such as,
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e Cyclic voltammetry (CV)
e Galvanostatic Charge-Discharge (GCD)

e Electrochemical Impedance Spectroscopy (EIS)

figure 4.4 Biologic VSP Electrochemical Workstation

4.4.1 Cyclic Voltammetry (CV)

It is the simplest technique in laboratory scale to measure the electrochemical
behavior. Oxidation and reduction which occurs at the interface of the
electrode/electrolyte can be analyzed by CV. CV system consists working electrode
(WE), a reference electrode (RE), and the counter electrode (CE). In CV, the potential
is charged on the WE and RE and resulting output current response is recorded
between the working and counter electrode. CV curve is the resulting current(l) of WE
vs. the potential (V). Potential is applied between the WE and the RE. For the RE,
usually the saturated calomel electrode (SCE) and Silver/Silver chloride (Ag/AgCl)
are used. The counter electrode is mostly Platinum. The purpose of the electrolyte is
to provide ions. Electrolyte must possess good conductivity. In supercapacitors,
different materials show different responses. EDLC gives rectangular curve whereas

pseudo capacitor gives oxidation and reduction hump during forward and reverse scan.
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figure 4.5 CV plot of (a) Ideal capacitor with perfect rectangular shape (b)EDLC material

with near rectangular shape(c)Pseudo capacitor with oxidation and reduction peaks [10]

E (V)

4.4.2 Galvanostatic Charge-Discharge (GCD)

GCD is the most common method to test the charging and discharging of the

supercapacitors as well as batteries. In GCD measure the potential with time at

constant current. One charge and discharge of the material is equal to one complete
cycle. Similar to CV, GCD curves of EDLC and Pseudo capacitor is different. EDLC

materials In EDLC type supercapacitors the charge-discharge cycles show linear

curves with very little IR drop whereas in case of Pseudo capacitors the curve is not

linear and IR drop is large in comparison with the EDLC. This deviation refers to the

charge storage mechanism which take place due to the oxidation and reduction

reactions. Similarly, the linear response shows that charge storage mechanism is not

faradaic means that only physical charge storage occurs.GCD curves of both EDLC

and Psuedocapacitor in Figure 4.6.
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figure 4.6 GCD curves of (a) EDLC (b)Pseudo capacitor [10]

4.4.3 Cyclic Stability

Cyclic stability is an essential parameter for the energy storage devices. Cyclic
performance of supercapacitors is tested by multiple charge-discharge cycles. On lab
scale normally 500 to 10000 charge-discharge cycles were conducted to examine the

capacitance retention of the material.

4.4.4 Electrochemical Impedance Spectroscopy (EIS)

EIS is utilized to measure the dielectric characteristics of a material as a function of
frequency. It measures impedance of the material. The Nyquist plot is plotted to base
on the equivalent circuit as a response of the system. It is the impedance of a frequency.

For Supercapacitor application

a)

=

Re

Ret WARBURG
IMPEDANCE

figure 4.7 EIS (a) Equivalent circuit diagram (b)Nyquist plot
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Here Re is resistance which is series resistance at working electrode-
electrolyte interface, Rct is charge transfer resistance or polarization
resistance, Cd is the double layer capacitance defined as interface capacitance
which is between electrode and electrolyte and warburg impedance which

depends on diffusion of reactants.
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Chapter 5

Results and Discussions

XRD assessment was accomplished to ascertain the crystal structure of prepared
materials. Most of the peaks matched to JCPDS card no 01-073-1702 (Nickel Cobalt
Oxide) peaks corresponding to angle 18.8, 31,36, 38, 44, 56,59 ,64 and 77 belongs to
(111), (220), (311), (222), (400), (422), (511), (440), (533) respectively. Its crystal
structure is cubic and space group is Fd-3m. The remaining 2 peaks matched to JCPDS
card no 00-020-0335 (Nickel Cobalt Selenide) peaks corresponding to angle 29.7 and
39.5 belongs to (202) and (301) respectively. Its crystal structure is tetragonal and
space group is 1-4m2.

The crystallite size of NiCoSe was assessed through
D = 0.9M(p cos 0) (5)
Where 0 is the angle of the diffracted peak, B is FWHM, 1 wavelength.

The average crystallite size of NiCoSe is 33.7 nm

Se
[ |

NiCo,0, JCPDS 01-073-1702

Intensity (a.u)

| | I|1I|||||I|

NiCoSe JCPDS 00-020-0335

N ||| ‘||1|||I\M
30 40 50 60

10 20 70 80

2 O(degree)

figure 5.1 XRD analysis of NCO//NCSe
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To examine the morphology of nickel cobalt oxide (NCO) SEM analysis was carried
out. NCO exhibit hierarchical mesoporous nanostructure. The nanowires are arranged
in one dimension hierarchically. one thorn ball is of 3 um to 5um in which nanowires
were arranged. Nanowires are arranged in one direction which affirmed the porous
nature of the material as well as good transport of electrolyte during an electrochemical

performance.

SCME NUST 20kV  X5,000 S5um

20kv  X7,000 2pm SCME NUST 20kv  X20,000 1pm SCME NUST

figure 5.2 Scanning electron microscopy of Hierarchical NCO nanowire at low and
high magnification

Nickel Cobalt oxide@Nickel cobalt Selenide core/shell morphology was examined by
SEM. The SEM analysis of NCO/NCSe shows the hierarchical nanostructures.
Nanowires are arranged in one direction which affirmed the porous nature of the
material as well as good transport of electrolyte during an electrochemical
performance. Mesoporous flower-like structure is clearly shown in Figure 2c. The
mesoporous structure provides large specific surface area which can accommodate
numerous electrolyte ions to participate in faradaic reaction. The volume expansion
that occurs during reversible cycling are accommodated by the open spaces present
between the nanowires which results in superior cyclic performance of the material.

The pores in the structure also store electroactive species which are used in faradaic
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redox reactions. The further analyses of the materials revealed that the nanowires are
interconnected. This morphological interconnection at nanoscale enhances the surface
area and enables the fast mass diffusion at higher current densities. The
aforementioned properties will endorse the high-rate capability of the synthesized
material. Additionally, volume changes that occur during reversible cycling are
accommodated by the open spaces present between the nanowires which results in

superior cyclic stability of the material.

SCME NUST 20kV  X5,000 5pum SCME NUST

A0 e

20kv  X10,000 1pm SCME NUST 20kV  X27,000 0.5pm SCME NUST

figure 5.3 Scanning electron microscopy of Hierarchical NCO//NCSe nanowire at low and
high magnification

Elemental analysis of NiCoSe was performed by the EDS detector attached to the
SEM.EDS analysis confirmed the desired elements Nickel, Cobalt, selenium and
Oxygen of 15.6,30.4,8.8 and 45.1 atomic weight percent, respectively. EDS analysis
affirmed that Cobalt cations were replaced by nickel and selenium cations which limits
the high resistivity problem of the cobalt oxide as the ions transport mechanism was

enhanced by the replacement of cations
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figure 5. 4 Elemental analysis of NCO//NCSe

Elemental mapping of NiCoSe was performed by the EDS detector attached to the
SEM. The mapping shows homogeneous distribution of Nickel, Cobalt, Oxygen and
Selenium. We can see no stray selenium in the sample which indicates the complete

selenization of the sample.

figure 5.5 Elemental mapping of NCO//NCSe

To evaluate the specific surface of the produced samples, a nitrogen absorption test
was conducted. Surface area and porosity has a linear relationship with the
electrochemical performance. BET specific surface area of NCO/NCSe mesoporous
nanowires is 55.11 m?/g with pore volume of 0.1811 cm/g® while the surface area of
NCO is 51.39 m?/g with pore volume of 0.083 cm/g®. Because NCO/NCSe has a large
specific area, it efficiently transfers electrolytes across the electrode material, increases
the number of active sites which results in greater electrochemical functioning. The

Nitrogen absorption isotherms samples are displayed in Figure 5.6.
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figure 5.6 N, absorption isotherm (a) NCO//NCSe (b) NCO

Using a Biologic VSP electrochemical workstation, all electrochemical assays
were performed alongside each other at room temperature. The working
electrode was prepared using the conventional slurry-coating technique.
Initially, ethanol was used to combine the active ingredients, NCSe and
nafion, and then the mixture was sonicated for 1 hourto form slurry.
Following the preparation of 1 cm2 of foam nickels, the slurry was pasted into
the Ni foam, and the electrode was dried under vacuum before being pressed
at 10 MPa. Ni foam was weighed before and after the electroactive material
was loaded in order to calculate the mass loading of the substance. To perform
the electrochemical test, the electrode employed was of a relatively higher
mass, in which the mass of electroactive material ranged between 1-2mg.
Utilizing a three-electrode configuration with 6 mol of KOH solution as the
electrolyte and a piece of Pt wire as the counter electrode, the performance of
the electrode's ability to store charge was examined. The synthesized samples,
Ag/AgCl and Pt electrodes are used as working electrodes, reference
electrodes and counter electrodes, respectively. The CV, GCD and EIS tests
measured the charge storage performance. The following equation was used
to determine an electrode's specific capacitance from the GCD curves.

Ixt
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Here, “t” is discharge time, “I” represents current density and “m” is mass of active
material, AV is the voltage drop during discharge.

Cyclic Voltammetry was conducted to establish the faradaic response of NiCoO and
NiCoSe at different scan rates in the range of 5 mV s to 100 mV s with a potential
window of 0 V to 0.5 V. The nonrectangular shape as shown in Figure 5.15 confirms
the faradaic redox reaction and the pseudocapacitive nature of NiCoO and NiCoSe
electrode material. Redox peaks were examined in the CV curves of NiCoO and
NiCoSe The peak position of samples was at different ranges which represents the
unconventional materials having different polarization. Increasing the scan rate peaks
were shifted from its position shows the different polarization and redox reaction is
limited results in less prominent peaks. Transition Metal Selenide nanowires NiCoSe
shows the highest specific capacitance as compared to binary oxide. NiCoSe have
greater integrated area as compared to the NiCoO due to the replacement of Cobalt
cations with the Selenide cations which results in the better electrochemical
performance as well as the specific capacitance. With the increase in the scan rate, the
specific capacitance decreases as there would be limited faradaic redox reaction as the
availability of the active sites would be lesser in comparison to the lowest scan rate at
which the capacitance would be high because of the presence of more redox active
sites. The specific capacitance of NiCoSe and NiCoO was calculated at different scan
rates by using

Cs = [ idv
(Vs*xm=*AV)

Here Cs represents specific capacitance, | v is the integrated scan area, Vs represents

scan rate, m is the active mass which was 0.01 mg and AV is the operating potential

window.
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figure 5.7 CV curves at different scan rates (a) NCO (b) NCO//NCSe

on workstation at different current densities and capacitive performance was analyzed

further.

Figure 5.8 shows

GCD curves of NCO and NCSe from the range of 1 A g* to 10 A g with operating
window of 0V to 0.5 V. Faradaic behaviour of all the different materials reveals from

the GCD curves as all the curves of materials shows nonlinear response which shows

the faradaic reaction occurs and charge storage mechanism is due to oxidation and

reduction. It is evident from the curves that NiCoSe exhibits longer discharge time in

comparison with other binary metal oxide (NiCoO), demonstrate that the

electrochemical performance of NiCoSe was far superior due to replacement of cobalt

cations with Selenide cations. Also, NiCoSe shows more discharge time as compared

to binary metal oxide (NiCoO).
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figure 5.8 GCD curves of (a) NCO//NCSe (b) NCO
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GCD is the most accurate way to calculate specific capacitance. Specific capacitance
is calculated by

Here, “t” is discharge time, “I” exhibits current density and “m” is mass of active
material, AV isthe voltage drop during discharge.NiCoSe shows good specific
capacitance of 3281.544 F g1, 2876.18 F g*, 2570.5F g, 2154.96 F gt and 1611.36
Fglatl1Ag?! 2Ag!l,3Agh5A(g-1and 10 A g-1 as shown in Fig 5.8 .Moreover
NiCoO exhibits less performance as compared to NiCoSe as NiCoO shows
Capacitance of 773F g, 728 Fg', 700F g*, 658 F g',and 580 F gtatat1 A g
1 2Agt,3Agl5Agtand 10 A g'and Table 4. Energy density and power density
was calculated by

Energy Density (ED) = % CsAV ... )
. ED
Power Density (PD) = FTIRSIREERPRIeS 9)

Here, Cs is the specific capacitance calculated from CV or GCD and AV is the

operating voltage, and At is discharge time.
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figure 5.9 Specific Capacitance at different current densities (a) NCO (b) NCO//NCSe
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The assembly of asymmetric super capacitor was accomplished by combining
NCO/NCSe and activated carbon as positive and negative electrodes respectively.
NCO/NCSe NWs and Nafion solution were added to the ethanol in an 85:5:10 ratios,
then ultrasonic homogenization was performed for 60 minutes. The above suspension
was gradually dropped over conducting electrode after desiccating it in vacuum oven
for 1 hour to make positive electrode. Activated carbon and Nafion solution were
added to the ethanol in an 85:5:10 ratios, followed by ultrasonic homogenization for
60 minutes. The aforementioned suspension was slowly dropped over conducting
electrode followed by drying in vacuum oven for 60 minutes to make the negative
electrode. For the tests, a voltage window of 0 V to 1.5 V was selected. The balancing
of charge within the positive and negative electrodes strongly influenced the
asymmetric SC performance. For the determination of mass loading on electrode, the

following expression was used

ct X Av*t

Where m is the mass (g) of the electrodes. C is the specific

mt ¢ XAv~
o

capacitance (F g*), and 1.5V is the potential window. Optimized mass to charge ratio
is 0.5.
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figure 5.10 CV and GCD curve of NCO//NCSe at different scan rates

The Device was tested at voltage window of OV to 1.5 V. All the CV bends lies
between 10 mV s to 10 mV s*and GCD bends from 0.5 A g*to 10 A g current
densities were shown in Figure 5.10. Cv curves
are shown in Figure 5.10(a) which remain almost the same from low to high scan rate
demonstrate the excellent capacitive behavior of the device. GCD curves at various
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current densities varying from 1 A g* to 10 A g are shown in the Figure 5.10(b).
Curves show the pseudocapacitive behavior both from CV as well as GCD.ASC shows
high specific capacitance of 121.33 Fgtat 1 Agtand 71.66 at 5A g'* current densities.

Specific capacitance estimates at different current densities were given in Table 5.1

table 5.1 Specific Capacitance and different current densities

Current Density (A g1) Specific Capacitance (F g1)
1 121.33
2 98.66
3 84
4 78.68
5 71.66
10 56.66

ASC exhibits high energy density of 37.91 Wh kg at a power density of 749.95W kg
! as seen in Ragone plot in Figure 5.11. Energy density and power density was

calculated by

Energy Density (ED) = % CsAV ... ()

Power Density (PD) = % ............. 9)

Here, Cs is the specific capacitance calculated from CV or GCD and AV is the
operating voltage, and At is discharge time.

From the results a high value of energy density was achieved with higher power
densities, which can be credited to NCSe NWs as they had a porous structure, due to
which there is a larger electrode/electrolyte interface and hence a faster mass transport

at higher current densities.
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figure 5.11 Ragone plot of asymmetric device

EIS was used to analyse the solution resistance (Rs) and charge transfer resistance
(Rct). The Nyquist plot is made up of a semicircle and a straight line, where the
diameter of the semicircle stands in for the Rct, which is essentially a measurement of
the difficulty involved in shifting an electron from one atom or compound to another.
It resembles other types of electrical resistance quite a bit. The amount of energy lost
during the charge transfer increases with Rct measurement value. NCSe nanowires
show low Rct value of 5.525 Ohm which means that electrons have to face less
resistance which results in excellent electrochemical performance of material. EIS was
performed after the stability of 7000 cycles and there is small increase in Rct value as
it reaches to 9.587. The minimum increase in the Rct value can be linked to the
minimal deterioration in the structure of nano wires due to cyclic loading. Minimum
Rs, and Rct value of NCSe affirmed the excellent material for supercapacitor. The

Nyquist plot is shown in Figure 5.11, Table shows the Rct values of NCSe.
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figure 5.12 Nyquist plot of NCO//NCSe before and after 7000 cycles stability

The cyclic stability capacitance retention and rate performance of the synthesized
material was tested by running 7000 cycles at 20Ag?*. NCO/NCSe//AC exhibited
excellent cyclic performance by retaining 116% of capacitance at 20 A g-1 over 7000
charge-discharge cycles indication much better durability as shown in Figure 5.13
whereas columbic efficiency remains 99% throughout the cycles. The extraordinary
performance of NCO/NCSe can be ascribed to its novel mesoporous core/shell
assembly and the bimetallic synergistic effect. Firstly, the mesoporous structure
increases surface area and number of active sites and also shortens the ion/electron
pathways. Secondly the interconnected nanowires structure with high electron
mobility improves the rate performance and reversibility of the material by lowering
the equivalent series resistance and charge-transfer resistance. Finally, bimetallic's
synergistic effect aids in improving conductivity and electrochemical active sites,

resulting in high-rate capability and capacitance
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figure 5.13 Cyclic performance of asymmetric device

The synthesized NCO/NCSe //AC possesses superior electrochemical properties and
hence it can be used in different energy devices in order to meet the recent energy
demands and tailor new materials. One of the desired materials for the upcoming
electrochemical devices might be the produced material owing to its excellent
properties.
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Conclusion

The properties of the super-capacitors are determined by kind of electrode material
used and hence structure and morphology of the material are to be considered as well.
Usually, the hollow structures, especially the complex ones are known to introduce
remarkable properties as they have structural robustness and unique features. The idea
of developing porous chemistries that allow quick mass diffusion has been presented
as a result of recent advances in morphologies. Creating hierarchically porous
interactions to enhance electrode/electrolyte interface having superior jurisdiction over
mixed metal oxide conformation is somewhat quite thought-provoking. It is believed
that the existence of meso and micropores promotes rapid mass diffusion and improved
electrode/electrolyte interaction. Therefore, to achieve the highest specific capacitance
with a longer cyclic life, it is essential to synthesize mixed metal selenide
nanostructures with extraordinary control over the structure; nevertheless, it is
challenging to achieve specific morphologies since the structure eventually

disintegrates.

For our work, we have tried different approaches to achieve specific structure. Firstly,
we tried selenization by hydrothermal method but the results from SEM indicated that
the structure got disintegrated and we couldn’t achieve our required morphology.
Secondly, we employed tube furnace selenization to attain mesophorous nanowires
structure for our material, but the results showed that the morphology was yet again
degenerated. Lastly, NCO//NCSe (Core/shell) mesoporous nanowires were
manufactured using a facile hydrothermal approach after utilizing wet chemistry
method for selenization.

The manufactured needle like nanowires exhibit much greater surface area which
results in extraordinary electrochemical functioning because of the boost in
electrode/electrolyte Interface. The mesopores within the nanowires provided shorter
diffusion pathways which lead to performance of reversible operation at higher
charge/discharge rates. Since the Mesoporous nanowires possess novel nanowires

assembly the material delivered exceptional capacitive performance.

Nickel Cobalt oxide@Nickel cobalt Selenide core/shell morphology was examined by

SEM. SEM analysis of NCO/NCSe shows the hierarchical nanostructures. Nanowires
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are arranged in one direction which affirmed the porous nature of the material as well
as good transport of electrolyte during an electrochemical performance. The crystal
structure of the material was recorded by employing XRD and to analyze the specific
surface area of the material BET surface area analyzer was used. Electrochemical
analysis affirmed the developed hierarchically mesoporous NCSe//NCO nanowires for
supercapacitors and all the electrochemical tests were accompanied at room
temperature using a Biologic VVSP electrochemical workstation. The traditional slurry-
coating method was used for the preparation of working electrode.

NCSe //NCO nanowires exhibited a specific capacitance of 328154 Fgtat 1 Ag™.
Moreover, asymmetric testing by employing NCSe //NCO as positive electrode and
Activated Carbon as a negative electrode. All the tests were conducted at a broad
operational window of 0 V to 1.5 V. The charge balance between the positive and
negative electrodes strongly influenced the performance of asymmetric
supercapacitor. The asymmetric supercapacitor (ASC) with activated carbon shows
high energy density 37.91 Wh kg™ at a power density of 749.95W kg* and excellent
capacitance retention of 116% over 7000 cycles with columbic efficiency of 99% at
20 Ag™
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