Synthesis and Characterization of Nanostructured
Nickel Cobalt Sulfide/MWCNTs Composite
Grown on Nickel Foam as Direct Electrode

Material for Supercapacitor

By

Muhammad Saleem Akhter

School of Chemical and Materials Engineering (SCME)
National University of Sciences and Technology (NUST)

2019



Synthesis and Characterization of Nanostructured
Nickel Cobalt Sulfide/MWCNTs Composite
Grown on Nickel Foam as Direct Electrode

Material for Supercapacitor

Name: Muhammad Saleem Akhter
Reg. No: 00000172297

This thesis is submitted as a partial fulfillment of the requirements for the degree of

MS in Nanoscience and Engineering

Supervisor Name: Dr. Iftikhar Hussain Gul

School of Chemical and Materials Engineering (SCME)

National University of Sciences and Technology (NUST)
H-12 Islamabad, Pakistan
May, 2019



Dedication

My humble efforts for this dissertation and all of my academic achievements are
dedicated to my father, Mr. Zulfigar khan, whose example evolved me to think about
character, values, resilience, grit, patience and determination. Which were the skills
that actually helped me to navigate my life and develop myself intellectually and
personally.

My mother, who’s continuous support, encouragement, love, and prays of days &
nights made me able to get success and honor. Most importantly my brother
Muhammad Akbar for educating me with affection & adoration and their dedicated
partnership for my success. Few of my close friends, who taught me to concentrate on
the positive in life and use the talents God gave me.

Along with all hard working and respected teachers, especially my research instructor
Dr. Iftikhar Hussain Gul who has been a constant source of knowledge and motivation.



Acknowledgements

Above all, I am gratifying to Allah for benevolent me patience, strength, enlightenment

and fortuity to endeavor this research and accomplish it competently.

Supremely, | would like to thanks my research instructor Dr. Iftikhar Hussain Gul

for providing valuable guidance, supervision, mentoring and encouragement.

| also thanks Dr. Taqi Mehran for providing valuable comments, support and
guidance through the research. Candid thanks to the staff and management of SCME

(NUST) for providing me liberty to enhance my career and establishing this research.

| also like to direct my deepest gratefulness to Dr. Aftab Akram and Dr. Zakir
Hussain for being on my thesis guidance. 1 am extremely thankful to my research
fellow Mr. Ahmad Ali, Mr. Arman Liagat and Mr. Mutawara Baig for providing

me necessary technical suggestions during my research pursuit.

The involvement of all above have been very important in carrying out this research.



Abstract

The synthesis of NiC02S4/MWCNTSs composite on Ni foam and its applications were
investigated. A hydrothermal method involving two steps is used in this work for the
insitu  decoration of NiC02S4/MWCNTs composite on bare nickel foam.
Nanostructures of NiCo0,Ss are also synthesized via same route. The synthesized
samples were characterized through versatile techniques such as XRD for structural
and SEM for morphological studies. The electrochemical analysis of the materials is
performed using CV and GVD tests. A typical three electrode method is used for the
electrochemical measurement in a 2 M KOH electrolyte. The calculated areal
capacitance at the current density of 3 mA cm was 5.38 F cm™ and mass specific
capacitance was 2210 F g 1. As the current density is increased, the areal capacitance
was decreased. The mixture of high electrical conductivity, open structure of
MWCNTSs and the nickel, cobalt played a noteworthy parts to get supercapacitor
electrodes with exceptional performance. Cyclic stability test conducted revealed that

new composite material has good electrochemical performance.
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Chapter No. 1

Introduction

The enormous increase in world residents and running down of fossil fuels, there is
an exigent need to improve hygienic and efficient renewable energy sources, as well
as the new approaches to convert and store energy. Many renewable energy sources,
like wind energy and solar, have growing energy creation in recent years, but sun
does not shine at nights and all days, and storm does not tide on our demands.
Electrochemical energy storage has fascinated more and more consideration [1, 2]. In
the recent years considerable effort were made to the enlargement of fuel cells and
Li-ion batteries however their lesser life cyclability and high production cost has
mired their deployment in practical applications [3-5]. Supercapacitors, also known
as ultra-capacitors having fast charging and discharging potential and life cyclability
have become favorable applicants for energy storage applications [6]. The very first
approach about supercapacitors was based on carbonaceous material having
extremely high surface area and the first patent awarded in the field of supercapacitors
was in 1957. Using tetra-alkyl ammonium salt as electrolytic medium in 19609,
SOHIO marketed the first carbon based energy storing device and one year later in
1970 he went for patent a plate like capacitor using carbon paste saturated in
electrolyte [6]. Supercapacitors also called ELDC enable us to merge the benefits of
high energy density of battery and high power density of capacitors [7, 8]. EDLC are
crucial components of advance hybrid automobiles, electronic gadgets, portable
electronics, memory storage systems, industrial power management, electrical
telecommunication systems there by providing high power output [9, 10]. Energy
storage in supercapacitors is based on formation of double layer (EDL). Capacitance
is due to adsorbed ions and pseudocapacitance results from redox reactions.
Pseudocapacitors developed with metal oxides or conducting polymers as active
electrode material, although delivered a high capacitance, but could not maintain this
capacitive performance for a long period of cycling. Contrarily, EDL capacitors can
undergo a million of charge-discharge cycles but have lower capacitance compared
to Pseudocapacitors [11].



At present, three important energy storage devices batteries, capacitors and fuel cell

are being commercialized.

1.1 Energy storage devices

A schematic representation of the energy storage devices is given in figure 1.1.

Figure 1.1 Up-to date energy storage devices

1.1.1 Capacitors

Capacitor, a passive electrical device that can store electrical energy as a result of
charges in an electric field among two conducting plates referred as electrodes.
Capacitors are capable of releasing the stored energy reasonably fast resulting in a high
output, but its performance is limited by the energy density as it cannot store greater
amount of energy to account for a high energy density in comparison with electro
chemical batteries. Traditional capacitors, also called electrostatic capacitors,
generally comprise of two electrodes, parted by an inner insulating layer called a
dielectric, as shown in figure 1.2[12]. When a power source is applied to a capacitor,
charges gather on the surfaces of the conducting electrodes, divided by insulator
resulting in an electric field between the electrodes. This electric field generated across

the electrodes enables the device to store electrical energy.
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An important parameter used to characterize capacitors is its capacitance C, which can
be simply defined as the total amount of charge Q stored divided by applied potential
V.

Q
C= ” (1.1)
Here C denotes the capacitance, Q is the total amount of charge stored and V is the
external voltage applied. The capacitance of a capacitor can vary in the response to
applied voltage. In such case we can find the capacitance by taking deferential of
charge (Q) with respect to the applied potential V.

d
= 4O (1.2)
dWv)
In case of an electrostatic capacitor having two conducting parallel plates with a
surface area A and parted by an insulator with permittivity € and width d, the potential

V can be demarcated as an integral of electric field & with respect the separation:

v=-[lgdx= [ Ldx= [} L dx= 2 (13)
Hence capacitance can be found as such
_ €A
C= Fl (1.4)

It is quite evident from the above formula to assess the dependency of capacitance
over permittivity of dielectric. The energy kept in a capacitor is set in following
relation:
_1 ,_ Q?
E=-CVv-=— (1.5)
2 2C

Another important parameter of capacitor is its power density which is expressed in
the relation below

oE
P=— (1.6)

_O't

Here ot is the discharging time of a capacitor.



Separator

Electrode Electrode

Activated Carbon

Figure 1.2 Illustration of supercapacitor [12]

1.1.2 Batteries

Till now electrochemical batteries have become the most crucial energy sources in
consumer electronics and in many industrial applications. An electrochemical battery
Is a scheme that convert chemical eneregy into electrical eneregy in sequence of redox
reactions. A standard batery consists of many cells and every cell consist of two probes
attached by electrolyte containing charged species. Based upon the passage of ions
inside a battery the polarity can be identified. Reduction at cathode and oxidation at
anode are two set of redox reactions that power a battery. As the world is facing energy
crises so to change the mode of energy production from burning fuel to some greener
side and to shift the on-ground transportation to electric actuation. We require some
sustainable energy alternatives. The electric vehicles has no internal combustion
chamber with zero emissions to the environment and are driven by electrochemical
battery.

In the near future of batteries used for consumer electronics, electric transportation and
industrial application only Li-ion batteries show promise having considerable energy
density and life cycle. At present the electric hybrid cars are available commercially
(e.g. Toyota Prius) [13]. At present the Li-ion batteries has high acceptable energy
density of 120-170 Wh/kg and adequate weight. Despite of the high energy density of
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the Li-ion batteries and its substitutes the performance is limited by low power density

and charge-discharge rates [14].
Schematic illustration of lithium ion battery is given below in figure 1.3

Cathode AAnode

Charging
— e —
Li*

Discharging
- o <
Li*+

LiCoO, Carbon

Figure 1.3 Schematic of Li-ion battery [14]

1.1.3 Fuel Cells
They are another sources of energy. Quite related to electrochemical batteries. These

transform the chemical energy of gasoline to electricity. It is a device that combine
oxygen and hydrogen to generate electricity having water and heat as waste. Its

schematic illustration is given below.
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Figure 1.4 Schematic of fuel cell [15]

A fuel cell comprises of the following components.
e Cathode: reduction occurs at cathode

e Anode: Fuel oxidizes at anode release electrons

e Electrolyte: A chemical specie that is used for conduction of electron from one
side to the other one inside fuel cell

e Catalyst: the electrode surfaces are catalyst coated

e Reformer: It extracts hydrogen from fuel
The traditional process occurring in a fuel cell for generating electrical energy is as

follows.

Chemical " Electrical

Figure 1.5 Energy flow diagram
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Based upon the type of fuel and electrolyte fuel cells has the following types

e Molten Carbonate fuel cell

Proton Exchange membrane fuel cell

Phosphoric acid fuel cell

Solid oxide fuel cells
Alkali fuel cells

Compared to conventional thermo mechanical process, in fuel cells there is no
combustion step as intermediate that is why it hold an efficiency up to 80%.

Limitation associated with fuel cells as alternative source of energy includes
requirement of pure hydrogen, expensive catalyst such as platinum, high operating

temperatures and corrosive electrolytes [15, 16].

1.3. Supercapacitors

The limitations encountered in using fuel cells and electrochemical batteries as source
of energy, such as low power output, expensive components and poor life cycle
stability, a greater interest has been devoted to supercapacitors to compensate the
lower power output attributes of batteries and fuel cells [17].

Schematic illustration of a general supercapacitor is presented is figure 1.5. A
supercapacitor has a sort of sandwiched like geometry more likely of that of typical
electrostatic capacitor and is composed of two electrodes which are highly porous in
nature.

A supercapacitor principle is same as of ordinary electrostatic capacitors. When a
power source is applied on the opposite terminals of electrode, charges begin to gather
on the surface of the electrodes. The ionic species present in the electrolyte ooze out
of the separator membrane as a result of law of attraction and enter the pores of the
electrode material which in case of supercapacitors is excessively porous.

An important aspect of supercapacitor electrode materials is the design engineering. It
should be designed in a way to prevent the unwanted recombining of ions. In order to
get improved energy density and high capacitance, materials with high porosity and



greater surface area with least distance between the electrodes are favorable in
supercapacitors [18].

The different types, information of each component of a supercapacitor, history and
gradual development towards state of the supercapacitors will be discussed in chapter
2.

1.4. Comparison of state of the art energy storage devices

A Ragone chart is presented below in figure 1.6 which is a normal way to assess the

electrochemical performance of different state of the art storage devices [12, 19].

Capacitors 3.6Mms 0.36s

Supercapacitors

Power Density (W/kg)

s

Energy Density (VWh/kg)

Figure 1.6 Electrochemical performance of different storage devices [12]

The time requisite for charging and discharging of a device is shown by dotted line. It
is evident from the above figure that batteries among other energy storage materials
can store a high extent of energy compared to conventional supercapacitors with poor
power density. Also from the chart it is clear that conventional capacitors provide a
high output related to other sources but are limited by poor energy density.
Supercapacitors are accomplished of storing higher energy than traditional capacitors
and also can provide much more high power density equated to batteries or fuel cells.
The charge discharge time of supercapacitor is impressively lower as compared to
batteries. Apart from the other advantages over other energy storage devices

8
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supercapacitors exhibit a very prolonged life durability reason for which are physical

storage mechanisms and not corrosive chemical interactions [20].
1.5. Super capacitor applications
Due to its significant fast charge discharge characteristics supercapacitors have

become potential candidates in many applications where high power impulse is crucial.

Figure 1.7 below shows some important applications of supercapacitors

“Environment-Friendly”

L

Freshﬁter Controller Hybrid Car

" Digital Camera  MP3 Player /

Figure 1.7 Schematic showing applications of supercapacitor [13]

1.6. Research motivation

In mandate to stunned the limitations related with supercapacitors such as lower energy
density, lower capacitive performances of ELDCs and poor life durability of
pseudocapacitors improvement of the current formal of the art technologies is
necessary. Research in the arena of materials science with aims of finding materials
that can link the gap between supercapacitors and batteries is vital.

Investigations behind the reason for retarded life cycle of pseudocapacitors consisting
of metal sulfide nano structures revealed that agglomeration of active electrode
material is the cause for low performance [21].
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A scalable hindrance of performance is also observed by the localization of charge
transferal process to the surfaces of nano materials especially in case of inorganic
materials [21].

The combination of binary transition metal sulfides with carbon material can be an
adequate approach to design material that will have excellent pseudocapacitive and
ELDCs performance [22].

1.7. Research objectives
The goal of this work is the demonstration of efficient nano materials to meet with the
challenges confronted in the field of supercapacitor research. Based on our findings
the ultimate goals of this research are

e The exploitation of pseudocapacitance of transition metal sulfides and

durability of materials of carbonaceous origin.
e Synthesis of binary transition metal sulfides nanostructures.

¢ Immobilization of binary metal sulfides nanostructures on the surface of
MWCNT’s.

1.8. Dissertation organization

Thesis comprises of the following six sections as;

Chapter 1 gives a brief insight of research work, motivation behind the selection of
this area of research and objective statement of work.

Chapter 2 covers the literature review regarding supercapacitor electrode materials,
history of supercapacitor, gradual progress in the field of supercapacitor research,
different types of supercapacitor and limitation regarding supercapacitors. This
chapter also cover an adequate approach to address the drawbacks of supercapacitors.
Chapter 3 presents a comprehensive review on experimentation technique utilized for
binary metal sulfide nanostructures synthesis, in situ fabrication of binary metal
sulfides and carbon nano tubes composite, characterization methods and testing

methods used to estimate the act of nanocomposite.

10



Chapter 4 the results gained from the synthesis procedure will be discussed. Also, the
results from the different characterization techniques such as SEM and XRD will be
debated. More over the electrochemical performance evaluated by electrochemical
characterization such as CV and GCD will be addressed

Chapter 5 gives the conclusion of the research work. It gives an insight of the
objectives achieved.

Summary

This chapter gives an introduction of energy storage devices that are used nowadays
to store energy. A summary of the state of the art of these devices such as capacitors,
fuel cells and batteries along with their working principles is given. Comparison of
existing devices is done. Furthermore this chapter covers the research motivation
behind selecting this specific topic. The goals of the current research work are also

illustrated. In the last the organization of thesis is presented.

11



Chapter NO. 2

Literature Review

2.1. Emergence of Super capacitor

Innovation of the potential of charge storage over conductive surfaces came from the
rubbing phenomenon of different materials, witnessed in early ages. The emergence
of these kind of properties was not understood till the mid of eighteenth century. The
understanding of electricity at molecular level started some 170 years ago, secondarily
with research of Michel faraday, Millikan and J.J. Thomson. In connection to the early
explorations of reasons associated with effects of static electricity, the advent of
Leyden jar 1746 at Leyden in the Netherlands, the investigations of charge storage and
separation mechanisms on the surface of jar with glass as separator were of Vitol
importance in the field of science of electricity, electrochemical, electrical
technologies and electronics. The device was referred as “Condenser” in the early
works and it was attributed to Dean Kleist at Leyden and concurrently to Kamin,
Pomerania. Later on the terminology for the condenser changed and took the term of
“Capacitor” in many different embodiments and its potential in terms of charge storage
was referred as “Capacitance” [18]. The very first patent awarded to Becker in the field
of supercapacitor research dates back to the year 1957 [23]. Taking advantage of the
high superficial area of carbon based materials as an electrode SOHIO established the
first commercial energy storage device in 1969, using tetra alkyl- ammonium salt as
an electrolyte [24]. Nippon Electric Company (NEC) come up with the first successful
commercial electric double layer capacitor under the title “supercapacitor” in 1971.
The internal resistance of these devices was high due to their low voltages, were
primarily used for memory back up applications and many other consumer appliances.
In the year 1978 the first gold based storage devices were marketed by Matsushita
Electric Industrial (Panasonic, japan) with applications related to memory back up.
The PRI (Pinnacle Research) in 1982 was the first in developing high power output
electric double layer capacitor intended to be used in military application such as
missile guidance and laser weaponry systems. A great extent of contribution was made

to the field of supercapacitor research in the late 1970s and 80s by BE Convey and his

12



group exploiting ruthenium oxide based energy storage devices having least internal
resistance and high capacitive performance [25]. In the field of hybrid electric
automobiles supercapacitor attracted greater attention in the 90s. An intensive amount
of work in regarding supercapacitor has been published and many patent have been
granted [26].

US Department of Energy launched supercapacitor development long term initiatives
in 1998-2003 and onwards which triggered studies in area of supercapacitor research.
The commercial production of supercapacitor in the ongoing markets is based on
highly porous carbonaceous materials exhibiting high surface area and transition metal
oxide based systems. These commercial devices were used in many long term constant
circuits, activators, in random access memory devices and telecommunication

equipment.

2.2. Supercapacitors principle

A supercapacitor is an electrochemical device comprise of two conducting electrodes
which are dipped in an electrolyte, partitioned by a divider and having current
gatherers. The phenomenon of energy storage in supercapacitor is linked with the
accumulation and distribution of collected charges on the surfaces of electrodes [19].
The capacitance C, In case of a planer capacitor having two plates as electrodes of area
A, divided by distance d, in vacuum in a parallel configuration is given by equation
2.1.
A
C= i (2.1)
When the separator between the electrodes is a dielectric medium of permittivity € the
capacitance is presented by equation 2.2.

_ As
4nd

(2.2)

Energy storage process in case of EDLC is the same, with the difference of charges
accumulation in the electric double layer on the interface between conducting
electrodes and electrolyte, quite than on the surface of electrodes. In case of charging
the negative ions diffuse toward anode and the positive ions in the electrolyte diffuse
toward the cathode. In such a case it develop two separate layers of energy storage
[19].

The energy density W, of a supercapacitor is given by equation 2.3
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W = % C\2 (2.3)

Here V is the potential and C is for capacitance.
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Figure 2.1 Schematic of supercapacitors function [19]

The energy storage mechanism in case of double layer capacitor does not involve any
chemical reaction, a reason for improved cyclic performance. On the other hand
capacitance contribution a result of chemical reactions concerning variations of
oxidation state of ionic classes is also of great importance. This capacitance which

results from faradic process is called pseudocapacitance.

2.3. An Electrochemical double layer

An electric double layer develops at the interface of be electrode and electrolyte, as a
result of strong interaction of ionic species present in electrolyte. There exist a layer
of charge on the metallic rod, resulting from lack or extra electrons. Furthermore there
exist a layer of opposed charges in solution in the vicinity of electrode thus forming
an array of opposite dipoles oriented across the metal solution interface which is called
electric double layer. The capacitance resulting from electric double layer is somehow

different from that of a traditional capacitor and is a function of applied voltage.
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Various models such as Gouy-Chapman-Stern, Grahame and Helmholtz model are
suggested to get an insight of the behavior of electrodes in electrolytic systems [27,
28]. Electric double layer can be visualized in the form of several different layers. The
inner compact layer closer to the electrolyte is the inner Helmholtz, or Stern layer
which consist of electrolyte molecules and in some cases certain adsorbed ionic
species. Furthermore the compact layer can be branched into inner and outer
Helmholtz layers. The inner Helmholtz layer is located at distance x1 from the
electrical center of the absorbed species. The outer Helmholtz layer is present at
distance x2 ,which gives the least possible distance that the solvated species can reach
the electrode surface or the starting region of diffusion layer.

The solvatd ions are actually adsorbd nonspecifically, thus the contact between the
solvated ions and charged electrodes involves only electrostatic forces and is does not
depend on chemical nature of the ions. The ions which are adsorbed nonspecifically
get distributed from the outer Helmholtz layer into the bulk of the solution owing to
thermal agitation of medium and results in a three dimensional diffused layer, the
thickness of which is dependent on the overall concentration of ionic species present
in the medium. In an electric double layer the overall charge of the medium is a
resultant of the total charge density of adsorbed species of interior layer and excess
charge density of the diffused layer [29]. For this reason the electric double layer
capacitance comprise of Helmholtz type capacitance denoted as CH and diffuse layer
capacitance given by Cairr, total capacitance of EDL is a combination of Helmholtz

capacitance and diffuse region capacitance given below [23].

1 1 1
_ 4 —
Cdl Ch Cgiff (2.4)

In these two layers the potential profile is very much different. The electric double
layers capacitance is exaggerated by factors such the design of electrode and the nature
of electrolyte used. A considerable volume of research work is published on graphitic
carbon based electrodes [20, 30-33].

2.4. Pseudocapacitance

The origin of pseudocapacitance are the faradic process associated with chemical
reactions involving change of oxidation states of the species of electrolyte. The
pseudocapacitance observed in super capacitors is very much different in comparison
with the EDLC. The mechanism of pseudocapacitance is similar to that of charging

and discharging of a battery, the charges will transfer beyond the electric double layer.
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Hence the pseudocapacitance can be considered by taking into consideration the
amount of stored electric charge (Aq) with respect to the variation of potential (AV)
given in equation 2.5.

C =0 (Aq)/ & (AV) (2.5)
Generally, there is 1-5% contribution of pseudocapacitance in the capacitance of
EDLC and it arose from the functional groups which are present on the active material.
In the same trend there is almost 5-10% electric double layer capacitance observed in
batteries. Pseudocapacitance results from either the electro sorption of H or metallic
atoms and faradic processes which rely on the chemical attraction of electrode material
to the active ionic species in the electrolyte. In one way the pseudocapacitance can
exceptionally increase the capacitance of supercapacitors but it somehow limit the
durability of supercapacitors by retarding their life cycle.
Material with superior pseudocapacitive performance which are extensively
investigated include metallic oxides, hydroxide and sulfides of transition metals, for
instance RuO2, MnOz, WO3, M00Os, Co30s, NiO , IrO2 and MnS,CuS,NisS2,ZnS and
Go based Al>Sz [40-44]. Electrically conducting polymers (ECPs) including
polyaniline, polythiophene, polypyrrole and their derivatives have also delivered
excellent pseudocapacitive performance with least stability [34].

2.5. Types of supercapacitors

Based on chemical configuration, different categories of supercapacitor anode
materials which are considered conclusively contain transition metal oxides and
sulfides like as M0oOs, RuO2, MnO2, WOs3, C0304, V20s, Fe203, SnO2, NiO and IrO>
as well as MnS,CuS,NisS2,ZnS and Go based Al>S3 [35-44]. Electrically conductive
polymers (ECPs) used in capacitors include polythiophene, polyaniline, polypyrrole
their derivatives and composites with metal oxides [1, 45-50]. Other carbon based
material used in ultracapacitors include activated carbon, carbons nanotubes (CNTS),
carbon aerogels, graphene also composites of CNTs and graphene with metal oxides
and metal sulfides [51-54].

2.6. ECPs based ultracapacitors
ECPs are electrically conductive due the presence of conjugated systems that can
transfer electron along the polymer’s backbone. Due to their acceptable cost, high

charge density and most important their faradic reversibility ECPs are extensively
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investigated during the past two decades [55]. ECPs having excellent conductivity,
high pseudocapacitance and ease of fabrication technique have paved the way towards
flexible supercapacitors [55]. An important aspect regarding ECPs is their morphology
which significantly affect all parameter owing to its acceptability as an electrode
material. A handsome amount of work is available in the literature related to the
morphological varieties of ECPs which include bulk powder, nanowalls, nanosheets
and nanorods. Nanostructured ECPs having exceptionally high porosity and high
surface area deliver good capacitive performances as a result of the existence of
discrete attributes of passageways, active surface interactions and superior surface to
volume ratio. The ongoing research in the exploration of efficient ECPs has
demonstrated that one dimensional nanostructured ECPs can provide very high

performance in comparison to its bulk counterpart [34, 56].

2.6.1 Polyaniline

A profound pseudocapacitive behavior has been reported for Polyaniline (PANI) for
its use as positive electrode material. The attributes that make PANI a potential
candidate for supercapacitor application is its excellent doping characteristics and
variable oxidation states [57-59]. In spite of the fact that emeraldine, which is the
protonated structure of PANI is found to have lower performance, still the polymers
in this area are highly investigated for their environmental durability and excellent
doping capability [60]. The maximum theoretical doping concentration which can be
achieved for PANI is about 0.5 with a window of 0.7 V, with a theoretical capacitance
value of 2000 Fg [68]. A large number of reports have been published on PANI as
electrode material with capacitance ranging from 30to 3000 F/g, the variation in
capacitance can be linked with factors such as doping levels, structural morphology
and fabrications processes. Nanostructured polyaniline/sodium alginate composites
was synthesized in bulk form by Li et al. with capacitance of 2093 Fg?! has been
observed for electrically polymerized composites compared to the chemically
polymerized PANI [45]. Using tritonx100 in combination with electrically
polymerized PANI a capacitance of 2300 F was observed [8]. PANI composite with
porous carbon showed a stable and high capacitance of 1600 Fg* [61]. State of the art
ordered and specifically aligned nanomaterials, including PANI nanoforms has caught
considerable attention for supercapacitor applications [62-64]. Vertically aligned
ordered arrays of PANI nanorods in a template assisted approach based on
supramolecular block copolymer assemblies achieved a capacitance of 3407 F/g [64].
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The template based approach of fabrications quite complex and not applicable in large
scale production. Kim et al come up with a novel idea of flexible supercapacitor based
on PANI nanofiber attached to gold in a binder PVDF system and it showed improved
performance [63]. The current advancements in search of overcoming the stability
issues associated with polymer base electrodes involved the incorporation of carbon
nanostructures such graphene and CNTSs, which had a positive impact on the overall

performance of supercapacitor [51].

2.6.2 Polypyrrole based ultracapacitors

Among the ECPs investigated for an electrode material in supercapacitors polypyrrole
offered appreciable performance due to its acceptable cost of fabrication, high thermal
stability, fast charge-discharge rate and excellent energy storage capacity [65-68]. The
pseudocapacitive performance of the polypyrrole electrode materials rely on the
synthesis approaches and area of electrode material. Doping of PPy is normally done
with single and multiple charged ionic species [66]. Cross-linked PPy systems have
been reported to exhibit exceptionally high capacitance owing to their improved
porosity of the active elective material. PPy densely grown on the surface of the
supercapacitor’s current collectors inhabit the capacitive performances by reducing the
active surface area of that reduce the access of dopant to polymer backbone. Zeng et
al. reported an oxidation polymerization approach for the synthesis of PPy/ carbon
aerogels and its application as supercapacitor electrode material delivering a maximum
specific capacitance of 433 F/g [66]. Srivastava et al. achieved a capacitance of 395
Fg* in Toluene/Sulfonate doped PPy/Carbon systems in inorganic electrolytes. Electro
polymerization approach is used commonly for the PPy growth on the surface current
collectors [69, 70]. In 2012 numerous nanostructures of PPy grown on the surface of
stainless steel were reported by Dubal et al. by electrochemical approach for
application in supercapacitor [71]. Among the variety of nanostructures designed for
use in supercapacitor the nanosheets of PPy had better performance attaining a specific
capacitance of 586 Fg™. The nanosheet design of PPy grown on suitable substrate can
be the futuristic approach in the fabrication of flexible supercapacitors. Nafion doped
PPy based highly stable electrodes were reported by Kim et al. [70]. A few years earlier
an easy “soke and polymerization” technique was reported for the fabrication of paper
coated PPy by Yuan et al. This approach is one of the common method for the bulk
fabrication of flexible paper based electrode materials [72].
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2.6.3 Polythiophene based Ultracapacitors

Polythiophene and its other products have both n-type and p-type characteristics. In
common the PTh have low conductivity but they have excellent stability in both
normal and humid environment. PTh based ECPs have generally low capacitance in
comparison to PPy or PANI but their advantage over the ECPs is their broad potential
window [50, 73]. This broad potential window is helpful in the construction of
asymmetric ECPs based devices. Among the derivatives of PTh, Poly (3-methyl
thiophene) (PMeT), Poly (3(4-flurophenyl) thiophene) (PFPT), Poly (3,4-
ethylenedioxythiophene) (PEDOT), Poly(ditheno,thiophene) (PDTT) have better
performance as electrode materials in supercapacitor and reported value of specific
capacitance from 70-200 F/g [73]. The environmental stability of (PEDOT) is a reason
for its exploration as pseudocapacitive material in the recent year [74-76]. The
potential of electrochemically polymerized (PEDOT) in inorganic electrolytes was
reported by Liu et al. [77]. PMeT/C electrode in gel-polymer electrolytic system and
its application in supercapacitor was reported by Samui et al [78]. Kearns et al. come
up with the idea of incorporation of appropriate and efficient redox couples in
traditional PTh base ECPs systems and found that it can successfully improve the
energy of power density attributes of a pseudocapacitor [79]. In another work Kearns
et al. demonstrated a low cost simple copolymerization method using PT based system
and its electro co-polymerization with triarylamines achieving an improved cyclic
capacitance compared to pristine PTs system [78]. A novel class of dendritic poly (tris
(thiophenylphenyl)amine) (PTTPA) polymers was reported in 2012 by Robert et al
achieving a specific capacitance of 950 Fg in electrolyte systems [78]. Osterholm et
al. used films of (PEDOT) as a flexible electrode material in both inorganic and organic
electrolytes [77]. Minford et al. synthesized ultrathin films of PT and improved the
performance by almost 250%. Nanostructures of the Poly (3,4-
ethylenedioxythiophene) through a vapor phase polymerization approach were
fabricated by D'Arcy et al. and it achieved a specific capacitance of 175 F/g. The PT
based ECPs systems show promise the development of futuristic ECPs based flexible

ultracapacitors.
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2.7. Carbon based composite electrode materials
Many derivatives of carbon are now being used as carbon nanotubes, carbon aerogels,
activated carbon, and graphene for electrode materials in supercapacitor. Composites

nanostructures of carbon with other polymers, metal sulfides and metal oxides.

2.7.1 Carbon nanotubes as an electrode materials

Carbon nanotubes an allotropic form of carbon having its dimensions in nano scale
exhibit high mechanical strength and conductivity. Multi-walled and Single-walled
carbon nanotubes both are intensively investigated as electrode materials for EDLCs.
It has been stated that the presence of an ultrathin uneven layer on the surface of CNTs
can significantly increase the charge accumulation mechanisms in EDLCs [80]. From
the literature review of EDLCs based devices it is evident that these devices provides
a favor of high pseudocapacitance but one disadvantage of these materials is their low
mechanical stability leading to extensive volume change, constant shrinking and
swelling as a result of ions insertion and release. The use of composites of ECPs with
CNTs in order to meet the challenge of low mechanical stability was reported by many
groups [25, 52, 81, 82]. Among the composite materials conjugated ECPs are attached
to the surface of CNTs effectively through n—= interaction. A lot of research has been
reported in the production of Polymer/CNTs composites in thin film or nanostructures
architecture by oxidative or insitu electro polymerization for application in
supercapacitor. Gupta et al. reported the successful synthesis of SWCNTs/ PANI
composites and attained specific capacitance of 463 Fg* [25]. Sivakumar et al
effectively fabricated MWCNTSs/ PANI composites attaining a high capacitance of 606
Fg! [52]. On vertically aligned CNTs Zhang et al. coated PANI and attained a high
specific capacitance of 1030 Fg [83]. PPy was deposited potentiostatically on the
surface of MWCNTSs by Hughes et al. and he attained as specific capacitance of 2.55
F/cm2. Li et al. synthesized a novel CNTs/PPy based core-shell structure in the form
of sponge and reported as a highly compressible electrode materials with capacitance
value up to 300 Fgt. Fang et al. used a pulsed electrodeposition method with narrow
discrete pulses, allowing the PPy monomers to enter effectively into the pores of
carbon materials achieving an impressive homogeneity in the coatings of PPy on
carbon substrates [84]. Well aligned PPy/CNTs films having excellent flexibility
through electrochemical method were reported by Lin et al. these films exhibited 180

degree bent flexibility along with high specific capacitance [84].
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2.7.2 Graphene based electrode materials

Graphene has got tremendous popularity among the other forms of carbon, mostly
widely used in energy related systems. The unique characteristics of graphene that
makes it important include its one atom thick 2D structure, high mechanical strength,
innate flexibility, high conductivity and very high surface area. In the last decade a lot
of interest has been devoted to combining graphene with ECPs systems for the
fabrication of flexible electrode material [85]. The 2D design of graphene favors the
transportation of charged species and also has a great influence over the morphology
of ECPs/graphene composites. In 2010 the First ECPs/graphene composite was
reported, in which graphene was functionalized with vertically aligned PANI
nanostructures by electrodeposition and a specific capacitance of 550 Fg? was
achieved [86]. Zhou et al. has fabricated PPy/graphene oxide (GO) based films for
supercapacitor application by co-electrodeposition approach where the GO acted as
weak electrolyte and also an efficient charge balancing dopant. Flexible, homogenous
PPy / graphene composite films were reported by Davies et al. via a pulsed electro
polymerization approach [87]. Flexible membrane polypyrrole nanowire and reduced
graphene oxide (PPy-RGO) through insitu reduction were reported by Zhang et al. an
unequal device was made-up by (PPy-RGO) composite and a high aerial capacitance
of (175 mF/cm2) was attained with this configuration [81]. In a report published on
the PANI and graphene hydrogel (Gh) PANI/Gh it was found that in the proper
engineering of PANI nanostructures significantly influence the properties of the
composite. The PANI content when increased in PANI /Gh composites the capacitance

exceptionally condensed from 1738 to 574 Fg [81].

2.7.3 Activated carbon

Among the carbon based materials activated carbons are also found to be used
extensively in supercapacitor application because of larger surface area, low cost and
their good electric properties. Activated carbons are commonly made from the
chemical and physical stimulation of carbonaceous matter such as wood, nutshell, coal
etc. Physical stimulation means the usage of carbon matter at temperatures ranging
from 750 to 1200 °C. Chemical stimulation is generally conceded out at low ranging
from 410 to 710 °C. Based upon the stimulation approaches and carbon precursor, ACs
exhibit different properties with huge surface are up to 3000 m?/g [88-91]. ACs
resulted from both chemical and physical stimulation exhibited wide pore size
distribution with micro (less than 2 nm), meso (2-50nm) and macro-pores (above
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50nm). Research conducted in the exploration of ACs based electrodes discovered the
contrariety between the huge area and capacitance, by attaining a capacitance of less
than 10 F/g for an area of 3000 cm™. These findings revealed that high porosity is one
of the important but not sufficient parameter for performance of storage devices. It can
assumed that all the available pores were not effectively utilized. So the overall
performance depends upon the homogenous pore size distribution, pore structure and
shape, surface specificity and electric conductivity. The presence of moisture and
acidic functional sites over the surface of ACs can inhabit life durability of
supercapacitors [92]. An impressive amount of research has been reported with focus
on finding the relationship between nano porous configurations and its capacitive
performance in different types of electrolytes. Normally the ACs offers high
capacitance in liquid electrolytes (100-300 F/g) in comparison to organic electrolytes
(around 150 F/g). The carbon surface wettability by electrolyte is also a reason closely
related to relative performance [93]. An optimum pore size of 0.4 nm has been reported
by Salitra et al. for EDLCs [94]. Beguin et al. reported an ideal pore size of 0.7 nm for
inorganic and 0.8 nm for organic media. All these studies emphasized on the important
role of the pores which are electrochemically made accessible to the charged species
of electrolyte thus influencing the overall capacitive behavior of ACs. Exploiting
carbide-derived-carbons (CDCs) Largeot et al found out the essential relationship
between pore size and ion size and suggested that for efficient EDLCs the pore size
should be in agreement with the ion size [92]. Apart from the ACs porous structure the
surface functionalization is also an important parameter as it is closely related to the
wettability of ACs surface by charge species of electrolytes [95]. ACs having high
content of oxygen functional groups having least porosity has been synthesized via
carbonization. These materials exhibited high performance having high energy density
up to 10 Wh /kg in inorganic electrolytes. Organic electrolytes is generally used in
commercial supercapacitor application. . Hollenkamp and Pandolfo has given a
comprehensive review on ACs with its main focus on the different types of functional
groups, presence of trace water and the disadvantages of organic electrolytes . Many
other studies focused on the low durability of ACs based device due to active carbon
surface.

ACs have been used in the commercial production of super capacitor electrode

material. Although their applications as successful future supercapacitor electrode
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material is hindered by the challenge of proper pore size engineering and appropriate

surface functionalities.

2.8. Metal oxide based ultracapacitors

Metal oxides (MOXx) and their composites with other compounds are believed to be
one of most capable class of electrode materials for future generation ultracapacitors
[96-98]. The advantage of (MOXx) based electrode materials in comparison with other
carbon based materials is its pseudocapacitive behavior resulting from faradic
chemical reactions. The charge storage mechanism in carbonaceous material is based
charge storage confined to the active area of electrode. A significant challenge to
(MOX) based electrode material includes the volume induced structural variation and
excessive loss of capacity over prolonged charge-discharge cycles. Due to poor
electrochemical durability (MOXx) based electrode material are suffered by excessive
capacity loss and short life cycle. On the other side ECPs and Carbon based materials
have good life cycle stability and also additional advantage of flexible design along
with good electric conductivity. Hence, convincing synergistic effect are expected to
be observed while combing (MOXx) with different polymeric and carbon nanostructures
(CNs) based electrode systems. Combined at molecular level these (MOXx) based
composite system can serve as efficient flexible supercapacitor electrode material with
improved performance compared to single component systems [98, 99]. Recently the
research in the field of supercapacitor was focused on combining the attributes of
(MOx), (CNs) and (ECPs) to meet with the contests of energy storage capacity and life
cycle stability confronted by individual component used as electrode material. (MOX)
element generally impart high specific capacitance owing to its fast faradic process
based on redox reactions. The (MOx/CNs/ECPs) resultant composite does not simply
exhibit properties which are a sum of the properties of individual elements, but is in
actual sense a completely new supercapacitor electrode material with unique properties
and surface functionalities. Many reports have been published regarding (ECPs/MOX)
based composites in which C0304, Fe203, TiO2, MnO2, RuO2, WO3 and SnO> served
as the MOx component, PEDOTSs, PPy, PANI and its derivatives as ECPs components
[100, 101]. Zhang et al. demonstrated as template free based approach for the
fabrication of a cone shaped well aligned nanostructures of PPy/RuO. reaching a
specific capacitance of 302 Fg! [100]. Among the other MOx, RuO, has been

extensively investigated for its application in supercapacitor having one important
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disadvantage of relatively high cost. Hence the exploration of other economically
acceptable and highly redox (MOx) based electrode materials for commercial
application of supercapacitors is crucial. Therefore various research reports were
published emphasizing on finding low cost (MOXx) alternatives for successful
commercialization of supercapacitors. In an approach toward the fabrication of
promising supercapacitor electrode material MnO2 based binary phased hybrids with
ECPs has been investigated [101]. A ternary nanostructured based system of
(ECPs/CNTs/MOX) has been reported by Hou et al. attaining a specific capacitance of
427 Fg* with good life cycle permanence [101]. A notable capacitance of 2223 F/g
was reported by Zhou et al. for 3D CoO/PPy nanowire composite [102]. A novel core-
shell PPy/CNTs/MnO. composited is reported by Li et al. as efficient electrode
material with synergistic effect from MnOg, (PPy) and CNTs conductive framework
[102]. A PPy/MnO2 composite film deposited on carbon cloth was reported by Wang

et al. for its application as efficient electrode material

2.8.1 Binary MOx based electrode materials

Due to superior electronic as well as electrochemical performance over single
component oxide, the binary oxides with formula (AB204) such as CuCo020s,
ZnMnz04, MnCo0204, and NiC0.04 have attracted considerable attention among the
researchers [103-105]. Porous nanosheets of double hydroxides layered with nickel
and cobalt reported by Hao Chen and team delivered exceptional capacitance of 2682
Fg!at 3 A g [106]. Ultrathin nano scale sheets of novel NiCo204 were synthesized
by Xu and coworkers through a facile template assisted approach and it delivered
capacitance of 1468 F gt at 2 A g’ [107]. Nanorod hybrid of nickel cobalt hydroxide
and MWCNTSs showed acceptable capacitance and storage density of 502 F g™ and 69
W h Kg-1 respectively [105]. A capacitance of 2080 F.g* at 1 A.g™* was reported with
MWCNTSs and NiCo2S4 hybrids synthesized via solvothermal process [106]. To take
advantage of good stability of CozV20g and high capacitance of Ni>P nanocomposite
Co3V20s/Ni2P was synthesized via precipitation approach and the 10025 Fgtat1 A
g ! capacitance was reported recently [107]. Nevertheless, the capacities reported for
binary oxides of nickel and cobalt are restricted by fewer active sites that result from
the agglomeration of nanomaterial of active electrodes. The performance is affected
greatly by the localization of charge transfer process to the surface of nanomaterials

especially in case of inorganic materials [22].
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2.9 Metal sulfides based ultracapacitors

Metal sulfides and their composites with other compounds are believed to be one most
capable class of materials for electrode future generation ultracapacitors [44]. The
advantage of metal sulfides based electrode materials in comparison with other carbon
based materials is its pseudocapacitive behavior resulting from faradic chemical
reactions. The charge storage mechanism in carbonaceous material is based charge
storage confined to the active area of electrode. A significant challenge to metal
sulfides based electrode material includes the volume induced structural variation and
excessive loss of capacity over prolonged charge-discharge cycles. Due to poor
electrochemical durability metal sulfides based electrode material are suffered by
excessive capacity loss and short life cycle. On other side ECPs and Carbon based
materials have good life cycle stability and also additional advantage of flexible design
along with good electric conductivity. Hence, convincing synergistic effect are
expected to be observed while combing metal sulfides with different polymeric and
carbon nanostructures based electrode systems. Combined at molecular level these
metal sulfides based composite system can serve as efficient flexible supercapacitor
electrode material with improved performance compared to single component systems
[44]. Recently the research in the field of supercapacitor was focused on combining
the attributes of metal sulfide, carbon nanostructures and ECPs to meet with the
contests of capacity to energy storage and life cycle stability confronted by individual
component used as electrode material metal sulfide element generally impart high
specific capacitance owing to its fast faradic process based on redox reactions. The
metal sulfide/carbon nanostructures resultant composite does not simply exhibit
properties which are a sum of the properties of individual elements, but is in actual
sense a completely new supercapacitor electrode material with unique properties and
surface functionalities.

Due to superior electronic as well as electrochemical performance metal sulfides have
highly attracted the researchers. Many reports have been published showing the metal
sulfides for higher capacitance and long life. R.B. Pujari have reported MnS microfiber
on the stainless steel as the substrate, 747 Fg* specific capacitance at ImAcm2 current
density [40]. W.Xu have reported CuS nanosheets on the nickel foam as substrate
which have 713 Fg? capacitance at 1Ag™ the current density [41]. M.S javed have
reported ZnS on carbon textile as substrate showing of 747 Fg* capacitance at 1Ag™
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of the current density [43]. NiC02S4/Co(OH)2 core-shell nanotube like structures in
situ deposited on Ni foam have been reported by R.Li showing 1055 Fg? of
capacitance at the 2 mAcm™ of current density [108]. Z. Xing have reported NisS;
coated ZnO array on Ni foam which have 1529 Fg* capacitance at current density of
2Ag? [42]. P.Wen have supercapacitor reported NiCo2Ss nanocluster anchored with
multi-wall carbon nanotubes hybrid on Ni foam showing high capacitance of 2080 Fg
! at the current density of 1Ag™ [109]. GO based Al.Ss Nanorambutan on Ni Foam
have been conveyed by M.Faisal Igbal showing the capacitance of 2178 Fg™ at current
density of 3mAg™ [44]. Nanostructured nickel-cobalt sulfide deposited on nickel foam
as electrode material for supercapacitor with high capacitance have been reported by

X_.F. which shows the 2068 Fg™ capacitance at 5 mA cm™ current density [41].
2.9. Challenges

From the above section it is clear that carbon based materials such as CNTs, CC, Go,
RGO), metal oxide based materials (Co3O4, Fe203, TiO2, MnO2, RuO2, WO3, SnO2,
metal sulfides based materials (CuS, MnS, ZnS, NisSz, CoS, Al,S3, electrically
conducting polymer based materials (PPy, PANI, PT) and their composites in binary
or ternary form can pave the path toward future’s flexible and commercially acceptable
supercapacitors. Furthermore, research reports demonstrate that the methods of
composite fabrication also influence the electrochemical properties of resultant
composites. Although the metal sulfide and carbon nanostructures based electrode
material have higher capacitance but their overall performance like power density,
energy density and stability are far away from the practical deployment of these
devices in industrialized applications. Generally most of the research work regarding
supercapacitor is mainly focused on the exploitation electrode materials and not on the
complete fabrication of supercapacitor cell, and influence of the material on
performance in different type of device configurations. Thus to meet with the
challenges in the field of supercapacitor research, complete supercapacitor cell
fabrication, some latest characterizations of a device interfacial opposition should be
taken in account. In the last it is crucial to devote considerable attention to define some

industrial standard for the successful commercialization of super capacitors.
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2.10. Current efforts and future advancement
The carbon nanostructures, electrically conducting polymers, metal sulfides based
materials and their binary and ternary composite system can revolutionize the pace of
progress in flexible high performance supercapacitors. Future of CNs, ECPs and MSs
based materials show a great promise for the next generation flexible, low cost and
light weight energy storage devices. These composite based energy storage device are
thought to occupy a significant sum of market portion of the present Li-ion technology
in the coming years. The unique features of the composite based supercapacitors
include excellent conductivity, superior pseudocapacitance, improved flexibility and
ease of fabrication. Based on these unique features the composite material based
flexible supercapacitors can be incorporated on cloth which can be readily stretched
and rolled up. Recent researches in the field of supercapacitor electrode materials were
very impressive but still there remain certain challenges hindering their deployment in
real world applications. Certain potential declarations have mainly focused on
achieving the following goals.
e Combination of binary transition metal sulfides with carbon material an adequate
approach to design material that will have excellent pseudocapacitive and ELDCs

performance.
e Enhanced mechanical stability high flexible electrode materials.

e Upgraded cycle stability using combination of metal sulfides and carbon

nanostructures.

e Adjustability of active nanostructures with high energy, power density

characteristics and organic/inorganic electrolytic systems.

e Direct growth of active electrode materials on current collectors for minimizing

the associated internal and interfacial resistance

e Dual asymmetric flexible capacitors based on both n-type and p-type composite

materials.

e Stability of supercapacitor materials for electrode is one of the fundamental
issue in the commercialization of supercapacitors. Developing electrode
materials by making composites with CNs such CNTs, GO, RGO, CC is
approach for the improvement of active electrode materials. Apart from the
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electrode engineering aspects, the selection of proper active electrode materials
and type of electrolyte also play key role in achieving optimal performance. It
is well reported that the improvement of working potential window of electrode
materials is an efficient way for the enhancement of both power and energy
density of supercapacitor. It is quite clear from the above section of literature
review regarding electrode materials for supercapacitor applications, there still
exist various challenges in the market acceptance of supercapacitor electrode
base energy storage devices, a profound progress of research developments is

foreseen in the near future.

Summary

The above chapter summarizes the historical perspective, emergence and mechanisms
of energy storage in energy storage devices. It also covers the different types of a
supercapacitor which remained in practice. An impressive explanation of the different
types of electrode materials used in ultracapacitors is provided. The research progress
in the use of MSs, MOx and CNs systems as active electrode materials is given. Also
the attempts in developing hybrid electrode materials based on the combination of state
of the art electrode materials MSs, CNs, MOx, and CC are discussed. The challenges
associated with the different parameters of supercapacitors performance such energy
and power density are addressed. The challenges of design engineering and possible
appropriate approaches to overcome them are debated. The problems confronted in
achieving long cycle life are disclosed. Furthermore the issues faced in the selection
of proper electrolyte systems and their possible influence over the overall performance
of supercapacitor are described. The exploitation of synergistic effect produced
between combining materials of different are well illustrated. The hurdles which are
limiting the successful commercialization of electrode materials are highlighted.
Lastly the different appropriate approaches that can readily overcome the hindrance in

market acceptance of supercapacitors are presented.
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Chapter No. 3
Methodology

In this chapter we will discuss about methodology adopted for fabrication materials

and other characterization methods that are used in this research work.

3.1 Methods and materials

The synthesis of NiCo02S4 nanostructures and its composite with MWCNTS is done via
hydrothermal synthesis method. Nickel nitrate hexahydrate and cobalt nitrate
hexahydrate served as the metal M (OH) precursor. The complete flow chart of the

synthesis process and its different characterizations is given below in figure 3.1.

e —
e

Figure 3.1 Flow chart of the synthesis process & characterizations
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3.1.1 Synthesis of NiC02S4 nanostructures
Nanostructures of Nickel cobalt sulfide (NiC02S4) are synthesized via hydrothermal
method. Cobalt nitrate hexahydrate and nickel nitrate hexahydrate are used as metal

precursor.

3.1.1a Synthesis of metal hydroxide

In this synthesis, the metal hydroxide was initially prepared hydrothermal technique.
Ni(NOz)2.6H20 (0.29 g), Co(NO3)2.6H20 (0.58), urea (0.6 g) and NH4F (0.3 g) were
mixed in 60 mL of deionized water and magnetically stirred 30 minutes to form a rosy
solution. Two pieces of Ni foam (2x1 cm) in an ultrasound bath were carefully washed
with 3 M solution of HCI for 10 minutes to remove NiO layer, and then washed several
times with ethanol and DI water. Then washed Ni foam was dehydrated in the electric
oven. Above Ni foam and solution were then transferred into autoclave (100 mL) and
kept at 120° C for 8 hours in muffle furnace. After the reaction for precursor deposition,
autoclave was kept till its temperature comes down to room temperature. Then the
sample of hydroxides /Ni foam were cleaned ultrasonically for 2 min in ethanol and
water, and then dried overnight at 60°C. The glassware was first washed with distilled
water and then with ethanol afterward dried in an oven. Schematic of different steps

involved in synthesis is given below.
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Figure 3.2. Schematic diagram of different synthesis steps of metalhydoxide
nanostructures on Ni foam

30



A digital view of the binary metal hydroxides nanostructures deposited on the nickel

foam is presented in Figure 3.3.

Figure 3.3. Metal hydroxide nanostructures deposited on the nickel foam

3.1.1b Synthesis of nickel cobalt sulfides

In second step, 1.17 g Na2S.9H,0O was taken and melted in 60 mL of deionized water
under magnetic stirring. Then the Ni foam coated with precursor plus NaS.9H>0
solution were airtight in autoclave and retained at 160°C for 12 hours. The color of Ni
foam changed to black. Then was washed with deionized water and ethanol for many
times. Then dehydrated overnight in vacuum at 60°C.

Schematic of different steps involved in adopted synthesis route is given below.
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Figure 3.4 Schematic diagram of different synthesis steps of NiCo2Sulfide
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3.1.2. Insitu decoration of MWCNTSs and NiCo02S4 nanostructures on Ni foam

In this present work, a simple hydrothermal method is used for the uniform decoration
of MWCNTSs with NiCo2S4 nanostructures. In the first step the hydroxide / MWCNTSs
was primarily prepared via a hydrothermal method by adding an amount of 40 mg of
MWCNTSs and the remaining composition was kept same. For sulfide deposition, in
second step 1.17 g of Na2S.9H,O were dissolved under magnetic stirring in 60 mL of
deionized water and was repeated as discussed first.

A digital view of decoration of MWCNTSs and NiCo>Sulfide nanostructures on the Ni

foam is given below in figure 3.3.

Figure 3.5 Optical view of NiC02S4/MWCNTSs on Ni foam
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In figure 3.6. Teflon-lined stainless-steel autoclave (100 mL) is shown, which is used
for the hydrothermal method.

¢

Figure 3.6 Teflon-lined stainless-steel autoclave
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Figure 3.7 Muffle Furnace
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3.2 Characterizations

The binary metal sulfide nanostructures and its composite with MWCNTSs are

successfully characterized through the following techniques.

3.2.1 Investigation of Morphology

Scanning electron microscopy is a straight forward mode to observe the apparent
morphology and geometries nanomaterials. An ordinary microscope can only amplify
up to 1000 times of a material because light is used in it for amplification having
wavelength range of 400nm to 700 nm. Where, SEM uses electronic beam having
wavelength much smaller than ordinary source of amplification having wavelength in
the range of 400 to 700 nm, that makes able to achieve high quality resolution image
of samples [110, 111]. Basic principle of SEM employs that when an electron beam
strikes the surface of the sample, it interrelates with atoms of sample as a result of
which results the back scattered, secondary electrons, characteristic X-rays are
created that contain information relating to the topography, surface morphology of
samples, and composition etc. SEM works in 3 operational modes namely primary,
secondary and Tertiary mode.

e Primary: in this mode of operation SEM work with high resolution power of
the order of about 1-5 nm range with secondary electron imaging
e Secondary: In secondary mode it linked with characteristic X-rays which are
used for the identification of elemental composition of material sample via
EDX technique.
e Tertiary: Tertiary mode produces back-scattered electronic images. It also
traces the elemental composition of test sample.
The core restraint of SEM observation of sample material is the relatively small
viewing field of SEM, which potentially increase the possibility that the section
selected for the analysis may not be the sufficient representation of characteristics of
the whole sample. More than one, for instance six different regions are observed and
average information is achieved and considered in order to overcome this downside
[110].
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In the characterization of synthesized nanostructures and its nanocomposite, the
detailed study of surface morphology of NiCo2Ss nanostructures and also the
confirmation of the attachment of MS NSs to the MWCNTSs surface is deliberated by
using SEM (Model: JEOL JSM-6490A).
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Figure 3.8 Schematic working of SEM [113]
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Figure 3.9 Scanning Electron Microscopy (SEM) (Model: JEOL JSM-6490A)

3.2.2 Microstructure Characterization

X-ray diffraction (XRD) is an analytical and non-destructive technique revealing the
information about the crystallographic structure of a material. Study of
crystallographic structures is based on the phase identification and calculation of the
dimensions of a unit cell. The importance of phase analysis is important because some
time there exist an accountable dissimilarity, in capacitive performances of materials
having same chemical composition, but different crystallographic planes for instance
the single crystal systems have good performance in comparison with the
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polycrystalline and amorphous materials [13, 112]. Furthermore it also provides
information about the average crystallite size, crystal defects, structure type and
preferred alignment of crystals along with other strain parameters. Working principal
of XRD is based on the positive interference of monochromatic x-ray beams with
target crystalline materials which undergo diffraction at lattice point and certain
transmittance to reveal XRD spectrum. A schematic illustration of XRD is given

below.

Diffraction
pattern
recorded

Diffracted beam

Incident beam

% Transmitted beam

Crystalline material

Figure 3.10 Schematic diagram of an XRD unit [115]

When an incident x-ray beam interact with a specimen (crystalline in nature) it follow

the Bragg’s law, as shown in figure. 3.9. While representing mathematically as:
2dsin 6=n)\ (3.2)

From above relation “A” is the X-ray’s wavelength, “n” is any integer, “d” is the D-

spacing between crystal (plane separation) and “0” is the angle between occurrence

beam and reflected beam.

While the crystallite size “D” (nm) can be found by taking XRD major peaks using the

equation given below:

_ 0942
pcos@

(3.2)
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Where “B” is the full width half maximum, “A” is the wavelength of radiation having
value (Cu Ka = 0.15406 nm), and “0” is diffracted angle.
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Figure 3.11 Bragg’s Law, working Principle of XRD [116]

Theoretical density of the samples “p” can also be calculated by given below:

P=v (3.3)
Here “M” is molecular weight of material’s (g mol?), “N” is Avogadro’s, “Z”
represents the number of atoms per unit cell and “V” (A) is the volume of unit cell
[112, 113].

Setup of XRD Spectrometer is shown below.
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Figure 3.12 XRD Spectrometer (model D8-ADVANCE)

3.3 Electrochemical Properties

3.3.1 Cyclic Voltammetry
The concept of CV was developed by (Shain and Nicholson) in the year 1964. In CV
experiment the potential of an electrode is varied linearly from a point of no redox
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reaction until the oxidation and reduction of the electrode species [43, 114]. Definition
of some important electrochemical terms and basic features of cyclic voltamogram
which is the result of a cyclic voltammetry experiment is given in the following section
[115].

3.3.1.1 Definition of important electrochemical terms.

» Electrode: Generally an electric conductor made of a conducting plate such
as a metal or graphite.

» Electrolytic Solution: Typically an aqueous solution of some dissolved
inorganic salt.

» Anode: it is the electrode where an oxidation process happens.

» Cathode: At the cathode, reduction process takes place.

» Charge: q [C] Coluombic charge determined by integrating time-current
values.

» Current: i [A] The flow of coloumbic charges measured in amperes.

> Current Density: j [Am?] the amount of total current resulted divided by the
surface area of electrode also sometimes termed as geometric current density.

» Faradaic Current: (iF): The type of current which is produced from redox
reactions of active chemical species.

» Peak Current: Designated as ip [A] it is usually the high value of current
observed in CV experiment at the working electrode.

» Peak Potential: designated as Ep [V] is that potential associated with the
working electrode at which the maximum current in a voltammetry experiment
is obtained.

» Scan Rate: It is actually the voltage sweep rate per unit time in a cyclic

voltam metry measurement.

» Working Electrode (WE): It is the electrode which contain our active
material of interest and at its surface the desired electrochemical reaction is
examined. The potential of this electrode is monitored closely in relation to the

Reference electrode (RE) potential used in thee electrode system.
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» Reference Electrode (RE): This electrode is usually a table and non
polarizable electrode (Ag/AgCl, SCE etc.) and control the potential of the WE
in a system of three electrodes.

» Counter Electrode (CE): The counter electrode (a Pt wire, or graphite rod)
usually insures the chemical reaction occurring at WE by facilitating it in the
reverse reaction.

» Three-Electrode System: An experimental arrangement composed of WE,

CE, and RE used for electro analytical measurements.

3.3.1.2. Schematic illustration of CV system and principle mode of operation

In order to conduct cyclic voltammetry measurements on electro active materials of
interest the following arrangement is necessary: The working electrode based on
material of interest (WE), reference electrode (chosen according to material under
investigation in WE), a counter electrode (CE) often called auxiliary electrode and an
appropriate electrolyte that host the three electrode system. A schematic of three

electrode system is given below.

3 Electrode System

Workin
El:trodge ﬁ:ol;l)nter Electrode
(WE) x

Reference

Electrode (RE)

© - Eretgoluter T t. .t L

Figure 3.13 Representation of electrode system employed in CV [118]

Principles of a typical cyclic voltammetry curves generation is given the Figures 3.14
a, b and c below. In a cyclic voltammetry experiment a linear potential closely related
to RE is applied to WE. At initial potential represented as E1 in the figure a CV scan

start to generate, then it proceeds toward the final potential E> and finally returns back
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to potential E1. The potential scan rate represented in (v) is the variation of the applied
potential as function of time (v)= dE/dt. Both the current flowing and the potential
sweep rate can be deduced from a cyclic voltammetry curve as both are functions of

time.

E (vs. Ref) IV

A time / s

Figure 3.14 Cyclic voltammetry curve generation [118]

After applying potential to the W.E a CV scan begins at the initial potential E; and
proceed toward the final potential E2 and then returns back to the starting potential.

=X
=

B time f s

Figure 3.15 Current as a function of time [118]

Figure 3.15 shows the current produced as result of applied potential.
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Figure 3.16 Typical cyclic voltamogram [118]

Fig 3.16. Shows current as a function of applied potential and this spectrum derived
is called cyclic voltamogram. It also shows the maximum anodic current and potential
labeled as ipA and EpA. The maximum cathodic current and potential is labeled as i,C
and E,C.

3.3.2. Galvanostatic charge-discharge (GCD)

The GCD is a stable approach used for electrochemical evaluation of materials. The
GCD method is quite different from cyclic voltammetry because in this procedure the
current is organized and measurement of voltage is done. The GCD approach is one of
the most widely used electrochemical techniques and it has the potential of extension
from research laboratory to industrial scales. This technique is also sometimes termed
as chronopotentiometry and it gives an insight of the following parameters such as

e Cyclabilty
e Capacitance

e Resistance

The principle of GCD is based on the use of a current pulse to the working electrode
WE and the measurement of resulting voltage as purpose of time. The variation of

voltage in a GCD test is given in the following equation 3.4.
() = iR+ (V) (3.4)
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Here (t) is the variable potential, as a role of time, iR is internal resistance, C is the
capacitnce and i is the current. It is clear from equation 3.4 that capacitnce C can be
easily calculated by using slope of the GCD curve.

In case of a pseudocapacitor the V(t) not varies linearly in a V(t) curve profile, so the
capacitance can be considered by the integration of current over discharge time as

given in equation 3.5

C=I5 (3.5)
Here | for current, At for discharge time and AV for potential window.
All electrochemical measurement were recorded using a Bio Logic VSP workstation.
Nickel foam on which the active electrode material was deposited, served as direct
WE, KCI electrode served as RE and counter electrode of Platinum wire was used. 2
Molar potassium hydroxide (KOH) solution in deionized water was used as electrolyte
[41].

The instrument used for the electrochemical measurements is given in the figure 3.17.

— I icstioch cmc

Figure 3.17 Schematic of Bio Logic VSP instrument used for electrochemical
measurements.
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Summary

This part provides a broad review of the materials used in the current study along with
the methodology adopted. Diagram illustration of the whole experimentation process
is given. The binary metal sulfide nanostructures were synthesized via hydrothermal
method using the nitrate salts of respective metals. The fabrication of
NiC02S4/MWCNTs nanocomposite is discussed in detail, which is done by an insitu
approach via hydrothermal method. Information of different steps involved in the
fabrication process is presented. The different approaches for the characterization of
nanomaterials such XRD, SEM and their working principles are discussed. In the end
the techniques employed for electrochemical characterizations such as CV and GCD

along with their working principles are illustrated.

46



CHAPTER No. 4

Results & Discussion

4.1. Electrochemical performance of supercapacitors, its

challenges and possible potential remedies.

Literature review analysis of supercapacitors electrochemical performance revealed
that although the pseudocapacitance of metal sulfides based electrode material is very
high but a significant challenge these materials includes the volume induced structural
variation and excessive loss of capacity over prolonged charge-discharge cycles. Due
to poor electrochemical durability metal sulfide based electrode material are suffered
by excessive capacity loss and short life cycle. On the other Carbon based materials
have good life cyclability but are limited by low EDLCs performances. Consequently,
convincing synergistic effect are expected to be observed while combing metal
sulfides with different carbon nanostructures based electrode systems. Therefore, this
research work was designed to exploit the pseudocapacitance of transition metal
sulfides and durability of materials of carbonaceous origin in order to overcome the
challenges faced in the field of supercapacitors.

In the first step of this work nanostructures of binary metal sulfide NiCo2Ss were
deposited at the surface of nickel foam by hydrothermal method. In the second step
the NiC02S4/MWCNTSs nanocomposite was fabricated in an insitu hydrothermal
approach. This chapter give an insight of the results obtained from the fabrication
process and different characterization techniques used to evaluate the performance of

the anode materials in supercapacitor uses.

4.2. Morphological analysis of nanostructures

4.2.1. Morphological analysis of NiC02S4 NSs
In order to insure the successful fabrication of NiC02S4 structures in the nano regime

scanning electron microscopy (SEM) is carried out. The morphology was investigated
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through SEM. The SEM micrographs of bare nickel foam and NiCo02S4 loaded on
nickel foam is given below in figure4.1.

X50  500pm 2018 1150 SEl

20kv  X10,000 1pum 2018 1030 SEI 20KV X20,000 1pym 2018 10 30 SEI

Figure 4.1 (a) SEM image of bare nickel foam (b) loaded with nanostructures (c), (d)
shows NiCo02S4 nanostructures.

4.2.2. Morphological studies of NiC02S4/MWCNTSs composite
The morphology of the NiC0.S4/MWCNTs/Nickel foam composite is analyzed using
SEM. The SEM images of nickel foam decorated with NiC02S4/MWCNTs/Ni foam

are given as following.
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Figure 4.2 SEM images of nickel foam loaded with NiC02S4/MWCNTSs

From figure 4.1, image (a) shows the micrograph of bare nickel foam, (b), it can be
realized that nickel foam is loaded with NiC02S4. The SEM images from figure 4.1 c,d
shows the nanostructures at different resolution. From c,d images it can be seen
nanostructures have been grown the nickel foam.

In figure 4.2 SEM images clearly show that the NiC02Ss/MWCNTs composite has
been placed on the nickel foam. The above SEM micrographs clearly shows the
presence of nanostructure on MWCNTSs anchored with the nickel foam. Nano particles
in the beads are attached to the MWCNTSs along different regions of SEM micrographs.
These results are evident that MWCNTSs are successfully decorated on nickel foam
using the adopted method of fabrication. The goal of successful immobilization of
nanostructures of binary transition metal sulfide has been achieved as depicted in SEM

micrographs.
4.3. Phase and structural analysis
The XRD patterns of NiC02S4, NiC02S4/MWCNTSs and bare Ni foam are given below.
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Figure 4.3 XRD patterns of NiC02Ss, NiC02S4/MWCNTSs and bare Ni foam

The XRD pattern of bare nickel foam shows the presence of nickel in a cubic structure
typical of the nickel in accordance with JCPDF Card no’s 00-001-1258. The highest
reflection is shown for the nickel peak present at 26=44.370°. Furthermore the peaks
observed at 51.596° and 76.084" correspond to crystallographic planes (2 0 0) and (2 2
0) of nickel.

The figure endorses the formation of homogeneous cubic structure of NiC02Ss in
complete agreement with PDF Card no. 00-20-0782. There are no impurity peaks
detected in the pattern of NiC02S4. The maximum noticeable reflection of the NiC02S4
is observed along the crystal plane (3 1 1) at 20= 31.589°. The other peaks observed
at 38.320, 50.464 and 55.32 corresponds to the planes (4 0 0), (51 1) and (4 4 0)
respectively. In case of the NiC0.S4/MWCNTSs composites no peak shift was recorded.
The XRD pattern of the composite shows an extra peak of (1 0 1) is observed at 21.76,
which accounts for NizS; Rhombohedral phase (JCPDS 00-030-0863). Here no peak
is observed for the MWCNTSs due to low weight percentage and dumping effect.
Moreover the peaks at 31.589, 38.320, 50.464 and 55.32 belong to the (31 1), (4 00),
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(511)and (4 4 0) planes of cubic crystal structure. The XRD analysis of our materials

confirms the successful fabrication of binary metal sulfide’s cubic structure.

4.4. Electrochemical studies of NiC02Ss and NiC02S4/MWCNTS

composite

The electrochemical analysis of NiC02S4 and it composite with MWCNTS are carried
out by three electrode system. The 2 molar solution of potassium hydroxide is used for
electrolyte in this study. The nickel foam loaded with NiC02Ss and NiC02S4MWCNTSs
NSs is used as direct working electrode. The nickel foam 1x1 cm piece was connected
with a wire by soldering and dipped in the electrolyte for electrochemical
measurements. Ag/AgCl used for RE in this study. For counter electrode platinum wire
is used. The electrochemical measurements executed include CV and GCD test.

Bio Logic VSP instrument is used in this study to explore electrochemical properties.

4.4.1. Cyclic voltammetry of binary metal sulfide and its nanocomposite

The electrochemical responses of the synthesized materials were performed by CV in
2 molar solution of KOH in the potential window of (0.0 -0.6 V). The active material
deposited on nickel foam was used as direct electrode. The cyclic voltamograms of the
NiCo02Ss NSs and its nanocomposite are given in figures 4.8 to 4.11 at a potential
ranging from 5 to 50 mVs. The oxidation and reduction peaks in the CV curves are
due to the redox reactions of Co®*"/Co*" as well as Co?*/Co*" and Ni?*/Ni** conversions
based on Egs. (4.1) and (4.2) as given [41, 109, 116].

NiC02S4 + OH™ + H20 < NiSOH + 2CoSOH + e~ (4.1)
CoS +OH « COSOH +e (4.2)
NiS+OH < NiSOH +¢” (4.3)
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Figure 4.4 Cyclic voltamogram curve of bare nickel foam.

The above figure shows the CV curve for bare nickel foam electrode in a window of
0.00 to 0.6. From CV curve it is obvious that there happens a chemical reactions in
case of the bare electrodes as the shape of the curve shows a redox peak in the region
0.56 and 0.48 of the curve. The max anodic current for bare Ni foam is almost around

6.2 mA at of 20 mV-%, proposing the good electrochemical behavior of Ni foam.
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Figure 4.5 CV curves of NiCo2S4 at different scan rates
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Cyclic voltammetry scans done at scan rate of 50, 40, 30, 20, 10 and 5 mVs™. Almost,
all the curves are in the same trend with no noticeable variation in shape. The curve at
5 mVs? has the lowest area and peak current while the curve at 50 mVs? has the
highest redox potentials. Furthermore, it can be understood from CV curves that a
linear trend exist among the anodic current and scan rate. The peak anodic current in
the CVs behaved in an increasing pattern with increasing scan rate signifying the good
capacitive behavior of material. Capacitance calculation as of CV curves is done by

the equation.

C_d_Q_ dv

=w=-13 (4.5)
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Figure 4.6 CV curves of the NiC02Ss/MWCNTSs nanocomposite

The CV curves performed at dissimilar scan rates for NiC0.S4/MWCNTSs are given
above. It can be realized from the curves that a linear relation exist between the peak
current and scan rate supporting the acceptable capacitive behavior. All the curves are
in the same trend along the working potential window with no shifting of the
corresponding redox peaks. More over the redox peaks sharpness has increased as the
potential scan rate increases. At sweep rate of 50 most intensive redox peaks are
recorded. The broader pair of oxidation-reduction peaks is observed for the curve at
sweep rate of 50 mVst The highest current density for NiC0.S4/MWCNTs
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nanocomposite is recorded at a test rate of 50 mVs?. The CV scans at altered scan
rates for both the NiCo.S4 NSs and its nanocomposite with MWCNTSs confirms the
capacitive potential of both the materials. The comparative CV curves for both

NiC02S4 and its composite with MWCNTS is given below in figure.

280

Ni foam A
NiCo,S,

210 p

N ICOZS4IMWC NTs

140 =

70

Current (mA)

140

210 p 3 1 3 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential(V vs. SCE)

Figure 4.7 Cyclic voltamogram of NiC02S4 and NiC02.S4/MWNCTSs.
Cyclic voltammetry for the NSs of NiC02Ss and NiC02S4/MWCNTSs nanocomposite

performed in working window of (0.0 to 0.6 V) is given in above figure 4.7. In the CV
curve of the nanocomposite sharp high intensity oxidation and reduction peaks are
evident at 0.4 and 0.19 V respectively suggesting the pseudocapacitive behavior of the
material. In case of the only NiCo02Ss the broader oxidation, reduction peaks are
observed at 0.38 and 0.17 V respectively. From the CV consequences it can be
assumed that the incorporation of carbon structure has shifted the redox peak potentials
toward the positive side. Furthermore the relatively lower CV curve area in case of
only NiCo2Ss can be correlated to the lower electrochemical performance. High
current density in case of the NiCo.Ss composite can be credited to the synergistic
effect produced between metal sulfide NSs and carbon material. In one way the EDLC
property of MWCNTSs influenced the overall performance of the resulting composite
in positive manner. On the other hand, the presence of MWCNTSs has triggered the

faradic process responsible for pseudocapacitance of NiCo02Ss moiety in the
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nanocomposite by providing a highly conductive scaffold. The relatively high current
density and much higher integrated CV area is the result of the exploitation of
combined properties of transition metal sulfides and carbon. The relation of peak

current with the potential sweep rate for both the material is given in figure. 4.8.
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Figure 4.8 Max current vs potential scan rate for NiC02S4 and NiC02Ss/MWCNTSs

The above figure shows a relation for both type of electrode materials between
maximum anodic current and applied voltage sweep rate. The variation in the current
with respect to the applied potential sweep follows a linear trend. As the scan rate has
increased, the responsive anodic current also increased. The peak current in the case
of NiCo2S; electrode material in positive direction for scan rate 5, 10, 20, 30, 40 and
50 mV/s is 40.05, 62.00, 100.08, 123.16, 142.00 and 160.05 mA respectively. The
peak currents recorded for the composite at scan rate of 5, 10, 20, 30, 40 and 50 mV/s
are 52.05, 82.80, 130.08, 165.10, 200.00 and 230.13 mA. The response of peak anodic
currents to the voltage sweep rate for both the NiC02S4 NSs and NiC02S4/MWCNTS
nanocomposite confirms the capacitive behavior of the materials. Moreover the anodic
current in case of NiC02S4/MWCNTSs is much higher as compared to the anodic current
of NiCo02S4 electrode material. This higher anodic current is also responsible for the

higher capacitance in case of composite material.
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4.4.2. Galvanostatic charge discharge test

In order to examine the charge/discharge behavior of NiC02Ss nanostructures and
NiC02S4/MWCNTSs nanocomposite GCD analysis was conducted at different current
rates. The GCD analysis for both the materials are done in a three electrode assembly.
The working potential window utilized for GCD analysis is 0 to 0.6. The GCD curves
for the NiC02S4 NSs and its composite with MWCNTS at different current rates is give

below.
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Figure 4.9 GCD curves for NiCo2S4/Ni foam
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Figure 4.11 GCD comparison curves for NiC02S4 and NiC02S4/MWCNTSs

It is clear from the above figures that the NiC02S4/MWCNTS has exceptionally higher
charge /discharge time as related to its counterpart. This higher charge/discharge time
accounts for the superior capacitance of nanocomposite over the NiC02S4 NSs. The
improvement of capacitance in case of the nanocomposite can be credited to synergic
effect produced from the combination of binary transition metal sulfide and carbon.

Another important reason to this enhancement of capacitance is the improved faradic
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process triggered by the presence of MWCNTSs which acts a supporting highly
conductive scaffold for the binary metal sulfide NSs.

For the sake to study discharge behavior of NiC02Ss NSs and NiC02S4/MWCNTSs
nanocomposite GCD analysis was conducted at different current densities. The GCD
measurements for both materials are experienced in a three electrode assembly. The

discharge curves for the NiC02S4 NSs are given below.
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Figure 4.12 Galvanostatic discharge curves of NiC02Ss .
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Figure 4.13 Galvanostatic discharge curves of NiCo0,Ss at different current rates
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Figure 4.14 Galvanostatic discharge curves of NiC02S4 and NiC02,S4/MWCNTS

It is clear from the above figure that the NiC02S4/MWCNTS has exceptionally higher
discharge time (1077s) as compared to its counterpart which has discharge time of
(551s) at the current density of 3mAcm™. This higher discharge time accounts for the

superior capacitance of nanocomposite over NiC02Ss NSs. A capacitance of
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2210 Fg! is recorded for nanocomposite NiCo2Sa4. The specific capacitance achieved
for NiCo,Ss NSs is 1295 Fgl. The improvement of capacitance in case of the
nanocomposite can be credited to synergistic effect produced from combining binary
transition metal sulfide and carbon. Another important reason to this enhancement of
capacitance is the improved faradic process triggered by the presence of MWCNTSs
which acts a supporting highly conductive scaffold for the binary metal sulfide NSs.
The mass specific capacitance calculated for various current rates is given below.
Table No.1

Mass Specific Capacitance Calculation

Mass specific capacitance NiCo254 ehectrode material Mass specific capacitance NiCo254/MWCNT's electrode material

.!!'EI 1745 3 1077 2436 06 2210
5 w217 06 1230 5 M8 243 06 1875
7 206 27 06 1120 1 360 2436 06 1724
10 133 2117 06 1042 10 213 243 06 1438
15 &l 2127 05 987 15 117 243 06 1201
20 61 217 06 a40 20 7 243 06 1054

Figure 4.15 showing the mass specific capacitance at different current densities.

The areal capacitance for both types of electrode materials is given by the equation

given below.

IAt )
C= Ay (Fcm?) (4.6)

Where, current density (A) is represented by I, discharge time (s) by At and discharging
window by AV, A is the area of sample (cm™).
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Figure 4.16 Areal capacitance vs current density

From the above graph it can be determined that NiC02S4/MWCNTs material for
electrode displays areal capacitance of 5.38 Fcm™, while the NiCo,Ss electrode
material exhibits a areal capacitance 2.76 Fcm at scan rate of 3 mAcm2. The areal
capacitance in case of NiC02S4/MWCNTSs composite is almost 2 times higher as
compared to only NiCo2Ss electrode material. The areal capacitance of NiCo02S4
material at current densities of 5, 7, 10, 15 and 20 mAcm2is 2.61, 2.40, 2.21, 2.10 and
2.03 Fcm respectively. The areal capacitance of NiCo2S4/MWCNTs material at
current densities of 5,7,10, 15 and 20 mAcm is 4.56, 4.20, 3.65, 2.92 and 2.56 Fcm™
respectively.

Moreover as current density is increased the areal capacitance was decreasing in both
cases due to inaccessibility of electrolyte to all active sites of our material for the
charge transportation.

In direction to examine cyclic stability of NiC02Ss NSs and NiC02S4#/MWCNTSs
nanocomposite GCD analysis was accompanied at a current rate of 20 mA cm?2.The
GCD measurements for both the materials are conceded out in a three electrode
system. The working potential window utilized for GCD analysis is 0.00 V to 0.6V.

The stability of materials investigated via GCD analysis is presented below.
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Figure 4.17 the cycling performance of NiC02S4/MWCNTS/Ni and NiCo2S4/Ni
electrodes at the current density of 20 mA cm™.

The cycling performance for both type of electrode material was calculated by
charging and discharging tests for 1000 times at the fixed current rate of 20 mA cm™.
As given in fig.4.17, the capacitances of two materials progressively increase due the
activation of inner side material in initial stage. In case of NiC02S4/MWCNTS/Ni
electrode areal specific capacitance was increasing continuously during 1000 cycles.
While in case of NiC02S4/Ni electrode capacitance was increasing initially up to 600
cycles after this it started to decrease. Cyclic stability test shows that
NiC02S4/MWCNTSs/Ni electrode has good cyclic stability as compared to NiC02S4/Ni
electrode.
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Conclusions

In this work, NiC02Ss /IMWCNTs NSs on Ni foam have been synthesized by
hydrothermal method involving two steps based on the ion-exchange response. The
synthesis approach in this work is environmental affability and very effective. For
comparison, the nanostructures of Ni-Co Sulfide on nickel foam is also deposited by
the same approach. Both Ni- Co Sulfide and NiC02S4/MWCNTSs NSs are investigated
as direct materials for electrode for supercapacitor. Remarkably, Ni-Co
sulfide/MWCNTSs electrode exhibits a high areal capacitance of 5.38 F cm™. The
corresponding mass specific capacitance at the current density of 3 mA cm was
calculated 2210 F g,

Areal capacitance 2.76 F cm™ and mass specific capacitance of 1295 Fg for the Ni-
Co sulfide electrode is calculated, which is lesser as compared to discussed earlier one.
Moreover, the NiC0,S4s /MWCNTSs electrode also exhibits good rate capability and
cycling stability. Keeping above in view it can be concluded that such Ni-Co
sulfide/MWCNTs NSs can be used in supercapacitor applications. As a binder-free
electrode for the fabrication of high performance energy storage devices. This work
could make some contribution to synthesis the materials for high performance

electrodes and the rational design.
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