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ABSTRACT

Reducing fossil fuel consumption to help the planet gain its deteriorated health
back will be the major goal for researchers in this century. Switching to greener energy
sources such as solar, wind, hydro, etc. is one of the most viable options to cut down
fossil fuel consumption. However, efficient storing mechanisms, as well as the
conversion of the energy obtained from the aforementioned sources, is a vital part of
the whole green energy solution. Systems for electrochemical energy storage and

conversion include batteries, fuel cells, and electrochemical capacitors (ECs).

In recent years much attention has been given towards electrochemical
capacitors, also known as supercapacitors or ultracapacitors. The engrossment of ECs
IS because of their attractive specifications such as high-power density, long cycle life,
and hybrid nature, that bridge the gap between traditional dielectric capacitors and
batteries or fuel cells. In general, according to their charge storage mechanism,
supercapacitors are divided into two types: Electric Double-Layer Capacitors (EDLCs)
and Pseudocapacitors. Because of the ability of pseudocapacitive materials to store
charge in a faradic or redox-type process like batteries, they possess higher energy
density compared to EDLCs. Hence extensive research has been focused on the

synthesis and fabrication of pseudocapacitive materials.

On the other hand, due to their high energy density, low self-discharge,
lightweight, and various other features, lithium-ion batteries are the most sought-after
energy storage device for the verity of applications such as electric vehicles and
uncountable electronic accessories for a few decades now. Conventional Li-ion
batteries (LIBs) use graphite as an anode material. Graphite with a theoretical specific

capacity of 372 mAh/g may no longer fulfill the tremendous energy demand of



numerous applications in imminent future. Over the past few decades, a worldwide
effort has been made to search for alternative anode materials for improving the

capacity and cyclability of LIBs.

The first half of this thesis work is focused on the synthesis of the
pseudocapacitive material, and its practical realization as a supercapacitor device. The
other half focused on the synthesis of anode material for LIBs and studied the
characteristic of its energy storage by constructing CR2032 coin cells. Supercapacitor
electrode was fabricated by growing CoMoO4 nanoplates in the nickel foam substrate,
and its pseudocapacitive properties were studied. The specific capacity of 580 F/g was
obtained at the current density of the 1 A/g. Glucose was introduced as a carbon
precursor to elevate the performance of the aforementioned electrode. The specific
capacitance of 1638 F/g was obtained from the glucose treated electrode. Additionally,
the carbonaceous electrode performed as an excellent supercapacitor device with 87%

capacity retention even after 5000 charge-discharge cycles.

On the other hand, cobalt molybdenum sulfide (CoMoS) was synthesized as a
novel anode material for LIBs. The CR2032 coin cells were prepared to observe the
energy storage characteristics and specific capacity of as-synthesized material. In
addition, dopamine was used as a carbon precursor to enhance the performance of the
pristine CoMoS. The discharge capacity of 425 mAh/g and 723 mAh/g was obtained
from pristine CoMoS, and carbon treated CoMoS, respectively, even after the 100
charge-discharge cycles at a current density of 200 mA/g. Furthermore, both electrodes
registered excellent capacity retention ability when subjected to different current
densities. In addition to the better electrochemical performance of CoMoS than the

traditional graphite, the use of dopamine as a carbon source also increased its

Xi



performance in each electrochemical test and hence presented itself as a strong LIBs

anode material candidate.

xii



1. INTRODUCTION

As human civilization is moving towards the latter half of the first quarter of the
21% century, global warming remains a topmost threat for planets sustainability. From
the starting of the industrial era until now, the main reason for global warming is
greenhouse gases such as CO2, CHs, NOs, etc. Greenhouse gases that keep the planet
warm and habitable can make it completely barren, too, if increased above a certain
limit. Major sources of greenhouse gas emissions are transportation, electricity
production, and industry [1-4]. If we compartmentalized the greenhouse gases with
their sources, we could think of a way to cut back the emission. Fossil fuel burning is
almost the sole reason for the human-induced greenhouse gases. Reduction in fossil
fuel consumption to help the planet gain its deteriorated health back will be the major
goal for researchers in the coming decades. Switching to greener energy sources such
as solar, wind, hydro, etc. is one of the most viable options to cut down fossil fuel
consumption. Solar and wind are the energy sources that we have in abundance and
might last for thousands of years in the future. The conversion and storage of the energy
obtained from these sources is a vital part of the whole green energy solution. It is hard
to predict the energy demand of any consumer at any time of the day; hence the proper
storage of energy produced from greener sources is an important task. Recent
advancement in the electric vehicles research and development has sparked a ray of
hope that a large portion of greenhouse gas emission could be cut off, which is produced
from the transportation sector. But as a portable nature of the vehicles, the most basic
job for the better electric vehicle is the invention of proper portable energy sources. Not
only the electric vehicle but the uncountable electronic devices that we use in our daily

life demand the portable energy sources. For example, more than 85% of the world



population has access to the most basic electronic device, a mobile phone [5]. All these
arguments suggest that the most basic mandate of the energy source is portability. This
basic nature of demand gave birth to some exceptional systems for energy storage (ES)
and conversion, which are batteries, fuel cells, and electrochemical capacitors (ECs).
These systems store energy in the form of chemical energy and can deliver the stored
energy in the form of electrical energy. Hence, they are also referred to as
electrochemical energy storage devices [6-8]. These different ES systems can be
compared together in terms of their energy and power values by a plot called Ragone

plot.

1000
Fuel IC engine
Cells
Y . s EV Goal
o0 Li-ion
= 100 *
=
-3 Ni/MH HEV Goal
"
g
T 10 *
1 Supercapacitors
5
=
=
1 T T T
1 10 100 1000 10000
Power density (W/kg)

Figure 1.1 Ragone plot for different energy storage devices.

Figure 1.1 shows the Ragone plot of different ES devices with their respective
specific energy and specific power plotted on the logarithmic scale [9-11]. As we can

see in the figure, the batteries lead capacitors with higher specific energy, whereas

2



capacitor leads batteries with higher power density. To fabricate a device that possesses
a specific capacity of the battery and specific power of capacitors would be the ideal
finding. In this thesis work, battery and electrochemical capacitors are going to be
discussed, and we will aim to improve the electrochemical performance of the said ES

applications.

1.1. Battery

A battery is a device that stores energy in the form of chemical energy. It can
convert the stored energy to the electrical energy by faradic oxidation and reduction
reactions that happen in its electrodes [6, 12]. Batteries can be classified into many
groups depending on their usages such as their working property: rechargeable or non-
rechargeable, their build property: aqueous or non-aqueous, liquid, or solid electrolyte,

their working conditions: low or high temperature, etc.

A battery is composed of three components:

1. The positive electrode (cathode): the electrode that gets reduced during an
electrochemical reaction.

2. The negative electrode (anode): the electrode that gets oxidized during an
electrochemical reaction.

3. Electrolyte: the conductive medium between anode and cathode, which

helps to transfer the ions during oxidation and reduction reactions.

The important point to consider here is, all the battery component terminologies
are defined with the supposition that they are inside the primary battery. That is, only
the discharge process is happening. In terms of a secondary battery, the cathode and

anode electrode changes according to the charging or discharging of the battery. Here



we will discuss the secondary batteries only, owing to the simple fact that secondary
battery can be used for many charge-discharge cycles and hence considered to be the

future of the ES system.
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Figure 1.2 Comparison of different battery systems to their energy density.

Figure 1.2 shows different types of batteries compared to their volumetric and
gravimetric energy densities [13, 14]. With a molecular weight of 6.941 g/mol and
density 0.51 g/cm?, lithium is among the lightest metal. Despite being light and small,
it packed a higher amount of energy compared with any other battery combinations. As
we can see in the figure, the lithium-ion batteries (LIBs) lead the battery ES system
with its superior volumetric as well as gravimetric energy density. In addition to the
high energy and power density, LIBs possess the theoretical specific capacity of as high
as 3860 mAh/g and is also considered to be the most electropositive element in nature
[15, 16]. This feature of LIBs makes it the most attractive ES system for a variety of
applications such as portable electronics and EVs. Hence this thesis work will be

focused mainly on LIBs and its peripherals. The work done to improve the efficiency

4



of LIB using various experimental techniques will be presented in the forthcoming

chapters.

1.2. Electrochemical capacitor

Conventional capacitors are known to compose of positive and negative
electrodes separated by an electrically non-conductive dielectric medium. In these
capacitors, the dielectric separator would help to accumulate the charge on the electrode
surface by the dipole polarization. Another type of capacitor has the liquid or solid
medium in between the electrode plates, which is often called the electrolyte. These
capacitors are collectively known as an electrochemical capacitor (EC). Unlike in the
dielectric medium, this type of capacitor accumulates the charge in the electrode surface
by the ionic movement through the electrolyte medium. In the conventional capacitors,
the charge accumulation in the electrode surface is always limited by the adjacent
dipoles. On the other hand, for ECs, the ions can roam freely in the electrolytic medium.
So the amount of charge accumulation and hence the capacitance of these capacitors is
much higher than that of the conventional capacitors[17—-19]. Owing to their excellent
charge storage property, the ECs are often mentioned as supercapacitors,
ultracapacitors, double-layer capacitors, power capacitors, etc. [20]. Henceforth we will
refer them as an electrochemical supercapacitor or in short ‘supercapacitor’. In recent
years much attention has been given towards supercapacitor because of their attractive
specifications such as high power density, long cycle life, and hybrid nature that bridge
up the gap between traditional dielectric capacitors and batteries or fuel cells [21, 22]
Depending on their approach of energy storage and construction mechanism,

supercapacitors are mainly divided into three types:



1.2.1. Electric double-layer capacitors

The energy storage mechanism of EDLCs is much like that of traditional
electrolytic capacitors i.e. by charge separation. The capacitance in EDLCs arises from
the charges which are physically stored on the surface of the electrode. The adsorption-
desorption mechanism of charged ions from an electrolyte forms a double layer
structure on the electrode surface with the oppositely polarized electrode ions [23]. The
ion layers are separated by a single layer of electrolyte molecules on both positive and
negative electrodes. This phenomenon gives rise to double layers capacitors in each
electrode and hence the name was given as Electric Double Layer [22, 24, 25]. There
is no faradic reaction involved in the EDLC electrodes and hence no phase change of
the active material takes place. Because of this fact, EDLCs can sustain thousands of
more charge-discharge cycles than batteries [26]. Despite higher charge-discharge
cycling ability, these ECs are bound by the surface charge store mechanism which
limits the energy density of the supercapacitor device. EDLCs usages carbon-based
electrode materials with a high surface area. Some of the leading electrode materials
for the EDLCs are carbon nanotubes, graphene, activated carbon, carbon aerogels,

carbon foams, carbide-derived carbon, etc. [27].

1.2.2. Pseudocapacitors

In the case of EDLCs, the ions would cling to the surface of the oppositely
polarized electrode, whereas for pseudocapacitors some of those ions penetrate through
the single electrolyte molecules layer between the ion electrode interface and adsorbed
to the electrode surface. The adsorbed ions donate an electron to the electrode materials
which are often the electron-deficient transitional metal oxides and gives rise to the

faradic current. The capacitance originated from this faradic charge transfer

6



phenomenon is referred to as pseudocapacitance [28-30]. Because of the ability of
pseudocapacitive materials to store charge in a faradic or redox-type process similar to
batteries, they possess higher energy density compared to EDLCs, and hence extensive
research has been focused on synthesis and fabrication of pseudocapacitive materials
[31, 32]. Despite the higher energy density, the phase changes within the electrode due
to the faradic reaction limits the cyclability and power density of the pseudocapacitors
[33]. Two types of electrode materials are extensively studied for pseudocapacitive
energy storage, conducting polymer-based pseudocapacitors [34, 35] and metal oxide-
based pseudocapacitors such as Ruthenium Oxide [36, 37]. For the materials to be a

pseudocapacitive they must possess basic EDLC-type electrochemical features [29].

1.2.3. Hybrid supercapacitors

The concept of hybrid supercapacitors is to eliminate the shortcomings of
EDLCs and pseudocapacitors while preserving their best features. Hybrid
supercapacitor offers synergic behavior and improved properties with respect to their
individual components [38]. Various hybrid supercapacitor systems have been designed
by combining the redox (battery type) electrode such as metal oxides or conducting
polymers with an activated carbon electrode [39, 40]. The redox electrode increases the
energy density of the device which is complemented by the capacitive electrode that
ensures the high-power density. Depending on the electrode configurations, hybrid
capacitors are divided into three types as composite, asymmetric, and battery type [27,
41]. Although debates are going on about the correct way of grouping the hybrid
supercapacitors [29], these three types cover all the known researches done on hybrid

supercapacitors.



A) Asymmetric

The asymmetric hybrid supercapacitor uses two different types of electrodes to
form a supercapacitor device. Generally, one electrode is pseudocapacitive of nature
and another is EDLC in nature. Coupling these electrodes usually increases the potential
window of the device and hence increases the energy density. Some of the well-known
material combinations on asymmetric supercapacitors are conducting polymers positive

electrode and activated carbon negative electrode[42, 43].

B) Composite

As the name suggests, the composite electrodes combine the carbonaceous
material with pseudocapacitive material. As a result of this combination, the
carbonaceous material facilitates the charge transferability of the pseudocapacitive
material and also increases the effective surface area of the electrode. Whereas
pseudocapacitive material increases the energy density of the composite. The composite,
in turn, provides the energy density and cyclability higher than the pristine
pseudocapacitive electrode and carbon EDLC electrode individually would provide[44,

45].

C) Battery-type

Battery-type supercapacitor also combines two different types of electrodes to
improve device efficiency. However, the important prospect here is one electrode must
be composed of battery type material unlike asymmetric hybrid devices, where both
electrodes are capacitive of nature. In battery type hybrid device the capacitive
electrode used can either be EDLC or pseudocapacitive of nature and can be used either

as a cathode or anode material[46]. Also, it is noteworthy to mention that we are



discussing the internal hybridization of battery and supercapacitor system, rather than
the physical coupling of already built battery and supercapacitors. Similar to the other
two hybrid supercapacitors here also a redox reaction happens at battery type electrode
and ion accumulation or rapid charge transfer happens at the capacitive electrode. The
use of battery type material opens up a huge possible combination of materials that can

be used in this type of hybrid device.

Another chapter of the thesis work is focused on the fabrication of a supercapacitor
hybrid device that exploits all three hybridization techniques and improves its energy

density and cyclability.



2. LITERATURE SURVEY

2.1. Battery

As discussed earlier, lithium-lon Batteries (LIBs) have been a major energy
source for uncountable electronic accessories including EVs for some time now[47—
51]. Because of the intense and very well-spread use of the li-ion battery, it is now a
very important job for researchers and scientists to improve their cost and performance
which in return greatly expands their applications and enables new technologies that
depend on energy storage. Research and development work on lithium battery goes
back to as early as the 1970s when M. Stanley Whittingham developed a lithium metal
battery with titanium(IV) sulfide and lithium metal as an anode and cathode electrodes
respectively [52, 53]. However successful commercialization of the LIBs started from
1991 only, when Sony starts to manufacture them with LiCoO (LCO) as a cathode and
graphitic carbon as an anode electrode, employing the findings of JB Goodenough and
team [54]. Even after almost three decades, the same LIB electrode configuration is
dominating an ES device market. Particularly because of the attractive features of LCO
such as its relatively high theoretical specific capacity of 274 mAh/g, the high
theoretical volumetric capacity of 1363 mAh/cm?, low self-discharge, high discharge
voltage, and good cyclic performance [55, 56]. However, because of the high cost of
cobalt, LCO electrodes are quite expensive and limit its practical usability in ES
applications. Besides, low thermal stability and capacity fade at high current rates also
hinders its performance [57]. As a result, in the quest of developing cheaper and
efficient cathode electrode for LIB, different material configurations were developed,
and successful commercialization also achieved. Some of the well-known cathode

material configurations are transition metal oxides such as LiNiggC0o.15Alo.0s02 (NCA)
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[58], LiMnO2 (LMO) [59], LiNixCoyMn,02 (NMC) [60] and polyanion compounds

such as LiFePO4 (LFP)[61].

On the other hand, LIBs widely use graphitic carbons and hard carbons as an
anode material. Intercalation of Li-ion in the graphene planes gives rise to the
electrochemical activity needed for an energy storage application [62]. Many superior
properties such as mechanical stability, electrical conductivity, low cost, abundant
availability, low delithiation potential vs Li, high Li diffusivity makes carbon a very
favorable anode electrode material. LisTisO12 (LTO) is another anode material that has
been successfully commercialized and extensively used in many ES applications. Few
advantages of LTO over graphitic anode are lower self-heating with respect to graphite,
heat generation at elevated temperature is less than graphite, can absorb O2 from
cathode thus increasing the stability of cell, and calendar life estimated to be 20+ years
[62]. However, carbon anode with a theoretical specific capacity of 372 mAh/g and
LTO with specific capacity of 175 mAh/g may no longer fulfill the LIBs energy demand
from numerous power grasping applications [63].Over the past few decades, a
worldwide effort has been made to search for alternative anode materials for improving

the capacity and cyclability of LIBs[9, 64, 65].

Transitional metal sulfides have been extensively studied as an alternative
anode material that could potentially replace graphite mainly because of their high
theoretical capacity, natural abundancy, low volumetric expansion upon lithiation de-
lithiation cycles [66, 67]. Especially layered metal chalcogenides where the atoms are
covalently bonded to form two-dimensional (2D) layers that are stacked together
through weak van der Waals interactions are reported to possess excellent ability to

withstand the volume expansion and hence the greater cyclability as LIB materials [68—
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72]. Molybdenum sulfide in particular with its layered structure possesses a theoretical
capacity of around 669 mAh/g and has been seen as an excellent LIBs anode material
[73, 74, 75]. However poor cyclability and low electrical conductivity hinder its
otherwise excellent features [76, 77]. On the other hand, cobalt sulfide with its higher
electronic conductivity and thermal stability has been considered as another excellent
LIBs anode material [78, 79]. However, similar to molybdenum sulfide, cobalt sulfide
also suffer from the pulverization caused by the volume change upon many cycles [80].
Various stoichiometric compositions such as CoS [81], CoS2[77], Co3S4[82], etc were
prepared and reported to tackle the problems arises from volume expansion. But still,
no definite outcome has achieved and there is a lot of room for improvement. Another
way to enhance the properties of cobalt and molybdenum sulfides would be to combine
them and prepare a ternary metal sulfide. Doing so would increase the electronic
conductivity of the composite and also provide an additional redox reaction species
which can improve the electrochemical performance of the ES device [83, 84].
Combining cobalt and molybdenum sulfides in an attempt to extract the best out of their
features has long been practiced in electrocatalytic reactions[85-88]. However, only a
few reports are there of cobalt, molybdenum, and sulfur composite as an ES device,

such as CoMoS composite for LIBs and SIBs [89-91] or supercapacitor[92-95].

Furthermore, making a composite of battery active materials with carbon has
long been in practice and proved to improve the ES device performance. Dopamine has
been reported as a nitrogen-doped carbon-rich precursor for a verity of applications
[96-99]. The self-polymerization ability of dopamine that enables it to stick to virtually
any surface regardless of their chemical nature proved to be very efficient and cost
saving[100-102]. The porous morphology and multilayer graphene-like structure of

dopamine have an electrical conductivity close to that of N-doped graphene[103, 104].
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These attractive features make this an excellent carbon precursor in the energy storage
ecosystem and rightly so it has been incorporated in various energy storage devices

such as LIBs and supercapacitors[104-108].

We adopt a simple one-pot hydrothermal method to synthesize the CoMoO4
nanorods. The CoMoS composite was prepared by a solid-phase reaction of CoMo00O4
and thioacetamide. The self-polymerization ability of dopamine was employed to
synthesize nitrogen-doped cobalt molybdenum sulfidle CoMoS@NC. The
polydopamine layer on the CoMoS nanocomposites functioned as buffering and
conducting matrix that restricted the volume change and enhanced the electronic
conductivity of the electrode material and hence the specific capacity of the

Li/CoMoS@NC half-cell.

2.2. Supercapacitor

The capacitors have been around since the mid of 18" century. Whereas the
ultracapacitors come almost after 100 years. The ultracapacitor technology was first
patented by Standard Oil in 1966 [109]. The successful commercial production of
supercapacitors starts from 1971 licensed by the Nippon Electric Company (NEC)
[110]. These supercapacitors employ the high surface area activated carbon fibers over
the metallic current collector plates. As discussed earlier, depending on their approach
of energy storage and construction mechanism, supercapacitors are mainly divided into
three types, electric double-layer capacitors (EDLC), Pseudocapacitors, and hybrid
supercapacitors. It is also explained in the previous chapter in detail why recent research

is focused on pseudocapacitors and hybrid supercapacitors.
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Transition metal oxides with their high specific capacitance and low resistance
are an excellent candidate for the pseudocapacitive supercapacitor material. A
substantial amount of research has been done on transition metal oxide as a
supercapacitor materials such as RuO2.xH20 [111], MnO2 [112, 113], Nickel Oxides
[114], V20s [115] owing to their high theoretical specific capacitance, low cost,
abundance in nature as well as the environment-friendly nature[116]. Recently as a low-
cost alternative to single metal oxides, binary metal oxides such as NiC0204[117],
ZnCo0204[118], Zn2Sn04[119], etc. are perceiving as a viable option. With different
oxidation state materials that enable multiple redox reactions and higher electrical

conductivities, these metal oxides have been widely studied[120].

Cobalt molybdate has been proved as an excellent candidate for supercapacitor
mainly because of its high theoretical specific capacitance and great redox activity[121].
However, because of its low experimental capacitance value and poor rate capability,
the research has been focused on how to improve the mentioned shortcomings of this
material. Few effective methods in practice so far are sophisticated approaches such as
incorporating the cobalt molybdate nanoparticles in 3-D graphene structures[122, 123]
or combining two or more metal oxides to form a structure with higher specific
capacitance, which also is more resilient to continuous charge-discharge [116, 124—

126].

Glucose has been used in a variety of fields due to its unique properties such as
eco-friendly, abundant resources, low carbonization temperature, and low cost.[127,
128]. It has been reported to be used as an ideal catalyst supports for fuel cells [129],
as a facilitator in an immunoassay process in medicine [130], and many more. The use

of glucose in the supercapacitor ecosystem is mainly as an element in a carbonaceous

14



electrode to increase the conductivity by increasing the porosity of the carbon source.
Also, to improve the stability and contact between the current collector and active
material and hence improving the electrochemical performance of the system. The main
merit of bio-mass derived carbon compounds is the possibility of altering the physical

and chemical properties resulting in more electroactive material.[131-133]

In this work, we focus on the effect of the incorporation of glucose-derived
carbon by the systematic formation of nanosized carbon by the facile hydrothermal
method. Glucose is abundant and renewable biomass with a rich hydroxyl functional
group. Consequently, the embedded carbon enhances the experimental specific
capacitance of the cobalt molybdate. Considerably basic experimental steps were

followed, and some outstanding results were obtained provided such simple procedures.
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3. MATERIALS AND METHODOLOGY

3.1. Chemicals and gases

Various chemical compounds were used throughout the different experiments.
Several protective measures were practiced while handling the chemicals. All
chemicals used in the process were of research-grade and were used as they arrived
without further purification. The table below consist of all the chemicals used in this

study:

Table 3.1 Chemicals used in the study.

Chemical Formula Purity Vendor Usages
Junsei
: . Cobalt
Cobalt Nitrate Co(No03)2.6H0  98%  Chemical Co.
precursor
Ltd., Japan
Carboxymethyl Junsel_ Battery slurry
cellulose (CMC) - Chemical Co. 5 e
Ltd., Japan
Dopamine i Sigma Aldrich, Carbon
hydrochloride Germany precursor
Daejung
Chemicals & Cleanin
Ethanol C2Hs0H 99.5% Metals Co. solvent g
Ltd., South
Korea
Glucose CoH120s ggyp  AlfaAesar,  Carbon
England precursor
Daejung
Chemicals & Cleanin
Hydrochloric acid HCI 35%  Metals Co. solvent g
Ltd., South
Korea
HONJO Batter
Lithium foil Li - METAL CO., electrg:je
LTD., Japan
Lithium . .
hexafluorophosphate LiPFg - Sigma Aldrich,  Battery
Germany electrolyte

in EC/DEC
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MTI Corp., Current
Nickel foam Ni - Ltd., South collector for
Korea supercapacitor
Daejung
Potassium Chemicals & Supercapacitor
hydroxide KOH 93% Metals Co. ele?:trolﬁte
Ltd., South
Korea
. Junsei' Molybdenum
Sodium molybdate ~ Na:Mo004.2H,O 98.5% Chemical Co.
precursor
Ltd., Japan
Wako Pure sulfur
Thioacetamide C2Hs5NS 98% Chemicals,
precursor
Japan
Tris buffer - 99% Alf_a Aesar, pH buffer
China

The gases used in the study are also tabulated as below:

Table 3.2 Gases used in the study.

Gases Formula Purity Vendors Usages
The inert atmosphere for
Argon Ar 99.9% P. 5. CHEM chemical compound
CO,, LTD -
synthesis
Standard H2:10% P.S.CHEM  Regeneration of the
Gas i CO., LTD love box
Mixture Ar: Balanced N g
UHP o P-S.CHEM  The inert atmosphere for
Argon Al 99.999% CO.,LTD the glove box
3.2. Apparatus

Instruments and apparatus used for the study are given below.

Table 3.3 Apparatus used in the study.

Apparatus Specification Manufacturer
Autoclave PTFE Container Latech
Balance DRAGON 204/5 Mettler Toledo
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Battery test station

PESC05-0.1

PNESOLUTION CO.,
LTD. South Korea

Cell punching tool

WA-1006

Wellcos corporation,
South Korea

Centrifuge

LABOGEN-1580

GYROZEN Co., Ltd.,
South Korea

Wellcos corporation,

Coin cell crimper HSMCC-P10 South Korea
Electrochemical AUTOLAB .
workstation PGSTAT302N ECO Chemie
Furnace DFT-50300 DH Science
Glove box 2 persons (4 port) M.O. Tech, South Korea
Hot plate and magnetic MGH-320 SIBATA
stirrer
Incubator JSBI-100C JS RESEARCH INC.,
South Korea
DAIHAN LABTECH
Oven LDO-030N CO., LTD., South Korea
JS RESEARCH INC,,
Oven (vacuum) JSVO-30T South Korea
Ultrasonicator JAC-4020 KODO, South Korea

3.3.  Materials syntheses

For the electrochemical ES devices, the structure of the active material plays a
significant role in their performance. Nanomaterials with uniform size and distribution
are much desired for the optimum performance of the ES device. Here, some of the
well-known material synthesis approaches were practiced producing nanomaterials
with the desired shape, size, and distribution. The material synthesis methods

implemented are as follows,
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3.3.1. Hydrothermal synthesis

Hydrothermal synthesis incorporates the high temperature and high pressure in
an aqueous medium to synthesize the different shapes and sizes of nanoparticles.
Generally, Teflon-lined autoclaves are used as a container because of their ability to
work under high temperature and pressure, as well as alkaline media [134]. In a typical
procedure, the reactants are placed inside the Teflon-lined steel autoclave and kept in
an oven at the temperature well above the boiling points of the solvents where the
solvent reacts as supercritical fluids. Which, in turn, increases the solvent's ability to
dissolve the solid and hence increases the reaction speed [135]. The hydrothermal
synthesis has lots of advantages such as fast reaction kinetics, short processing times,
phase purity, high crystallinity, high yield, homogeneous particle products, composite
formation, narrow particle-size distributions, and is cost-effective, environment
friendly, and easily scalable [136]. In this study, the hydrothermal synthesis was used
to synthesize the CoM0O4 nanopowder and self-grown CoMoO4 nanoplates on a nickel

substrate.

3.3.2. Solid-state reaction

As the name suggests, the solid-state reaction is essentially the reaction between
two solids to form one or more product phases. The solid-state reaction is a
straightforward and cost-effective method that favors the synthesis of a product with a
highly amorphous nature [137, 138]. In this study, cobalt molybdenum sulfide was
synthesized by the solid-state reaction between cobalt molybdate and thioacetamide

nanopowders.
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3.4. Material characterizations

3.4.1. X-ray diffraction (XRD) analysis

XRD is the experimental technique used to determine the molecular structure,
phase purity, size, and much more information about the crystal. The basic principle
relies on the fact that when a beam of an x-ray with fixed wavelength is incident on
crystal planes, the electrons within the atoms of the crystal reflect the incident waves.
These reflected waves scatter in many directions, and most of them cancel each other
through destructive interference. However, some of them add up and travel in a specific
direction through constructive interference. For the constructive interference to occur
some specific parameters should be fulfilled, which is demonstrated by the brags law

as,

NA =2dsin0.........ooooiiiiiii (1)

Where n is the order of reflection, A is the wavelength of the incident x-rays, d
is the interplanar spacing of the crystal, and 0 is the angle of incident. Constructive
interference will occur only for a combination of that specific wavelength, crystal lattice
planar spacing, and angle of incidence. For a given XRD analysis, the known variables
are n, 0, and A, and by solving equation 1 for d, we can verify the unknown crystal as
all the crystals are composed of numerous planes with unique planer distance. For this
study, we used the PANanalytical’s Empyrean XRD with Cu Ka (A = 0.15405 nm)

radiation in the scan range (260) of 5° to 80°.
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3.4.2. Field-emission scanning electron microscope (FE-SEM)

FE-SEM is used to get a visual idea about surface topography and morphology,
such as the shape and size of the sample in nanoscale. A focused beam of an electron
that interacts with the sample atoms is used to produce the image. For this study, we
used the TESCAN, MIRA3 FE-SEM instrument. The samples were coated with

platinum or carbon depending on their nature before the SEM analysis.

3.4.3. Energy dispersive spectroscopy analysis (EDS)

EDS was used to verify the elemental composition and to estimate their relative
abundance on the prepared sample. The basic principle of EDS is that each element has
a unique atomic structure that allows a unique set of peaks on its electromagnetic
emission spectrum. Typically EDS instrument measures the difference in energy
spectrum between the higher and lowers energy shell electron when the higher energy
shell electron moves to a lower energy shell [139]. For our study, EDS was done with
TESCAN, MIRA3 FE-SEM instrument with a separate EDS detector (INCA)

connected to the FE-SEM instrument.

3.4.4. X-ray photoelectron spectroscopy (XPS)

The chemical composition and the state of elements present in the outermost part
of the sample were obtained by XPS analysis. The ESCA-2000, VG Microtech Ltd, and
Theta Probe AR-XPS system (Thermo Fisher Scientific, U.K). Here a monochromatic
X-ray beam source at 1486.6 eV (Aluminum anode) and 14 kV was used to scan the
sample surface. A high flux x-ray source with aluminum anode was used for x-ray
generation, and quartz crystal monochromatic was used to focus and scan the x-ray

beam on the sample.
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3.5. Electrode and ES device fabrication

3.5.1. Supercapacitor electrode and device

The positive working electrode was prepared by a self-grown method and
electrochemically characterized on a three-electrode system individually. In a typical
process, a nickel foam (1x1 cm?) was first cleaned with 6M HCI to remove the oxide
layers present on the surface. The cleaned nickel foam was then used to grow the active
material (CoM00Q4) by a hydrothermal method. The detailed mechanism and precursor
used are also discussed in the material synthesis part of the respective chapter. The
negative working electrode was prepared by a slurry coating method. In a typical
process, the active material (activated carbon) was mixed with a PVDF, Super P, and
NMP to make a slurry. The slurry was then coated on a cleaned Ni foam, as mentioned
earlier. Both positive and negative electrodes were studied for their respective
electrochemical properties. The hybrid supercapacitor device was prepared by
combining the positive and negative electrode with polypropylene separator in between

them.

3.5.2. LIB electrode and device

A slurry coating process was used to prepare the lithium-ion battery electrode. In
a typical process, the active material (CoM0O4) was mixed with carboxymethyl
cellulose (CMC) and super P in the ratio of 70:15:15 with water as a solvent. The
detailed mechanism and respective amounts of the material used are discussed in the
respective chapter. The properly mixed slurry was then coated on a copper foil and
dried in a vacuum oven. The obtained copper foil with an active material was punched

with 12 cm dia to prepare an electrode. CR2032 half-cell was prepared inside a glove
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box with the as-prepared electrode as a working electrode and metallic lithium foil (16
cm? dia) as a counter as well as the reference electrode. As fabricated coin cell was

checked in a battery testing system for various electrochemical properties.

3.6. Electrochemical characterizations

The electrodes and devices prepared, as mentioned earlier, are characterized
using various techniques to determine their respective properties and to monitor their
performance as a practical energy storage application. For the supercapacitor,
electrochemical characterization was performed in a three-electrode system, the Ni
foam with active material as a working electrode, a platinum foil (0.8x0.8 cm?) as a
counter electrode and an Ag/AgCl electrode as a reference electrode. As an electrolyte,
2 M aqueous KOH solution was used. The room temperature was kept constant
throughout the study. In the case of LIB battery coin cells, the coin cell holder was kept
inside an incubation chamber, and the temperature was always maintained at 25° C.
Different approaches implemented for the characterization of the electrodes and devices

are discussed below.

3.6.1. Cyclic voltammetry (CV)

Cyclic voltammetry is commonly used to investigate the reduction and
oxidation processes of the elements present in the working electrode by plotting the
potential applied in the x-axis and current induced in the x-axis [140]. The potential of
the working electrode is controlled versus the reference electrode (Ag/AgCI for this
study), and a voltammogram is obtained by measuring the current at the working
electrode during the potential scan [141]. The CV plot can also be used to differentiate

between the EDLC, pseudocapacitive, or battery type material according to the nature
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of the voltammogram plot obtained. Also, the charge storage reversibility of the active
material can be attained by the CV plot by analyzing the nature of the plot during the
positive and negative scan, and whether they look symmetrical or not. The
voltammogram plotted with increasing potential scan rates gives the idea about the
charge storage ability of the working electrode material during the high scan rates. For
this study, the CV was performed within the scan rate from 5 mV/s to 200 mV/s and
between the various potential window according to the electrode material, which is

discussed in their respective chapters.

3.6.2. Galvanostatic charge-discharge (GCD)

GCD is commonly used to observe the cycle life of the working electrode by
subjecting them to numerous charge and discharge cycles at a constant positive and/or
negative current. The GCD plot can be obtained by plotting the potential difference data
on the y-axis with the time on the x-axis. GCD profiles are used to evaluate the quality
of capacitive response, identify the possible presence of irreversible Faradaic reactions,
and to derive several figures, such as capacitance, capacity, energy, and power of the
ES device [142]. The nature of electrode material, i.e., EDLC, pseudocapacitive, or
battery type, can be determined from the GCD plot as EDLC materials give a linear. In
contrast, pseudocapacitive materials give a variety of non-linear charge-discharge plots.
For this study, GCD versus time and GCD versus capacity are discussed for

supercapacitor and battery, respectively, and are explained in their respective chapters.

3.6.3. Electrochemical impedance spectroscopy (EIS)

EIS is the most comprehensive approach to analyze the charge transfer kinetics,

such as capacitance and resistance within the various components of the electrode.
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Normally, an alternating voltage is applied to the electrode over a vast range of
frequency ranging from few hertz to 100 of thousands hertz and amplitude, and a phase
shift of resulting current will be measured. From the EIS study, we can obtain the plot
called the Nyquist plot, where the imaginary component of the impedance is plotted
against the real component of impedance. The data plotted in the Nyquist plot is then
fitted with equivalent mathematical models. From the fitted model, one gets an idea
about the resistive and capacitive components and how they are affecting the charge
transfer properties of the electrode material. Mathematical modeling of the electrodes

and ES devices and their in-depth nature are discussed in the respective chapters.
3.7. Electrochemical measurements

As mentioned earlier, for a single electrode, the electrochemical measurements
were performed on the three-electrode system with active material containing electrode
as a working electrode, platinum as a counter electrode, and an Ag/AgCl as a reference
electrode. 2M KOH was used as an electrolyte solution. The supercapacitor device was
fabricated using self-grown active material as a positive and activated carbon as a
negative electrode with a polypropylene separator in between them. CV, GCD, and EIS
were performed for all of the mentioned electrodes and devices. The specific
capacitance was calculated from the data obtained from the GCD cycles as the GCD is
believed to give more accurate results because of its close resemblance with the

practical applications [143].
As we know, the capacitance of an electrode in an electrochemical system is,

_4Q

C =
AV
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Where, 4Q is the charge stored, and AV is the potential window of the electrode.

Equation 2 can be rewritten as,

o e e e ettt aas 3
AV ®)
Where i is the applied current, and At is the discharge time.
Hence, the specific capacitance can be given as,
[ * At
Cs m* AV “)

Where m is the mass of the active material.

Likewise, the energy density and power density of the device were calculated
from the specific capacitance derived in equation 4. The governing equation for energy

density and power density are as follows,

Where E is the energy density of the device, Cs is the specific capacitance of the

device, and V is the potential window.

Where P is the power density, E is the energy density, and At is the discharge

time.

Following mass balance equation was used to calculate the actual mass of the

activated carbon needed to fabricate a supercapacitor device,
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Where, m™ is the active material mas of the negative electrode, m™ is the active
material mas of the positive electrode, C* is the specific capacitance of the positive
electrode, C~ is the specific capacitance of the negative electrode, AV™ is the potential
window for the positive electrode at which the specific capacitance was calculated and
AV~ is the potential window for the negative electrode at which the specific capacitance

was calculated.
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4. EXPERIMENTALS

4.1. Battery

4.1.1. Preparation of CoMo0Og4

The previously reported method was implemented to obtain uniformly
distributed CoMo00O4 nanorods[144]. In a typical synthesis process, 1 mmol of
Co(NOs3)2.6H20 and 1 mmol of NazM004.2H.O were added in 80 mL solution of
solvents composed of water, ethanol and diethyl glycol in the volumetric ratio of 2:1:2.
The solution was stirred in magnetic stirrer for one hour then kept in 100 ml Teflon
lined steel autoclave and heated at 180 degrees for 10 hours. The final solution was
obtained as a pink segregate in a clear solution. The obtained solution was washed
several times with ethanol and DI water and kept in a vacuum oven at 80 degrees for 8
hours to dry. Dark violet (color code: #9400d3) powder was obtained after vacuum
drying. The product obtained from vacuum drying then kept in a high-temperature
furnace at 400 degrees at the rate of 1 degree per minute for 3h for the final annealing
process. Dark blue magenta (color code: #685580) powder was obtained after the final

annealing process.

4.1.2. Preparation of CoMoS

CoMoS composite was synthesized through the direct pyrolysis of CoMoO4 and
thioacetamide under an inert atmosphere. In a typical process, CoMoO4 powder and
thioacetamide (1:3 weight ratio) were ground together for a few minutes to make a well-

mixed fine powder. The mixed powder then put in the furnace at 500 degrees for 5
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hours under argon atmosphere. The expected governing equation that takes place in the

furnace can be summarized as,

COMOO4,+4‘C2H5NS—>COMOS4+4‘C2H5N0 ........................... (8)

The final product obtained was in the form of a black dried solidly aggregated
deposit. The final product was ground again to make the fine powder for further use

and named as CoMoS.

4.1.3. Preparation of CoMoS@NC

We implemented the self-polymerization ability of dopamine to form a very thin
carbon film on CoMoS nanoparticles. In a typical process 0.1mM of tris buffer solution
was prepared on DI water separately. The tris buffer solution was added on 400ml DI
water dropwise to maintain the pH of the solution to slightly higher than 8.5. 200mg of
CoMoS was dispersed on tris buffer adjusted solution and left to sonicate for one hour.
After the sonication, 100mg dopamine hydrochloride was added into the solution and
left to stir overnight in a magnetic stirrer. The dark black solution obtained after stirring
was washed with DI water for a few times and then with ethanol. The final black
compound was kept in a vacuum oven at 80 degrees for drying. Vacuum dried black
compound was kept in a furnace at 500 degrees for 4 hours at 3 degrees/min under
argon atmosphere for calcination. The final black powder obtained was named as

CoMoS@NC.
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4.2. Supercapacitor

4.2.1. Growing CoMoOs on nickel foam

Before proceeding forward, nickel foam (NF) was treated with hydrochloric acid
to remove any oxide layers as well as other impurities deposited on the foam. In a
typical process, an NF piece cut in 1x1 cm? dimension was immersed in a 6M HCL
solution and sonicated for 30 minutes. Then obtained NF was washed with DI water
and ethanol several times. The cleaned NF was then dried in the vacuum oven at 60°C
for 10 hours. In a separate process, 2.5mmol Co(NO3)2 and 2.5mmol Na;MoOs were
mixed in the 50 ml DI water and stirred for a half-hour with Teflon coated magnetic
stirrer. The solution is then transferred to Teflon lined steel autoclave on which the
pretreated NF was added vertically suspended in the solution. The autoclave with
CoMoOs precursor and NF was then put in the oven and the temperature was
maintained at 180°C for 12 hours. After the autoclave came down to room temperature
the NF now coated with pink substitute was taken out and thoroughly washed with DI
water to remove the obvious debris of deposited yield. To further clean the NF off large
CoMoOs particles it was sonicated in DI water for few minutes. It was then washed
with DI water followed by ethanol several times and kept in the oven for drying at 60°C
for 10 hours. Finally, the self-grown CoM0O4 on NF was obtained by annealing the
dried NF at 300°C for 3 hours under argon atmosphere. The mass of the active material
for several electrodes is around 3~3.5 mg/cm?. The final product obtained was named

as CMO-NF.
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4.2.2. Preparation of CMO-GC

Glucose was used as a carbon precursor for treating the CMO-NF electrodes
obtained from the aforementioned steps. In a typical process, Immole glucose was
dissolved in 50ml of DI water with the help of magnetic stirrer. After the complete
dissolution of glucose, the solution was transferred to the Teflon lined steel autoclave.
The CMO-NF stripe was immersed vertically in the above solution and the autoclave
was kept in the oven at 180°C for 12 hours. After the autoclave came down to room
temperature, the CMO-NF sample covered with dark grey carbonaceous glucose debris
was then washed with DI water followed by ethanol for several times. Washing was
done until there were no visible solid particulates in the CMO-NF stripe. Finally, the
stripe was dried in the oven at 60°C for 5 hours and then in the furnace at 600°C for 3
hours under argon atmosphere. The black NF stripe obtained at last was named as
CMO-GC owed to the use of glucose as a carbon source. To understand the carbon
formation process and the effect of precursor molarity in its content, different molarity
of glucose was used to synthesize the CMO-GC electrodes. Typically, 1,2,3 and 4 mmol
of glucose were used to treat the CMO-NF electrodes maintaining all other conditions
the same. The respective samples were named as CMO-GC-1, CMO-GC-2, CMO-GC-

3, and CMO-GC-4.

4.2.3. Working electrodes preparation

The as-synthesized CMO-NF and CMO-GC were used as a positive electrode
without further treatments. The negative electrode was prepared by a slurry coating
process where activated carbon (AC) was used as an active material. The peanut shell
derived activated carbon was synthesized in our lab and already reported as a promising
negative electrode in a supercapacitor device application[145]. In a typical process 85
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weight % activated carbon, 10 weight % super P, and 5 weight % PVDF were mixed
with the help of N-methyl pyrrolidone to form a slurry. The slurry was then coated in
the pre-treated (1x1 cm?) bare nickel foam and dried at 110°C for 10 hours in a vacuum

oven.
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5. RESULTS AND DISCUSSIONS

5.1. Battery

5.1.1. Physical characterization results

Obtained nanocomposites have been characterized using different approaches
like XRD analysis by using the PANanalytical’s Empyrean XRD with Cu Ka (A =
0.15405 nm) radiation in the scan range (20) of 5° to 80°. The structural morphologies
of the samples were observed with a field emission scanning electron microscope
(TESCAN, MIRA3), and chemical compositions were evaluated by energy-dispersive
spectroscopy (EDS) measurements and element mapping (TESCAN, MIRA)

measurements at 15 kV.

In addition to the CoMoS and CoMoS@NC samples, the physical
characterization of the CoMoO4 sample was also done in a very detailed manner as the
formation of CoM0Q4 nanostructure could highly affect the CoMoS and CoMoS@NC
in later experimental conditions. X-ray diffraction (XRD) analysis has been done to
analyze the crystalline nature of the prepared CoMoO4, CoMoS, and CoMoS@NC
nanocomposites. As shown in Figure 5.1(A), XRD patterns of CoMoO4 are consistent
and well agreed with the standard XRD pattern (JCPDS No. 21-0868). The sharpest
diffraction peaks at 26.45° can be indexed as the (002) crystal planes of monoclinic
CoMoOs. Similarly, crystal planes associated with different 2 theta values can be
observed in the figure. Overall, relatively sharp and distinct peaks can be seen depicting
rather good crystallinity of CoMoO4 nanoparticles. Moreover, nonappearance of extra
peaks suggests the high purity of the prepared sample. Likewise, Figure 5.1(B) shows

the XRD pattern of CoMoS and CoMoS@NC nanoparticles. As seen in the figure for

33



the CoMoS sample, no significant diffraction peaks are observed suggesting that the
CoMoS compound formed is amorphous in nature. The amorphous nature of the
material is believed to facilitate more transportation channels compared to good
crystallinity material and hence favorable for the good electrochemical applications. On
the contrary, the CoMoS@NC sample shows the diffraction peaks and perfectly
matched with the CoMoSz1 phase (JCPDS No. 16-0439). The alkaline environment
during dopamine treatment and repeated annealing process may be the reason for its
crystalline nature. In addition to the CoMoSs.1 peaks, the appearance of carbon peak
around 26.5 2Theta degree corresponds to the 002 lattice plane and clearly shows the

presence of carbon in the compound.
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Figure 5.1 XRD-spectrum of CoMoOa4 (A) and CoMoS & CoMoS@NC

nanocomposites (B).

FE-SEM images of as-prepared samples can be seen in Figure 5.2. Figure 5.2 Al
shows the overall appearance of the pristine CoMoO4 sample. Several nano-sized rod-
like structures are formed. Closer magnification in Figure 5.2 A2 shows the uniformity
in those structures. The average dimension of each nanorod is measured to be around
30 nm in diameter and 200 nm in length. Furthermore, numerous needles like structures

can be seen protruding from the surface of each nanorod.
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Figure 5.2 SEM image of CoM0O4 (A) CoMoS (B) and CoMoS@NC (C).

Figures 5.2 B1 and B2 represent the FE-SEM image of the CoMoS sample under
200 nm and 1 pum resolution respectively. Overall observation shows a radical change
in appearance and dimension from CoMoOs rod-like structures. No definite physical
structure can be observed. Instead, the aggregated solid amorphous mass was formed.
The amorphous nature of the CoMoS was also supported by the XRD analysis. Figures
5.2 C1 and C2 represent the SEM image of CoMoS@NC under 200 nm and 1 pm
resolution respectively. The formation of spherical structures can be seen under high

resolution. The size of the nanospheres formed is measured to be around 90 nm. Alkali
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environment during the dopamine treatment as well as the presence of polydopamine

around the CoMoS is believed to be the cause of change in the surface morphology.

EDS elemental mapping was also done to verify the composition of elements
present in CoM00O4, CoMoS, and CoMoS@NC. Elemental mapping images in Figure
5.3 shows the uniform distribution of Co, Mo, and O elements in the CoMoO4
nanocomposite. The element molar ratio of Co, Mo, and O is about 1:1:4, which is

corresponding to the composition of CoM0Osa.

Figure 5.3 EDS elemental mapping image of CoMoOa.

Figure 5.4 shows the EDS image of the CoMoS sample. The presence of Co, Mo,
and S is well revealed, and the atomic weight percentage is in agreement with CoMo0S3 1
Shown by the XRD in the CoMoS@NC sample. Likewise, the EDS image of
CoMoS@NC is shown in Figure 5.5. Besides the anticipated Co, Mo, and S elements,
a carbon presence of almost 60 atomic weight percentage supports the carbon peaks

shown in the XRD spectrum.
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Figure 5.4 EDS elemental mapping image of CoMoS nanocomposite.

Figure 5.5 EDS elemental mapping image of CoMoS@NC nanocomposite.

5.1.2. Electrochemical characterization results

The working electrodes were prepared by using a slurry-coating procedure [146,
147]. The slurry was prepared by mixing 70 wt.% active material (CoMoS and
CoMoS@NC), 15 wt.% carbon black, and 15 wt.% CMC binder using DI water as a
solvent. The mixture was hand-ground with mortar and pistol until there were no
granular particles remained. Then the slurry was casted onto a copper foil and dried at
110 °C for 10 h under vacuum. Thus, prepared copper foil coated with active material
was clamped with 12mm dia. crimper for an electrode. Test cells (CR 2032) were
assembled in an argon-filled glove box with a metallic lithium foil as a reference
electrode, 1M LiPFs electrolyte dissolved in ethylene carbonate/dimethyl carbonate
(EC: DMC=1:1 v/v), and a Celgard 2400 polypropylene (PP) microporous film as a
separator. Galvanostatic charge/discharge tests were conducted on PESC05-0.1 PNE
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Power and Energy Solution cell cycler in the voltage range of 0.001-3.0 V at a

controlled room temperature of 25°C.

Several numbers of CR-2032 half coin cells with CoMoS and CoMoS@NC as an
active material were assembled inside the glove box. All cells were checked for a
satisfying value of open-circuit voltage (OCV). The capacity of the composites in the
current study is based on the mass of active material. Several charge-discharge cycles
were run for each cell at a constant current density of 200mA/g. Charge-discharge
cycles at different current densities from 100mA/g to 1000 mA/g were performed as a
stability test. Before all, electrochemical impedance spectroscopy was performed to
check for the charge transfer resistance of the as-fabricated half cells. As we can see in
Figure 5.6 both CoMoS and CoMoS@NC electrodes exhibit the semicircle structure in
the high-frequency region and straight line in the low-frequency region. The semicircle
represents the charge transfer resistance (Rct) of the interface between the electrode and
electrolyte [148]. The linear line in the lower frequency region represents the Warburg
impedance and corresponds to the diffusion of ions into the pores of the electrode
material [149]. The equivalent series resistance (Rs) corresponds to the combined
resistance of active material, ionic resistance of the electrolyte, and active
material/current collector interface [150]. Respective values for the equivalent

electrical component can be seen in table 5.1.
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Figure 5.6 EIS of CoMoS@NC and CoMoS half cells.

Table 5.1 EIS equivalent electrical component values for CoMoS and

CoMoS@NC half cells.

Rs Ret Zy CPE C
CoMoS 6.20hm 850.0 Ohm 1 mMho | 7.2uMho | 1.0 mF
CoMoS@NC | 4.1 Ohm 430.0 Ohm 10 mMho | 88.5 mMho | 12.0 mF

As seen in Table 5.1 the

charge transfer resistance (Rct) and the equivalent series

resistance (Rs) both are significantly dropped for the CoMoS@NC half-cell. The

improved charge transferability is attributed to the presence of a nitrogen-doped carbon

matrix over the CoMoS composite that facilitates the improved ions mobility and hence

superior electrical conductivity.
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Figure 5.7(A) shows the charge-discharge profile of the CoMoS half-cell at 200
mA/g current density between the potential range of 0.01-3 V for the 1%, 2", 10, 20™,
30, 401, 50™, 60™, 80™, and 100" cycles. Figure 5.7(B) shows the charge-discharge

capacities of the same cell in terms of coulombic efficiency.
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Figure 5.7 Cyclic performance (A) and charge-discharge capacities with

coulombic efficiency (B) of CoMoS half-cell.

As seen in the figure, the first discharge and charge capacity for CoMoS cell is
registered as 818 mAh/g and 605.88 mAh/g respectively. Whereas for the second cycle
the discharge and charge capacities are 664.45 mAh/g and 605.18 mAh/g. The
coulombic efficiency for the first and second cycles is 74 % and 91% respectively. The
irreversible capacity loss in the 1% and 2" cycles is attributed to the formation of a solid
electrolyte interface (SEI) layer [8, 151, 152]. The charge-discharge capacities from the
3" cycle onward are almost similar and registered a coulombic efficiency of almost 100
percent up to the 100" cycle. Also, after constant capacity fading up to around the 25"
cycle, the charge-discharge capacities remained unchanged until the 100" cycle. The
discharge and charge capacity at 100" cycles are 425.22 mAh/g and 420.23 mAh/g

respectively.
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The charge-discharge profile of the CoMoS@NC cell can be seen in Figure 5.8(A)
Great improvement in the charge-discharge capacities can be seen compared to that of
the CoMoS cell. Discharge and charge capacity for the 1%, 2", and 3" cycles are
1010.25 mAh/g and 818.21 mAh/g, 924.22 mAh/g, and 866 mAh/g, 788.73 mAh/g and
777.43 mAh/g respectively. The coulombic efficiency is 81%, 93.74%, and, 98.5% for
the respective cycles. Besides the obvious increase in the specific capacity, the
CoMoS@NC cell presented some improved figures such as the substantially increased
coulombic efficiency in the 1%t and 2" cycles. Higher coulombic efficiency in the
starting cycles suggests the lesser material loss on the SEI layer and higher will be the

specific capacity in subsequent cycles.
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Figure 5.8 Cyclic performance (A) and charge-discharge capacities with

coulombic efficiency (B) of CoMoS@NC half-cell.

Figure 5.8(B) shows the coulombic efficiency regarding the charge-discharge
capacities of CoMoS@NC cells for 100 cycles. From this figure, we can more clearly
see the improved performance of the CoMoS@NC cell. The capacity fading stopes
even before the 20™" cycles and remained unchanged until the 100" cycle. The discharge
and charge capacity of the 100" cycles are 723.12 mAh/g and 709.06 mAh/g

respectively which is almost the same as that of the 20" cycle. The regularity and
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absence of any sudden change in the specific capacity suggest the excellent reversible
cyclability of both cells. However, CoMoS@NC kept the reversibility with even higher
specific capacities at the same current density. Excellent cyclic performance for
CoMoS@NC is attributed to the presence of a nitrogen-doped carbon matrix around the
CoMoS composite. Carbon encapsulation of pristine CoMoS increases the charge
transfer conductivity and also provides a buffer for repetitive volume expansion and

compression during the lithiation and de-lithiation process respectively[153].

Figure 5.9 shows the specific capacities of CoMoS and CoMoS@NC coin cell
with different current densities ranging from 100mA/g to 1000mA/g, and back to
100mA/g. For the CoMoS cell, the discharge capacity registered at the end of each
current density cycle is 569.51 mAh/g, 484.07 mAh/g, 382.33 mAh/g, 305.68 mAh/g,
248.06 mAh/g, 197.77 mAh/g and back to 572.14 mAh/g. Despite the smaller specific
capacity, the CoMoS cell also performed well under different current densities and

retained its original value at the end.
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Figure 5.9 Coulombic efficiency and the Cyclic performance of CoMoS (A) and

CoMoS@NC (B) under a different current density.

On the other hand, as we can see in the Figure 5.9(B), the CoOMoS@NC cell kept

its high specific capacity throughout the different current densities. The respective
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specific capacity registered at the end of each current density cycle are, 788.62 mAh/g,
731.32 mAh/g, 678.13 mAh/g, 627.66 mAh/g, 488 mAh/g, 354.15 mAh/g, 838.49
mANh/g. The specific capacity for CoOMoS@NC at the end of each current density cycle
is almost twice with that of the CoMoS cell. The specific capacity of 354.15 mAh/g at
the current density as high as 1 A/g makes the CoOMoS@NC an attractive anode battery
material. Also, the way it retained its capacity when the current density was reversed
back to 1A/g, without any loss in the capacity shows the excellent capacity retention

ability and reversibility of the cell.
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5.2. Supercapacitor

5.2.1. Physical characterization results

Physical characterization of the samples was performed using different
approaches like XRD analysis, FE-SEM, EDS elemental mapping. The structural
morphologies of the samples were observed with a field emission scanning electron
microscope (TESCAN, MIRA3), and chemical compositions were evaluated by
energy-dispersive spectroscopy (EDS) measurements and element mapping (TESCAN,
MIRA) measurements at 15 kV. X-ray diffraction (XRD) analysis was performed by
using the PANanalytical’s Empyrean XRD with Cu Ko (A = 0.15405 nm) radiation in
the scan range (20) of 5° to 80°. X-ray photoelectron spectroscopy (XPS) was
conducted using a Theta Probe AR-XPS system (Thermo Fisher Scientific, U.K.) with

monochromatic Al Ka at a wavelength of 1486.6 eV at 15 kV.

Figure 5.10(A) shows the XRD patterns of pristine CMO-NF and CMO-GC-2
compounds. The formation of alpha CoM00O4 on the nickel foam was observed under
the hydrothermal reaction, but beta CoMoOs exists after treated at high
temperature.[154] The observed peaks of pristine CMO-NF are 33.6°, 59.2°, and 62.7°,
which corresponds to the planes (—222), (024), and (—443) respectively. The new
observed peaks of CMO-GC at 22.1°, 25.3°, 26.5°, 37.05°, and 43° are corresponding
to the planes (021), (201), (002), (400), and (-422) respectively, which attributed to the
beta phase of CoM0Os. The peak at 26.5° is attributed to the graphitic carbon peak,
which overlaps with the crystalline peak of CoM0O4. The remaining peaks at 44.5°,
51.8°, and 76.4° are corresponding to the nickel foam. All the diffraction peaks are in

good agreement with the previous literature and standard pattern for CoMoO4 (JCPDS
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No. 21-0868).[121], [155], [156] Moreover, the absence of extra peaks suggests the

high purity of the prepared sample.
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Figure 5.10 XRD pattern of CMO-NF and CMO-GC-2 (A), XPS core level

spectrum of Co 2p (B), Mo 3d (C), and O 1s (D) of CMO-NF and CMO-GC-2.

The chemical states of elements on the surface of CMO-NF and CMO-GC-2 are
further analyzed by XPS, shown in Figure 5.10(B-D). In the Co 2p core-level spectrum
of the pristine CMO-NF, two peaks corresponding to Co 2ps; and 2p1, of Co®* are
observed at 780.6 and 796.8 eV, respectively[157] (Figure 5.10(B)). And two peaks
associated with the 3ds/2 and 3ds2 of Mo®* are observed at 232.0 and 235.1 eV (Figure
5.10(C)), respectively.[158] The corresponding satellite peaks observed at 285.5 eV
and 803.1 eV of CMO-NF are associated with the Co 2p. The Co 2p and Mo 3d profiles
of CMO-GC-2 observed the four distinct peaks at a higher binding energy level at 781.4
eV and 797.3 eV associated with Co 2ps> and 2ps2 of Co?*, and 232.6 eV, and 235.6

eV associated with Mo 3ds2 and 3ds» of Mo®*, respectively.[159] The characteristic
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peaks of Co?" and Mo® in CMO-GC-2 shift toward higher binding energy in
comparison with those of CMO-NF, suggesting the decreased density of electron cloud
above CMO nanosheets after covered with carbon layers and nanospheres. The electron
transfer from CMO to carbon indicates strong coupling between CMO and carbon
coating. In Figure 5.10(D), the XPS core level spectrum of O 1s of CMO-NF shows
low binding energy level at 530.7 eV is attributed to the O forming oxide with cobalt
and molybdenum. In the case of CMO-GC-2, the two centric peaks of O 1s observed at
531.1 eV and 532.8 eV are attributed to the O? state of species, and the higher energy
level at 532.8 eV is attributed to the O% forming the hydroxyl group from the carbon

compound.[160].

The XPS core level spectrum of C 1s of the all-carbon grown electrodes is shown
in Figure 5.11. The deconvolution peaks of the C 1s spectrum are also resolved into
three components, centered at 284.6 eV(C1), 285.5 eV(C2), 288.0 + 0.3 eV(C3) that
are attributed to the existence of graphite carbon (C-C), hydroxy (C-O) and keto groups

(C=0), respectively [161].
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Figure 5.11 XPS core level profile of C 1s of the CMO-GC-1 (A), CMO-GC-2

(B), CMO-GC-3 (A), and CMO-GC-4 (D).

FE-SEM images of as-prepared CMO-NF samples can be seen in Figure 5.12.
The general morphology of the CoMoQO4 nanoparticles grown on the Ni substrate can
be seen on 50 um magnification. Closer magnification at 500 nm shows the arrays of
homogenously grown 3-D nanoplate structures. The average thickness of each

nanoplate is measured to be around 90 nm.
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Figure 5.12 FE-SEM image of CMO-NF.

Elemental mapping images of the same sample in Figure 5.13 shows the uniform
distribution of Co, Mo, and O elements in the CMO-NF electrode. The element molar
ratio of Co, Mo, and O is about 1:1:4, which is corresponding to the composition of

CoMoOsa.

Figure 5.13 EDS elemental mapping image of CMO-NF.
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Figure 5.14 FE-SEM image of CMO-GC-2.

Figure 5.14 represents the FE-SEM image of the CMO-GC-2 sample, prepared
with a 2mmol glucose precursor. Overall observation in lower magnification at 50 pm
shows a substantial change in appearance compared to that of the CMO-NF. The
CoMoO4 nanoplates are completely glazed by the thin film deposition and numerous
nanospheres are formed over the thin film. The nanospheres formed are believed to be
the carbon nanospheres which are uniformly distributed with an average radius of 300
nm. The higher magnification at 500 nm and 1 pm show the uniformity and smoothness
in the carbon nanospheres. The nanospheres are believed to provide an excellent
specific capacity and energy density when fabricated to a supercapacitor device. Mainly
because of their shape that provides an additional surface area to hold the ions around

them.
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Figure 5.15 EDS elemental mapping image of CMO-GC-2.

The EDS image of the CMO-GC-2 sample in Figure 5.15 well revealed the
presence of Co, Mo, O, and C elements. Also, the elemental weight ratio provides a
good perception of the composition of the materials present. In addition to the
anticipated atomic weight ratio of Co, Mo, and O, the existence of 54% Carbon
validates the presence of a homogenously dispersed carbon matrix on the surface of the
electrode. The large presence of carbon thin film and nanosphere matrix is believed to
facilitate the charge transferability of the electrode as well as provide the physical
support for the CoMoOs carbon nanoplates during the continuous charge-discharge

process.

The samples prepared with different molarity of glucose were also analyzed with
SEM and EDS analysis. Figure 5.16 shows the SEM image of CMO-GC-1. As we can
see the 1mmol glucose precursor did not yield any nanospheres on the substrate surface.
Even after careful examination of several spots on the sample, no carbon nanospheres
were observed. Rather, a thin layer of coating on top of the CMO nanoplates is observed
and the structural morphology of the CoMoO4 nanoplates is still noticeable. Also, the

reduced atomic weight percentage of carbon species is observed from EDS analysis.
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Figure 5.16 FE-SEM image of CMO-GC-1.

Figure 5.17 EDS elemental mapping of CMO-GC-1.

The surface morphology of the CMO-GC-3 sample can be seen in Figure 5.18.

Unlike the CMO-GC-1 sample, the CoMoO4 nanoplates structure is not observable in
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this case. Furthermore, means a good amount of carbon film coating can be assumed to

dissipate over the CoMoO4 nanostructure
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Figure 5.18 FE-SEM image of CMO-GC-3.

In addition to the thin film, very few carbon nanospheres were observed in
comparison to the CMO-GC-2 sample. Also, few nano cracks were spotted which might
compromise the adhesion of the CMO-GC-3 with the Ni substrate and hinder the
stability of the supercapacitor device in the long run. In Figure 5.19 EDS mapping of
the sample shows the expected atomic weight percentage of respective elements.
However, the amount of carbon is still lower than that of CMO-GC-2. A decreased

number of carbon nanospheres could be the reason for lower carbon yield.
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Figure 5.19 EDS elemental mapping of CMO-GC-3.

Figure 5.20 FE-SEM image of CMO-GC-4.

Figure 5.20 shows the SEM image of the CMO-GC-4 sample. Here we can
observe the increased number of carbon nanospheres as compared to CMO-GC-3
sample. However, almost all the nanospheres seem to be suffered from surface defects.
Instead of a smooth surface, the nanosphere's appearance is teared up and cracked. We
can assume the defect in the nanosphere may limit the performance of the CMO-GC-4

electrode.

53



W Map Sum Spectrum

Figure 5.21 EDS elemental mapping of CMO-GC-4.

The EDS mapping of the same sample shows the increased carbon content which
supports the obvious reasoning that increasing the glucose amount increases the carbon
yield. On the contrary, the maximum carbon yield was with the 2mmol glucose, which
we believe is the optimal concentration of glucose to produce the perfectly shaped
maximum amount of carbon. The remaining elemental composition is per their

theoretical values.

5.2.2. Electrochemical characterization results

The electrochemical measurements were carried out using an AUTOLAB
PGSTAT204N electrochemical workstation in which Cyclic Voltammetry (CV),
Galvanostatic Charge Discharge (GCD), and Electrochemical Impedance Spectroscopy
(EIS) were performed. Three electrode system was employed for the electrochemical
measurements where CMO-NF and CMO-GC were the working electrodes for their
respective analysis. Platinum foil (0.8 x 0.8 cm?) was used as a counter electrode and
silver/silver chloride (Ag/AgCl) was used as a reference electrode. Whereas 2.0 M
KOH solution was used as an electrolyte solution. CV tests were carried out in the
potential window of -0.1 V to +0.55 V at the sweep rates of 5-150 mV/s for the CMO-

NF as well as CMO-GC electrode and -1 V to 0 V for the negative electrode. GCD tests
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were carried out between the potential window of -0.1 V to 0.42 V for positive
electrodes and -1 V to 0 V for negative electrodes at various current densities. EIS was

carried out in the frequency range from 100 kHz to 0.01 Hz.

Figure 5.22 (A) shows a CV plot of the CMO-NF electrode at scan rates from
5mV/s to 150mV/s between the potential range of -0.1V to +0.55V vs. standard
Ag/AgCI electrode. Figure 5.22 (B) on the right shows the CV plot of CMO-NF
electrode and a bare nickel foam electrode at 5 mV/s, depicting the capacitive share of

nickel substrate on further electrochemical measurements will be negligible.
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Figure 5.22 CV of CMO-NF (A) and CV comparison of CMO-NF and NF (B).

Contrary to the EDLCs which offer almost rectangular CV plots, the CV plot of
CMO-NF shows rather proportioned strong redox peaks corresponding to the respective
anodic and cathodic sweeps, which suggests the specific capacitance is mainly
governed by the Faradic reactions. While observing a single CV plot of CMO-NF at
5mV/s, the anodic peak at around 0.32 V and cathodic peaks at around 0.22 V can be
seen. The respective peaks are the outcomes of oxidation and its reverse process. The
faradic redox reactions that are taking place on corresponding scans can be summarized

as follows[122][162]:
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3(Co(0H)3)™ © C030, + 4Hy0 + OH™ 4 2™  ooooiieeiieeeeeeee, (9)
C030, + Hy,0 + OH™ & 3C000H + €~ evoeeeeeeeeeeee . (10)

CoOOH + OH™ & C0o0, + H,0 + e~ i, (11)

Furthermore, the linear increment of anodic and cathodic peak currents with the
scan rates and the way CV curves maintained their shapes throughout the increment
shows the rapid ionic and electronic movements, good electronic conductivity, and

electrochemical reversibility even in the high scan rates.
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Figure 5.23 GCD plot of CMO-NF (A) and Specific capacitance of the same

electrode (B).

Figure 5.23 (A) shows the galvanostatic charge-discharge cycles of the CMO-
NF electrode between the voltage range of -0.1 V to 0.42 V from current densities of
3mA/cm? to 180mA/cm?. The nonlinear nature of GCD curves supports the
pseudocapacitive nature of the active material and is also consistent with the CV results
demonstrated earlier. The specific capacitance was calculated from the data obtained

from the GCD cycles using the following formula,

I X At
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Where i is the applied current, At is the discharge time, m is the mass of the active

material, and 4V is the potential window.

Figure 5.23(B) shows the specific capacitance of the CMO-NF electrode relating
to different current values. The specific capacitance of 580 F/g is obtained for the 1A/g
current density (3mA/cm?). The obvious capacitance fading in forthcoming current
values is attributed to the insufficient active material participation in redox reaction at

high current density.

Figure 5.24(A) shows the CV plots of CMO-GC-2 electrode at different scan rates
in the potential window of -0.1 V to 0.55 V. The area of the CV curve is notably
increased for the glucose treated electrode compared to the pristine CMO-NF electrode.
For a stark observation, the comparative CV plots of CMO-NF and CMO-GC-2

electrode is plotted, which can be seen in Figure 5.24(B)
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Figure 5.24 CV of CMO-GC-2 (A) and CV comparison of CMO-GC-2 and

CMO-NF (B).

The increased area is facilitated by the presence of carbon nanospheres and
nanolayers matrix, which improves the ionic movement along with the electrochemical

conductivity of the electrode.
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Figure 5.25(A) shows the GCD plots of CMO-GC-2 electrode done within the
potential range of -0.1 V to 0.42 V for the input current ranging from around 1 mA/cm?
to 150 mA/cm?. The charge-discharge profile of glucose treated electrode covers a

much higher area compared to an untreated CMO-NF electrode.

The GCD plot comparing the charge-discharge nature of both electrodes can be
seen in Figure 5.25(B) at the current density of 1 A/g. The vast increase in charge-
discharge time in the case of CMO-GC-2electrode is attributed to the incorporation of
a carbon nano matrix. The carbon incorporation provides aid on the ion intercalation-
deintercalation mechanism by effectively increasing the contact area between the active
material and the electrolyte. Furthermore, it also increases the overall electrical
conductivity of the electrode. Using equation 4, the specific capacitance for CMO-NF

and CMO-GC-2 has been calculated and the comparative plot can be seen in Figure

5.26.
(A) 0.45 (B) 0.45
0.40 0.40 1 —O=—CMO-NF
035 0.35 ] ——CMO-GC-2
0.30 - 0.30 4
; 0.25 9 0.25
S’ N
= 0.20 A = 0.20
= 0.151 = 0.154
2 2
S 0.10 S 0.104
-9 -
0.05 - 0.05 -
0.00 0.00
-0.05 -0.05 -
-0.10 T T T T -0.10 T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)

Figure 5.25 GCD plot of CMO-GC-2 (A) and GCD comparison of CMO-GC-2

and CMO-NF (B).
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Figure 5.26 Specific capacitance comparison of CMO-NF and CMO-GC-2

electrode.

The increase in charge-discharge time due to the aforementioned reasons, in
return, has increased the specific capacitance of the glucose treated electrode. The
specific capacitance of as high as 1638 F/g has been achieved for a current density of 1
Alg, which is around three-fold of the specific capacitance of the pristine CMO-NF
electrode. For the CMO-GC-2 electrode, the specific capacitance of 1638.17 F/g,
1629.85 F/g, 1535.48 F/g, 1389.66 F/g, 1177.67 F/g is observed for the 1.13 mA/cm?
(1A/g), 2 mA/cm?, 5 mA/cm?, 10mA/cm? and 20 mA/cm? current densities respectively.
Furthermore, the specific capacitance of as high as 612.66 F/g is maintained for the
current density of 200 mA/cm? (177 A/g). The carbon-cobalt molybdate matrix remains
intact up to the very high current density and serves its purpose of superior hybrid

supercapacitor material amalgam.
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To choose the best out of the glucose treatment, CMO-GC electrodes with
different concentrations of glucose were fabricated. The electrode prepared with the
glucose concentration of Immol, 3mmol, and 4mmol were named CMO-GC-1, CMO-
GC-3, and CMO-GC-4 respectively. The CV and GCD analysis for each of the as-
fabricated electrodes were performed under the same conditions bound by the same
electrochemical and experimental values. Because the CV and GCD characteristic plots
are hugely affected by the mass of the active material, and because all electrodes were
prepared separately, the mass of the active material in all of the electrodes is different
from one another. The GCD plot of all the electrodes at the current density of 1 A/g has

been plotted as shown in Figure 5.27(A) to make the data more comparable.
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Figure 5.27 GCD comparison for different electrodes at 1A/g (A) and specific

capacitance of respective electrodes (B).

A stark difference can be observed between four glucose treated CMO-GC
electrodes. The 2mmol glucose treated electrode shows the highest charge-discharge
time, which we believe is due to the synergetic effect of overall carbon treatment and
rather attractively formed carbon nanospheres that cover the surface of the electrode as
shown in the SEM image. Besides having the smallest surface to volume ratio and hence

a large surface area, the carbon nanospheres have various advantages such as uniformity,
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high thermal stability, and excellent conductivity. Consequently, having a carbon
nanospheres on an electrode surface greatly boosts the charge-discharge time and in
turn a specific capacitance of the electrode. The comparative specific capacitance of
various electrodes can be seen in Figure 5.27(B) . As we saw earlier in SEM images,
all the CMO-GC electrodes have a different surface morphology. The absence of a
carbon nanosphere on the CMO-GC-1 electrode could be the reason for its lower
specific capacitance. Similarly, few carbon nanospheres presence in the CMO-GC-3
electrode could be the reason for slightly better specific capacitance. And the presence
of carbon nanospheres but a broken one might be the reason a specific capacitance of
CMO-GC-4 electrode is higher than previously mentioned two electrodes but lower
than the CMO-GC-2. The CMO-GC-2 electrode has a uniformly distributed, rather
large number of smooth-edged carbon nanospheres, which we believe is the reason for
its highest specific capacitance. In addition to the SEM image, the EDS analysis shows
the maximum carbon presence in the CMO-GC-2 electrode. The supplementary carbon
presence is believed to facilitates better electrical conductivity and helps for faster
charge transfer kinetics. Similarly, for other glucose treated electrodes also, the EDS
data support the claim that the amount of carbon presence significantly affects the
specific capacitance. Although there are no comparable research data on the use of
glucose to enhance the specific capacitance of the CoMoO4 nanoplates, we tried to
compare our result with some of the reported ones, that tried to incorporate the carbon
or other metal oxide combinations for the specific capacitance improvement of

CoMo00Os.

61



Table 5.2 Specific capacitance comparison of CMO-GC-2 electrode with

reported electrodes.

S. Electrode configuration Measurement Specific Reference
No. value capacitance

1 CoMoO4/ MWCNTS 0.1 Alg 170 F/g [163]

2. CoMo004.0.75H,0/PANI 1 Alg 380 F/g [164]

3. CoMoOs@Carboncloth 2 Alg 452 Flg [156]

4. CoM0040.9H,0-rGO 1 Alg 802.2 Flg [165]

5. NiO@CoMo00O4 0.5 A/g 848 Flg [166]

6. CoMoO;s@RGO 1 Alg 856.2 F/g [167]

7. CoMo004NiMoO4.xH-0 2.5 mA/cm? 1039 F/g [168]

8. Co304@CoMo0s core/shell 1A/ 1040 F/g [169]

9. CMO-GC 1A/g 1638.17 F/g This work

Long cyclic GCD at higher current density was examined for CMO-NF and
CMO-GC-2 electrodes to evaluate the charge stability of the electrode as shown in
Figure 5.28. After 3000 cycles, the capacity retention of 86.28 % and 68.18% were
observed for CMO-GC-2 and CMO-NF electrodes, respectively. The higher capacity
retention of almost 20 % more for the CMO-GC-2 electrode is attributed to the
existence of a carbon NSs matrix on the CMO. The carbon-cobalt molybdate matrix
remains intact up to the very high current density and serves its purpose of superior

hybrid supercapacitor material combination.
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Figure 5.28 Stability test of CMO-GC-2 and CMO-NF electrodes.

The amount of charge-storage occurred at the CMO-GC-2 due to the surface,
and intercalation capacitance was determined using Dunn's method, as shown in Figure
5.29(A-D) [170]. Accordance with the Power law (1 = a x v°), The plot of log (i) against
the log (v) determined from the CV profiles of CMO-GC-2 is provided in Figure 5.29(A)
and the corresponding 'b' value (determined from the linear fit of log v vs. log i) were
shown in the inset of Figure 5.29(A). The 'b’ value is an essential parameter from the

surface and diffusion capacitance of an electrode.
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Figure 5.29 The current response against scan rate for CMO-GC-2 electrodes at

different voltages, and the inset is b-values (A), CV for differentiating the

diffusion-controlled process from the total contribution (B), CV showing the

capacitive contribution to total current at select scan rates (C), and Normalized

contribution ratio of capacitive capacitance at different scan rates (D).

The 'b' value of 1.1 signifies the dominance of a surface governed reaction in a

capacitive process. The 'b' value is obtained to be 0.5 (anodic sweep), which implies

the dominance of a diffusion governed reaction of charge-storage. The quantitative

analysis of the diffusive and surface controlled capacitance of CMO-GC-2 electrode

was derived from the equation i = kqv + kov¥?[171]. In this equation, kyv represents the

capacitive contribution, and kpv'? stands for the diffusion contribution, where constants

ki and k can be calculated by plotting v}/2
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Figure 5.29(C) displays the current contribution from diffusion-controlled
capacitance (shaded area) over the total current contribution of the CMO-GC-2
electrode. The calculated diffusion-controlled capacitance of the CMO-GC-2 electrode
is about 85.1 % at a scan rate of 2.0 mV/s (Figure 5.29(D)). The obtained capacitive
contributions are 14.9, 22.8, 31.0, 37.8, 43.0, and 49.2% at the scan rates of 2, 4, 6, 8,
10, 12 mV/s, respectively. With an increase in scan rate from 2 to 12 mV/s, the
contribution of diffusion capacitance decreased from 85.1 to 50.8% as a result of an
increase in the contribution of surface capacitance at high scan rates, which is explicit
from Figure 5.29(D). This analysis indicated that the mechanism of charge-storage at
the corban grown CMO-GC-2 electrode is due to the combination of both diffusion
capacitance and surface capacitance. The enhanced charge transfer kinetics and fast
surface capacitive storage of the CMO-GC-2 electrode can be attributed to the effective
surface area of carbon nanospheres over the CoMoOs NPs, the intrinsic pathways
between the NPs and the close contact of CoMoOs with conductive carbon [172].
Overall, the prepared CMO-GC-2 shows its superior performance as a positive

electrode for a supercapacitor device.

5.2.3. Electrochemical characterization results of supercapacitor

device

After electrochemical characterization of each electrode, the CMO-GC-2 was
identified as the best one and was used in a further study of supercapacitor device
fabrication and its electrochemical properties assessment. To fabricate the
supercapacitor device CMO-GC-2 was used as a positive electrode and activated carbon
on nickel foam (AC-NF) was used as a negative electrode. The polypropylene film was

used as a separator. Similar to the previous experimental conditions, 2M KOH aqueous
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solution was used as an electrolyte. Following mass balance equation was used to
calculate the actual mass of the activated carbon needed to fabricate a supercapacitor

device,

Where, m™ is the active material mas of the negative electrode, m™ is the active
material mas of the positive electrode, C* is the specific capacitance of the positive
electrode, C is the specific capacitance of the negative electrode, AV™* is the potential
window for the positive electrode at which the specific capacitance was calculated and
AV~ is the potential window for the negative electrode at which the specific capacitance
was calculated. To calculate the specific capacitance of the negative electrode, GCD
was performed under 3 electrode system with AC-NF as a working electrode, Ag/AgCl
as a reference electrode, and platinum as a counter electrode. The GCD result of the
AC-NF electrode is shown in Figure 30(A). In addition to the GCD, CV analysis was
also performed for the AC-NF electrode to confirm its EDLC nature, and the obtained

plot is shown in Figure 30(B).
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Figure 5.30 GCD plot of AC-NF (A) and CV plot of AC-NF (B).
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Both GCD and CV plots are in good agreement with the result of our previously
reported article and follow the EDLC nature, hence can be a perfect electrode element
for supercapacitor purpose. Several AC-NF electrodes with the same AC weight
percentage were fabricated and check for the specific capacitance. The optimized
specific capacitance obtained was 129.75 F/g at 1A/g current density. With this specific
capacitance, the weight of the activated carbon needed for a supercapacitor fabrication
is calculated to be 7.2 mg. Hence, the hybrid supercapacitor device is fabricated and
tested with CV, GCD, and EIS analysis. The CV and GCD analyses were done within
the potential window of 0 V to 1.5 V. The GCD plot at various current densities can be
seen in Figure 5.31 (A). Rectangular-shaped GCD plots were obtained with evenly
distributed charge-discharge profiles. Furthermore, the CV plot of the same device in
Figure 5.31(B) shows proportioned curves with a consistent increment in the area. No
sudden change in the appearance of the CV plots even at a higher scan rate suggests the

good electrochemical reversibility of the device.
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Figure 5.31 GCD plot of the hybrid supercapacitor device (A) and CV plot of

the same device (B).
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Energy density and power density are the most important parameters to
characterize the energy storage devices. We calculated energy density and power

density for our hybrid supercapacitor device using the following formulas,

Where E is the energy density, C is the specific capacitance of the device, V is
the potential window, P is the power density, and At is the discharge time. A Ragone

plot is plotted using equations 6 and 7 and can be seen in Figure 5.32.
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Figure 5.32 Ragone plot of a fabricated hybrid supercapacitor device.

The CMO-GC-2//AC exhibits a maximum energy density of 26.1 Wh/kg with the

corresponding power density of 108.5 W/kg as shown in Figure 5.32. Similarly, the
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energy density of 9.55 Wh/kg is preserved at a power density of 4411.8 W/kg. Even at

the higher power density of 8823.5 W/Kkg, the device still retained the energy density of

2 Wh/kg at a current density of 10 A/g. The energy density and power density of ASC

device are significantly higher compared to the reported transition metal oxide derived

ASC device as shown in the table 5.3.

Table 5.3 ASC device performance comparison with reported ones.

Potential Energy Power
S. ASC device window density density Ref
No. (V) (Wh/kg) (W/kg)
1 CoMo0Os- 1.6 0.321 mWh/cm 1.7mW/c [160]
HMPA/NF//AC 2 m
2. NiC0,04 NG@CF 1.65 6.61 425 [173]
3. NiCoMoCuO 1.6 13.99 340.4 [174]
4, CoMo004+-3D 1.8 21.1 300 [122]
Graphene//AC
5. NiC020:@MnMo04 1.6 15 6734 [175]
CSNAs/IAC
6. ZnCo0204/H:ZnO 1.5 3.75 653.3 [176]
NRs//AC
7. CoMo00:s- 1.4 16 1600 [168]
NiMoO4//AC
8. a-CoMoO4//AC 1.2 14.5 1000 [177]
9. CoMo04//r-GO 1.5 8.17 187.5 [123]
10. CMO-GC//IAC 1.5 26.1 8823.5  This work

On the other hand, to analyze the stability of the fabricated device, the stability

test was performed at a high current density of around 10 A/g. Figure5.33 shows the

result of the long-term stability of CMO-GC-2//AC up to the 5000 repeated charge-

discharge process. More than 87% of the initial specific capacitance was retained after

5000 cycles. The significant loss of Cs could be due to the peeling off the loosely bound



particles on the surface during continuous ion insertion/desertion. The capacitive
retention reached 90% after 2000 cycles, which suggest that the loosely bound particles
peeled off and deteriorate of the carbon particles on the surface completed before 2000
cycles. Therefore, the capacitive retention retained after 2000 cycles, which also
confirmed by the post-mortem FE-SEM analysis of the electrode after the cyclic test.
This result demonstrated the excellent stability of the fabricated ASC device. It opened
a possibility for a supercapacitor device that can be fabricated with a much easier
chemical synthesis process and with an efficient, eco-friendly, and economical

precursors such as glucose.
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Figure 5.33 Stability test of the hybrid supercapacitor device.

Electrochemical impedance spectroscopy was performed to analyze the charge
transfer characteristics of the device. Figure 5.34 shows the Nyquist plot of the device

before and after the 5000 cycles stability test. The inset of the figure is a circuit fitted
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with equivalent electrical components. As we can see in the figure both curves are
composed of a semicircle in higher frequency region and linear line in the lower
frequency region. The semicircle represents the charge transfer resistance (Rct) of the
interface between the electrode and electrolyte [148]. The linear line in the lower
frequency region represents the Warburg impedance and corresponds to the diffusion
of OH" ion into the pores of the CMO-GC electrode [149]. The equivalent series
resistance (Rs) corresponds to the combined resistance of active material, ionic
resistance of the electrolyte, and active material/current collector interface [150].
Respective values for the equivalent electrical component can be seen in table 5.4. No
significant difference in the charge transfer resistance and equivalent series resistance
suggests that the contact between the active material and the current collector has not

weakened substantially.
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Figure 5.34 EIS of the supercapacitor device before and after 5000 cycles.
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Table 5.4 EIS equivalent electrical component values for the ASC device before

and after 5000 cycles.

Rs Ret Zw CPE C

Before 5000 3.3 0hm 7.2 Ohm 9.0 mMho 0.9mMho | 1.4mF
cycles

After 5000 2.1 Ohm 8.0 Ohm | 100.0 mMho | 3.0 mMho 13F
cycles

To understand the electrochemical performance and reaction Kinetics after
stability test, FE-SEM and XPS analysis of the electrode was performed. Figure 5.35

(A-C) represents the FE-SEM macroscopic image of CMO-GC-2 electrode after the
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Figure 5.35 FE-SEM images of CMO-GC-2 electrode after 5000 GCD cycles (A-
C), and XPS core-level spectra: Co 2p core level spectrum (D), Mo 3d core-level
spectrum (E), and C 1s core-level spectrum (F) of CMO-GC-2 electrode after
5000 GCD cycles.

cyclic test. It clearly shows the deceases of carbon nanospheres and the few layers of
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carbon present on the CMO-NF. No significant morphology modification of CoMo00O4
nanoplates observed on the surface, which means the considerable amount of carbon
peeled-off and structural collapse occurs during charge-discharge cycles due to weak
mechanical binding. The embedded carbon NSs and thin carbon layer provide the
structural stability of CoM0O4 NPs during the cyclic test. XPS measures the chemical
characteristic of elements after the cyclic test. The XPS core level spectrum of Co 2p
observed two peaks at 780.0 eV, and 794.7 eV, which corresponds to the 2 ps2 and 2
p12 of elemental state of Co?" as shown in Figure 5.35(D). Figure 5.35(E) shows that
the core level spectrum of the Mo 3d exhibits at two peaks associated with the 3ds. and
3ds, of Mo®" which are observed at 232.0 and 235.1 eV, respectively. The
corresponding satellite peaks are observed at 285.5 eV and 803.1 eV of CMO-NF,
which associated with the Co 2p. There are no significant defects in the crystalline state
of the CoMoO4 NPs by the ions and charge during GCD cycles. Moreover, C 1s core-
level spectrum of CMO-GC-2 shows the three peaks at 284.6 eV, 285.5 eV, and 288.0
eV, which are associated with the graphitic(C-C), hydroxyl(C-O), and keto(C=0)
respectively (Figure 5.35(F)). The observed results suggest the presence of intact
carbon on the surface of the CMO NPs, which favors the long-term stability of the

electrode
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6. CONCLUSIONS AND FUTURE DIRECTION

CoMo00Os and CoMoS were successfully synthesized with relatively effortless
experimental conditions for the purpose of superior LIB anode materials. CoMoS was
carbonized using dopamine as a carbon source and physical characterization results
show a good amount of carbon presence. Pristine CoMoS and carbonized CoMoS
(CoMoS@NC) were used as electrode materials and CR2032 half cells were fabricated
using respective materials. Thus prepared electrodes were checked for their specific
charge-discharge capacity upon numerous cycles. Also, the charge-discharge capacity
was measured for different current densities. The excellent discharge capacity of around
420 mAh/g and 720 mAh/g for CoMoS and CoMoS@NC respectively were obtained
for the 100" cycle even at the high current density of 200 mA/g. Also, the charge-
discharge at different current densities results show an excellent capacity retention
ability of both the electrode. To summarize the results, CoMoS and CoMoS@NC could
be excellent anode material alternatives for LIBs. Also, dopamine could be an
outstanding carbon precursor to fabricate the carbonaceous electrode for LIB

applications.

The self-grown CoMoOs nanoplates on nickel foam were successfully
synthesized as a supercapacitor electrode. As synthesized CMO-NF electrode was
carbonized with different concentrations of glucose as a carbon precursor. 2 mmol
glucose was identified as the optimum concentration that can yield the carbon with the
beautiful surface morphology, which in turn gave the best specific capacitance value
among all the carbon treated electrodes. The hybrid supercapacitor device was
fabricated with 2 mmol glucose treated CMO-NF electrode and activated carbon coated

electrode. The energy density and power density of the device were calculated and
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found to be around 20 Wh/kg for the power density of 82 W/kg. This is an excellent
result compared to the EDLC type supercapacitor device and many supercapacitor
devices fabricated with similar material. Also, the outstanding rate capability of the
device was observed as it retained more than 87 % of the initial capacity even after
5000 cycles of charge-discharge cycles, which makes our device an excellent hybrid

supercapacitor device candidate.

To summarize, this thesis work has aimed to provide some insight into possible
ways of improving the performance of conventional energy storage devices such as
supercapacitor and LIBs. CoMoO4 has been presented as a base material for both
supercapacitor and LIB work owing to its high theoretical capacity and ease of access.
Different electrode fabrication techniques were practiced such as self-grown and slurry-
coating methods for supercapacitor and battery work, respectively. Furthermore, the
methods for carbon incorporation into the active material composite are also different.
The variations in the methodologies provided an opportunity to work with different
elemental compositions and enabled us to come up with some excellent results on both
energy storage devices. The use of glucose and dopamine as a carbonaceous material
to enhance the performance of energy storage devices has presented rather attractively
through the series of experimental results. Since our goal was to synthesize highly
efficient energy storage applications that ultimately promote green energy solutions,
the use of eco-friendly carbon precursors significantly favored our findings in the
direction of green energy. Both carbon precursors enhanced the energy storage ability
of ES devices by boosting the electrochemical performance of active materials. Hence,
it can collectively be said that the high energy density and high-power density ES device

were fabricated successfully.
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Also, working with two different carbonaceous materials presented the possibility
of their interchangeability or mixing with different materials for a variety of ES
applications. In the future, one can either make a carbonaceous battery electrode or a
carbonaceous supercapacitor electrode with glucose or dopamine as a carbon precursor,
respectively. Furthermore, by varying the parameters such as carbon treatment time,
the carbon precursor concentrations, the synthesis temperature, etc., advanced future

research can be performed.
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