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ABSTRACT

Supercapacitors as energy storage devices depend on electrode materials, electrolyte and
conductive additives. In relation to the above, this master’s dissertation specifically provides
a scientific understanding and knowledge to the society on the use of fish bladder derived
porous carbon for cobalt oxide/titanium dioxide/activated carbon (Co304/TiO2/Ac) composite
as electrode materials for supercapacitor applications. Fish bladder was used as a carbon
source for the composite after carbonization and chemical activation. Composites of
Co0304/TiO,/Ac, Coz04/Ac, and TiO,/Ac were later synthesized using simple impregnation
method followed by heat treatment and thereafter in-depth investigation on the active
material was carried out through material characterization and electrochemical testing. X-ray
diffraction and scanning electron microscopy (SEM) revealed that CozO4 and TiO, nano
phases were well embedded over carbon matrices. Fourier transfer infra-red (FT-IR)
measurements showed that the active material had oxygen containing functional groups.
Cyclic voltammetry curves demonstrated that specific capacitance of the active material was
946 Fg’ for CosO4/TiOz/Ac as compared to CosO4/Ac, TiO,/Ac, and Ac with specific
capacitances of 845 F g, 340 F g, and 308 F g, respectively at a scan rate of 5 mVs™.
Impedance spectroscopy revealed good capacitive behavior with a series resistance of 0.5 Q,
052 Q, 0.6 Q, and 1.1 Q for Ac, Co304/Ac, Coz04/TiOz/Ac, and TiOz/Ac, respectively.
Excellent electrochemical performances observed for the Co304/TiO,/Ac electrode was a
result of individual contribution of different characteristics of the binary metal oxides such as
improved electric conductivity and wettability of the composites associated with porous

carbon and TiO,.
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CHAPTER ONE

INTRODUCTION

1.0 Introduction

This chapter covers the general introduction, objectives, research problems, justifications,
hypotheses, and significance of the study. The general objective was to synthesize porous
carbon/titanium dioxide/cobalt oxide composites. The general objective was realized through
two specific objectives; materials characterization and electrochemical testing of the
electrodes.

1.1 Background information

Diminishing rate of fossil fuels accompanied by an alarming rate of environmental pollution
as a result of consumption of large quantity of fossil fuel makes it imperative for scientists to
move towards sustainable and renewable resources (Cakici et al., 2017). This has lead to a
steady shift to renewable energy sources ranging from wind to solar sources of energy as well
as a boom in the evolution of hybrid electric dependant vehicles with low carbon dioxide
emissions. However, exploitation of these alternative and green energy sources requires
efficient storage devices like capacitors, supercapacitors, and batteries that can compensate
for their intermittent characteristics (Su et al., 2018). Though their main stumbling block is
poor cycle life and low power density, lithium-ion batteries stand out as supreme devices for
storage of energy because of the fact that they have high energy density as compared to
electrochemical capacitors (Ramesh et al., 2018). This low power density in batteries is due
to their low reaction kinetics while their poor cycle life is due to expansion/ contraction that
occur between charging and discharging cycles. Contrary to batteries, conventional capacitors
have comparatively very low energy density and outstanding power density. Since the current
technology demands for storage devices with the capability to meet millions of cycles
accompanied by delivery of both first-rate power density and energy density, supercapacitors
have shown these properties and therefore may offer a possible option to bridge this existing
gap between capacitors and batteries. This, therefore, means that the use of electrochemical
capacitors may initiate a scientific leap in energy storage platforms such as industries and
1



probably address some of the problems that come along with emerging technologies like
portable electronics and hybrid vehicles (Jing et al., 2017). Figure 1 shows a Ragone plot of

four energy storage and conversion devices.

107

Capacitor

108
10° 4
10¢

10°

Super-
capacitor

102

Power Density (W/kg)

10

Fuel
Cells

102 101 1 10 102 103
Eneray Density (Wh/ka)

1

Figure 1: Ragone plot for four energy storage and conversion devices (Meng et al., 2013).

With the rising demands for supercapacitors, researchers have dedicated massive efforts to
develop advanced electrode materials with remarkable capacity and superb cycle stability
(Mondal et al., 2017). Carbon-based electrode materials have kindled interest as precursor
materials for preparation of porous carbons not only because of impressive stability and
abundant availability (Yu et al., 2017) but also by the fact that they exhibit superb surface
area of approximately 3000 m’g™ However, the capacitance is still low for independent
devices, ranging from 100 - 300 F g™ (Liu et al., 2015). To raise the capacitance of carbon
materials, a typical strategy is to trigger pseudocapacitance by compositing carbon-derived
materials with either high redox transition metal oxides (TMOs) or conducting polymer (Du
et al., 2013). The focus of this study was, therefore, to improve the capacitance while still
preserving the advantages of electrochemical capacitors such as superior cycling stability and
excellent power density by synthesizing and testing electrochemical properties of activated

carbon derived from Co304/TiO,/Ac composite.



1.2 Research problem and justification of study

Due to the high price of supercapacitor electrode materials, the focus has been to use high
conductive porous carbon derived from biomass which does not pose threats to food security.
However, affordable electrodes synthesized from most biomass-based porous materials suffer
from low capacitance and therefore, new materials are necessary to solve the shortcomings of
the current materials with respect to energy density, capacitance, and affordability (Kong et
al., 2016). Contrary to carbon materials, transition metal oxides have poor electrical
conductivity but exhibit high capacitance that complements weaknesses of carbon material
when composited. In line with these arguments, this research explored porous carbon derived
from fish bladders composited with Co3z04/TiO; as electrodes for supercapacitors to cater for
both power and energy demands of the upcoming hybrid electric vehicles and handy electric

power dependent devices such as laptops and handsets.

In total, Lake Victoria has 254 666 tonnes of Nile perch, an equivalent of 24% of the total
fish catch (LVFO, 2014) which gives approximately 5857 tonnes as the fish bladder
produced annually. This is an amount that can produce porous carbon enough for

commercialization of affordable supercapacitors.
1.3 Objectives
1.3.1 General objective

To evaluate fish bladder derived activated porous carbon/cobalt oxide/titanium dioxide

composite materials as electrode materials for electrochemical capacitors.
1.3.2 Specific objectives

The primary focus of the prime objective of the study was accomplished by the aid of two

specific objectives:

(i) To synthesize and characterize fish bladders derived activated carbon/cobalt
oxide/titanium dioxide composite materials.
(ii) To determine the electrochemical performances of the fish bladders derived activated

carbon/cobalt oxide/titanium dioxide composite electrode materials.

3



1.4 Research questions

(1) What are the physicochemical properties of the synthesized fish bladder derived
activated porous carbon/cobalt oxide/titanium dioxide composite electrodes?
(i) What are the electrochemical performances of the fish bladder derived activated

porous carbon/cobalt oxide/titanium dioxide composite electrodes?
1.5 Significance of the research

One of the most significant contributions of this work is the knowledge and expertise gained
in the use of fish bladder derived porous carbon/cobalt oxide/titania composites for
supercapacitor electrodes. Converting fish bladder waste into porous carbon, replacement of
expensive and toxic ruthenium oxide with readily available cobalt oxide and titanium dioxide
materials not only solves energy problems but environmental and economical issues involved
during the process. The total catch of Nile perch in Lake Victoria is 254 666 tonnes, an
equivalent of 24% of the total fish catch (LVFO, 2014) which gives approximately 5857
tonnes as the fish bladder produced annually. This is an amount that can produce porous
carbon enough for commercialization of affordable supercapacitors. Additionally, this is a
source of income for fishing communities in Lake Victoria and other lakes in East Africa

where fishing is a key economic activity (Aloo et al., 2017).



CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction

Electrochemical capacitors have gained fame because of their ability to both attain
remarkable cycle life and deliver high power supply which can meet the current energy
demands for small electric dependent gadgets like mobile phones to medium sized machines
such as hybrid vehicles (Xu et al., 2018). However, in comparison to fuels cells and the
commonly used lithium-ion cells, supercapacitors display very low energy density (Pham et
al., 2018). This, therefore, means that in order for supercapacitor to compete with its
counterparts, this problem must be addressed without compromising the existing advantages
(Achour et al., 2017). Pursuing higher energy density has become a center of interest of the
ongoing research on materials and electrolytes that aims at advancing supercapacitor
technology. This advancing technology is expected to make a leap to the next level of energy
storage. This, section, therefore discusses the pros and cons of the available electrode
materials and electrolytes for supercapacitor, and the possible combinations for application in

a supercapacitor.
2.2 Energy storage principle in electrochemical capacitors

The main components of an electrochemical capacitor are two electrodes, separator, and
electrolytes (Miao et al., 2015), see Fig. 2. Electrode materials and electrolytes play a pivotal
role because of the fact that electrode properties and voltage window of the electrolytes
directly determines the energy density of a supercapacitor (He et al., 2016; Sk et al., 2016).
The equation below gives a summary of this information

E:%vaz (1)

where C represents specific capacitance, E stands for energy density and cell voltage has
been abbreviated as V (Ma et al., 2017).



Scientifically proven fundamental energy storage principles are electric
double layer capacitance (EDLCs) and pseudocapacitance (Gu et al., 2015).
Electric double layer capacitors storage mechanism has a fast charge ability, quick power
delivery, better power performance and excellent cycle stability due to the fact that it can
tolerate millions of cycles, unlike batteries that attain a maximum of a few thousands of
cycles (Aradilla et al., 2017). Despite the fact that EDLCs have shown interestingly better
cycling stability than batteries but they have low energy density and therefore research on this
electrochemical is targeting on improving this low energy performance (lro et al., 2016).

Electric double
Layer

.|.

Electrode
Electrolyte
eparator

.|_

Figure 2: Diagram showing the generation of electric double layer capacitance.




Unlike EDLCs, pseudocapacitance incorporates transition metal oxides/hydroxides,
conductive polymers or their composites for fast faradaic reactions in and on the electro-
active electrode materials (Junjiao et al., 2015). A pseudocapacitive material undergoes
reduction and oxidation when a potential difference is created and this leads to transfer of
charges across the double layer, causing a flow of faradic current passing through the
electrodes of an electrochemical capacitor. It is from this faradic process involved that
comparatively higher energy density is achieved in pseudocapacitors than electrochemical
capacitors. Generally, a double layer capacitance is characterized by nearly rectangular
voltammogram curve and triangularly shaped time dependent charge-discharge curves
whereas pseudocapacitance shows non-rectangular and non-triangular shapes because of the

observed reduction and oxidation peaks (Edison et al., 2018a).

2.3 Electrochemical capacitor electrode materials

Physiochemical properties such as morphology, pore size, surface area, specific capacitance,
mechanical and structural stability of electrode materials have been reported to determine the
overall performance of an electrochemical capacitor including but not limited to power
density and energy density (Karnan et al., 2017; Lee et al., 2018). In this regard, extensive
research on electrode materials has been done to optimize the aforementioned properties.

For instance, carbon-based materials like activated carbons (Acs) (Hou et al., 2017), carbon
fibers (CFs) (Moreno et al., 2017), graphene (Wang et al., 2016) and carbon nanotubes
(CNTSs) (Guan et al., 2015) have been preferred because they not only provide high surface
area and low electrical resistance but their structural stability is also very high. Diversely,
oxides and hydroxides of transition metal oxides like cobalt oxide, conducting polymers
(polyaniline) and their composites have gained special attention because of their high specific
capacitances emanating from their good pseudocapacitive properties (Rose et al., 2018).

2.3.1 Activated carbons

Activated carbon exists in divergent shapes and dimensions like zero-dimension, one-
dimension, two dimensions and three-dimension for carbon onions, CNTSs, graphene oxide,
and carbon-derived carbides respectively. This different dimensions have come along with

attractive properties including but not limited to high porosity, reduced electrical conductivity
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and remarkable surface chemistries (Cheng et al., 2015). Among these carbon materials,
agricultural biomasses derived porous carbon show competitive advantages in supercapacitor
practical applications because of their low production costs, availability, good electrical
conductivity, large specific surface areas, superb cycling stabilities, and environmental
compatibility (Liu et al., 2015). This kind of unique properties of porous carbon has drawn
great attention to a number of researchers in recent studies. Just to mention a few,
microporous and mesoporous carbon prepared by means of chemical activation (KOH)
method at 600 °C for 1 h afforded BET specific surface area of ~800 m? g™. This BET area
was among other factors that contributed up to specific capacitance of 390 F g* at 0.5 A g™
(Karnan et al., 2017). Researchers developed a practical and profitable technique that was
used to activate cattail biomass-derived porous carbon via carbon dioxide activation. They
also observed a satisfactory specific surface area of 441.12 m?/g and specific capacitance of
126.5 Fg™* at 0.5 Ag™ between a broad voltage window from -1.0-0 V in 6 M KOH
electrolyte (Yu et al., 2017). Lately, it has been reported that bamboo-derived mesoporous
activated at 900 °C exhibit a BET area of 2221.1 m”g™, ample specific capacitance of 293 F
gt at 0.5 A g™ and excellent rate capability of 193.8 F g at 20 Ag™ conducted in 3 M KOH
electrolyte (Zhang et al., 2018b).

Despite the fact that biomass-derived carbons have gained scientific attention because of their
economic advantages like availability and scientific advantages like good stability and superb
surface area, their energy density is still below the mark (Lintong et al., 2016). To improve
the performance of these porous carbons for practical application, there is a need to
understand the relationship between specific capacitance and surface chemistry which
depends on the pores, functional groups present, pore volume, pore size distribution, and
interconnectivity (Zou et al.,, 2018). All these properties have a role to play on the
performance of an electrode of a supercapacitive. For example, it should be pointed out that
narrow microspores show molecular sieving effect and therefore their contribution to double
layer capacitance is very negligible (Raymundo et al., 2006). Activated carbons with pores
less than 0.68 nm have been reported to deny access of organic electrolytes with an exception
of acetonitrile organic electrolyte electrode, which shows contradictory observation of
dramatic increase in specific capacitance as the pore size becomes smaller below 1 nm in size
(Chmiola et al., 2006).



Generally, both poor electrical conductivity and low surface area of an electrode material
results to low supercapacitor performance but surprisingly, higher surface area can lead to
low electric conductivity (Stankovich et al., 2007). Such a phenomenon, therefore, requires
that these parameters be optimized so as to maximize the supercapacitive performance of
carbon materials (Long et al., 2015). In line with the current problem of low energy density
associated with EDLCs, most researchers have opted to explore either the use of naturally
hetero-doped carbons or artificially doped carbon to trigger pseudocapacitance (Bing et al.,
2016). Artificial doping of carbon materials has been tried by a number of researchers
(Paraknowitsch and Thomas, 2013). Unfortunately, this process is expensive, time-
consuming and employs toxic precursor for doping such as pyrrole and ammonia, these
limitations have compromised its practical applicability (Deng et al., 2015). This, therefore,
means that naturally, doped carbon stands out as a better and affordable option to utilize the
advantages of heteroatoms in the carbon framework. These advantages include high
electronic conductivity, good wettability, and high capacitance from pseudocapacitance (Cai
et al., 2017). On this subject, natural pomelo peel derived carbon has been investigated; it
afforded substantial amount of nitrogen content (4.47%) and high BET surface area of 1104
m?g™. Additionally, this carbon displayed comparatively good capacitance of 208.7 F g™ at 1
A g * accompanied with an energy density of 7.3 Wh/kg in 1 M H,SO, electrolyte (Fu et al.,
2018). Chitosan as a precursor was used to synthesize nitrogen-containing porous carbon by
hydrothermal treatment method (250 °C, 14 h) prior chemical activation using KOH. A
descent specific surface area of 2200 m? g™, nitrogen content of 6.3% and most importantly
displayed decent specific capacitance of 305 F g (Linfeng et al., 2016).

Since graphitic materials exhibit better electrical conductivity, Atchudan and his group used a
direct hydrothermal technique to synthesize high nitrogen-containing graphitic carbon sheets
derived from unripe peach extracts. This carbon showed moderate specific capacitance of 176
Fg*at0.1 A g 'with fairly good cycle stability beyond 2000 cycles (Atchudan et al., 2017).
Fish bladder as a rich source of proteins carbonized and activated at 550 °C had a surface area
of 3068 m® g, the high specific capacitance of 410 F g™ accompanied with good cycle
stability of only 14% loss of capacitance over 10 000 cycles (Hu et al., 2016). This study later
motivated Han and coworkers to investigate fish gill-derived porous carbon as a naturally
doped carbon precursor. They reported a high specific capacitance of 334 Fgat2 Agin 6
M KOH electrolyte and admirable retention capacity of 93% at 40 A g™* (Han et al., 2017).
9



2.3.2 Carbon aerogels derived from biomass

This a group of lightweight materials targeted because of their unique properties like high
porosity, low mass densities, large surface areas, excellent electrical conductivity, and
excellent chemical stabilities deemed necessary for energy storage (Cheng et al., 2016).
Recently, carbon aerogels from pyrolysis of biomass sources such as prolifera-green-tide
have been investigated and qualified to be potential candidates for supercapacitor
applications evidenced from their inspiring properties such as extraordinary recycling
performance (Cui et al., 2016). In a different study, recycled carbon aerogels electrode
showed high stability and specific capacitance of 194.7 F g™* (Lai et al., 2016). Porous carbon
aerogels doped with nitrogen prepared from low-cost mild method exhibits high conductivity,
a good capacitance of 291 F g * and strong ability to retain up to 96.8% of capacitance after
10 000 cycles (Cai et al., 2017). It is reported that aerogels prepared by pyrolysing carbides
in the presence of chlorine at 700 °C and 1000 °C and further activating with carbon dioxide
provided an average specific capacitance of 170 F g™ in an ionic liquid electrolyte (Oschatz
etal., 2017).

Xi and his group synthesized bamboo-derived aerogel with large surface area and attractive
ability to flex up to 86% when stressed with a pressure of about 23 KPa. They also observed
high specific capacitance of 381 F g and 90% of capacitance after 2000 cycles at 200 mV/s
(Xi et al., 2017). The above aforementioned capacitance was higher than nano cellulose-
derived porous carbon aerogels with a specific capacitances of 302 F g* and 205 F g at a
current density of 0.5 A g and 20 A g™ respectively with ability to retain 92% of the initial
capacity beyond 4000 cycles (Zu et al., 2016). In line with these afore-mentioned
observations, researchers reported a simple, environmental compatible synthesis of glucose-
derived three-dimensional carbon aerogel after chemical activation with NaOH. They
reported not only excellent stability of 1% capacity loss after 1000 cycles but they also
reported values of 299 F g™ and 41.52 Wh kg™ as specific capacitance and energy density,
respectively (Jing et al., 2017).

2.3.3 Activated carbon/graphene composites

The main limitation of carbon-based electrodes is their low specific capacitance arising from
their poor connectivity between large twisty pores despite the fact that they have the

10



advantage of high specific surface area (To et al., 2015). This drawback has ignited
researchers to investigate carbon composites with an intention to advance the performance of
porous carbon. Differently, graphene is one of the most influential partners with carbon due
to its competitive advantages like high porosity, flexible structure, excellent electrical
conductivity and ability to withstand high temperatures (Zhao et al., 2018). In addition to
this, three-dimensional (3D) graphene have been reported to shorten the ion transport
pathway and to facilitate free electrolytes ion diffusion in electrodes (Zhang et al., 2018a).
However, practical application of graphene as supercapacitor electrodes in commercial scale
is hampered by the fact that it undergoes irreversible aggregation and restacking (Liu et al.,
2017a). Seeking alternative methods such as investigating graphene composites have been
investigated. This has lead to a series of research targeting composites of graphene and
activated carbon which were expected to come along with a number of advantages including

improved surface area, conductivity, and comparatively better pore size.

Although the discovery of graphene was termed a huge scientific leap because of its ground
breaking properties, the dispersed problem of graphene is calling for more attention so as to
commercialize graphene. Chen and his group activated graphene/carbon with KOH, which
affords an improved specific surface area of 798 m? g *. This substantial surface area of the
composite might have contributed to the observed specific capacitance of 122 F g™* and
energy density of 6.1 Wh/kg (Chen et al., 2012). Activated carbon/graphene composite with
micropore volume conducted in aqueous solution afforded higher specific capacitance of 300
Fg'at0.1 A g* with adequate cycle stability of 76% at 8 A g™* as compared to graphene
without carbon (Fan et al., 2014). Despite the fact that literature has reported great
achievements for carbon/graphene composites, further, improvement has been realized by
altering the physical properties such as particle size, morphology, and composition of
graphene, and carbon composites. Taking advantage of these properties, Xie and co-workers
doped a composite of porous carbon and graphene. This composite doped with nitrogen was
able to exhibit 381.6 F g at 0.1 A g (Xie etal., 2016).

2.3.4 Activated carbon/carbon nanotubes composites

In a list of diverse electrode materials used for supercapacitor applications, carbon nanotubes
(CNTs) have shown attractive features including but not limited to high porosity, low

electrical resistance, low density and admirable electrolyte accessibility (Wan et al., 2017).
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The hollow stable structures of Carbon Nanotubes can upgrade the performance of carbon-
based materials because they significantly contributes to accessibility, electric conductivity,

and transportation of both ions and electrons in the active materials (Yang et al., 2016).

For this reason, Islam and His group argue that the attachment of CNTs on CF can increase
ion diffusion, which is a key parameter in realizing excellent electrochemical capacitive
properties. They reported that CF exhibited 3.5 times less specific capacitance than the
composite (143 F gt at 1 A g%). In addition to the aforementioned advantages, CNT-CF
exhibits good flexibility and therefore has the ability to address the rising demand for flexible
energy storage devices (Islam et al., 2016). With quite a number of strategies laid down to
commercialize carbon, carbon doping is in the spotlight because of the ability to donate
electrons thus improves the distribution of charges around atoms of carbon resulting into an
improved number of active sites for redox reactions. Focusing on nitrogen-containing
functional groups, electrical conductive CNTs and Zeolitic imidazolate framework (ZIF-8)
carbon doped with nitrogen was investigated. Electrodes fabricated from this composite
exhibited not only high BET surface area of 287 m? g™ and specific capacitance of 324 F g*
but also delivered superlative capacity retention of 93.5% after 1000 cycles (Wan et al.,
2017).

Carbon nanotube deposited on conducting polymers showed better pseudocapacitance effects
for carbon nanotube/polymer with the highest specific capacitance of 87 F g and higher
energy density of 1.82 W h kg™ than CNT/carbon composites which afforded 21 F g™ and
0.58 W h kg™ capacitance and energy density, respectively (Xiao and Zhou, 2013). Graphitic
CNT electrodes have raised the eyebrows of a number scholars because of their outstanding
abilities, they have low electrical resistance, good mechanical stability, thermal stability and

high surface area because of their tube-like morphology (Wang and Kaskel, 2012).

One of the main drawbacks of porous carbon doped with nitrogen is low volumetric
capacitance because carbon is a low density material (Tao et al., 2013). This challenge has
been addressed by several scholars by optimizing on the advantages of individual materials.
For instance, in a study conducted by Jiao and his group, hollow activated carbon fiber - CNT
have been reported to exhibit promising supercapacitive features making a pronounced
contribution towards the attained specific surface area of 825 m? g and maximum specific

capacitance of 240 F g in 1 M H,SO, solution (Jiao et al., 2018).
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2.3.5 Conductive polymers/activated carbon

These are long chains of polymers basically organic in nature with an electric conducting
ability arising from their conjugated bond system. Good conductivity and flexibility are one
of the main properties that give polymers an edge over other electrode materials especially
with the escalating need for flexible supercapacitors (Shown et al., 2015). In comparison to
TMOs, conductive polymers show advantages like simple doping, low cost, and most
importantly they can be used to fabricate wearable and flexible devices (Ansari et al., 2017).
Unfortunately, practical application of conductive polymers like polyaniline (PANI) in the
field of energy is prone to structure deformation leading to capacitance fading within few
charge/discharge cycles (Asen et al., 2018). Taking advantage of excellent cycle stability of
activated carbons, scientists have composited polymers with carbon to improve the cycle
stability of polymers and improve doping-dedoping chemistry ability of carbon as a mutual
benefit.

For instance, activated carbon from coconut shell composited with PANI was synthesized by
oxidizing a monomer with potassium persulphate in presence of tetraflouroboric acidic
displaying capacitance of 99.6 F g *at 0.5 mA g *and 77 F g *at 2 mV s (Vighnesha et al.,
2017). A composite of polyaniline and activated carbon derived from rice husk (60 wt%
polyaniline) also shows good electrochemical properties displaying top most capacitance of
465 F gt in 1 M H,SO, at 0.2 A g (Lebedeva et al., 2018). With a clear interest in the
flexibility of carbon aerogels and availability of biomass-derived carbon, Yu and his group
fabricated binder-less electrodes from a composite of carbon aerogel and polypyrrole. They
reported high areal capacitance of 419 mF cm™ at 1 mA cm™ (voltage range of 0.0-0.8 V) in
a 1 M H,SO, electrolyte. Additionally, the electrodes demonstrate good capability by
capacitance fading down to 86.4% after 3000 cycles (Yu et al., 2018).

2.3.6 Transition metal oxides and their composites

An ideal transition metal oxide for energy storage applications should have low electrical

resistance, have multiple oxidation numbers in the same phase with free ions that can

intercalate into TMOs lattice for fast redox reactions, high surface area and should also be

electrochemically active (Yadav et al., 2018). In a couple of years, we have experienced

progressive research on different TMOs like Co304, Fe304, NiO, TiO,, MnO,, and RuO, as
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potential pseudocapacitor materials for electrode so as to take advantage of their high
theoretical specific capacitance (Zhao et al., 2016). Ruthenium oxide has shown its prowess
than other TMOs by delivering outstanding performance evidenced by the high capacitance
of approximately 1300 F g, wide operational potential window, long cycle life, low
electrical resistance, decent rate capability and excellent electrochemical reversibility (Tajik
et al., 2017). Taking advantage of these properties, RuO, nanosheets were synthesized prior
to electrode fabrication which later revealed an ideal capacitive behavior. When scanned at 5
mV s, the specific capacitance of 600 F g was observed in 3 M KCI aqueous electrolyte
(Vijayabala et al., 2017). This excellent pseudocapacitive behavior of RuO, reported in the
literature inspired scientists to deeply investigate this transition metal oxide. For instance,
researchers used the hydrothermal method to uniformly deposit hydrous RuO, nanoparticles
onto nitrogen-doped mesoporous carbons and impressively observed outstanding specific
capacitance of 1733 F g (zhang et al., 2014a). Despite the above aforementioned
advantageous, high cost, scarcity, and toxicity are the main hurdles that hinder practical
application and possible commercialization of RuO, (He and Li, 2018). This has, therefore,
propelled an idea of finding profitable and environmentally compatible electrode materials
like NiO, Co304, MNO,, and TiO; as alternatives to RuO, (Xie et al., 2013).

Though with high electrical resistance (10°-10° S cm™) (Wang et al., 2017a), manganese
oxide has the highest oxidative state (V1) in the whole periodic table and high theoretical
capacitance (1370 F g™) (Yating et al., 2018). Manganese oxide has also been reported to be
the second widely investigated electrode material after RuO, because of its availability and
compatibility with the environment (Anilkumar et al., 2017). Interestingly, when aqueous
solutions are used as electrolytes for manganese oxide electrodes, manganese oxide
electrodes show ideal capacitive response and high-rate capability because of wide potential
window, making them better candidate than cobalt oxides and nickel oxides that are mostly

used in strong alkaline electrolytes (Chen et al., 2017).

Inspired by these unique properties, Gnana and his group used chemical precipitation method
to synthesize manganese oxide Mn3;O,4. They exhibited high specific capacitance of 322 F g™
at a lower current density of 0.5 mA cm™ and capacity retention of 77% after 1000 cycles in
1 M Na,SO4 (Gnana et al., 2015). This kind of performance was slightly higher than Mn3O4

nanorods prepared through precipitation with specific a capacitance of 298 F g™ with a strong
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ability to retain up 95.1 % of the primary capacitance after 1000 charge discharging cycles
(Aghazadeh et al., 2016). Motivated by the ballooning market for portable rollable
electronics, implantable chips, flexible sensors and wearable electronics (Wang et al., 2016),
Wu and his group fabricated a flexible 3D electrode. They not only reported decent specific
capacitance of 298 F g at 0.5 A g but observed cycling stability of 90.3% retention
capacity beyond 5000 cycles in 1 M Na,SO,4 (Wu et al., 2018).

Nickel oxide has recently been on demand as a storage material suitable for supercapacitor
electrodes. It enjoys significant attention because of its availability, chemical stability
accompanies with an amazing theoretical specific capacitance of approximately 2573 F g™,
(Simon et al., 2018). Vidhyadharan and his group evaluated one of the best electrodes from
nickel oxide nanowires. Interestingly they observed satisfactory specific capacitance of 670 F
g* with no capacitance loss even after 1000 cycles and coulombic efficiency of 98%

chemical precipitation method (Vidhyadharan et al., 2014).

It is crucial to mention that different shapes and morphologies of NiO such as nanoflowers
and nanosheets show different electrochemical performances simply because of the
difference in utilization of electrochemical properties of the working electrode (An et al.,
2016). For instance, different sizes of NiO nanoparticles display different specific
capacitance like 6 nm size particles deliver capacitance of 449 F g, 323 F g™ for particles
with approximately 21 nm and 63 F g™ for particles with approximately 41 nm all scanned at
5 mVs™ (Duraisamy et al., 2016). However, due to high electrical resistance and less
utilization of active material sites, NiO electrode has displayed low specific capacitance in
supercapacitor applications. To unravel this issue of low conductivity, NiO has been
composited with conducting carbon materials (Simon et al., 2018). This strategy has be
argued that it increases the total number of active sites and consequently improves the

transportation of both electron and ion in the material (Chen et al., 2018).

In line with the aforementioned advantages of carbon materials, NiO/RGO electrodes were
investigated. They exhibited a promising specific capacitance of 590 F g*at 1 A g, high rate
capability of 88% retention at a high rate of 15 A g™ and interestingly recorded no loss in
specific capacitance after 1000 cycles (Kahimbi et al., 2017). In a dissimilar study,
challenges associated with single metal oxides were addressed by synthesizing nickel-

manganese oxide composite material. This composite successfully delivered specific
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capacitance of 407 F g at 1 A g™ and superior retention capacity of up to 98.4% after 1000
cycles in KOH electrolyte (Wei et al., 2017).

On top of this supremacy in terms high stability and low cost, titanium dioxide presents yet
another interestingly divergent advantage of biocompatibility which makes it find practical
application in the emerging supercapacitor implantable and wearable devices such as
pacemakers, implanted chips and power bodysuits (Zhou et al., 2015). Although TiO;
nanomaterials had been given less attention because of poor conductivity a number of
scientists share the view that it can improve cycle stability of other active materials because
of its low volume expansion/contraction during electrochemical cycling hence improving the
cycle life of supercapacitors (Baraia et al., 2017). Driven by this fascinating property, Pham
and his group used simple sol-gel method to synthesize a composite of hydrogenated TiO,
and reduced graphene oxide (RGO) nanosheets. Surprisingly, they reported low capacitance
of 51 F gtat 1.0 A g* with a competitive capacity dropping down to 80% after 10 000 cycles
(Pham et al., 2018). Additionally, carbon has been on the front line in improving the
electrical conductivity of TMOs, its combination with TMOs such as TiO, has come with a
plus as it also improves the concentration of ions on carbon surface. This phenomenon,
therefore, improves wettability and significantly contributes towards improved specific
capacitance of EDLCs (Seo and Park, 2010). Recently, a composite of TiO, nanotubes and
graphene nanosheets was synthesized for both supercapacitors and absorbents applications. It
disclosed a specific capacitance of 338 F g™ at a scan rate of 5 mV s and lifelong stability
by maintaining about 93.3% specific capacitance after 3000 cycles in 1 M Na,SQO, electrolyte
(Zhang et al., 2017b). To keep pace with the ever-rising demand for wearable electronics, Xu
and his co-workers synthesized flexible composite of polypyrrole (PPy) and TiO,. They
garnered better capacitance of 733 F g™ at 0.6 A cm™ as compared to single TiO, (366 F g*)
(Xu etal., 2017).

Cobalt oxide is with no doubt one of most fascinating material with superb theoretical
capacitance and relatively low environmental footprint. Unfortunately, it experiences large
volume expansion and contraction which to poor cycle stability reported in previous work
(Numan et al., 2016). One of the most efficient methods to unravel the unsatisfactory cycling
stability is to integrate Co30,4 nanoparticles with carbon materials (Li et al., 2018a). In this

regard, Hout and his group successfully introduced a highly conductive RGO to Co30,4 to
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achieve to reduce electrical resistance hence improving the swift movement of ions in the
composite. The composite (Co30./RGO) delivered a capacitance of 531 F gt ata 0.1 A g*
with capacity retention ability of 64% after 2000 cycles (Hout et al., 2017). To further
maximize the electrochemical potential of Co3O4, @ number of research groups have come up
with different strategies such as synthesis of CozO,4 with different morphology and different
design in pore sizes.

It has been argued that rationally controlled structure may accelerate ion diffusion and
improve the mechanical properties of Co3O4 (Li et al., 2018b). This has been an inspirational
fact for scholars to investigate the effect of different morphologies. For instance, Co304
nanorod electrodes synthesized and evaluated in the presence of 6 M KOH electrolyte at a
scan rate of 10 mV s™ delivered high specific capacitance of 226.3 F g with excellent
stability of 76% capacity retention after 500 cycles (Jang et al., 2017). In a different study,
slanting angle synthesis method was applied to grow Co3O4 nanorod film. In spite that the
capacity retention was as low as 62% after 2000 cycles but a promising specific capacitance
of 2875 F g™ was reported as a function of an impressive energy and power of 57.7 Wh Kg™
and 9.5 kW kg, respectively (Kannan et al., 2018).

2.3.7 Ternary metal oxides

In the pursuit for higher specific capacitance, researchers have combined TMOs as materials
for supercapacitor applications. This idea has been propelled by the fact that ternary metal
oxides have a better supercapacitive performance than a single TMOs because of synergistic
effects (Wu et al., 2012). Ternary metal oxides combine three different electrode materials to
form one electrode; this exhibits comparatively higher electrochemical performance than
single TMOs because of their ability to exist in different oxidation numbers (Chen et al.,
2015). Provoked by this idea, iron manganese oxide (Fe-Mn-O) was synthesized by Zhu and
his group. Unfortunately, this combination showed low specific capacitance of 86.7 F g™ at 1
A g when investigated between a voltage window of 0.2 to 1.0 V (Zhu et al., 2016). On the
other hand, Yong and Xiao took advantage of stable TiO, nanotube and superior RuO, to
synthesize a composite of RuO,/TiO, nanotubes by using different ratios of RuO,: TiO,
nanotubes. They reported excellent specific capacitance of 1263 F g™ using gel polymer
PVA-H3PO,—H,0 electrolyte (Yong and Xiao, 2004).
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In fact, a combination of only TMOs has not met the expected mark, most of the reported
specific capacitance is below that of RuO,, and therefore researchers have found it necessary
to combine these double transition metal hydroxides/oxides with electric conductive materials
like carbon (Fang et al., 2018). Basing on this scientific statement, Lei and the group
observed remarkable capacitance of 2050.6 F g * at 1 A g and capacitance retention of 84%
after 1000 cycles from a composite of graphene and nickel-cobalt double hydroxide. This
remarkable capacitance may have been contributed by the high electric conductive graphene
in the composite (Lei et al., 2018).

Other strategies to improve electrochemical performance is by using binder less electrode
materials, this binder less electrode reduce both electrical resistance and the facile process of
electrodes (Kim et al., 2018). As binder less electrode, Co30,@NiCo0,04/N-doped graphene
exhibits remarkable capacitance of 2430 F g* at 1 A g™ and 93.7 % capacitance retention
after 5000 cycles (Ying et al., 2018). In a different study controlled hydrolysis process was
used to a composite nickel oxide, cobalt oxide and single wall carbon nanotube
(NiC0,0,~SWCNT). Both amazing specific capacitance of 1642 F g~' and cycling stability of
94.1% retention capacity after 2000 cycles were observed from this composite (Wang et al.,
2012). Most recently, it has been reported that CC/NiO/MnO, supercapacitor electrodes
exhibit increased supercapacitive performance of both areal capacitance and gravimetric
capacitance of 316.37 mF cm™ and 204.3 F g™, respectively at 50 mV s™. Additionally,
excellent cycling stability of 89% after 2200 cycles was also reported from this composite (Xi
etal., 2017).

A novel hybrid electrochemical capacitor fabricated by simply coating finely thin MnO; film
to Zn,SnO, composited with flexible carbon microfibers (CMFs) affords capacitances of
621.6 F gt and 6424 F gt at 2 mV s* and 1 A g™ respectively in 1 M Na,SO, electrolyte.
This composite (MnO,/ Zn,SnO,/CMF) displayed satisfactory abilities such as high specific
energy and high specific power of 36.8 Wh kg™ and 32 kW kg™ at 40 A g™ respectively with
superior stability evidenced by the ability to dispatch 98.8% of the initial capacity after 1000
cycles (Bao et al., 2011). Wang and his group investigated NiCo,0,~RGO composite and
observed capacitance of 835 F g at 1 A g and 615 F g* at 20 A g™. One of the most
fascinating properties of the electrodes was the ability to display a considerable increase in

capacitance with an increase in cycling numbers up to 1050 F g™ even after at 450 cycles and
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ability to maintain a constant value of 908 F g™ (better capacitance than the initial value)
after 4000 cycles (Wang et al., 2011). Iron manganese oxide composites (FeMoO,) doped
with graphene demonstrated an improved specific capacitance of 135 F g* at 1.0 A g™ in
comparison with graphene (66 F g*) or FeMoO, (96 F g™) in 1.0 M Na,SO; electrolyte.
Comparatively, a composite of graphene with FeMoO, displayed improved electrical
conductivity and better cycle life than pure FeMoO,, signifying the importance of the synergy

between the material (Wang et al., 2014).

Titanium dioxide and cobalt oxide composited with carbon material have been reported to
show good supercapacitive properties. For instance, Co-doped TiO,NT delivered specific
capacitance of 34.8 F g at a scan rate of 5.0 mV s (Xiao et al., 2016). A closely related
hybrid composite of cobalt oxide coated with titanium dioxide (TiO,@C/Co30,4) was also
designed to fabricate asymmetrical electrochemical capacitors. This interestingly displayed
significantly higher capacitance of 392.4 F g and energy density of 18.54 Wh kg™ at the
same scan rate of 5.0 mV s (Kim et al., 2016).

2.4 Electrolytes

Just like electrode materials, the contribution of electrolytes cannot be ignored because they
have a significant contribution in supercapacitors performance in terms of determining both
the electrical conductivity, and breakdown voltage value (Zhang et al., 2014b). Basically, the
potential window is proportional to power and energy and therefore determines both power
and energy densities of a device (Wanga et al., 2017). An ideal electrolyte should, therefore,
have a broad voltage window, low resistance, excellent electrochemical stability, and small
solvated ionic radius, high ionic concentration, and high purity, low viscosity, low cost, safe
and readily available. Examples of electrolytes widely studied are aqueous, organic
electrolytes and ionic electrolytes (Fic et al., 2018). Basically, the higher the concentration of
an electrolyte, the better the electrical conductivity and the higher the power output (Liu et
al., 2017b).

2.4.1 Aqueous electrolytes

This is a class of electrolytes commonly used because they are ionically conductive,

environmentally stable, non-corrosive and environmentally friendly as compared to organic
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electrolytes, which are expensive, flammable, toxic and less conductive (Kumar et al., 2015;
Zhao and Zheng, 2015). However, potential window of an electrolyte determines the voltage
window of a supercapacitor and since the potential window of water is 1.23 V, water-based
electrolytes work with a relatively narrow potential window of mostly less than 1.0 V (Rakhi
and Lekshmi, 2017). Aqueous electrolytes have been used in many supercapacitors, for
instance, cobalt oxide/carbon nanotubes (Co304/CNTs) nanocomposites successfully
synthesized using hydrothermal method exhibited good electrochemical properties such as
high specific capacitance of 705 F g at 3 A g when 1 M KOH was used as an electrolyte
(Kumar et al., 2015).

2.4.2 Organic electrolytes

Contrary to aqueous electrolytes which operate in narrow potential window, most organic
electrolytes have the ability to operate in a wider voltage window of up to 4 V but the low
electrical resistance value prevents them from attaining supercapacitors with high power
density (Salunkhe et al., 2015). Organic electrolytes enjoy this fascinating advantage of a
wide potential window as this addresses the energy density of supercapacitors. Apart from
few organic salts such as tetraethylam- moniumtetrafluoroborate and tetraethyl
phosphoniumtetrafluo- roborate, acetonitrile (AN). Propylene carbonate (PC) has also been
used as most familiar organic electrolytes for ECs. Recently propylene carbon organic
electrolyte and vanadium oxide (VO) electrodes were subjected to electrochemical testing in
a three electrode arrangement. Symmetrical capacitors from this combination displayed
energy and power densities of 46 Wh kg™ and 1.4 kW kg™, respectively at a current density
of 1 Ag™ (Rakhi et al., 2016). Fluorine has recently proved to be a suitable partner with
organic electrolyte because of its ability to provide high polarity and wettability for organic
electrolytes. Taking advantage of these unique abilities, fluorine-doped carbon electrodes
were evaluated and reported to deliver specific capacitance of 168 F g™ accompanied with
strong capability to retain capacitance after 10 000 cycles in a mixture of propylene carbonate

and tetraethylammonium tetrafluoroborate organic electrolytes (Zhou et al., 2016).

2.4.3 lonic electrolytes

These are liquid solvent-free electrolytes at room temperature which are basically salts which

exist in a molten state at temperatures below room temperature (Salanne, 2017). lonic liquids
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consist entirely of ions which makes them fascinating for different applications. They find
applications as new solvents for chemical reactions, in the environment for specific catalysis,
storage devices, electrochemical sensing, and electrolytes for energy storage devices
(Kasprzak et al., 2018). They have specifically gained fame in supercapacitor applications
because of their advantages such as wide electrochemical stability, low flammability, ability
to withstand high temperatures and besides they are chemically stable (Osti et al., 2018).
Unfortunately, ionic liquids are expensive, have comparatively high internal and ionic
resistance than aqueous electrolytes and this, therefore, remains to be an obstacle in the path

towards commercialization (Thangavela et al., 2018).

When supercapacitive properties of reduced graphene oxide were investigated in both 1-
butyl-3-methylimidazolium hexafluorophosphate (BMIPF6) and sulphuric acid (H,SQOj), they
showed extreme capacitance values of 348 and 158 F g* in 1 M H,SO, and BMIPFg,
respectively (Chen et al., 2011). The ionothermal method was used to synthesize graphene
and porous carbon. Specific capacitance of 212 F gt at 05 A g’ in 1-butyl-3-
methylimidazolium dihydric phosphate ([BMIm] [H2PO4]) electrolytes was reported. When a
current density of 2 A g™ was used, the electrode showed only 5.8% capacity loss after 10
000 cycles (Hao et al., 2017).

2.5 Synthesis methods

Ongoing advances in energy research with a purpose to commercialize have established a
variety of methods to synthesize electrode materials from crystalline to amorphous materials.
Commercialization of energy storage devices depends on several factors such as cost,
toxicity, availability, and sustainability. This section, therefore, sheds light on different
synthesis methods with a special interest on sol-gel method. Different scholars have used
different methods like chemical spray pyrolysis (Deokate et al., 2017), co-precipitation
method (Karthikeyan et al., 2009), cathodic electrodeposition method (Edison et al., 2018b),
and chemical vapour deposition (Wang et al., 2017b), solvothermal method (Lei et al., 2014),
hydrothermal method (Wei et al., 2017), sonochemical method (Karthik et al., 2017), sol-gel
method (Zhua et al., 2016), Grafting oxidation method (Faraji et al., 2016). However, most of
the aforementioned preparation methods have shown limitations as they are tedious,
expensive/complicated handling, time-consuming and use toxic chemicals, thus a facile and

mild method for electrode materials preparation with excellent electrochemical performance
21



is highly desired. Among them, the sol-gel process is simple, cheap, results to homogeneous
multi-component metal oxide materials and highly scalable (Lin, 1998). Given the above

considerations, the sol-gel method was considered in this study for the synthesis of all the

composites.
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CHAPTER THREE

MATERIALS AND METHODS
3.1 Materials and reagents

The fish bladder was obtained from Lake Victoria Mwanza, Tanzania. The chemicals used
were purchased from Sigma Aldrich, they included ammonia solution, titanium isopropoxide,
cobalt chloride hexahydrate, sodium hydroxide, potassium hydroxide, and hydrochloric acid
whereas carbon black, nickel foam and polyvinylidene difluoride (PVDF) were supplied by
MTI Corporation and distilled water was purchased from Arusha Technical College,

Tanzania. All chemicals were used without further modification.
3.2 Synthesis of fish bladder-based activated carbon

Fish bladders were washed with distilled water, sun-dried for 5 h, oven dried for 24 h,
crushed and carbonized in a horizontal tube furnace (CTF 12/65/550) at 650 °C for 2 h at a
ramp rate of 10 °C min™* in a nitrogen flow. The obtained carbon chars were initially ground,
sieved through a 150 um sieve and chemically activated at 550 °C in the ratio of 3:1 (KOH:
carbon) ratio in the presence of nitrogen for 2 h at the same ramp rate in the same tube
furnace used for carbonization. Prior washing activated carbon with 1 M HCI solution to
consume residual KOH, it was initially cooled down to room temperature. This was later
followed by thorough washing with distilled water to remove both KCI and excess HCI in the
solution until pH 7 and finally dried at 120 °C for 12 h (Xia et al., 2018).
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Figure 3: Schematic illustration of the synthesis process of fish bladder-derived porous
carbon.

3.3 Preparation of Co304/TiO2/Ac, Coz04/Ac, and TiO,/Ac composites

The composite was prepared by sol-gel synthesis. Approximately 1.367 g fish bladder
derived activated carbon was dispersed in 50 mL distilled water followed by 1 g of
CoCl,.6H,0 dissolved in 50 mL of water prior to the addition of 1 mL of titanium
isopropoxide (C12H2504Ti, 97 %) mixed with 50 mL absolute ethanol and then stirred for 20
min. The pH of the solution was regulated to 7 by adding drops of 2 mL ammonia solution
resulting into a dark-green mixture which was stirred for 12 h at room temperature and left to
settle for 4 h (Jo et al., 2017). The product was filtered and washed with distilled water and
ethanol, oven dried for 8 h at 90 °C and finally annealed in a box furnace (Lindberg Blue M
Model BF51731 BC-1 Thermo Scientific) at 300 °C for 2.5 h and the sample was labeled K.
For comparison, a similar procedure was used to prepare Co304/Ac without adding
C12H2804Ti, 97 % and the product labeled C; while TiO,/Ac was also prepared using the

same procedure without adding CoCl,.6H,0 and the product was labeled T;.
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Figure 4: Schematic diagram for the synthesis of cobalt oxide/ titanium dioxide/activated
carbon composites.

3.4 Materials characterization

The microstructure characteristics of composite and porous carbon were deeply examined by
Field emission scanning electron microscopy (FE-SEM): JSM-7600F Thermo NORAN
System 7 coupled with EDS (Japan) under the acceleration voltage of 15 kV. Crystal
structures of the synthesized materials were examined by powder X-ray diffraction with Cu
ko radiation (4=0.15406 nm) in 20 range of 10°-70°. Textural properties of the composite
were analyzed by nitrogen adsorption-desorption isotherms at 77.3 K liquid nitrogen by
Tristar 11 3020 version 2.00 serial no. 1162 instrument. Specific surface area (Sget) was
obtained from the BET machine while Barrett—Joyner—Halenda (BJH) method afforded us
with the information of pore-size distribution. Determination of functional groups in the

composite was investigated by FT-IR (4000- 600 cm™) using Tensor 27 spectrometer.
3.5 Fabrication of working electrode

To meet demands for practical application of a supercapacitor, it is vital to develop standard
electrodes with high active mass loading of approximately 10 mg cm™ (Crosnier et al., 2018).

However, this increase in mass loading leads to an increase in resistance and limits access of
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electrolyte to the bulk of active materials. As a result, specific capacitance and retention

capacity significantly decrease with increase in mass loading of the electrode.

In this study, working electrodes fabrication involved mixing of the active material,
conducting carbon (improves the electrode electrical conductivity), polyvinylidene difluoride
(PVDF) binder dissolved in N-methyl pyrolidene in the mass ratio of 8:1:1 forming slurry.
Nickel-foam (current collector) substrate was soaked in 1 M HCI for 20 min to remove the
NiO layer, and then rinsed with distilled water followed by absolute ethanol, and later dried
in an oven. The slurry was loaded and pressed on clean nickel foam of size 1 cm? with
approximate mass loading of 5 mg of the active material. The loaded-nickel foam was finally
dried at 60 °C in the oven for 4 h.

3.6 Electrochemical tests

Electrochemical tests were analyzed in a three-electrode system with saturated Ag/AgCl,
(KCI) as a reference electrode, platinum was used as a counter electrode whereas a working
electrode was prepared as mentioned above. The counter electrode was used to control the
current entering the working electrode while the reference electrode maintained at constant
potential throughout the experiment. Figure 5 shows the experimental set up used during
electrochemical testing.

Figure 5: Three-electrode configuration set up for electrochemical testing.
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Cyclic voltammetry (CV) is a crucial technique in electrochemical analysis. It is used to
determine the voltage range of the device or the electrodes and to perform a kinetic analysis
of the device at different scans. In this study, cyclic voltammetry (CV) test was performed on
AUTOLAB Potentiostat/Galvanostat (PGSTAT204, AUT50663 Metrohm) in 6 M KOH
aqueous electrolyte solution between 0 and 0.5 V versus reference electrode at different
scanning rate. Electrochemical impedance spectroscopy (EIS) analysis was carried out by
applying an AC voltage with 5 mV amplitude in a frequency range between 0.01 Hz to 100
kHz using FRA32 module attached to PGSTAT 204 in an open circuit.

Specific capacitances (Cs) was calculated from CV using the following equation (Nwanya et
al., 2017).

1 ¢
Cs=———[i(V)av )
2mv(AV) ,
where f;lz i(V)dV is the absolute integral area of both positive and negative sweep in cyclic
voltammogram, v represents scan rate in mV s, m denotes the mass of the active material on
the electrode in grams and factor 2 represents both positive and negative scans involved. The
equation below was employed to calculate the specific capacitance of the active material in
the EIS measurements (Enock et al., 2017).
-1
C=T""ri= @)
(2nfZ"'m)

Where m stands for the mass of active material, f represent the lowest frequency while the

imaginary impedance s denoted by Z”.
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1 Introduction

This section introduces and explores different characterization and electrochemical
measurements of electrode material. It describes the influence of different physical and
chemical properties on electrochemical properties of cobalt oxide/titanium dioxide /activated
carbon, cobalt oxide/activated carbon, titanium dioxide/activated carbon and activated
carbon. In this chapter, several parameters were tested to assess the practical applicability of
the electrode materials such as cycle stability, specific capacitance, electrical conductivity

and power delivery of the material.
4.2 X-ray diffraction measurements

As one of the crucial analytical technique, The XRD was employed to determination the
phase, crystallinity, and purity of the samples prepared under various conditions. The X-ray
beam is applied to the sample experiment with wavelength, A at different 20 angles on the
sample. Its working principle depends on the scattering of X-rays electrons surrounding
atoms of the target material. For this study, XRD exhibited diffraction peaks at 26=25.4° for
(002) plane, 26=43.3° for (100) and 56° for (004) are characteristic of amorphous carbon in
which the characteristic peak at 20=43.3° is associated with the electrical conductivity of
carbon materials. Composite of Co3zO4/Ac showed distinguished diffraction peaks at
18.9,31.5, 36.3, 37.6, 43.1, 55.3, 58.7 and 62.6° which is associated to (111), (220), (311),
(222), (400), (422), (511) and (440) planes of cubic Joint Committee on Powder Diffraction
Standards (JCPD78-1970) (Veeramani et al., 2017a). They show similarity to that of the pure
Co30, but relatively less crystalline in nature because of amorphous carbon (Xie et al., 2013).
On the contrary titanium dioxide/carbon diffraction peaks were observed at 25.2° (1 0 1),
38.0° (004), 48.1° (2 0 0), 54.0° (105), 54.9° (2 1 1), 62.7° (204), 68.7°(116) and 70.2° (2 2
0), signifying availability of anatase TiO, in the composite (crystallographic JCPDS card no.
21-1272) (Kim and Park, 2017). Though without the main diffraction peak of porous carbon
at 26° (002) probably because of the overlap with (101) peak of anatase TiO, (Xiao et al.,

2016). X-Ray diffraction spectra of Co304/TiO2/Ac composite showed many broad peaks
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with an obvious broad peak at 26.5°, which corresponds to the (002) crystal plane of porous
carbon. Broad diffraction peaks at 20= 37.4° (311), 55.7° (422), 59.4° (511) and 65.2° (440)
may be associated with the cubic phase of Co3O,4 that match with standard JCPDS card no-
42-1467. Diffraction peaks at 20= 68° (116) are associated to anatase TiO, which usually has
a pronounced peak located at 25.6 (101) that happens to overlap with diffraction peak of
carbon located at 25.4 (002). This kind of peaks validates the formation of the composites. It
should be noted that poor crystallinity is associated to low lattice energy, and therefore an
advantage to electrode materials because of the easy de-intercalation process that contributes

to the observed superior electrochemical performance (Kadam et al., 2018b).

(311) Co,0 /TiO,/Ac

440)

\ (004) (200) (211) (204)

002) Ac

(100)

1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 IS 20 25 30 35 40 45 50 55 60 65 70 75 80 B85

Angle (2 Theta degrees)

Figure 6: XRD patterns of Co304/TiO,/Ac, Co304/Ac, /TiO,/Ac and Ac active materials.

4.3 Morphological studies

Field emission scanning electron microscope (FE-SEM) is an instrument which gives

information on the shape and structure of the material under investigation. Figure 7 shows

FE-SEM images of porous carbon and composites. It demonstrates that all the samples are

composed of porous surface built by irregular channels. Specifically, Fig. 7(a) shows

triangular-shaped structures uniformly distributed while Fig. 7(b) shows TiO, as white

agglomerates well dispersed in porous carbon. Cobalt oxide/carbon composite in Fig. 7(c)
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shows small pores distributed on the surface with irregular compacted particles. Figure 7(d)
shows cobalt/titania/carbon composite having highly interconnected pores with black spots in
the pores which may aid in mass transport of electrolyte ions during charging and discharging
processes of electrode material (Gong et al., 2016).

Figure 7: SEM images of carbon and composites (a) Ac, (b) TiO2/Ac (c) Co304/Ac and (d)
C0304Ti02/AC.

4.4 Nitrogen adsorption-desorption analysis

In order to quantify porosity of the electrodes, N, adsorption-desorption isotherms were
determined for powder Co304/TiO,/Ac as manifested in Fig. 8. The calculated BET specific
surface area of the composite was 13.87 m? g™ while the average pore size of the composite
was 19.74 nm, a clear indication that the sample had plenty of large mesopores. The
composite exhibits a typical type-I1V isotherm with a H2 hysteresis loop at P/Py = 0.5-1.0,
samples exhibited H2 type stipulating that the pores assumed channel-like orientation
corresponding to large mesopores. On the contrary, at a pressure range between P/Py = 0-0.4,
the curve showed almost negligible adsorption volume, probably because of the low number

of micropores. Figure 8 (b) shows different sizes of pores are well distributed in a unique
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trimodal structure composed of small mesopores (with a peak value of 3.2 nm), medium
mesopores (with a peak value of 9.1 nm and large mesopores (with a peak value of 26.1 nm).
Figure 8 (c) shows cumulative pore volume of the sample, it displays that the total pore
volume is 0.057 cm® g™ contributed by only mesopores. Just like the isotherm and pore size
distribution plots, cumulative pore volume indicates the absence of micropores and presence
of a wide range of mesopores. It is worth mentioning that this wide range of small to large
mesopores are available for storage of ions and provision of a clear pathway at which
electrolytes can easily diffuse in the material and therefore very important in practical
applications of a supercapacitor.
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Figure 8: (a) Nitrogen adsorption/desorption isotherm (b) Pore size distribution
and (c) Cumulative pore volume for Co304/TiO,/Ac composite.
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4.5 Fourier-transform infrared spectroscopy measurements

The surface chemistry of electrode materials has shown a huge difference in performance and
therefore Fourier-transform infrared (FT-IR) spectroscopy was important in determining
available functional groups. For porous carbon materials, the broad FT-IR peak observed at
3452 cm™ is related to the vibration of hydrogen-bonded O-H stretching vibrations, then —
COOH was assigned to 1639 cm™ and C-O was assigned to 1382 cm™. Availability of
oxygen-containing functional groups, like hydroxyl and carbonyl groups can react with the
electrolyte ion to initiate pseudo-capacitance. Pseudo-capacitance can significantly improve

the electrical conductivity and generally improves specific capacitance value of porous
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Figure 9: FT-IR spectra of porous carbon
4.6 Electrochemical measurements

Cyclic voltammetry (CV) measurements of active material were evaluated over a standard

three-electrode cell system in 6 M KOH electrolyte scanning from 5 - 150 mV s . Figure 10

(@) shows an electrical double layer property that slightly deviates from the rectangular

capacitive shape probably because of the presence of impurities in carbon framework that

induce pseudocapacitive properties. It is observed that when there is an increase in a potential
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scan, the electrode oxidation peak tend to move towards the positive direction while the
reduction peak moves in the negative direction. This might be because of the increasing

resistance towards higher scan rates.

The CV curves of Fig. 10 (b), (c) and (d) show the presence of redox peaks even at a higher
scan rate which indicates not only the pseudocapacitive nature of electrode material but also
demonstrates the good rate capacity of the electrodes (Kadam et al., 2018b). With exception
to porous carbon which performed better in the negative window (-1 to -0.1), all other
composites exhibited higher specific capacitance in the positive potential window though
their operational window was confined at 0.5 V because the current increased sharply on
scanning beyond 0.52 V. This phenomenon was due to hydrolysis of water in the aqueous
electrolyte releasing oxygen bubbles and therefore confining this voltage window at 0.5 V
(Sahoo and Satpati, 2017).

Pairs of redox peak revealed that faradaic redox reactions of both Co30, and TiO, are the
main sources of energy in the electrodes. The composite electrode possesses beneficial
properties of a supercapacitor as evidenced from the increase in pseudocapacitive current as
well as the observed steady shift of the oxidation peaks towards higher overpotentials and
reduction peak towards lower overpotentials when the scan rate is increased (Veeramani et
al., 2017b). Cobalt oxide loses electrons (oxidation) in presence of alkaline electrolyte at the
anodic peak because of the following two processes as shown in equations 4 and 5 (Kadam et
al., 2018a).

C0.0, + H,0+O0H ™ = 3C000H +e~

COOOH +OH = C00, +H,0 +e"

Contrary to Co304, TiO2 in Coz04/TiO2/Ac composite shows titanium atoms changing from
one oxidation number to another in the presence of alkali cations (K™ ) as expressed in

equations below (Zhang et al., 2017a).
TiO, +2H,0+e" =Ti (OH )3 +0OH"

xK* +yTiO, +e =K, (TiO,)y
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The specific capacitance of Co304/TiO2/Ac is higher than other active materials as evidenced
by the large integral area of the cyclic voltammogram in Fig 11. Since nickel foam does not
show a significant contribution to the displayed specific capacitance in the voltage windows
between 0 to 0.5 V, this, therefore, means that the high supercapacitive performance may be
assigned to the synergistic effects of individual materials. Cobalt oxide may have contributed
to this high capacitance because of its good pseudocapacitive property. On the other hand,
carbon improved the wettability and significantly reduced electrical resistance in the
composite while TiO, may have contributed to this electrochemical performance because of
the effect of single-direction polarity. Titanium dioxide nanoparticles have a high
concentration of charges on their surface and this reduces polarization on Ac electrodes
increasing the movement of ions in the porous carbon leading to an improved specific

capacitance of the entire composite (Seo and Park, 2010).

The difference in operation voltages in Fig for transition metal oxide composites electrode (0-
0.5 V) and for carbon electrode (-0.9 - 0.0 V) indicates a practical match of both voltage
windows of the electrode materials. Therefore, the operation voltages show that they have the
capability to expand up to 1.4 V using the maximum voltage of composites (0.5 V) and a

minimum voltage window of Ac (0.9 V).
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Figure 11: Cyclic voltammogram of Co0304/TiO,/Ac, Co304/Ac, TiO,/Ac, and Ac at a
scanning rate of 5 mV s,

The best specific capacitance obtained for Cos04/TiO./Ac was 946 Fg™, higher than 845 F g™*
for Cos04/Ac, 340 F g™ for TiO,/Ac and 308 F g™ for Ac at a scan rate of 5 mV s™*. This high
capacitance might be because of synergistic effects. Figure 12(a) shows that all electrodes
display a similar trend of higher specific capacitances at lower scan rate and vice versa. This
is probably because, at lower scan rate the electrolyte ions had full access to the internal part
of the electrode material resulting into a total utilization of the electrode material. Contrary to
low scan rate, at higher scan rate, ions in electrolytes can only interact partially (mostly on
the surface) with the active material hence displaying low specific capacitance (Kadam et al.,
2018b).

To evaluate the practical applications of these materials, cyclic voltammetry was used at 30
mV s ! for 2000 cycles in concentrated 6 M KOH solution. All electrodes showed a general
drop in specific capacitance after 2000 cycles as depicted in Fig. 12(b) where
Co304/TiO,/Ac, Cosz04/Ac, TiO,/Ac, and Ac exhibited a retention capacity of 87.7%, 83.3%,
90.6% and 97.5%, respectively. This drop of capacitance may arise because most materials
either dissolve in electrolytes or fall off from the electrode during early cycling (Kadam et

al., 2018b). Porous carbon showed superior cycle stability more than composites. This
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excellent stability is among the most attractive properties of carbon materials given that they
do not undergo chemical reactions during cycling. It is important to also state that stability of
carbon can be improved further by the presence of impurities such as heteroatom doped in the
carbon framework. Though composites of transition metal oxides and carbon showed
pronounced capacity fading, this is because they undergo structural change and volume
expansion during cycling (Guan et al., 2017). Contrary to other electrode materials, TiO,/Ac
electrode interestingly exhibits better stability than other composites. This difference can be
ascribed to the fact that titanium dioxide as a transition metal oxide experiences

comparatively lower volume expansion during cycling (Zhang et al., 2017a).
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Figure 12: Specific capacitance vs. scan rate of (a) and (b) Cyclic stability of Ac, TiO,/Ac,
Co0304/Ac, and Co304/TiO,/Ac in 6 M KOH.
Figure 13 (a) shows Nyquist plots of the electrode material, which mainly have three parts. A
semicircle in the high-frequency region that represents the interfacial charge transfer
resistance between the electrode and the electrolyte. A slanting line approximately 45° in the
low-frequency region and a straight line with a slope larger than 45° in the very low-
frequency region (Xia et al., 2018). The real part (Z’) in the high-frequency region represents
the total resistance known as equivalent series resistance (ESR) of both electrolyte and
electrode. Porous carbon (Ac), Co3z04/Ac, Co304/TiO,/Ac, and TiO,/Ac exhibited resistances

of 0.5 Q, 052 Q, 0.6 Q and 1.1 Q respectively indicating that both the electrolyte and
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electrode material have good electrical conductivity. In the very low-frequency region, Ac
showed an almost vertical line along the imaginary axis revealing electrochemical properties
close to ideal capacitive behavior (Tajik et al., 2017). Composites (Co304/TiO,/Ac,
Co304/Ac, and TiO,/Ac) showed more inclined curves suggesting the presence of
pseudocapacitance (Guo et al., 2018). Charge transfer resistance, ESR, related to faradaic
reactions can be obtained from the diameter of a semicircular arc but in our case, the
semicircular arc is very small, similar to the reported results (Wang and Zhang, 2017),
meaning that the ESR is rather small. This can be attributed to the following: hydrophilic
nature of titania which has an advantage of excellent ion transportation (Patil et al., 2018),
improved wettability because of surface oxygen-containing functional groups, pressing of
active electrode material as researchers interestingly argue that the application of mechanical
pressure after loading can reduce the ESR by 90% and increase the capacitance by 128% due
to a decrease in the thickness of the diffusion layer (Li et al., 2015). Lastly, the availability of
large mesopores that acted as reservoirs for charges and provided easy transportation of

electrolytes, hence improved electrochemical performance.

Bode plot results shown in Fig. 13(b) complements Nyquist plots of Fig. 13(a). Generally
conventional capacitors show resistive behavior at high frequencies and capacitive behavior
at low frequencies when 6 approaches —90°. Capacitor response times (o) can be calculated
from the frequency when 0 = -45°, this is the frequency at which the resistive and capacitive
impedances are the same. Ac exhibits better capacitive properties with an angle of -76°close
to -90 ° whereas the composites (Co3O4/Ac, Co304/TiOy/Ac, and TiO,/Ac) showed
comparable phase angles of -649-56°and -51¢ respectively. These angles are closer to -45°
probably because of the introduction of transition metal oxides in the porous carbon (Karthik
et al., 2017). Characteristic frequencies f, at 45° were 4.0, 1.0, 0.45 and 0.28 Hz for Ac,
Co304/TiO,/Ac, Co304/Ac and TiO,/Ac electrodes, respectively, corresponding to the
characteristic response time (1) of 0.25, 1.0, 2.2 and 3.6 s. Such short response times for
active material in 6 M KOH electrolyte may be a reason for their high power delivery.

Generally, Fig. 13(d) shows that all active materials display a similar trend of an increase in
specific capacitance with a decrease in the frequency at the high-frequency region. The
Co304/TiO2/Ac composite electrode exhibited much lower specific capacitance than

Co304/Ac, TiO,/Ac and Ac electrodes between 0.1 to 10 Hz frequency range and exhibited
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higher capacitance when approaching frequency 0.01. This trend is probably because, at

higher frequencies, the electrolyte ions could not fully have an access of the inner part of the

electrodes but rather only the outer surface of active material could be utilized for faradaic

reactions and charge storage leading to low specific capacitance. At low frequency, the

electrolyte seeps deep in the electrode material utilizing a bigger percentage of the surface of

the material hence significantly improving faradaic reactions (charge storage) and therefore

displaying the observed high capacitance value.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion

In this study, fish bladder derived carbon was prepared via carbonization followed by KOH
activation. Composites of Co304/TiO2/Ac, Co3z04/Ac, and TiO/Ac were synthesized via
simple sol-gel method prior heat treatment. The specific capacitance of Co304/TiO,/Ac was
946 F g as compared to CosO4/Ac, TiO./Ac, and Ac with specific capacitances of 845 F g,
340 F g™ and 308 F g, respectively. This study showed that low energy density associated
with supercapacitor application can be solved by a combination of cheaply available
materials with less toxic transition metal oxides if the chemistry among the materials
involved is well understood and optimized for the benefit of the society. Cycle life was
evaluated using cyclic voltammetry, Co304/TiO,/Ac, Co304/Ac, TiO,/Ac, and Ac shows
specific capacity retention of 89.7%, 83.3%, 90.6% and 97.5%, respectively, after 2000
cycles at 30 mV s™.

Impedance spectroscopy revealed that the materials had good conductivity as evidenced by
their low series resistance of 0.5 Q, 052 Q, 0.6 Q and 1.1 Q for Ac, CosO4/Ac,
Co304/TiO2/Ac, and TiO,/Ac, respectively. This study demonstrated that Co304/TiO,/Ac is
an experimental electrode material with the ability to meet demands for practical application
in the next generation. Moreover, this route opens an avenue for the synthesis of different
electrochemical materials and allows facile scale-up to form carbon-based composites for

future commercial applications.
5.2 Recommendations

To commercialize supercapacitor, there is a need to maximize a wide range of factors. The

following are recommendations for future work.

Q) Charge and discharge was not possible with PGSTAT204 because of the low
current and therefore future work should consider this technique to determine the

columbic efficiency, power density, and energy density
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(i)

(iii)

(iv)

(v)

Higher mass loading approximately 10 mg should be considered in order to realize
commercial application in the field of a supercapacitor.

Potassium electrode was used as an electrolyte was used in this study because of
its safety, affordability, low inflammability and high lifetime. However, the range
of working potential window is limited to approximately 1 V. Future studies
should consider developing and testing performance of synthesized electrodes in
different electrolytes.

Fish bladder derived carbon as one of the material in the composite performed
well but we recommend that future research should vary other parameters like
temperature used for carbonization and activation as well as the ratio of KOH:
carbon so as to evaluate their effects.

The method employed was the sol-gel synthesis, which requires binders to make
electrodes. We would wish to recommend binder-free methods that will probably

afford higher capacitance than the one reported in this study.
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