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ABSTRACT

There were three manganese-based composite electrode systems being prepared in this
work: (1) reduced graphite oxide-manganese oxide, (2) manganese-nickel oxide and
(3) manganese oxide-poly (3, 4-ethylenedioxythiophene): poly (styrenesulfonate)
(PEDOT: PSS). A two-electrode configuration of chronopotentiometry technique, with
a constant current density of 2 mA cm™ was applied for the preparation of composite
electrodes. A stainless steel plate was acted as the substrate. The composite films
deposited on stainless steel, or composite electrodes, were characterised by X-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and frequency response analysis (FRA). The changes in morphology, crystalline
nature and electrochemical behaviours of the composite electrodes under the effect of
deposition duration were investigated. In the first composite electrode system, the
sheet-like reduced graphite oxide (RGO) was covered over the particles deposited on
the substrate. It acted as a conductive pathway for electronic and ionic transportation.
This composite electrode exhibited the highest specific capacitance when it was
deposited at 13 mins. The continuous growth of particle with longer deposition duration
led to the broken of RGO sheet, which subsequently affected the electrochemical
performance. Second composite electrode system prepared, manganese-nickel oxide
presented as a spongy-like structure under FESEM examination. There was no distinct
boundary observed from FESEM images, indicating that two compositions had
entangled well to each other. In this composite electrode system, 13 mins-deposited
composite electrode obtained the best electrochemical performance. The manganese
oxide-PEDOQT: PSS as the third composite electrode system, was deposited in shorter
duration (less than 1 min) compared with another two composite electrode systems due

to the weaker adsorption on stainless steel. The morphology transformed from globular



to more fibrous structure when the electrodeposition was carried out for longer duration.
This improved the electronic and ionic transportation in the composite film.
PEDOT: PSS enhanced the specific capacitance of manganese oxide by acting as
conductive pathway for electron and ions. In this system, the composite electrode that

was deposited at 40 s performed the best electrochemical performance.



ABSTRAK

Dalam tesis ini, tiga sistem elektrod komposit berasaskan mangan telah disediakan iaitu
grafit oksida terturun-mangan oksida, mangan-nikel oksida, dan mangan oksida-poly (3,
4-ethylenedioxythiophene): poly (styrenesulfonate). Teknik yang diaplikasikan ialah
kronopotensimetri dengan menggunakan ketumpatan arus elektrik tetap (2 mA cm)
dalam konfigurasi dua-elektrod. Keluli tahan karat digunakan sebagai substrat di mana
filem komposit akan dimendapkan di atasnya. Elektrod komposit yang tersedia dicirikan
dengan menggunakan spektrometer pembelauan sinar-X (XRD), mikroskop pengimbas
elektron medan pancaran (FESEM), mikroskop penghantaran elektron (TEM),
voltammetri siklik (CV), galvanostatik cas dan nyahcas (CD) serta analisa sambutan
frekuensi (FRA). Perubahan dalam morfologi, kehabluran, dan prestasi elektrokimia
telah dianalisiskan. Dalam sistem elektrod komposit yang pertama, RGO muncul
sebagai helaian yang menutupi zarah yang termendap atas substrat. la bertindak sebagai
laluan pengangkutan untuk elektron dan ion. Elektrod komposit ini memperlihatkan
kapisitans spesifik tertinggi apabila masa elektromendapan ialah 13 minit. Pertumbuhan
zarah selanjar dengan tempoh masa elektromendapan boleh membawa kepada
penghuraian helaian RGO yang kemudiannya menjejaskan prestasi elektrokimia.
Mangan-nikel oksida, sebagai sistem elektrod komposit yang kedua, menunjukkan
struktur span di bawah pemeriksaan FESEM. Imej FESEM tidak memaparkan
sempadan yang jelas menunjukkan dua komposisi terpuntal baik sesame sendiri.
Elektrod komposit dalam sistem ini yang dielektromendapkan selama 13 minit
mempamerkan kapasitans speksifik tertinggi. Untuk sistem elektrod komposit yang
ketiga, mangan oksida-PEDOT: PSS telah dielektromendapkan dalam jangka masa
lebih pendek (kurang daripada 1 minit) berbanding dengan dua elektrod komposit yang
lain disebabkan penjerapan yang lemah ke atas keluli tahan karat. Morfologi telah

berubah daripada globul kepada struktur lebih bergentian pada jangka masa



elektromendapan yang lebih panjang. Ini memperbaiki pengangkutan elektron dan ion
dalam filem komposit. PEDOT: PSS meningkatkan kapasitans spesifik mangan oksida
dengan bertindak sebagai laluan konduksian untuk elektron dan ion. Dalam system ini,
komposit elektrod yang dielektromendapkan selama 40 s menunjukkan kapasitans

spesifik yang tertinggi.

Vi
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CHAPTER 1: INTRODUCTION

1.1 Research background

The rapid development of portable electronic devices to the electrification of the
transportation sector has increased the growth of energy storage devices (ESDs). ESDs
such as battery, capacitor, fuel cell and flywheels store energy in the specific form of
chemical, electrochemical, electromagnetic, or kinetic. Firstly, I would like to introduce

the most common ESD, which is a battery.

Battery, as an electrochemical cell, produces electrical energy from the conversion of
chemical energy. It is favourable by many applications because of its high energy
capacity. Different types of batteries have been developed for specific purposes.
Secondary batteries, or rechargeable batteries such as nickel-cadmium (NiCd) battery,
nickel-metal-hydride (NiMH) battery and lead acid battery are the most common
batteries. NiCd battery is famous for its long service life and endurance towards extreme
temperature. However, special care is needed when disposing NiCd battery in a landfill
because Cd is a toxic heavy metal that can pollute the environment. Some countries
have already banned the usage of NiCd battery. Despite, NiMH battery are encouraged
to be used and even replacing the NiCd battery. It is more environmental friendly
compared with NiCd battery. Lead acid battery, is the oldest type of rechargeable
battery and commonly used for starting automotive engines (Zu & Li, 2011). Among
the rechargeable batteries, Li-ion battery is the fastest growing technology and slowly
taking over the place of lead-based and nickel-based batteries in many applications. The
invention of Li-ion battery has accelerated the growth of battery technology in terms of
energy density from approximately 3 W h kg™ to 5.5 W h kg™ per year (Zu & Li, 2011).
It has high energy density of 100 — 180 W h kg™, which is typically twice of NiMH
(50 W h kg™*) (Suksomboon et al., 2014). Li-ion battery is hazardous because of the

high internal resistance that can cause burning or even explosion if it is shorted



accidentally (Wang et al., 2013). Hence, it needs a protection circuit to limit the voltage
and current. Even though the battery technology is established, there are still some
limitations on the development. As an energy storage device with high energy density,
battery cannot fulfill the requirement in some applications that demand for short-term
power need. Batteries designed for high power need are meant to sacrifice the energy

density. This challenge has led to the growth and development of capacitor.

Due to the fact that the charge storage process of a battery involves redox reactions
while a capacitor relies on electrostatic interaction, the achievable energy density of a
capacitor is relatively lower. Nonetheless, this drawback is counteracted by other
advantages such as long cycle life and good power performance. Nowadays, capacitor
has evolved into ‘supercapacitor’ which can store more energy. Although the energy
density is still considerably lower compared with a battery, the supercapacitor, as a high
power device, can be used complementary with a battery. Supercapacitors are finding
their ways and roles in electronic world. They have been considered to be used in
several applications such as electric vehicle, electric hybrid vehicles, digital cameras,
and digital communication devices (Miller, 2006; Pandolfo & Hollenkamp, 2006). In
order to enhance the performance of a supercapacitor, attention should be focused on

the improvement of energy density.

The electrochemical performance of a supercapacitor is dependent on the electrode
material. Porous carbon, transition metal oxides, and conducting polymers are three
main classes of electrode materials for supercapacitor. Previous studies have shown the
enhancement in performance of supercapacitor since its first introduction (Acerce et al.,
2015; Cuentas Gallegos & Rincén, 2006; Sawangphruk et al., 2012; Vijayakumar et al.,
2013; Xie & Gao, 2007). Manganese oxide, reduced graphite oxide, nickel oxide and

PEDOT: PSS were selected to be studied in this thesis (see Chapter 2 for more details).



This thesis, will therefore focus on the potential applications of these materials as

composite electrodes in supercapacitors.

1.2 Objectives

The objectives of this thesis include

e To prepare and optimise the composite electrodes (reduced graphite
oxide-manganese oxide, manganese-nickel oxide, and manganese oxide-
PEDOT:PSS) in terms of electrodeposition  duration  using

chronopotentiometry method.

e To investigate the effects of electrodeposition duration on the morphologies

and structures of the prepared composite electrodes.

e To evaluate the electrochemical performances of the prepared composite

electrodes.

e To determine the cycle stabilities of the optimised composite electrodes upon

1000 cycles.

1.3 Organisation of the thesis

The structure of this thesis can be summarized as follows.

Chapter 1 describes the motivation to study the electrode material of a supercapacitor,

the objectives of carrying out this work, and the organisation of this thesis.

Chapter 2 focuses on the literature review inclusive of the brief history of the
supercapacitor, energy storage mechanisms, and electrode materials of supercapacitor.

Besides, the technique applied throughout the experiment will be introduced.



Chapter 3 explains the fabrication of composite electrodes. The characterisation

techniques of the electrode materials also discussed in details.

Chapter 4 presents the characterisation results of the reduced graphite
oxide-manganese oxide composite electrode. The electrochemical performance of this

composite electrode is illustrated in this chapter.

Chapter 5 shows the characterisation results and electrochemical performance of the

manganese-nickel oxide composite electrode.

Chapter 6 reports the characterisation results and electrochemical performance of the

manganese oxide-PEDOT: PSS composite electrode.

Chapter 7 summarises and compares the properties and performances of three

composite electrode systems.

Chapter 8 concludes the study of this work and provides the future prospect of this

study.



CHAPTER 2:LITERATURE REVIEW

2.1 Introduction

A capacitor is a two-terminal electrical component that is used to store electrical
energy, Figure 2.1. The amount of charge stored in a capacitor is termed as
‘capacitance’ (C), expressed in the unit of farad, which is abbreviated as ‘F’. Higher
value of capacitance indicates more charge can be stored. The capacitance is dependent
on the construction of a capacitor. According to Equation 2.1, C relies on the surface
area of the conducting plate and the distance between two plates. The larger the surface
area, the higher the capacitance. Besides, smaller gap distance between conducting

plates allows more charge to be held, therefore higher capacitance can be achieved.

Surface area of

. conducting plate, A
Conducting plate

Gap distance between

conducting plates, d -- Dielectric

Conducting plate

Figure 2.1: Basic construction of a capacitor.

C = o >— (2.1)

where &, (in unit of farad per meter) is the relative permittivity of the dielectric, A (in
unit of squared meter) is the surface area of the conducting plate and d (in m)is the gap

distance between the plates.

A capacitor is said to be ‘charged’ when the positive and negative charges
accumulated on each plates separately after the electric field is applied. Both charges

attract to each other but they can never come together due to the presence of dielectric.



The attraction between positive and negative charges creates an electric field between
them. This electric field holds them on the conducting plates. There is a point at where
the plate cannot hold anymore charges, indicating that it has stored charges to the
maximum. This maximum of charge can be stored is termed as ‘capacitance’. On the
other hand, the charge a capacitor is holding during the charging process is determined

by the potential difference between the conducting plates.
Q=CXxV 2.2

where Q is the charge stored in a capacitor (in unit of coulomb) and V (in unit of volt) is

the potential difference between the conducting plates.

Equation 2.2 depicts the relationship between charge stored Q, capacitance C, and
potential difference V. Since the capacitance C is a constant value, we can decide the
charge stored in a capacitor by adjusting the potential applied on it. From this equation,
we can deduce the meaning of ‘farad’. One farad refers to the capacitance of a capacitor
achieved when it stores one coulomb of charge at one volt of potential applied.
Conventional capacitor is rated in picofarad to microfarad range (10™*? to 10°°). When
the capacitance measured falls in the range from farad to kilofarad, the component is
more appropriate to be called as ‘supercapacitor’ or ‘ultracapacitor’.

This is the basic principle behind a capacitor. Next, the brief history and
development of supercapacitor will be explored. This is followed by the energy storage
principles of supercapacitor which lead to the division between electric double layer
capacitor (EDLC) and pseudocapacitor. Next, the electrode materials, electrolyte and
the preparation methods of electrode are reviewed. Since the electrolyte for a
supercapacitor is not the main concern on this work, it will only be briefly explained.
The literature survey will emphasise on the electrode material since it is related to the

energy storage, which is also the primary focus of this work.



2.2 Brief history and development of supercapacitor

Capacitor
I I I
Conventional capacitor Supercapacitor
[ I
[ [ I
Electrostatic Electrical Pseudocapacitor
capacitor double layer
capacitor
Electrolytic (EDLC)
capacitor

Hybrid capacitor

Figure 2.2: Family of capacitor.

The concept of storing electrical energy in the electric double layer formed at
solid/electrolyte interface has been realised since the late of 1800s. In the early of 1950,
General Electric engineers were working on the porous carbon as the electrode for
capacitor. It was not until 1957 that Becker built the first electrical device using the
concept of double layer (Becker, 1957). He was impressed by the high capacitance
value achieved. However, this device was found impractical that both electrodes needed
to be immersed in an electrolyte container. In 1966, Rightmire from Standard Oil
Company of Ohio (SOHIO) had subsequently designed and patented a practical
electrical device which is feasible to date. It was followed by the invention of an
electrolytic capacitor with activated carbon electrodes patented by Boos in 1970. This
technology has developed and assembled into present electrochemical capacitor

technology.

The failure of SOHIO in commercialising the electrochemical capacitor technology
opened an opportunity to Nippon Electric Company (NEC) of Japan who had

successfully obtained the second licence after SOHIO and marketed the “supercapacitor”



(Miller, 2007). After licensing the technology of supercapacitor, NEC had rapidly
developed and led the technology for many years. They introduced FA series in 1978,

FG series, FT series and FC series in 1990s.

After that, the knowledge about supercapacitor has been greatly expanded through
the studies made by Conway. In 1999, he devised the term of “supercapacitor” after
made tremendous efforts in studying ruthenium oxide electrochemical capacitor.
Conway showed that the increased capacitance in supercapacitor is contributed by the
surface redox reactions. He explained that the total capacitance of a supercapacitor is
provided by the partial electrical charge stored in Helmholtz double layer and also the
“pseudocapacitance” resulted from the charge transfer reactions took place between
electrode and electrolyte. Conway also described the working mechanisms of
pseudocapacitor as redox reactions, intercalation, and underpotential adsorption. In
1993, Dr Alexander Ivanov introduced a large electrochemical capacitor, named as
ECOND ‘PsCap’, which could store a large amount of charge (Deshpande, 2015). His
presentation showed that large capacitors were used to start 3000 horsepower diesel
locomotive engines. His achievement indicated a significant step for capacitor

development.
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Figure 2.3: Configuration of (a) electrostatic capacitor and (b) aluminium electrolytic
capacitor.



In overall, capacitor technology has evolved from electrostatic capacitor to
supercapacitor nowadays. Figure 2.2 shows the general categories of capacitor.
Electrostatic capacitor stores charge in the most literal way, that is, accumulates and
holds electrical charges inside the electric field between the conductive electrodes
(Figure 2.3 (a)). The conductive electrodes are separated by a dielectric material or an
insulator. The operating voltage of an electrostatic capacitor relies on the strength of the
dielectric material. Electrostatic capacitor can offer capacitance less than 10 pF g™ and

energy density not more than 0.1 W h kg™ (Zhao et al., 2011).

Electrolytic capacitor has similar cell construction with electrostatic capacitor. The
difference lies in the presence of conductive electrolyte spacer in an electrolytic
capacitor (Sharma & Bhatti, 2010). The capacitance of an electrolytic capacitor is
dependent on electrolyte inside the cell. Typically, it can achieve above 1 uF. This
allows it to be applicable in the power supply and digital circuit. There are two types of
electrolytic capacitor, determined by the materials used: one is aluminium electrolytic

capacitor (Figure 2.3 (b)) and second one is tantalum electrolytic capacitor.

Supercapacitor also known as ultracapacitor and electrochemical capacitor. Although
the names are coined by different manufacturers, they refer to the same product. The
name of ‘supercapacitor’, which will be used throughout this thesis, was firstly utilised
on EC product by NEC. It can be divided into two groups based on charge storage
mechanisms, which will be discussed in the following section. The supercapacitor has
grew from fractions of farads up to hundred farads. This technology still have long way
to go for technical promises. Intense works have been carried out in order to improve
the performance of a supercapacitor, as a stand-alone device or a component used

complementary with batteries.



2.3 Energy storage principles of supercapacitor
2.3.1 Electric double layer capacitor (EDLC)

Electric double layer capacitor (EDLC) is one type of supercapacitor in which its
performance mainly relies on the double layer capacitance. Although it stores charge in
a similar way as a conventional capacitor, an EDLC can nevertheless store significantly

more charge compared to a conventional capacitor.

The concept of double layer was firstly described by Helmholtz in year 1853. He
applied the double layer concept on colloidal suspension by immersing the charged
electrodes into an electrolytic solution. The model explains the charged electrodes
repelled the co-ions while attracted counter ions of the charge on the electrode. This
study is then extended to the surface of metal electrodes. The same phenomenon is
observed, that is the electrolyte ions with same charge of charged metal electrode are
repelled while ions with opposite charge are attracted to the surface of electrode. This
gives rise to the formation of double layer with distance of d. It consists of two layers of
opposite charges and locates at the interface between electrode and electrolyte, as
depicted in Figure 2.4 (a). Helmholtz model proposed that the integral and differential
capacity are identical and constant in value (Srinivasan, 2006). However, this model
was found contradict with the experimental result which showed the differential
capacity varied with potential. This observation has been taken into account by Louis
Georges Gouy and David Chapman, who then formed Gouy-Chapman (G-C) model,

Figure 2.4 (b) (Chapman, 1913; Gouy, 1910).

By considering the thermal motion of electrolyte ions, G-C model introduces diffuse
model of double layer using Maxwell-Boltzmann distribution. This model also reveals
the effects of applied potential and the nature of the electrolyte on the differential

capacity. On the other hand, G-C model assumes the electrolyte ion as a point charge
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and can adsorb limitlessly onto the layer extended from electrode surface. This leads to
the infinitely increase in differential capacity with applied potential, which is in fact

violated to the experimental data.

Helmholtz model was good to represent the interface between electrode and
electrolyte with the condition of very high electrolyte concentration, while G-C model
could best describe the high dilution limit (Madou, 2011). By combining Helmholtz
model and G-C model, Otto Stern had proposed Stern model (Figure 2.4 (c)) (Stern,
1924). This model takes the finite size of an electrolyte ion into account and considers
the presence of two electrolyte ions distribution regions. A so-called ‘Stern layer’, a
compact layer of ions formed adjacent to the electrode surface and they are confined by
outer Helmholtz plane (OHP). Outside this layer, the electrolyte ions are dispersed in

electrolyte, as explained in G-C model.

Stern model was further developed by three groups, Esin and Markov, Grahame and
Devanathan, that led to the introduction of Grahame model (Grahame, 1947). This
model includes a layer consists of dehydrated ions which can specifically adsorbed to
the electrode surface closer than the OHP. This layer is named as inner Helmholtz plane
(IHP). Thus, there are three regions in Grahame model. Both IHP and OHP are narrow
and only in the range of atomic dimension. The diffusion layer is further extended

outside OHP.
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model, (c) Stern model and (d) Bockris, Devanathan, Muller (BDM) model.
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Figure 2.4: Continued.

The specific adsorption is the result of interactions between charged electrode and
ions such as electric field forces, dispersion forces and image forces (Srinivasan, 2006).
In electrochemistry, the aqueous media are always involved. There are solvents with
polar character which can cause the potential drop across the interface between charged
electrode and electrolyte. Besides, solvent concentration is non-negligible since it is
always higher than solute concentration. John Bockris, Devanathan, and Alexander
Mboller have identified the role of solvent in the electrolyte. Thus, they covered the
participation of solvent molecules at the interface, and proposed Bockris, Devanathan,
Mdller (BDM) model (Figure 2.4 (d)) (Bockris, 1963). In this model, the strong
interaction between solvent molecule and charged electrode can cause the fixed
alignment of solvent molecules attached to the electrode surface. These solvent
molecules formed the first layer inside the IHP and oriented strongly to the electric field
depending on the charge. Together with specifically adsorbed ions, small amount of
partially solvated ions appear to be the minority in the IHP. However, solvated ions will
be outside the IHP. On the other hand, the region extend from OHP remains to be a
diffuse zone of ions. As a matter of fact, BDM model has become the most commonly

used model nowadays.
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Figure 2.5: Configuration of electric double layer capacitor (EDLC).

EDLC is the third generation evolution of capacitor after conventional capacitor and
electrolytic capacitor. It uses carbon as the main electrode material along with either
organic or aqueous electrolyte. A basic configuration of EDLC is displayed in Figure
2.5. In EDLC, each electrode/electrolyte interface acts like a capacitor. So, the complete
cell can be considered as two capacitors in series. The cell capacitance (Cce) for a
symmetrical capacitor, with C; and C, represent capacitances of first and second
electrode, is therefore can be expressed as in Equation 2.3. On the other hand, the

double layer capacitance, Cgy, Of single electrode is expressed as Equation 2.4.

1
Ceet1 = C_l + C_z (2.3)
€A
= — 2.4

where ¢ is the dielectric constant, A (in unit of squared meter) is the surface area of the
electrode and T (in unit of meter) is the thickness of double layer.

EDLC’s dependence on electrostatic interaction for charge storage enabling it to
sustain hundreds or thousands cycles for charging and discharging. In reality, a

capacitor encounters internal resistance caused by the electrode, current collector and
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dielectric. By considering this factor, a voltage drop is introduced and the resistances
are designated as equivalent series resistance (Resr). Thus, the maximum electrical
power (P), which is the maximum rate of energy transfer, can be determined

(Equation 2.5).

VZ
P =

(2.5)

2.3.2 Pseudocapacitor

Previous studies about EDLC using carbon electrode had discovered the participation
of pseudocapacitance in the charge storage processes. The contribution of
pseudocapacitance to the total capacitance is small but significant. It is believed to be

caused by the partial charge transfer reactions during chemisorption processes.

In general, pseudocapacitance arises when the reversible redox reactions take place
at the interface between electrode and electrolyte (Augustyn et al., 2014). It can also
occur when the redox reactions are not restrained by solid state ion diffusions, which
lead to the occurrence of reactions near the surface of the electrode. The
pseudocapacitive electrode material exhibits similar electrochemical signature as a
capacitive electrode (Brousse et al., 2015). In other words, the charge stored in a
pseudocapacitive electrode material responds linearly to the potential applied. The main
difference between pseudocapacitance and double layer capacitance lies in the charge
storage mechanism, that is, the charge storage originates from the electron transfer
reactions for pseudocapacitance while double layer capacitance depends on the pure
accumulation of electrolyte ions on the electrode surface. The term of ‘pseudocapacitive’
is more appropriate to be used to describe a single electrode material rather than a
system (Brousse et al., 2015). This is because we cannot speculate the processes

occurred inside a system solely based on the macroscopic behaviour it showed (such as
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the galvanostatic charge-discharge behaviour). For system contains electrode materials
with both kind of Faradaic and non-Faradaic nature, it is more suitable to be described
as ‘hybrid system’ as the resulted electrochemical performance is contributed by both

materials. .

Pseudocapacitance is different from the double layer capacitance that, it is the result
of Faradaic processes which involve the electron transfer across the interface between
electrode and electrolyte while double layer capacitance is electrostatic in nature
(Conway et al., 1997). There are three kinds of pseudocapacitive mechanisms:
underpotential deposition, redox pseudocapacitance and intercalation pseudocapacitance
(Conway, 1999). Underpotential deposition refers to the formation of monolayer
resulted by the adsorption of metal ions on the metal electrode’s surface. Redox
pseudocapacitance is the product of electrochemical adsorption with charge transfer.
Intercalation pseudocapacitance refers to the capacitance contributed by the Faradaic
charge transfer reactions took place along with the intercalation of ions into layers or

tunnels of a redox active material without crystallographic phase change.

Pseudocapacitive materials can be considered as either intrinsic or extrinsic, yet both
of them display the characteristic of capacitive charge storage. As a result of phase
transformation during ion storage, extrinsic pseudocapacitive material such as MoO,
does not display characteristics of capacitive charge storage in bulk state (Kim et al.,
2015). The pseudocapacitance is most likely to show when the material is
nanostructured. On the contrary, intrinsic pseudocapacitive materials such as MnO, and
RuO,.nH,O exhibit pseudocapacitive behaviour in a wide range of particle sizes

(Ardizzone et al., 1990; Toupin et al., 2004; Zheng et al., 1995).
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2.4 Electrode materials for supercapacitor

2.4.1  Carbon

Carbon is one of the most abundant element on Earth. The atoms of carbon can bond
in different manners, thus produce different forms of carbon, namely allotropes. There
are three well-known crystalline allotropes of carbon: graphite, diamond and fullerenes.
They exist as solid under normal conditions. Under normal pressure, carbon presents in
graphite form. Hence, graphite is the most thermodynamic stable form of carbon.
Graphite is layered and planar in structure. The planes inside, namely graphene sheets,
are stacked and loosely bounded by Van der Waals forces with the distance of 0.335 nm.
The carbon atoms are arranged in a honeycomb lattice with separation of 0.142 nm in
the layer (Delhaés, 2000). The stacking faults give rise to the weak disorder in graphite,
leading to the small increase of the interlayer distance. This causes the planes to be

uncorrelated with their neighbours and thus each plane has a main finite size.

At very high pressure, carbon will appear as diamond. Diamond has a tetrahedral
structure: each carbon atom is surrounded by four other carbon atoms at the corner of a
tetrahedron. Compared to graphite which is 2-dimensional in network, diamond has
3-dimensional network with strong covalent sp® bonds. A fullerene has an icosahedral
structure, with 20 hexagonal and 12 pentagonal rings as the basis. The carbon atoms are
bonded to three others. Fullerene is found to present in different forms such as spherical,
tube and ellipsoid. Spherical fullerene is called ‘Buckminsterfullerene’ or ‘Bucky ball’

while cylindrical fullerene is named carbon nanotube.

Most of the carbon materials obtained through carbonisation process. It is a
derivation process using carbon-rich precursors under heat treatment in an inert
atmosphere. The heat treatment is called pyrolysis. Carbonisation is important to

remove non-carbon elements. Different precursors and processing conditions will

17



produce crystallites with different sizes and orientations (Pandolfo & Hollenkamp,
2006). The product remained after carbonization, charring and pyrolysis is called char
(Rodriguez-Reinoso & Molina-Sabio, 1992). In general, char is relatively low in
porosity. It is made up by elementary crystallites with interstices between them. Inside
the interstices, there consists of carbon residues which is lacking of organisation that
can block the pores. Thus, activation process is employed. This process involves
gasification of char using carbon dioxide or steam. It increases the surface area and
porosity of char through various carbon precursor and activation conditions. This results
in different materials and most of them can be generally referred as activated carbon
(AC). AC is the most common electrode material used in commercial EDLC. It is a
non-graphitisable carbon. This means that the carbon precursors of AC undergo
carbonisation in solid-phase. The most general precursors used for AC production are

lignocellulose and coal-based materials.

When the carbon precursors experience high temperature treatment, the
macromolecular system decomposes. The decomposition occurs along with the
evolution of gases and liquids of low molecular weight. The remaining carbon atoms
move in shorter distance within the macromolecular system to gain stability. Thus, the
product preserves the structure of precursor but with lower bulk density. During the
process of evolution of heteroatoms, shifting of carbon atoms and co-bonding of carbon
atoms, the voids are generated and so the porosity is introduced (Marsh & Reinoso,

2006b).

Liquid-phase carbonisation occurs in certain precursors such as graphite and other
graphitisable carbons. They become viscous fluid before carbonisation process. The
molecular carbons fused during carbonisation and formed ordered structure without

porosity (Marsh & Reinoso, 2006a).
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Carbons can be found in the form of powder, fibres and woven cloths with specific
surface area of about 3000 m? g™ (Lokhande et al., 2011). Although carbon behaves
predominantly capacitive in charge storage, there is still pseudocapacitance present
which is contributed by the surface functional groups on activated carbon. The
functional groups participate in the charge-discharge processes and provide

pseudocapacitance.

2.4.2  Graphene

Graphene is a 2-dimensional material with single atomic layer of carbon network at
where the carbon atoms are bonded by sp>-bonding, Figure 2.6 (Geim & Novoselov,
2007). It offers excellent electronic, thermal and mechanical properties. Thus, graphene
is expected to be applied in many technological fields such as supercapacitor, battery
and solar cell. The graphene can be synthesised using various approaches such as
microwave assisted method, chemical/mechanical exfoliation and sonication (Choucair
et al., 2009; Vadukumpully et al., 2009; Wang et al., 2009; Xu et al., 2011). The
chemical reduction process from graphite flakes is another technique to produce
graphene-like material. This kind of materials is more appropriate to be designated as
‘reduced graphene oxide’ because it contains defect resulted from the oxidation and
reduction processes. The low cost and scalable graphite oxide is always used to prepare

reduced graphene oxide for supercapacitor electrodes.

The conventional Hummer’s method can be employed to produce reduced graphene
oxide from graphite. The steps are basically started by preparing the acid intercalation
that causes the oxidation of graphitic flakes, followed by physical agitation to exfoliate
the sheets (Allen et al., 2010). The Hummer’s method has been modified by many
researches in order to increase the quality and quantity of reduced graphene oxide

effectively (Chen et al., 2015; Chen et al., 2013; Huang et al., 2011). Hydrazine was
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once the highly used reducing agent for the graphene oxide. However, it is hazardous in
nature. Hence, greener reducing agents such as sodium nitrate and sodium carbonate are
studied (Chen et al., 2013; Jin et al., 2013). The reduced graphene oxide prepared using
sodium carbonate exhibited 228 F g™ indicating a green and effective chemical

reduction of graphene oxide is achievable.

The key challenge for large scale production of graphene is the aggregation of
graphene sheets caused by the Van der Waals interactions during the synthesis process.
Since the unique properties of graphene are related to the graphene sheets, the

aggregation of graphene sheets is of particular important to get rid of.

Figure 2.6: Hexagonal lattice of graphene.

Compositing with other materials has been shown to be a good way to overcome the
aggregation problems. The composites with metal oxide normally exhibit the
morphology of particles anchoring on the reduced graphene oxide sheets (Song et al.,
2016; Xu et al., 2016a). The studies have illustrated the effectiveness of preventing
aggregations of reduced graphene oxide sheets and also agglomerations of particles.
Some composites such as Ni(OH),-RGO and ZnCo0,04-RGO displayed silk-like
morphology indicating the graphene oxide flakes are remained after the process

(Wang et al., 2016; Zang et al., 2017).
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2.4.3 Transition metal oxides

2.4.3.1 Ruthenium oxide

Ruthenium oxide (RuQy) is the most well-known transition metal oxide to be studied
for its pseudocapacitive properties. It is a promising electrode material which possesses
high value of electrochemical capacitance, in both crystalline and amorphous hydrous

form (Cornell & Simonsson, 1993).

Before the pseudocapacitive properties being discovered, it was mainly studied as
chlorine and oxygen evolving anodes due to its electrocatalytic properties (Burke &
Healy, 1981; Burke & McCarthy, 1984; Burke & Murphy, 1980; Melsheimer & Ziegler,
1988; Trasatti, 1987). It is not until 1971, the cyclic voltammogram of a RuO; film was
found similar to the one of carbon-based EDLCs (Trasatti & Buzzanca, 1971). This has

motivated the efforts to investigate the pseudocapacitance mechanism of RuO,.

At 1995, a high specific capacitance of 720 F g™* achieved by the hydrous ruthenium
oxide was reported (Zheng & Jow, 1995). The value was at least two times higher than
the highest reported value at that time. They believed the high value of specific
capacitance is contributed by the hydrous region within the nanoparticles (Zheng et al.,
1995). Besides, they also proposed another three contributions for high specific
capacitance achieved: (i) electron hopping between electrode material and current
collector, (ii) electron hopping between particles and (iii) electron hopping within
RuOx-nH,0. Since then, RuO,-xH,O has become one of the most promising electrode

material for supercapacitor application.
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Table 2.1: Literature review on RuO,-based electrode.

Preparation method Film properties Specific capacitance Reference
Hydrothermal Hydrous RuO, with MWCNT 1585 F g* (Chaitra et al., 2016)
Facile template method Hydrous RuO; nanotubes 745F gt (Wu et al., 2015)
Cathodic deposition RuO,-CNT with ripple-like morphology 272 mF cm™ (Wang et al., 2015)
Microwave-hydrothermal One dimensional RuO,-1.84H,0 511Fg" (Kim et al., 2015)
Laser scribing method Graphene-RuQO; nanocomposite 1139F g* (Hwang et al., 2015)
Hydrothermal RuO,-graphene 528 F g™ (Leng et al., 2015)
Solution phase assembly RuO,-graphene 479 F g* (Deng et al., 2014)
Successive ionic layer . .
adsorption and reaction PANI-RuO, with nan_opartlcles grown on 664 F g* (Deshmukh et al., 2014)
nanofibers
(SILAR)
Hydrothermal RuO,-reduced graphene oxide (RGO) 521 F g™ (Shen et al., 2013)
Electropolymerls_at_lon and Nanoscopic RuO,-PANI-carbon double shelled 531 F gt (Zhao et al., 2012)
redox deposition hollow spheres
Inkjet printing Single-walled carbon nanotube/RuQO; nanowire 138 F g* (Chen et al., 2010)
Sol-gel and Iow_temperature Hydrous RuO,/graphene with particle-attached 570 F g (Wu et al., 2010)
annealing layered structure
Sacrificial template method Tubular RuO4-nH,0 860 F g (Zhang et al., 2010)
. . 1 (Mondal &
Anodic deposition Porous RuO; 2716 F g Munichandraiah, 2008)
Chemical bath deposition RuO; thin film 50 F g* (Patake & Lokhande,

2008)




Table 2.1 shows the preparations and electrochemical performances of the
RuO,-based electrodes. RuO, was synthesised using different techniques including
hydrothermal, laser scribing, sol-gel and deposition. RuO; film can be easily produced
using deposition method (Mondal & Munichandraiah, 2008; Patake & Lokhande, 2008).
The RuO; film produced through chemical bath deposition formed a smooth structure
while a porous structure was grew when the anodic deposition method was applied. The
porous structure was caused by the oxygen evolution during anodic deposition. It is
essential for ionic transportation. Hence, the RuO, film prepared using anodic
deposition would performed electrochemically better compared to the one synthesized
using chemical bath deposition method. On the other hand, a tubular structure of RuO,
governed by the manganese oxide nanorod which acted as morphology sacrificial
template has been found to exhibit higher specific capacitance (860 F g™) compared
with porous RuO, (Zhang et al., 2010). This may be caused by the higher active surface

area offered by the tubular structure.

RuO; is well known for its high cost. However, this does not prohibit researchers
from studying further about it. In order to reduce its effective cost, RuO, has been
combined with other materials such as MWCNT, CNT, graphene and PANI. Carbon
materials can act as backbone for RuO, particles and offer the conducting pathway for
electrolyte ion. For example, the aggregated RuO, nanoparticles was found distributed
well on the MWCNT. The uniform distribution can be attributed to the oxygen
functionalities grew during the functionalisation of MWCNT (Chaitra et al., 2016). The
enhanced specific capacitance from 604 to 1585 F g™ was believed to be contributed by
easier penetration of ions through hollow structure of MWCNT compared with RuO,
itself. On the other hand, the cathodic deposited CNT on 3D silicone microstructure

presented ripple-like morphology (Wang et al., 2015). The RuO, nanoparticles has
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coated well on CNT and hindered the detachment of CNT from the substrate. This

porous network was strong in binding and successfully improved the ionic conductivity.

Graphene, as a carbon material that has good conductivity (2000 S cm™), is another
material that is widely studied as composite with RuO,. Laser scribing method has been
employed to synthesize RuO,-graphene (Hwang et al., 2015). The RuO, nanoparticles
were dispersed well on graphene sheet. The uniform dispersion of RuO, on graphene
allows the more efficient ionic and electronic transportations. This highly porous
graphene with RuO;, nanoparticles composite has demonstrated a high specific
capacitance of 1139 F g™*. The Van der Waals attractions between graphene sheets that
can bring to restacking is a challenge to overcome when the graphene is employed.
Hence, an optimizing condition is required to prepare RuO,-graphene composite.
Sodium hydroxide (NaOH) was found to be a better precipitant compared with
ammonium carbonate ((NH;)3CO;) and carbamide or urea (Co(NH),) when the
hydrothermal method was used (Leng et al., 2015). Different precipitants can result in
various morphologies. For instance, ((NH4)3CO, has led to the formation of an
inhomogeneous structure with less pores while Co(NH,), produced more homogenous
structure with spherical particles. On the other hand, NaOH formed a veil-like
morphology. The electrochemical test has shown the better performance of
RuO,-graphene composite produced with the aid of NaOH, at where the specific
capacitance achieved was 528 F g™. Although the RuO,-graphene formed without
precipitant also exhibited veil-like morphology, its specific capacitance was only

358 F g™. This shows the importance of a suitable precipitant for hydrothermal method.

Conducting polymer is another material that can be incorporated with RuO,. For
example, RuO,-PANI composite can be fabricated using successive ionic layer

adsorption and reaction (SILAR) (Deshmukh et al., 2014). The RuO, nanoparticles were
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grown on the PANI nanofibers. The combination of RuO, with PANI has led to the
production of more porous structure and thus higher active surface area. In order to
enhance the backbone for electron transportation, carbon material is again a good
candidate to integrate with RuO,-PANI. A double-shelled carbon sphere could combine
first with PANI to form a strong foundation for RuO; (Zhao et al., 2012). However, the
specific capacitance achieved was only 531 Fg™. It is lower compared with the
RuO,-PANI prepared using SILAR method, which is 664 F g™. The difference can be
attributed to the morphologies formed between them. The RuO,-PANI was observed to
have a more porous structure. It is well-known that higher porosity can optimise the
ionic and electronic transportations. Thus, there is no doubt that RuO,-PANI could
achieve higher specific capacitance with its higher porosity structure. From here, the

morphology is shown to be a determining factor for the electrochemical performance.

A composite electrode prepared using repetitive impregnations procedure has
achieved 1000 F g™ of specific capacitance (Barranco et al., 2009). It consisted of a
ruthenium oxide deposited-amorphous carbon nanofibers structure. The composite
electrode showed high porosity of 450 m? g™. The amorphous carbon nanofibers acted
as the backbone for ruthenium oxide and so for charge storage. The repetitive
impregnation method has been compared with impregnation technique involved
Ru(acac); vapour (Pico et al., 2009). The relationship between the particle size of
RuO,-xH,0O and the pore size of carbon support was also investigated. The repetitive
impregnations of carbon with RuCls-0.5H,0 was found to produce particles with less
crystallinity. In other words, the electrode prepared using this method could achieve
higher specific capacitance. Another finding of them revealed the smaller size of
particles compared with the pore size of carbon support could lead to higher specific

capacitance.
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Instead of focusing only on the fabrication of RuO,-based composite due to its high
electrochemical performance, researchers have found alternative transition metal oxide

to replace RuO;-xH,0.

2.4.3.2 Manganese oxide

Due to its relatively low cost and low toxicity compared with a ruthenium oxide,
manganese oxide turns out to be a good replacement for ruthenium oxide. The
manganese (Mn) is abundant in nature and appears in the form of ore and native
metallic nodules. As the neighbour of iron (Fe) in periodic table, the chemical and

physical properties of Mn are found similar to Fe’s.

As a transition metal oxide, manganese oxide has seven oxidation states: Mn(0),
Mn(I1), Mn(ll1), Mn(IV), Mn(V), Mn(VI) and Mn(VII) (Messaoudi et al., 2001).
Similar to ruthenium oxide, the water content in manganese oxide is involved in
electrochemical reactivity and thermodynamic stability of each manganese oxide phases
(Desai et al., 1985; Lee et al., 1999). The theoretical capacity of MnO, is about
1100 C g* based on Faraday’s law (Pang et al., 2000). In other words, the theoretical
specific capacitance of MnO, is around 1100 F g in a potential window of 1 V.
However, most of the reported specific capacitances of MnO,, are still far less than the
theoretical value. Intense studies have been carried out in order to further enhance the
specific capacitance. The common determinant factors for the specific capacitance of
manganese oxide film are: (a) proton transportation through the lattice, (b) conductivity
and (c) microstructure of the film. Since the water content/proton is vital in charge
storage mechanism for manganese oxide film, it is usually prepared using sol-gel
method. There are other techniques can be employed to produce manganese oxide film
and they are displayed in Table 2.2. The manganese oxide film prepared using sol-gel

method exhibited porous structure in general. The film is amorphous in nature but
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crystallinity can be grown by increasing annealing temperature. The morphology of
manganese oxide film can be easily transformed from rod-like structure to cubic-like
structure of Mn3O, after annealed at 300 °C (Davis et al., 2011). However, the grain
growth upon annealing has decreased the surface area. This can affect the total active
area for charge storage. This is clearly shown when the manganese oxide experienced
higher annealing temperature. The increase in crystallinity is more noticeable at higher
annealing temperature. The transformation of MnO, to Mn3O, and then Mn,Os is
always obtained when the annealing temperature exceeded 300 °C (Lin et al., 2007,
Nagarajan et al., 2006). Nonetheless, the more amorphous manganese oxide film has
achieved higher specific capacitance compared to those annealed at higher temperature
(Lin et al., 2007; Sarkar et al., 2015). In order to enhance the electrochemical
performance of manganese oxide film, the combination with other materials is always a
good technique. The addition of meso-carbon microbeads (MCMB) into manganese
oxide film was found to be a good way. Compared with the manganese oxide film
without MCMB (209 F g™), the film added with MCMB has obtained higher specific
capacitance (350 F g™) significantly. This enhancement in charge storage performance
can be attributed to the higher interfacial surface area offered by MCMB particles

(Chen et al., 2009).

Apart from sol-gel method, there are other methods for preparation of manganese
oxide-based films. We can also have different technique to fabricate a similar material.
For example, layered double hydroxide (LDH), an anionic clay represented by the
formula [M?* 1« M*, (OH).J** A%y, -mH,0 where M* is a divalent cation, M** is a
trivalent cation and A” serves as any organic or inorganic anion (Cavani et al., 1991). It
can be prepared using simple electrodeposition method or urea hydrolysis. Both LDHs
showed high specific capacitances in the range of 1000 F g*. However, different

morphologies were obtained due to different preparation method. Electrodeposited
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CoMn-LDH appeared as hexagonal platelets-like morphology while NiMn-LDH
synthesised using urea hydrolysis method showed nanosheets structure (Guo et al., 2016;
Jagadale et al., 2016). Their cycling stabilities were excellent as well. CoMn-LDH
retained around 65 % after 5000 cycles while NiMn-LDH preserved more than 90 %
after 3000 cycles. The similarity between these two LDHs is the employment of nickel
foam as the substrate. The nickel foam is well-known for its good mechanical strength
which offers a strong support for LDH formed. Besides nickel foam, gold substrate
especially nanoporous gold substrate also acts as a good substrate. The manganese
oxide film deposited on the nanoporous gold substrate was grown with porous and
aggregated nanosheets structure (Shi et al., 2017). The film deposited at the same
current density but using gold substrate was observed to have continuous structure with
equiaxed particles. The nanoporous gold substrate has contributed to the
electrochemical performance of the manganese oxide film by providing a higher
specific surface area than gold substrate, hence higher specific capacitance was

expected for former substrate.

Aside from the substrate, the morphology formed also can be governed by the
addition of different materials. The introduction of nickel has transformed a rod-like
structure into a plate-like structure and thus declined the particle size (Wu et al., 2012).
The composite comprised of cobalt and manganese oxide showed a 3-dimensional
network with nanoscale fibers while manganese oxide-graphene exhibited a
nanoparticle-sheet structure (Chang et al., 2008; Lee et al., 2015). The application of
conductive backbone for manganese oxide-based film is found can accomplish the
charge storage mechanism by improving the electronic conductivity. The conductive
backbones that has been widely studied and reported are MWCNT, graphene and

carbon nanofiber (Chen et al., 2016; Hong et al., 2014; Unnikrishnan et al., 2016).
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The ternary composite is another widely studied material. An excellent
electrochemical performance (2525 F g™) has been achieved by Co304-MnO,-NiO
ternary hybrid nanotubes (Singh et al., 2016). It can be attributed to the well-aligned
arrays of nanotubes formed which eases the penetration of electrolyte ions. On the other
hand, Ni(OH),/MnO,/RGO prepared using hydrothermal method also exhibited
1985 F g™* of specific capacitance (Chen et al., 2014). The charge storage was facilitated

by the porous flower-like structure formed.
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Table 2.2: Literature review on manganese oxide-based electrode.

Preparation method Film properties caszi?ti;ir?ce Reference
Anodic deposition Manganese oxide nanostructure grown on nanoporous gold film 432 F g* (Shietal., 2017)
Electrodeposition C0304-Mn0O,-NiO nanotubes 2525 F g (Singh et al., 2016)

Spray pyrolysis Mn30y4 thin film 394 F gt (Yadav et al., 2016)
Urea hydrolysis Nickel-manganese layered double hydroxide 1511 F g™ (Guo et al., 2016)
Electrodeposition Cobalt-manganese layered double hydroxide 1062 Fg* (Jagadale et al., 2016)
Sacrificial reaction Manganese oxide decorated graphene nanosheets 280 F g™ (Unnikrishnan et al., 2016)
Anodic deposition Mn-Ni oxide 250 F g™ (Tahmasebi et al., 2016)
Sol-gel method Manganese oxide/multiwalled carbon nanotubes (MWCNT) 339F g (Chen et al., 2016)
Sol-gel method Manganese oxide film 360 F g™ (Sarkar et al., 2015)
Hydrothermal Mn304-graphene 367Fg* (Lee etal., 2015)
Hydrothermal Ni(OH),-Mn0,-RGO 1985 F g™ (Chen et al., 2014)
Electrospinning Carbon nanofiber-MnO, core-shell tubular structure 237 F g™t (Hong et al., 2014)
Electrospinning Carbon nanofiber-MnO, 311 Fg* (Zhi et al., 2012)
Hydrothermal Nickel-manganese oxide 284 F g (Wu et al., 2012)
Cathodic deposition Manganese oxide thin film 365 F g™ (Liu et al., 2010)
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2.4.3.3 Nickel oxide

Due to its environmental friendliness and natural abundance, nickel oxide is one of
the potential electrode materials to be used in supercapacitor. Nickel oxide has multiple
oxidation states which favour fast redox reactions and thus can contribute in charge
storage processes. Nickel oxide has been widely studied as electrode material for other
applications such as battery, fuel cell, gas sensors and electrochromic films (Mamak et
al., 2001; Michalak et al., 1999; Poizot et al., 2000; Wang et al., 2015). Although nickel
oxide has a high theoretical specific capacitance (3750 F g), it is poor in electronic
conductivity. It cannot sustain in the repetitive charge-discharge processes because it
experiences volume expansion that can destruct the active materials and damage the

electrical contact (Zhuo et al., 2013).

Table 2.3 shows some finding of past studies for nickel oxide-based electrode. Even
without the additional material, nickel oxide was found to exhibit high specific
capacitance of 1337 F g™ (Pei et al., 2016). Solvent was realised to be important in
determining the nickel oxide morphology and electrochemical performance. The
introduction of ethanol into the deionized water has changed the morphology of nickel
oxide gradually. The nanoflakes structure became more fragmented with the higher

volume ratio of ethanol to water.

The nickel foam and carbon cloth are always employed as substrate nowadays due to
their high electrical conductivity and strong mechanical property. The nickel oxide
prepared on nickel foam using hydrothermal method showed specific capacitance of
674 F g* (Huang et al., 2014). On the other hand, the carbon cloth supported nickel
oxide synthesized using chemical bath deposition method displayed 660 F g™
(Zhang et al., 2014). Both nickel oxide films also exhibited high cycling stability.

Nickel oxide on nickel foam retained around 93 % after 5000 cycles while the one
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deposited on carbon cloth has successfully kept 82 % from its initial capacitance after
4000 cycles. The morphologies formed between them are similar: nanosheets or
nanoflakes. Hence, the slight difference in electrochemical performance may attribute to

the substrate used.

Chemical bath deposition can also be used to prepare nickel oxide-based composite.
For example, nickel-cobalt oxyhydroxide on carbon nanotubes ((Ni, Co) OOH/CNT)
has been successfully synthesized using this method (Li et al., 2015). Compared with
the electrode consisted only nickel oxide, this electrode exhibited a good specific
capacitance of 940 F g™, which is higher than the carbon cloth-supported nickel oxide
prepared using same method (660 F g*). This (Ni, Co) OOH-CNT possessed a unique
core-shell structure. The (Ni, Co) OOH nanoflakes are densely attached on the carbon
nanotubes. This special structure allows the easy penetration of electrolyte ions thus

lead to a relatively higher specific capacitance.

By using simple electrodeposition technique, a good specific capacitance of 950 F g™
can be achieved (Zhao et al., 2016). The high specific capacitance is contributed by the
morphology formed and the substrate used is nickel foam. Graphene acts as the strong
binder between nickel oxide and nickel foam that avoids the exfoliation of nickel oxide
from substrate. Without additional material, the electrochemical performance of a nickel
oxide that is directly electrodeposited on substrate is found to be inferior. For example,
the nickel oxide deposited on carbon nanofoam only shows 150 F g* (Della Noce et al.,
2016). The additional material is shown not only acting as the binder, but also guide the

formation of a desired morphology.

Other than chemical bath deposition, hydrothermal, and electrodeposition, the
solvothermal is also a good method for electrode preparation. Ni(OH),-RGO composite

prepared using solvothermal method exhibited 1886 F g™ (Zang et al., 2017). The
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composite has an interconnected porous structure. When PANI was added into nickel
oxide-graphene composite, the surface of composite was covered uniformly by PANI

without changing the morphology significantly (Wu et al., 2016).

Binary oxide of NiCo,0, has been reported with its excellent electrochemical
performance and thus receives worldwide attention. It can be prepared using simple
technique such as co-precipitation or hydrolysis process. NiCo,04-graphene oxide
composite  fabricated using co-precipitation method exhibited 1211 Fg*
(Xu et al., 2016¢). With the aid of sodium dodecyl sulfate (SDS), the morphology of
NiCo0,04-graphene oxide transformed from mesoporous structure to flower-like
structure. On the other hand, NiCo,04-SWCNT prepared using controlled hydrolysis
method showed specific capacitance of 1642 Fg' (Wang et al., 2012). The
water: ethanol ratio was adjusted in order to find out the best composition of solvent for
NiCo0,04-SWCNT electrode. Different water/ethanol ratio led to different morphologies
formed. The water: ethanol ratio of 1: 4 was found out to be the optimal condition to
produce the electrode with better electrochemical performance. The well separated

nanowires structure formed is believed to contribute in the charge transfer reactions.
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Table 2.3: Literature review on nickel oxide-based electrode.

Preparation method

Film properties

Specific

capacitance

Reference

Solvothermal Ni(OH),-RGO 1886 F g™ (Zang et al., 2017)
Hydrothermal and in situ
chemical oxidative Nickel oxide coated graphene-PANI 1409 F g* (Wu et al., 2016)
polymerization
Microwave Nitrogen-doped mesoporous carbo_n-mckel cobalt 2498 F gt (Xu et al., 2016b)
layered double hydroxide
Co-precipitation Nickel cobalt oxide-graphene oxide 1211 F g™ (Xu et al., 2016c)
Hydrothermal NiO nanomaterial 1337Fg* (Pei et al., 2016)
Electrodeposition NiO-RGO 950 F g~ (Zhao et al., 2016)
Anodic deposition NiO, on carbon nanofoam 150 F g* (DeIIaZNO(ig(; etal,
AIterZSgrnc?aXr(l)ltage Nickel oxide quantum dots embedded with graphene 1181 F g* (Jing et al., 2015)
Chemical bath deposition Nickel-cobalt oxyhydroxide/oxide on carbon nanotubes 940F g* (Li et al., 2015)
Chemical bath deposition NiO nanoflake/carbon cloth 660 F g (Zhang et al., 2014)
Hydrothermal NiO nanosheets on Ni foam 674F g" (Huang et al., 2014)
Electrodeposition Manganese-nickel oxide film on graphite sheet 424F g (Lee et al., 2014)
Electrodeposition Nickel-cobalt hydroxide coated on NiC0,0, 2.17 Fcm™ (Huang et al., 2013)
Controlpltragcxgrolysw NiCo0,0,-single wall carbon nanotubes (SWCNT) 1642 F g* (Wang et al., 2012)
Chemlc;ar:eritr]%(;lpltatlon Porous nickel oxide-mesoporous carbon 2570 Fg* (Zhang et al., 2010)
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244  PEDOT: PSS (Conducting polymer)

Conducting polymer is a subset of organic polymer that shows conducting or
semiconducting properties. Its conductivity is offered by the IT electron delocalisation
along the polymer backbone in its conjugated bond system. In other words, polymer has
alternating single and double bond allowing the electron to freely move from one end to

another. This provides a unique optical and electrical properties for the polymer.

Polymer was once considered as electrically insulating material. In 1963, B. Bolto et
al. had found out that the behaviour of polymer similar to semiconductor when they
studied about the electronic properties of polypyrrole (Bolto et al., 1963). Only until
1977, the semiconducting properties of polymer was finally revealed through the doping
process which occurred accidentally (Shirakawa et al., 1977). It is now known that, the
process of doping has converted the insulating polymer into an ionic complex. This
ionic complex is composed of a polymeric cation (or anion) and a counterion. The
counterion can be the oxidised form of a reducing agent, or the reduced form of an
oxidising agent. The usage of a reducing agent is known as n-type doping, while that of
an oxidising agent is referred as p-type doping. The charging processes during the n-

and p-type doping are shown as Equation 2.6 and Equation 2.7 (Snook et al., 2011).

CP +ne” - (C*),, CP™™ (2.6)

CP - CP™" (A7), + ne” (2.7)

In general, the synthesis of polymer starts with the polymerisation of monomer to
form oligomer which is low in molecular weight. Next, the oligomer goes through
oxidation at potentials lower than the monomer’s oxidation potential to produce
polymer. Typically, there are two approaches to synthesise conducting polymer, namely

chemical polymerisation and electrochemical polymerisation. Chemical polymerisation
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involves chemical oxidants such as ferric chloride, ferric nitrate and ammonium
persulfate during the oxidation process (Frackowiak et al., 2006; Jurewicz et al., 2001;
Lee et al., 2011). The resulted conducting polymers show high conductivity and good
stability in aqueous solution (Peng et al., 2008). In the case of electrochemical
polymerisation, it is always carried out in three-electrode configuration that consists of
working, counter and reference electrodes. The monomer solution acts as the electrolyte.
A potential applied at the working electrode allowing the oxidation to occur and the
resulted polymer will be electrodeposited on the electrode (Gurunathan et al., 1999;

Peng et al., 2007).

Due to its wide conductivity range and flexibility, conducting polymer turns out to be
a potential electrode material for energy storage system. Polyaniline, polypyrrole and
derivatives of polythiophene are the most widely studied conducting polymers as the
electrode materials for supercapacitor (Frackowiak et al., 2006; Khomenko et al., 2005;
Lota et al., 2004). Conducting polymer undergoes fast redox reactions in the bulk of the
material to provide capacitive response and charge storage. The advantages possessed
by conducting polymer are sufficient to counteract its drawback, which is the low rate
of charge-discharge. The low rate of charge-discharge is caused by the slow diffusion of
ions within the bulk of conducting polymer. However, conducting polymer-based
electrodes can be modified and designed into desired nanostructures for maximum
capacity uptake. This has led to the intense studies on the nanostructured conducting

polymer (Shi et al., 2015; Yin & Zheng, 2012).

Poly (3, 4-ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT: PSS) is a water
soluble conducting polymer and can disperse nanomaterials in water (Hou et al., 2010).
It contains a conducting polythiophene derivative that is bound to a PSS polyanion

electrostatically. Hence, PEDOT: PSS has high stability, high flexibility and high
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electrical conductivity. A uniform and well-connected PEDOT: PSS film can be easily
prepared using spin coating technique (Cheng et al., 2016). Besides, spray deposition
integrated with secondary doping treatment also could produce a high quality of

PEDOT: PSS film (Higgins & Coleman, 2015).

Due to its high conductivity, PEDOT: PSS can be combined with metal oxides such
as manganese oxide in order to overcome their poor conductivity. PEDOT: PSS-MnO,
composite electrode prepared using freeze drying method showed structure with
interconnected macropores and exhibited 1068 F g (Ranjusha et al., 2014). Without
manganese oxide, PEDOT: PSS film was revealed as a smooth surface. The addition of
manganese oxide increased the roughness of the film. However, the sponginess was lost
when the amount of manganese oxide exceeded 10 wt. %. Hence, an optimal amount of
manganese oxide needs to be considered in order to produce a PEDOT: PSS-manganese
oxide film. Other than manganese oxide, nickel oxide and cobalt oxide are also potential
metal oxides to be combined with PEDOT: PSS. A ternary oxide of manganese, nickel
and cobalt was found to have poor conductivity although the electrochemical
performance was improved. Compositing this ternary oxide with PEDOT: PSS was
proven to increase the conductivity (Yin et al.,, 2016). This composite electrode
exhibited a good specific capacitance of 1234 F g* which is higher than the
manganese-nickel-cobalt ternary oxide (638 F g™) prepared using hydrothermal method

(Lietal., 2014).

Another common material to be combined with PEDOT: PSS is carbon material for
example reduced graphene oxide, multi-walled carbon nanotubes (MWCNT) and
single-walled carbon nanotubes (SWCNT). A RGO-PEDOT: PSS film presented high
flexibility and conductivity. It can be bent and rolled while maintaining its

electrochemical performance (Liu et al., 2015). The addition of PEDOT: PSS has
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prevented the restacking of graphene sheets and thus increased the active surface area.
A composite consisted of MWCNT and PEDOT: PSS prepared using ‘dip and dry’
technique possessed a structure of PEDOT: PSS wrapped on the MWCNT (Karade &
Sankapal, 2016). This structure retained the mesoporous network of MWCNT and
increased the surface area at the same time. Another PEDOT: PSS-MWCNT composite
fabricated directly from electrochemical polymerization showed a 3-dimensional porous
microstructure (Zhou et al., 2015). The bundles of MWCNT were found to be
encapsulated by the PEDOT: PSS and formed the porous structure. On the other hand,
the PEDOT: PSS-SWCNT composite also displayed a similar morphology although

different methods were employed (Antiohos et al., 2011).
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Table 2.4: Literature review on PEDOT: PSS-based electrode.

Preparation method

Film properties

Specific capacitance

Reference

Dip coating and

< Ag-doped PEDOT: PSS/PANI 643F g* (Patil et al., 2016)
electrodeposition
Spin coating PEDOT: PSS film 28Fg* (Cheng et al., 2016)
Solvothermal Ni-Mn-Co ternary oxide-PEDOT: PSS 1234F g™ (Yinetal., 2016)
Dip and dry coating PEDOT: PSS encapsulated MWCNT 235 F gt (Karade & Sankapal,
technique 2016)
Spin coating and vapour PEDOT: PSS-MnO,-PEDOT 391 F cm™ (Chen et al., 2016)
phase polymerization
Reflux PEDOT: PSS-NiFe;04-RGO 1090 F g™ (Hareesh et al., 2016)
Bar-coating method RGO-PEDOT: PSS 448 mF cm™ (Liu et al., 2015)
Screen printing RuO,-PEDOT: PSS/RGO 820F g™~ (Cho et al., 2015)
Spray deposited PEDOT: PSS film 41 Fcm® (ngglnsécc)?ié:)oleman,
Electrochemical MWCNT-PEDOT: PSS 98 mF cm2 (Zhou et al., 2015)
polymerization
Hydrf:;:;“g“ and MnO,-RGO-PEDOT: PSS 169 F g* (Yan et al., 2014)
Freeze drying MnO, embedded PEDOT: PSS 1068 F g* (Ram;(s)?z)et al.,
Sonication and heating PEDOT: PSS-SWCNT 133 F g (A”“ggfi)et al.,
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From the studies above, we realised the preparation methods applied are usually
hydrothermal although there are many other ways to be employed. In early days,
researchers adopted conventional method for electrode preparation. This method
involves the mixing of active material, binder (such as carbon black, nafion and PVDF)
and additives with an organic solvent to form a slurry. The slurry is then coated on a
current collector followed by a heat treatment. However, this method can bring about
the electrical contact resistance between current collector and electrode material.
Consequently, electronic and ionic transportation are hindered. In order to minimise the
contact resistance, electrode materials are more likely to be synthesised directly onto the
substrate nowadays. This can result in better electrochemical performance and therefore

higher specific capacitance.

In this study, electrodeposition method is applied throughout the experiments. The

details of electrodeposition technique will be discussed in Section 2.6.

2.5 Electrolyte

As one part of a supercapacitor, the electrolyte located inside the separator or in
between active material, also play an important role in electrochemical performance.
There are certain requirements for an electrolyte to be used in supercapacitor system
such as high electrochemical stability, wide potential window and low resistivity (Wang
et al.,, 2012). In general, there are three types of electrolyte can be used in

supercapacitor: aqueous electrolyte, organic electrolyte, and ionic liquids.

Typically, aqueous electrolyte offers higher capacitance for the supercapacitor
compared with the organic electrolyte because the former has a higher ionic
concentration. For metal oxide-based electrode, since the participation of electrolyte
cations other than proton is noticed during the charge storage process, the choice for

electrolyte has expanded into the usage of mild electrolyte from the concentrated H,SO,4
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(Lee et al., 1999). One of the advantages of using aqueous electrolyte is that, it can be
prepared and used easily without any special treatments or conditions. However,
aqueous electrolyte has a narrow potential window. Due to the decomposition potential
of water (1.23 V) and some kinetic factors, the practical upper operating voltage of
aqueous electrolyte is about 1.4V (Conway et al., 1997). Although the operating
voltage of organic electrolyte is higher (3.5 V or more), the low conductivity affects the
power performance of a supercapacitor (Conway, 1999). Examples of organic
electrolytes are propylene carbonate (PC) and acetonitrile. Compared with acetonitrile,

PC is more environmental benign.

lonic liquid (IL) is a molten salt. More accurately, it refers to the salt that melts
below 100 °C (Ohno & Fukumoto, 2008). For those melt at room temperature, it is
more appropriate to be called as ‘room temperature ionic liquids’. Ionic liquid has
unique properties for instance non-flammability, high chemical stability and low vapour
pressure. The properties of ionic liquid are strongly relied on the type of anion and
cation. Among the ionic liquids, imidazolium, pyrrolidinium and aliphatic quaternary
ammonium salts are the most widely studied IL for supercapacitor application (Mousavi
et al., 2016; Sato et al., 2004). ILs offer a wide potential window. For instance, a
mixture of N-methyl-N-propylpiperidinium bis(fluorosulfonyl)imide (PIP13-FSI) and
N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (PYR14-FSI) provide wide
potential window up to 3.5V (Tsai et al., 2013). However, a wide potential window
does not promise a higher specific capacitance. In a study comparing the
electrochemical performances of the reduced graphene oxide in aqueous and IL-based
electrolytes, it has exhibited higher specific capacitance in H,SO, (348 F g™) compared
with the wvalue of 158Fg® achieved in 1-butyl-3-methylimidazolium
hexafluorophosphate (BMIPFg) (Chen et al., 2011). Nevertheless, wider potential

window recommends higher power and energy density. For example, although the
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smaller anion of BF4 in BMIBF, provided better ionic transportation, its lower potential
window of 3 V has limited its power density when it was compared with BMIPFg which
has 4V of potential window (Chen et al., 2012). However, the toxicity and the
flammability of ILs when they are used near heat sources are still the challenges for

commercialization (Fox et al., 2008; Liaw et al., 2012).

2.6 Electrodeposition

Electrochemical deposition, or electrodeposition for short, is the production of film
resulted from the oxidation/reduction of dissolved species in a solution. As this
technique allows the synthesis of a metal oxide, alloy, and nanostructured material with

good control in thickness, it has been widely employed in industry for coating purpose.

At standard conditions of pressure, temperature and concentration the oxidation and
reduction rates are equal. This brings about the standard electrode potential. The
electrode potential E can be related to the standard electrode potential through the
Nernst equation (Equation 2.8):

E=E° +Eln 0]
nF  [red]

(2.8)

where R = standard gas constant (~8.31 J K* mol™),
T = absolute temperature (K),
n = number of electrons transferred,

F = Faraday constant, 9.648 x 10* C mol™.

When the electrode potential is made relatively more negative to the standard
reduction potential, the rate of electron transfer of the reduction process increases thus

leads to the increases in the reduction current.
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2.6.1 General principle of electrodeposition

Faraday’s Law of electrolysis is the basic of electrodeposition which relates time,
current flow and equivalent weight of the metal with the weight of deposit. It allows us
to estimate the weight deposited on a working electrode since the weight of deposit is
proportional to the number of moles of electrons transferred while It represents the total
charge required for the process. Equation 2.9 shows the relationship between all related
parameters:

- LtEq

F (2.9)

where W = weight of deposit (g)
I = current flow (A)
t =time (s)
Eq = equivalent weight of deposit

F = Faraday constant, 9.648 x 10* C mol™.

In general, the principle of electrodeposition is simple. It is originated from the
oxidation or reduction of the species in a solution. When the reduction occurs, the
consumption of active species at the working electrode induces the formation of
concentration gradient outside the electrode surface. The random movement of ions
down a concentration gradient in order to equalise the concentration difference is
termed as diffusion. If the solution is left unstirred, the diffusion layer will extend into
the solution. As a result, thermal and vibration movement can participate the mass
transfer processes. It is then can be deduced that, the current is limited either by the
kinetics of the electrode reactions or by the mass transfer of species towards the
electrode surface. The electron transfer reaction can be simplified as O + ne” = R where

‘O’ represents the reactant in the electrolyte while ‘R’ indicates the product after
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reactions. Before the current is applied, there is an initial potential (open circuit
potential). The concentration of ‘O’ at the electrode surface is the same as in the bulk of
the electrolyte. Once the reducing current applied causes the reduction of ‘O’ to ‘R’, the
surface concentration of ‘O’ starts to decrease and thus results in the gradient of
concentration between the electrode surface and bulk electrolyte. More ‘O’ diffuses
from bulk electrolyte to the electrode surface in order to maintain the applied current
until the surface concentration of ‘O’ is depleted. Since the applied current can no
longer be supported by this electron transfer reaction, the potential changes to another

redox potential for next electron transfer reaction.

2.7 Summary
e This chapter starts with the basis of a capacitor from general principles to
important related variables such as capacitance, potential difference and

charge.

e The history and development of capacitor from electrolytic capacitor to
supercapacitor are presented. The supercapacitor is classified into two groups
based on two different charge storage mechanisms: electric double layer
capacitor (EDLC) and pseudocapacitor. EDLC depends on the electrostatic
interaction between charges for storage purpose while pseudocapacitor relies

on the redox reactions or charge transfer reactions.

e The evolution of double layer concept is presented. From early Helmholtz
model, the concept of double layer has been slowly developed through
Gouy-Chapman model, Stern model, Grahame model and Bockris,

Devanathan, Miller (BDM) model.
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This chapter is then continued with the detailed introduction of
pseudocapacitor. The difference between EDLC and pseudocapacitor is

shown.

As the determinant factor for specific capacitance, the electrode materials
studied for supercapacitor application are introduced. The carbon material is
the main electrode material for an EDLC while transition metal oxide or
conducting polymer is employed in a pseudocapacitor. The combination of
carbon material with either transition metal oxide or conducting polymer

leads to the formation of a hybrid capacitor.

Since this thesis mainly focus on transition metal oxide-based electrode
materials, several types of transition metal oxides (ruthenium oxide,
manganese oxide and nickel oxide) are reviewed. Besides, the graphene, as
the carbon material along with PEDOT: PSS as the conducting polymer are

reviewed as well.

As one part of a supercapacitor, the electrolytes such as organic, aqueous and

ionic liquid are explained in brief.

The general principle of electrodeposition is introduced briefly in the last

section.

The next chapter will elaborate the general application of electrodeposition and the

preparations of three electrodes with different combinations of materials. The fabricated

electrodes are examined by field emission scanning electron microscopy (FESEM),

transmission electron microscopy (TEM) and X-ray diffraction (XRD). Thre

electrochemical performance of the electrode is characterised cyclic voltammetry (CV),

galvanostatic charge-discharge (GCD) and frequency response analysis (FRA).
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CHAPTER 3: EXPERIMENTAL METHOD
3.1 Introduction

There are three main sections in this chapter. The first one is about some details of
electrodeposition, which is the technique employed for electrode preparation throughout
the thesis. After that, materials used will be presented followed by the preparation of the
composite electrodes. Once the composite electrodes is prepared, they will be subjected
to few characterisations. The details about each characterisation techniques will be
evaluated in the third section.

The occurrence of electrodeposition in an aqueous solution relies on the oxidation or
reduction of the active species inside a solution. The electrodeposition can happen in
either oxidizing condition or reducing condition in the solution depending on the
composition of deposition electrolyte. For electrodeposition of metal oxide, it is mostly

carried out in an alkaline solution with metal complexes inside.

Generally, there are two kinds of electrodeposition techniques: constant potential and
constant current. Constant potential technique controls the potential of the working
electrode while the current is the measured parameter. On the other hand, the constant
current technique measures the potential of the working electrode while controlling the
current flows. The advantage of using constant current technique is that, the ohmic drop,
which is the product of current and solution resistance, remains constant. Hence, it can
be corrected by a constant potential offset. Chronopotentiometry is one of the constant
current techniques. It has been applied to investigate the adsorption behaviour of
electroactive species on the electrode surface in the early days (Anson, 1961; Herman &
Bard, 1963). In chronopotentiometry, the current steps from zero to some finite values
instantaneously. The measured potential is changed due to the ohmic drop once the

current is applied. In addition, the solution is unstirred throughout the experiment.
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The advantages of using electrodeposition technique are: (a) it can be carried out at
low temperature and atmospheric pressure, (b) it does not produce side product, (c) the
experimental setup is simple and (d) the film properties can be controlled by varying the
experimental conditions such as concentration of the deposition electrolyte, applied

electrical conditions and solvent.

3.2 Composite electrode preparation

In general, all composite electrodes were prepared using electrodeposition method.
The electrodeposition was carried out using chronopotentiometry technique with a
constant current density (2 mA cm®) in two-electrode configurations. This current
density is chosen because higher current density at 3 mA cm?and above can cause over
oxidation of manganese ions while the stabilizing current density is found occurred
around 1 mA cm™ (Shinomiya et al., 2006). The stainless steel and carbon rod were
acted as working electrode and counter electrode respectively. The electrodeposition
duration was the variable parameter. The weight of the deposited composite film was
estimated using CPA Analytical Balance CPA225D. On the other hand, the post-heating
temperatures were different for each composite electrode systems. The details were

specified accordingly in the following section.

3.2.1 Reduced graphite oxide-manganese oxide

The reduced graphite oxide was prepared using simplified Hummer’s method
(Huang et al., 2011). Since the detailed explanation was shown in the literature, we only
demonstrated procedures here. Firstly, 3 g of graphite flakes is added into a solution
consisted of 360 mL of H,SO4 and 40 mL of HiPO,. After the colour of solution
changed to black, 18 g of KMnO,4 was added gradually. This solution was left stirring
for 3 days. The solution was noticed to be appeared in dark brown after 3 days.

30 % H,0, was added into the solution until the colour of solution changed to light
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yellow. Then, the stirring was stopped and the solution was left for one day. After
settled down, the solution was centrifuged at 7000 rpm in order to separate out the
excess acid. The second stage of centrifugation was carried out with the addition of HCI
at 7000 rpm. At last, the solution was centrifuged with deionised water at 11500 rpm.
The product here is termed as graphite oxide. The graphite oxide was then reduced
using L-ascorbic acid as evaluated in other literature (Zhang et al., 2010). The final
product was mixed with 0.01 M Mn(CH3COQ),-4H,0O and acted as electrolyte for

electrodeposition.

The electrodeposition durations studied for reduced graphite oxide-manganese oxide
composite electrode were: 10, 13, 15 and 18 mins. The samples for this system were
designated as ‘RM’ and this name was used throughout the thesis. The names for each
electrodes were tabulated in Table 3.1. The electrodes were rinsed with distilled water
and heated at 100 °C for 3 hours before undergo any characterisations.

Table 3.1: Name of samples in reduced graphite oxide-manganese oxide composite
electrode system.

Electrodeposition duration, t / mins Name of sample
10 RM 10
13 RM 13
15 RM 15
18 RM 18

3.2.2  Manganese-nickel oxide

The electrolyte for electrodeposition of second system, which is manganese-nickel
oxide composite electrode was composed of 0.01 M Mn (CH3COO),-4H,0,
0.25 M Ni (CH3C0O0Q);,-4H,0 and 0.8 M H,SO,4. The electrodeposition duration was
varied to be 10, 13, 15 and 18 mins. The details of the name given for this system are
given in Table 3.2. After the as-prepared electrode was rinsed with distilled water, it

was heated at 300 °C for 6 hours.
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Table 3.2: Designation of samples for manganese-nickel oxide composite electrode
system.

Electrodeposition duration, t / mins Name of sample
10 MN 10
13 MN 13
15 MN 15
18 MN 18

3.2.3 Manganese oxide-PEDOT: PSS

The electrodeposition was carried out in an electrolyte consisted of
0.01 M Mn (CH3C00);,-4H,0 and 1 mL PEDOT: PSS. The deposited film in this
system was found weak in adhesion for longer electrodeposition duration such as
10 mins. Hence, the electrodeposition was achieved in a relatively shorter duration
compared with former two composite electrode systems. The electrodeposition
durations for this system were 10, 20, 30, 40, and 50 seconds. The electrode was rinsed
with distilled water followed by post-heating at 60 °C for 1 hour. The description of
samples for this system was given in Table 3.3.

Table 3.3: Sample names for manganese oxide-PEDOT: PSS composite electrode
system.

Electrodeposition duration, t/s Name of sample
10 MP 10
20 MP 20
30 MP 30
40 MP 40
50 MP 50
3.3 List of chemicals and materials

Materials and chemicals utilised for electrode preparations were mentioned concisely
in the previous sections. In Table 3.4, the details of manufacturer and specification for

each chemicals are shown.
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Table 3.4: Information of chemicals and materials in the experiment.

Chemical/ Material Manufacturer Details
. Nippon Graphite . AR
Graphite flakes Industries, Ltd Model: CB-100
Potassium permanganate Bendosen Assay: min. 99 %
L-ascorbic acid UNILAB Assay: min. 99 %
L Friendemann
Sulphuric acid Schmidt 95-97 %
Friendemann Grade: AR
Ortho-Phosphoric acid . Assay (acidicmetric): min
Schmidt
85 %
Friendemann Gradef 4R
Hydrogen peroxide . Assay (permanganometric):
Schmidt :
min. 30 %
Hydrochloric acid UNIVAR Assay: 36 % w/w min
Manganese (1) acetate Assay: > 99.0 % (KT)
Fluka
tetrahydrate
Nickel (I1) acetate Assay: > 99.0 % (KT)
Fluka
tetrahydrate
Poly (3, 4- High-conductivity grade
ethylenedioxythiophene): Sigma-Aldrich 1.1 % in H,O
polystyrenesulfonate

34 Characterisations
34.1 Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy (FESEM) is used to visualise the
topographical and elemental information of a sample. It allows us to examine the
structure of material in nanometer scale resolution. FESEM was utilised to observe the

morphology of the composite electrode in this thesis.

The FESEM instrument used was Jeol JSM-7600F field emission scanning electron
microscopy. A High Power Optics irradiation system is adopted to carry out high
accuracy, high resolution and high speed of elemental analysis. The composite electrode
was cut into desired size to fit the specimen stub. The morphology of composite

electrode was observed under different magnifications such as 50k, 100k and 200k.
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3.4.2 Transmission electron microscopy (TEM)

The working principle of a transmission electron microscopy (TEM) is similar to a
light microscope. Instead of light, TEM makes use of electron during the inspection on
microstructure of material. Due to the much smaller wavelength of electron compared
with light, the optimal resolution achievable by a TEM is better than a light microscope.

In other words, TEM is able to uncover the finest details of microstructure.

The TEM instrument used was Jeol-2100F transmission electron microscopy. The
composite film was scraped from the substrate (stainless steel). In order to make the
scrap thinner, it was taken for sonication. It is important to remember that, TEM sample
must be thin enough in order to transmit adequate electrons for image formation with
minimum energy loss. TEM measurement was carried out in different magnifications

for example 5k, 20k and 40k.

3.4.3  X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive analytical method to inspect material
properties such as structure, phase composition and texture. In this work, it is used to
detect the changes in properties of the composite electrode with various
electrodeposition durations. Since different post-heating temperature is applied for each
composite electrode, the impact of post-heating temperature on the structure of material

can be identified.

The XRD instrument used in this work was D8-advance X-ray diffraction XRD
Bruker AXS with monochromatised radiation of CuK,. The operating voltage and
current were 40 kV and 40 mA respectively. Due to the strong reflection peaks of
stainless steel, the composite film was scraped from the stainless steel for XRD

measurement in this work. The scrape-off film did not receive any extra treatment
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before the measurement. The XRD result was displayed in the plot of scattered intensity

versus Bragg angle 26. The measurement was recorded from 26 of 5° to 80°.

3.4.4  Electrochemical tests
3.4.4.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is an electroanalytical technique employed to investigate
the electrochemical reactions. It allows us to observe the redox behaviour in a given
potential range. At the same time, it provides information about the kinetics of

heterogeneous electron transfer reactions and adsorption processes.

CV contains an electrolytic cell, a current-to-voltage converter, a potentiostat and a
data acquisition system. The electrolytic cell is made up of working electrode, counter
electrode and reference electrode. The potential applied on the working electrode is
varied linearly with time, with the assistance from reference electrode in maintaining
the potential to be constant. The electricity from the signal source is conducted between

counter electrode and working electrode.

Forward scan d

Reverse scan

Potential, V/ V vs. Reference electrode

Time, t/s

Figure 3.1: Excitation signal of CV.
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In CV, a potential is applied on the working electrode, which is immersed in an
unstirred electrolyte, and the current response is measured. In order to maintain a
constant potential, the potential of the working electrode is measured against a reference
electrode such as Ag/AgCI reference electrode and saturated calomel electrode (SCE).
This gives rise to an excitation signal as shown in Figure 3.1. During the forward scan,
the potential starts at a given potential value and ends at another desired potential value.
The potential extrema b is called the switching potential. This is where the potential is
adequate for oxidation or reduction to occur. The reverse scan starts from b to c. This
cycle is repeatable with various scan rates. The scan rate is given by the slope of the

excitation signal (Kissinger & Heineman, 1983).

Current, | / pA

Epc

Potential, V/ V vs. Reference electrode

Figure 3.2: A typical cyclic voltammogram.

The result is in the form of cycle between potential and current, with potential on
x-axis while current response on y-axis. The general form of cyclic voltammogram is
shown Figure 3.2. The important parameters for CV are anodic peak potential Epa,
anodic peak current ip,, cathodic peak potential E,c and cathodic peak current iy The

peak potentials, Epa and E,c can be directly read from the voltammogram. For estimation
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of peak current values, ipand ip, an extrapolation of the baseline current is needed as

shown in Figure 3.2.

The voltammetric charge integrated from the positive and negative sweep of cyclic
voltammetry curve is directly related to the electroactive sites of redox reactions. This
can be used to estimate the specific capacitance (Csp,) of the electrode, as shown in
Equation 3.1, with Q as the voltammetric charge, v is the scan rate and m is the mass

loading of composite film.

Q

Co = G
I

Cr = Tm (32)

The asymmetrical shape of cyclic voltammetry curve has to be taken into
consideration that the sum of anodic and cathodic voltammetric charges are replaced by

the integral area of cyclic voltammetry curve I, as shown in Equation 3.2.

In this work, the CV measurement is carried out in a three-electrode configuration,
where the composite electrode acted as the working electrode, platinum, and Ag/AgCl
electrode are used to serve as the counter electrode and reference electrode respectively.
Different scan rates (1, 5, 10, 15 and 20 mV s™) are applying on the system and the

corresponding electrochemical behaviour is studied.
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3.4.4.2 Galvanostatic charge-discharge (GCD)

t Vdrop
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Figure 3.3: GCD plots of (a) EDLC and (b) pseudocapacitive materials.

Galvanostatic charge-discharge (GCD) is a standard technique used to test the
performances of the energy storage devices such as battery and supercapacitor. In
industry field, it is mainly applied for cycle stability test. The measurement is carried
out at constant current until a desired voltage is reached. A repeating loop of charging
and discharging is called a cycle. Figure 3.3 displays the GCD plots of EDLC and
pseudocapacitive materials. EDLC shows linearity during charge-discharge while
pseudocapacitive material exhibits non-linearity due to the redox reactions. In the
beginning of discharging process, there is a voltage drop caused by the internal
resistance of the device. It can be expressed as in Equation 3.3.

Vdrop
i

R = (3.3)

The specific capacitance Cgcp can be estimated using discharging curve of GCD, as
shown in Equation 3.4. The Cgcp obtained can be used to evaluate the specific energy

E and specific power P as expressed in Equation 3.5 and Equation 3.6 respectively.

55



i At

= 3.4
Cae m-AV (34
1
E = 2 Cocp(AV)? (3.9)
I AV
p= (3.6)
m

Where i/m represents the current density (A g™), m is the weight of the composite
electrode, Aty is the discharging time, AV is the potential difference of discharge, E is

the energy density (W h kg™) and P is the power density (W kg™).

3.4.4.3 Frequency response analysis (FRA)

FRA allows us to explore the electrode structure, especially the interface between
electrode and electrolyte. This can be done by investigating the alternating current
generated in response to the alternating voltage applied on the electrode. The results
obtained are the impedance behaviours as a function of frequency where o = 277f. The
resulting impedance behaviour is displayed as a Nyquist plot. It is a plot containing
imaginary impedance (Z’’) versus real impedance (Z’), which are the resolved
components of |Z| as a function of voltage. Each point on the plot is reacted

correspondingly to the frequency applied.

In Figure 3.4, when a sinusoidal signal with small amplitude and fixed voltage of Vs
is imposed on the voltage V of a system, the angular frequencies @ of the sinusoidal
signal are carried out (Taberna & Simon, 2013). The resulting signal of current 1 is then
measured. The linear relationship between | and V is remained when the signal is
sufficiently small. It can be expressed as V = 1Z. This equation is similar to Ohm’s law,
instead of resistance R, the impedance Z is used here. The frequency dependent | and V
are shown as Equation 3.7 and Equation 3.8 respectively. The expression of

impedance Z (w) is shown as Equation 3.9, resulted from the ratio of V (w) over | (w).
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Figure 3.4: Stationary polarisation curve (black bold line). The measurement of
resulting current when a sinusoidal voltage is imposed over a steady voltage.

V(w) = SV eiet (3.8)
V... 8V
Z (o) = 55 e /% = 5 (cos® —jsin@) =7’ +jz" (3.9)

where 4l is amplitude of current signal, 6V is amplitude of voltage signal, t is time and

¢ is phase angle.

By using FRA, the capacitance as a function of frequency can be known from the
imaginary component of the response, Z’’ since Z’’ = 1/jwC. Besides, the complex
nature of the electrode/electrolyte interface can be interpreted. The observed frequency
response can be fitted with an expected equivalent circuit model consisting of some
simple elements. The most basic elements for the equivalent circuit are ohmic resistance
component, R and pure capacitance component, C. The R is frequency independent,
Z’ =R with zero phase angle. The C has an imaginary impedance which is frequency

dependent, Z’’ = 1/jC with a phase angle of 90°.
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For supercapacitor, the electrode/electrolyte interface is always described. The
evaluation of the interface is always inclusive of a solution resistance R, charge transfer

resistance R, double layer capacitance Cy and pseudocapacitance C.

58



CHAPTER 4: CHARACTERISATIONS OF REDUCED GRAPHITE OXIDE-

MANGANESE OXIDE COMPOSITE ELECTRODE SYSTEM

4.1 Introduction

Graphene sheet, as a single layer of sp? hybridised carbon atoms, has attracted
worldwide interest in the development of advanced materials due to its excellent
electrical conductivity and mechanical strength (Gémez-Navarro et al., 2007). However,
it is not easy to obtain graphene sheets. There are several methods developed for
graphene preparation such as micromechanical exfoliation of graphite, chemical vapour
deposition (CVD) and chemical reduction of exfoliated graphite oxide (Juang et al.,
2010; Novoselov et al., 2004; Stankovich et al., 2007). Although the micromechanical
exfoliation of graphite is the most effective method to produce high quality of graphene,
it is low-yield and thus limits the mass production (Novoselov et al., 2004). It turns out
that the chemical reduction of exfoliated graphite oxide (GO) is a promising
methodology. Before the exfoliation and reduction processes take place, an oxidation
process is first carried out onto the graphite. GO is the product consists of multi-layered
of carbon atoms resulted from this oxidation process.

During the oxidation process, the basal plane of GO are decorated with the epoxide
and hydroxyl groups. At the same time, the edge atoms interact with the carbonyl and
carboxyl groups (He et al., 1998). The exfoliation process of GO produces graphene
oxide which contains only few layers of carbon atoms. It can be carried out via
sonication method or mechanical stirring. In order to restore the properties of graphene,
the graphene oxide is subjected to chemical reduction. Nevertheless, a perfect
restoration of graphene structure is hard. The remains of defects are always detected.
Hence, the material produced from this process is more appropriate to be termed as

‘reduced graphene oxide’.

59



It is common to employ reduced graphene oxide as the electrode material for
supercapacitor application. In our work, we explored the potential of reduced graphite
oxide (RGO) prepared from the reduction of graphite oxide without exfoliation process.
We investigated the combinational effect of RGO and manganese oxide prepared by
electrodeposition method, at the same time we studied the effect of electrodeposition
duration on the electrochemical performance of the prepared composite electrode.

This chapter will present the characterisation analysis of this composite electrode
according to the field emission scanning electron microscopy (FESEM), X-ray
diffraction (XRD), cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and

frequency response analysis (FRA).

4.2 Reduced graphite oxide (RGO)

(b)
5
Z
<
GO RGO
g
200 3(')0 4(')0 500
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Figure 4.1: (a) UV-VIS spectra of GO and RGO and (b) the images of GO (left) and
RGO (right).

UV-VIS measurement and optical observation are used to examine the production of
RGO. Figure 4.1 (a) displays the evolution of UV-VIS spectra of GO solution while
the corresponding images of GO and RGO are presented in Figure 4.1 (b). The GO
shows main absorbance peak at around 228 nm, which is attributed to the II-IT"
transitions of C=C and a broad hump at around 300 nm attributed to the n—IT" transition

of C=0 (Li et al., 2008). The GO solution exhibits brown colour. After reduction, the
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solution turns to dark brown indicating the successful reduction by L-ascorbic acid. This
Is consistent with the UV-VIS spectra which also reveals the red-shift to 239 nm of
RGO. The red-shift demonstrates the de-oxygenation and the restoration of
IT-conjugation within RGO (Kumar et al., 2014). The UV-VIS result suggests the

similar structure of GO and RGO in this study (Marcano et al., 2010).

4.3 Field emission scanning electron microscopy (FESEM)

X 50,000 mm 100 nm JEOL
2.00kV SEI WD 5.5 mm

Figure 4.2: FESEM image of composite film deposited at 10 mins.

The images of RGO-manganese oxide composite were characterised using FESEM.
In overall, the substrate is well covered by deposit which exhibited rough surface. The
amount of composite film deposited is in the range of 0.1-0.3 mg. Figure 4.2 displays
the FESEM image of composite electrode deposited at 10 mins. From the image, one
can realise the formation of a closely packed structure with the presence of crack that is
resulted from the post-heating treatment. The morphology is irregular, causes the
unavailability to estimate grain size. Higher magnification does not help to reveal the
morphology details as the image appeared to be very unclear. Nevertheless, higher
magnification is used to inspect the morphology of composite electrode obtained at

longer deposition duration.
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2.00kV SEI WD 2.8 mm 2.00kV SEI WD 2.8 mm
(©)
X 200,000 EE— 100 nm JEOL
2.00kV SEI WD 2.7 mm

Figure 4.3: FESEM images of RGO-manganese oxide deposited at (a) 13 mins,
(b) 15 mins and (c) 18 mins at 200k of magnification.

Figure 4.4: EDX analysis of composite electrode.
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As shown, a flaky structure is developed at 13 mins of deposition (Figure 4.3 (a)).
The vertically grown structure offers opportunities for the penetration of electrolyte
ions. When the deposition duration was extended to 15 mins, the structure aggregated
due to more deposit was accumulated on the top as shown in Figure 4.3 (b). At 18 mins
of deposition duration, the structure is further agglomerated without changing the
morphology significantly (Figure 4.3(c)). The effect of agglomeration on the
electrochemical performance of the composite electrode is noticed during the
electrochemical tests. The elemental analysis by EDX reveals the presences of
manganese (Mn), oxygen (O) and carbon (C) originated from the composite electrode,
Figure 4.4. The signals of iron (Fe), chromium (Cr) and silicon (Si) can be contributed

by the stainless steel and sample holder.

4.4 XRD study

(@) (b)
= S
A 18 mins o
2 3
E 15 mins g
13 mins

20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
20/° 20/°

Figure 4.5: XRD pattern of (a) composite electrodes, (b) bare stainless steel and
(c) scraped off composite films.
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Figure 4.5 (c): Continued.

The X-ray diffraction patterns of composite electrodes prepared at different durations
and bare stainless steel are shown in Figure 4.5 (a) and (b) respectively. Two peaks are
detected for both deposited and bare stainless steels. In order to find out the crystalline
phase of composite film, the film is scraped off from the stainless steel and examined
using XRD again. The result is displayed in Figure 4.5 (c). Two peaks are noticed in
Figure 4.5 (c) which is similar to Figure 4.5 (a). This shows that the diffraction peaks
of composite film located near to diffraction peaks of stainless steel. The poor
crystallinity of composite film causes its diffraction peaks to be hidden by strong peaks
of stainless steel. Although there are two peaks noticeable for the composite film, it is
insufficient to determine the lattice structure of the composite film formed.
Furthermore, a deposited film is usually exhibited amorphousness in nature (Hu &
Tsou, 2002; Jacob & Zhitomirsky, 2008). As the structure cannot be ascertained, the
chemical formula of the composite film formed cannot be verified. Nevertheless,
previous studies confirmed the formation of manganese oxide that prepared in similar
ways though different types of manganese oxide can be formed (Nagarajan et al., 2006;
Wei et al., 2007). Hence, the composite film here is straightforwardly named as

‘RGO-manganese oxide’.
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4.5 Electrochemical performance

45.1 Cyclic voltammetry (CV)
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Figure 4.6: (a) CV curves of composite electrodes at 1 mV s™, (b) CV curves of RM 13
at different scan rates, and (c) graph of specific capacitance against scan rate (RM 13).

To characterise the electrochemical properties of the composite electrode, cyclic
voltammetry measurement was performed in 1 M Na,SO,4. The potential window is
restricted within 0.0 to 1.0 V in order to avoid the occurrence of oxygen evolution
reaction due to the decomposition of water in the electrolyte. The cyclic voltammogram
of composite electrodes prepared at various deposition durations is displayed in Figure
4.6 (a). In overall, the CV curves exhibit a nearly rectangular shape indicates the

dominance of surface pseudocapacitance. This is reasonable since the morphology
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formed is flaky in structure as shown in FESEM, the charge transfer reactions mostly
take place on the surface of the composite film. On the other hand, a broad hump is
observable near 0.8 V. The presence of hump recommends the occurrence of insertion
of electrolyte ions into the composite film. However, the hump is absent in CV curve of
RM 10. This can be related to the morphology of RM 10 which is compact and
exposing the surface of the film to the electrolyte. The movement of electrolyte ions are
restricted onto the surface of composite film and cannot penetrate deeper into the film.
In spite of that, the hump is clearly seen on CV curves of RM 13, RM 15 and RM 18.
This depicts the fact that insertion of electrolyte ions has taken place in these composite

electrodes.

Table 4.1: Specific capacitances estimated for composite electrodes deposited at
different durations.

Deposition duration, t / mins Specific capacitance, Cs, / F g*
10 325
13 407
15 336
18 69

It is noted that the normalised current density of RM 13 is the highest at the same
scan rate of 1 mV st This suggests that RM 13 possesses the highest specific
capacitance. By using Equation 3.2, the specific capacitance of RM samples deposited
at different durations are evaluated, as shown in Table 4.1. A remarkable increase in
specific capacitance from 325 to 407 F g is detected when the deposition is prolonged
from 10 to 13 mins. It is around 25 % of increment from 325 F g*. The enhancement of
specific capacitance can be attributed to the evolution of morphology from compact
structure to a more flaky porous structure. The significant increasing in specific
capacitance proposes the importance of porous structure compared to compact structure.

However, the specific capacitance decreases from 407 to 336 F g™ for the composite
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electrode deposited at 15 mins and further reduces abruptly to 69 F g when the
composite electrode was prepared at 18 mins. Similar to RM 10, the drop of specific
capacitance for composite electrode prepared at 15 mins can be understood through the
formation of structure. From Figure 4.3 (b), one can notice the agglomeration of
structure when the deposition is extended from 13 to 15 mins. The agglomeration of
deposits occurred horizontally and distributed on the surface of the composite film.
Instead of evolving into a more advantageous structure, the agglomeration diminishes
the porous structure. When the deposition is carried out for 18 mins, the deposits are
further accumulated onto the film vertically forming the island-like structure as
observed in Figure 4.3 (c). Although a porous structure can be formed as the bigger
pores are noticeable, the greater amount of electrolyte ions that diffuse near to the
surface of film may hinder each other from further interaction by contrast. This causes
the higher charge transfer resistance and will be discussed in the following section.
Since RM 13 is shown to be the best composite electrode, further evaluation is
carried out on RM 13. The CV curves of RM 13 at different scan rates are shown in
Figure 4.6 (b). As the scan rate increases from 1to 20 mV s, the shapes of the CV
curves are not altered significantly indicating good rate of capability of this composite
electrode (Lu et al., 2011). The specific capacitance for each scan rate is estimated again
using Equation 3.2. Figure 4.6 (c) displays the variation of specific capacitance with
scan rate. RM 13 reaches the highest specific capacitance of 407 F g at 1 mV s™.
When the scan rate increases to 5mV s™, the specific capacitance decreases to
296 F g*. Further increasing in scan rate leads to a gradual drop in specific capacitance,
that is 275Fg?, 270 Fg* and 263Fg* at 10mVs?' 15mVs* and 20 mVvs®
respectively. The good performance of this composite electrode, RM 13, can be
attributed to its structure. Herein, the reduced graphite oxide-manganese oxide

deposited directly on stainless steel and formed a flaky porous structure at 13 mins of
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deposition. There are several benefits regarding to this: (1) the direct contact between
composite film and stainless steel is advantageous for electron transportation which
ensures their participation as much as possible, (2) the open space produced from
porous structure is not only favourable for adsorption of electrolyte ions on the surface,
but also the insertion of ions into deeper sites of the film and (3) the amorphousness of
the composite film facilitates more proton transportation as the charge storage
mechanism of manganese oxide depends on both electrolyte ions and proton (Lu et al.,

2011; Toupin et al., 2004).

45.2  Galvanostatic charge-discharge (GCD)

The galvanostatic charge-discharge (GCD) test has been carried out for all composite
electrodes in order to further evaluate the electrochemical performance. To focus on the
effect of deposition duration on capacitive performance of composite electrode, the
corresponding discharging curves of composite electrodes deposited at different
durations are shown in Figure 4.7 (a). Based on the figure, the distinction between
RM 13 and other samples is clearly observed. It is obvious to see that RM 13 has
relatively better capacitive performance as it can sustain the charge for longer time.
However, composite electrodes deposited at 10, 15 and 18 mins show very fast
discharging time. Since all the samples have identical charge-discharge curves shape,
the full GCD curve of RM 15 is chosen to represent other samples (Figure 4.7 (b)). It is
well known that the charge-discharge curve of EDLC exhibits linear behaviour
revealing the double layer effect. As a hybrid composite electrode, GCD curves of
RM 15 exhibit non-linear behavior indicating the participation of charge transfer
reaction. The charge curve is symmetry to its discharge counterpart in the whole
potential region. At higher current, the discharging time is even faster. This shows that
composite electrodes prepared at 10, 15 and 18 mins are not good enough for

supercapacitor application.
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Figure 4.7: Galvanostatic (a) discharging curves of composite electrodes at various
deposition duration and charge-discharge curves of (b) RM 15 (c) RM 13 at different
current densities.

The GCD curves for RM 13 measured in between 0 — 1 V at different currents are
shown in Figure 4.7 (c). The non-linear behavior of GCD curve is observed, as
explained in Figure 4.7 (b). According to Equation 3.4, the specific capacitance
estimated for RM 13 in this test is 498 Fg™' at 1 Ag™. This value is higher than
407 F g* which is obtained at 1 mV s in CV test. This suggests that the time given
may not enough for complete charge transfer reactions to occur at 1 mV s™ in CV
measurement. In this case, lower scan rate can offer even higher specific capacitance.
Since GCD test can provide more precise information about the charge storage, we take

into account the specific capacitance derived from here instead of the one estimated
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from CV. Nevertheless, CV is important to evaluate the electrochemical activity of

active species in the solution or on the film.

45.3 Frequency response analysis (FRA)

The fundamental behaviour of the composite film was examined using Frequency
Response Analysis (FRA). Figure 4.8 (a) presents the Nyquist plot of the composite
film performed at the frequency range of 0.1 Hz to 100 kHz in 1 M Na,SO,4. The
Nyquist plot consists of a high frequency intercept on the real axis, a semicircle, and a
linear region at low frequency range. The leading resistance in the high frequency
region represents the equivalent series resistance Resg, Which is the combination of
electrolyte resistance, resistance of the composite film, and contact resistance at
composite film/stainless steel interface. The Rgsg obtained by composite electrodes
deposited at 10, 13, 15 and 18 mins are small, which is in between 1 — 1.2 Q. On the
other hand, by evaluating the diameter of the semicircle, the charge transfer resistance
Rct can be found. The visual observation shows that the composite film has a small Rq;.
The R estimated are 1.3, 2.4, 3.1 and 4.8 Q for composite electrodes deposited at 10,
13, 15 and 18 mins respectively. As mentioned earlier, the Ry can be related to the
electrochemical performance. The very low specific capacitance of RM 18 can be
caused by agglomeration of structure that leads to the relatively higher R¢. The flaky
porous structure owned by RM 13 and RM 15 possesses lower R as expected. Lower
frequency region, basically referred to the straight line after the depressed semicircle,
indicates the diffusion condition of the charges. Ideal capacitor will have a vertical
straight line. However, as hybrid composite electrode is produced in this work, an
inclined straight line should be observed, as obtained in this work.

The behaviour of the composite electrode in the electrolyte was simplified using
equivalent circuit, as shown in Figure 4.8 (b). Higher frequency region show us the

solution resistance indicated as Rs. The resistive element in the loop represents R:. The
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capacitive element C indicates the participation of double layer effect. The CPE is used
to describe the diffusion process of the charges. In general, CPE can be induced by
diffusion-limited condition, geometric factors, crystallographic heterogeneity and

sluggish processes for example adsorption of anions.
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Figure 4.8: Impedance test result of composite electrode deposited at different
durations (a) Nyquist plot, (b) equivalent circuit and fitted Nyquist plot at (c) 10 mins,
(d) 13 mins, (e) 15 mins and (f) 18 mins.
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Figure 4.8: Continued.

4.6 Cycle stability

In order to examine the long term stability, at the same time inspect the changing in
electrochemical activity of RM 13, this composite electrode undergoes CV
measurement at 10 mV s for 1000 cycles. The result is shown in Figure 4.9 (a).
Instead of dropping rapidly, the capacitance is noticed to reduce gradually during the
cycling. The capacitance retention remains quite stable during 200" to 650" cycles. It is
found that RM 13 can retain around 83 % after 500 cycles and 78 % after 1000 cycles.
There is no increasing in specific capacitance during the cycling process as observed in

other studies. This shows that no activation process during the stability test.
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Figure 4.9: (a) Capacitance retention percentage and (b) normalised current density as a
function of cycle number for RM 13.
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As shown in Figure 4.9 (b), the deviation of 500" cycle and 1000™ cycle from first
cycle is noticed indicating the degradation has occurred inside the composite film. The
degradation is caused by the partial dissolution of composite film after long cycling as
indicated by the decreasing in CV curve area (Francois Beguin, 2009). Besides, the
disappearance of redox peak at 500" cycle and 1000™ cycle shows the reduced
interaction between electrolyte ions and composite film thus leads to less charge transfer
reactions. In overall, RM 13 can retain about 78 % of initial capacitance after 1000

cycles.

4.7 Summary
e Amorphous composite electrode consists of RGO and manganese oxide has

been fabricated using electrodeposition technique.

e The effect of deposition duration on the electrochemical performance of
composite electrode has been evaluated based on FESEM, XRD, CV, CD and

FRA.

e 13 mins was found to be the optimal deposition duration for this composite
electrode. A flaky porous structure was formed which is ease for penetration

of electrolyte ions.

e RM 13 can attain 78 % of initial capacitance after 1000 cycles. Unavoidable
partial dissolution of composite film was recognised from CV curve during

the cycling test.
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CHAPTER 5: CHARACTERISATIONS OF MANGANESE-NICKEL OXIDE
COMPOSITE ELECTRODE SYSTEM

51 Introduction

The nickel oxide is widely studied as spinel type nickel cobalt oxide (NixC03xOy4,
0 <x <1) due to its promising electrochemical activity (Du et al., 2013; Yuan et al.,
2012). However, there is not many reports on manganese-nickel oxide composite
electrode. In this chapter, we have incorporated nickel oxide with manganese oxide to
form a composite electrode. We have studied about the effect of deposition duration on
the composite electrode and determined the optimal electrodeposition duration. The
material characteristics of manganese-nickel oxide composite electrode are examined
using field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), cyclic voltammetry (CV), galvanostatic

charge-discharge (GCD) and frequency response analysis (FRA).

5.2 Field emission scanning electron microscopy (FESEM)

Figure 5.1 (a)-(d) display the surface morphologies of manganese-nickel oxide
composite electrodes deposited at different durations (10, 13, 15 and 18 mins). The
images show that deposited composite film has fully covered the stainless steel
substrate. There is no distinct boundary found between two compositions indicating
they are well interconnected. The spongy-like structure formed at 10 mins of deposition
duration slowly transformed into a more homogeneous film at longer deposition
duration.

To study the interior structures of composite film, the composite film was scraped off

from the stainless steel for the TEM analysis. The results are shown in Figure 5.2.
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Figure 5.1: FESEM images of composite films deposited at (a) 10 mins, (b) 13 mins,

(c) 15 mins and (d) 18 mins.

5.3 Transmission electron microscopy (TEM)

TEM image disclosed the porous network in the composite film. The composite

remained interconnected after being

scraping off suggesting

the excellent

interconnection between the nanoparticles. The presence of dark spots resulted from the

particle aggregation is observed in Figure 5.2 (a), (c) and (d) while it appears to be

more well-distributed in Figure 5.2 (b).
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(d)

Figure 5.2: TEM images of composite films deposited at (a) 10 mins, (b) 13 mins,
(c) 15 mins and (d) 18 mins at 40k magnifications.

In overall, the spongy porous structure can retains electrolyte ions and ensures the
occurrence of Faradic reactions. From the morphological studies, short deposition
duration (10 mins) is found insufficient to form a uniform structure while relatively
longer deposition duration (15 and 18 mins) can lead to particle aggregation. FESEM
and TEM results show that 13 mins is optimal to form a uniform and homogenous

structure.
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54 X-ray diffraction (XRD)

The crystallinity of the composite film is analysed using X-ray diffraction (XRD).

18 mins

15 mins

13 mins A
10 mins I ’

30 35 40 45 50 55 60
20/°

Figure 5.3: XRD patterns of composite film deposited at different durations.

Intensity / a.u.

In Figure 5.3, XRD pattern corresponding to the composite films deposited at
various durations is shown. They exhibited similar patterns with two broad peaks at
around 26=44° and 26=51° detected. The broad peaks observed cannot be resolved
well indicating the formation of non-stoichiometry composite film. There is no
discernible diffraction peaks regarding to manganese oxide and nickel oxide were
found. This suggests that the components exist in the form of composite. The absence of
specific diffraction peaks of manganese oxide and nickel oxide along with the formation
of weak peak implies the amorphous nature of the deposited composite film. There is
neither manganese/nickel metal nor crystalline manganese/nickel oxide are formed. The
amorphous composite film is more favourable compared to crystalline due to its more

flexible interaction of electrolyte ions with the electroactive sites (Zheng, 1999).

55 Electrochemical performances
551 Cyclic voltammetry (CV)
The specific capacitance of manganese oxide is dependent on its crystal structure

which can be determined by the post-heating temperature. It is known that, the
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pseudocapacitance of oxide material can be influenced by the water content (Zheng et

al., 1995). The post-heating temperature of 400 °C could cause the loss of water content

inside manganese oxide and thus led to decrease in specific capacitance (Reddy &

Reddy, 2004). Hence, in this work, we heated the as-prepared composite electrode at

300 °C in order to retain the water content inside the composite.
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Figure 5.4: (a) CV curves of composite films deposited at different deposition durations
at 1mVs?, (b) specific capacitances obtained at various deposition durations, (c)
composite film weights varied with deposition durations and (d) normalized CV curves
of composite film deposited at 13 mins for different scan rates.
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The CV test is measured from 0.0 to 1.0V versus Ag/AgCl in 1 M Na,SO,
electrolyte using three-electrode configuration. The result is displayed in Figure 5.4 (a).
In overall, the CV curves show rectangular shape. A broad oxidation peak in the
potential range of 0.6 — 0.8 V is observed in all CV curves. The rectangular envelope of
CV curves clarifies the predominance of surface pseudocapacitance in the overall
charge transfer reactions. The presence of broad peak illustrates the insertion of
electrolyte ions into the composite film. The areas of CV curve is found to increase
significantly from 10 mins to 13 mins of deposition duration. However, the CV curves
area dropped gradually with longer deposition durations (15 and 18 mins). This can be
related to the rate capability or ionic motion in the composite film. Higher rate
capability results in better ionic motion and thus wider area of CV curve.

The rate capabilities of the composite films deposited at different durations can be
investigated by estimating the specific capacitance Cs, achieved by each composite
electrodes. This can be done by examining the discharging part of CV curve. The result
is demonstrated in Figure 5.4 (b). The specific capacitance increased from 281 F g™
(10 mins) to 404 F g* (13 mins). After that, it reduced to 299 F g™ (15 mins) and further
dropped to 246 F g™ (18 mins). So, the highest specific capacitance has been achieved
by composite film deposited at 13 mins.

In general, the weight and thickness of the composite film increase with longer
deposition duration. However, an accurate film thickness measurement is hard due to
the spongy-like with porosity structure. Hence, the deposited film weight is considered
instead of the film thickness. Figure 5.4 (c) shows the variation of film weight (mg)
with the deposition duration. The weight of the composite film is increased with longer
deposition duration. Nevertheless, the specific capacitance does not increase
accordingly after 13 mins of deposition duration. The maximum weight obtained at

longest deposition duration which is 18 mins in this study is 0.58 mg. The weight of
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composite film for highest specific capacitance (404 F g™) is 0.37 mg deposited at 13
mins. A higher composite film weight does not ensure a better electrochemical
performance. Instead, the relatively heavy loaded composite film (0.58 mg) showed a
significantly reduced charge storage ability (246 Fg™). This is because the redox
reactions only take place on the surface and sub-surface of the bulk material. Hence, the
redox reactions proceed slower with a higher film weight which has a higher ionic
transportation resistance and poorer rate capability. As a consequence, the specific
capacitance decreases at longer deposition duration.

Table 5.1: Specific capacitances obtained at different scan rates for 13 mins-deposited
composite film.

Scan rate, v/ mVs* Specific capacitance, Cs, / F g*
1 404
5 298
10 264
15 252
20 246

The capacitive behavior of 13 mins-deposited composite film is further evaluated
using different scan rates. The CV curves obtained are shown in Figure 5.4 (d) while
the specific capacitances Cs, estimated are tabulated in Table 5.1. A purely capacitive
region is identified at the cathodic scan between 0.5 and 0.8 V. This region is found not
affected by the scan rate indicating it is not diffusion limited and thus it can be
corresponding to the double layer capacitance. The broad peak at 0.6 —0.8 V is
scan rate-dependent implying the redox reaction is diffusion controlled.

The CV curve becomes more depressed with increasing scan rate. This results in the
decreasing of specific capacitance. The value of specific capacitance obtained is
dependent on the amount of electrolyte ions near the electroactive sites of composite
film. Due to the shorter diffusion time supplied by the higher scan rate, the electrolyte

ions near the film surface experience depletion/saturation during the reduction/oxidation
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processes. This causes the increase in ionic resistance thus produces lower specific
capacitance value. In contrast, electrolyte ions are able to interact with more inner
electroactive sites at relatively low scan rate (1 mV s™) thus contributes to higher

capacitance value.

55.2  Galvanostatic charge-discharge (GCD)
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Figure 5.5: Discharging curve of composite films deposited at (a) different durations at
1 A g*and (b) 13 mins at various current densities.

Figure 5.5 (a) shows the discharging curves of all composite electrodes at 1 A g™.
As a pseudocapacitive material, the discharging curves are deviated from a straight line
that represents the behaviour of an ideal capacitor. The curved line is resulted from the
redox activity in the composite electrodes. The discharging time depicts the total time
required to unload the charges stored. Higher charge storage is expected to spend more
time for discharging. The composite film deposited at 13 mins is found to consume
longest time for discharging. The specific capacitance Cscp also can be calculated from
discharging curve obtained from GCD. The values of specific capacitance estimated
from CV and GCD are shown in Table 5.2. The Cgcp estimated is consistent with the
order indicated by CV. 13 mins is found to be the optimal deposition duration to prepare

a composite electrode with the highest charge storage. Table 5.3 displays the specific
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energy and specific power values derived from Cgep at 1 Agt. As shown,
13 mins-deposited composite film possessed the highest specific energy while
10 mins-deposited composite film owned the lowest. Figure 5.5 (b) demonstrates the
discharging curve of 13 mins-deposited composite film at different current densities.
The specific capacitances at various current densities are estimated using Equation 3.4.
The highest specific capacitance obtained is 670 F g™ at current density of 1 A g™. The
specific capacitance decreases with higher current density due to the increase in voltage
drop and inadequate active material took place in charge transfer reactions (Xiong et al.,
2015). When current density is higher than 10 A g™, the specific capacitance decreases
gradually indicating stable ionic and electron transportation at relatively higher current
density. This shows that spongy-like structure allows good ion diffusion and electron
transportation at high current density.

Table 5.2: Specific capacitances obtained from CV and GCD at various deposition
durations.

Deposition duration, t
/ mins Cy/Fglatimvs? Ceco/Fglatl1Ag?
10 281 371
13 404 670
15 299 430
18 246 330

Table 5.3: Specific energy and specific power estimated from Cgcp at 1 Ag™ for
composite film deposited at different durations.

Deposition _duratlon, t Specific energy, E / Specific power, P/
/ mins W h kg™t W kg™t
10 51.19 996.69
13 92.61 997.60
15 59.40 997.28
18 45.58 997.27
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55.3 Impedance Analysis and Cycle Stability

Figure 5.6 (a) displays the Nyquist plots of composite films deposited at various
durations. The Nyquist plot can be divided into three regions: high frequency,
high-to-medium frequency and low frequency. The high frequency region involves the
ohmic resistance which consists of the electrolyte resistance contact resistance at
film/substrate interface and intrinsic resistance of the substrate. The high-to-medium
frequency region contains a depressed semicircle resulted from the charge transfer
reactions. The sloping straight line that can be related to diffusive resistance is observed
in the low frequency region.

Figure 5.6 (b) presents the equivalent RC circuit model proposed to analyses the
impedance data of the composite film while Figure 5.6 (c)-(f) show the fitted Nyquist
plots built according to the proposed equivalent circuit. The model is constructed by a
solution resistance Rs, charge transfer resistance R, capacitive element Cy, Warburg
element W and constant phase element CPE. From the equivalent circuit proposed, the
ac behaviour of the composite film can be evaluated as following. At a very high
frequency, only the outer most surface of the film is accessible for the electrolyte ions.
The impedance is purely ohmic and represented by Rs. The Rs is small for all composite
films with 10 mins-deposited composite film possessed the highest Rs. When the
frequency is decreased, the impacts of composite film porosity and thickness on the
electrolyte ion penetrations into the deeper electroactive sites are revealed. In this part,
the impedances of RC elements cannot be neglected. The charge transfer resistance R
is assigned to the resistance encountered by electrolyte ions when they penetrate into
deeper site of the composite film. It is associated to the diameter of the depressed

semicircle. The fitted values of R along with Rs are shown in Table 5.4.
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Figure 5.6: (a) Nyquist plots for composite film deposited at different durations,
(b) corresponding equivalent circuit, and Nyquist plot with fitted impedance curves at
different deposition durations: (c) 10 mins, (d) 13 mins, (e) 15 mins and (f) 18 mins.
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Figure 5.6: Continued.

Table 5.4: Fitted values of equivalent circuit components for Nyquist plots at different
deposition duration.

Electrodeposition duration, Ohmic resistance, Charge transfer
t/ mins Rs/Q resistance, Rt / Q

10 7.31 3.53

13 4.47 1.79

15 4.3 3.09

18 4.65 2.04

The 13 mins-deposited composite film is recognized to have the lowest R¢. This can
be accountable to the highest charge storage ability owned by this composite electrode.
The capacitive element Cgy shows the presence of double layer capacitance in the
composite electrode. It originates from the migration of charges at the outer surface of
the film surface at high frequency. However, the formation of depressed semicircle
implies the dominance of charge transfer reactions over the double layer capacitance for
charge storage process. This charge transfer reaction is diffusion controlled as indicated
by the presence of Warburg element W. At low frequency, RC elements has reached
their maximum values and the impedance plot should exhibit as a vertical line.
However, due to the non-ideal capacitive behaviour possessed by the composite film, a

sloping straight line is observed. The constant phase element CPE is used to model this
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behaviour. At the same time, it is accounted for the low frequency Faradaic impedance

regarding to the inhomogeneity of the composite film.
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Figure 5.7: Bode plots of (a) phase angle versus frequency (in logarithmic scale) and
(b) absolute impedance |Z| versus frequency (in logarithmic scale).

Figure 5.7 (a) demonstrates the Bode plot of frequency dependence of phase
angle @. Like the Nyquist plot, the Bode plot also can be divided into three region: high
frequency, medium frequency and low frequency region. The phase angles are near zero
at high frequency. The capacitor response frequency is the frequency when |@ = 45°|.
The higher frequency value signifies the better capacitive behaviour performed by an
electrode. The frequency f =45 ranges from 3 to 9 Hz for composite films deposited at
different durations. The composite film deposited at 13 mins has the highest value of
capacitor response frequency. This suggests that it has the best capacitive behaviour. On
the other hand, the Faradaic pseudocapacitance is revealed by the |@y 11, < 90°| at low
frequency. Figure 5.7 (b) displays the Bode plot of frequency dependence of absolute
impedance |Z|. The plot exhibits a slope near to —1 at low frequency region, indicating

the typical capacitive behaviour.
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Figure 5.8: (a) Capacitance retention test of 13 mins-deposited composite film for
1000 cycles at 10 mV s™ and (b) CV curves at different cycle numbers.

Figure 5.8 (a) shows the capacitance retention test result over 1000 cycles for the
13 mins-deposited composite film. The specific capacitance is increased during the
initial cycling as indicated by the incremental capacitance retention percentage in the
beginning. This is caused by the activation process occurred on the composite film.
During the initial cycling, the activation process opens up more electroactive sites on
the composite film. This increases the occurrence of redox reactions which then results
in higher specific capacitance. However, the specific capacitance reduced gradually
after that. This composite film can retains 67 % of the original capacitance over 1000
cycles. The CV curves at different cycle numbers are exhibited in Figure 5.8 (b). The
change in CV shapes from 25" to 250" cycle is noticeable. The oxidation peak is
vanished at 250™ cycle. It can be attributed to the chemical degradation and partial
dissolution of films upon cycling (Pang et al., 2000). However, the further cycling
(250™ to 1000™) has only caused the net loss in CV areas without significant alterations
in CV shapes. This kind of changes is believed to be induced by the further dissolution

of composite film.

87



5.6

Summary

The electrodeposition of manganese-nickel oxide film has been carried out in
a bath containing manganese acetate and nickel acetate.

The composite film formed is amorphous in nature regardless of the
deposition duration. There is no specific diffraction peaks regarding to either
manganese oxide or nickel oxide being detected. Hence, the components are
expected to exist in the form of composite.

The morphological and microstructural studies revealed the spongy-like
structures of all composite films deposited at various durations. The
homogeneity of 13 mins-deposited composite film was observed. The
uniformity of this composite film offers the lowest charge transfer resistance
and increases the opportunity for the redox reactions between electrolyte ions
and electroactive sites on the film. It also has the behaviour closest to the
ideal capacitor as suggested by Bode plot.

13 mins-deposited composite film has achieved the highest specific
capacitance (404 F g). It preserved 67 % of the initial capacitance after 1000
cycles. The degradation of the capacitance can be caused by the dissolution of
films upon cycling. This study proves that amorphous composite film also

can exhibit good electrochemical performance.
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CHAPTER 6: CHARACTERISATIONS OF MANGANESE

OXIDE-PEDOT: PSS COMPOSITE ELECTRODE SYSTEM

6.1 Introduction

As a redox material, the conducting polymer is widely studied as an electrode
material employed in supercapacitor application. Unlike transition metal oxide, the
charge transfer reactions occur through the volume of the conducting polymer (Rudge et
al., 1994). In other words, conducting polymer-based supercapacitor is capable to
achieve higher energy density. The electronic conductivity of conducting polymer was
firstly reported in 1963 (Bolto et al., 1963). However, the application of conducting
polymer is limited by its stability because the conductivity must be practically not
influenced when it is heated at 120 °C over 1000 hours (Heywang & Jonas, 1992).
Since then, many efforts have been spared to develop conducting polymer-based

product which is low-cost and stable for application.

The poly (3, 4-ethylenedioxythiophene) (PEDOT) is a promising electrode material
for supercapacitor. Although it was found to be insoluble initially, it is high in
conductivity (ca. 200 S cm™) and stability in thin oxidised film (Kvarnstrém et al., 1999;
Pei et al., 1994). The insolubility drawback has been overcame by combining PEDOT
with water-soluble poly (styrene sulfonic acid) (PSS) to form PEDOT: PSS. The
PEDOT: PSS film can undergo heating of 100 °C in air over 1000 hours without
dramatic change in conductivity (Groenendaal, 2000). Hence, the integration of
PEDOT: PSS with manganese oxide is expected to improve the conductivity of the
manganese oxide. In one-step deposition, manganese oxide and PEDOT: PSS were
deposited onto stainless steel under galvanostatic control that is 2 mA cm™. The

characterisation results are shown in the following section.
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6.2 Field emission scanning electron microscopy (FESEM)
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Figure 6.1: Morphologies of composite films deposited at different durations: (a, b)
10s, (c,d) 20s, (e, f) 30 s, (g, h) 40 s and (i, j) 50 s.
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Figure 6.1: Continued.

In the solution containing PEDOT: PSS and Mn**, PEDOT:PSS and Mn®*
incorporate through electrostatic interaction and attach on the stainless steel to form a
composite  film. Figure 6.1 shows the FESEM images of manganese
oxide-PEDOT: PSS composite film deposited at various duration in 50k and 200k of
magnifications. As shown, the morphology becomes rougher with longer deposition
duration. The images obtained at higher magnification present the changes in particles
with deposition duration. The particle size grows when the deposition extends from 10 s
to 50 s. At 10 s, the globular morphology is irregular and inhomogeneous. However, the
changes is detected when the deposition duration increases to 20 s. The morphology

transforms to be a fibrous structure that forms open pores which eases the ionic
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transportation. Further accumulation of deposits resulted from longer deposition time
has led to structure aggregation. The effect of this transformation of structure on
electrochemical performance is investigated using cyclic voltammetry and galvanostatic

charge-discharge.

X 50,000 mm 100 nm JEOL X 200,000 100 nm JEOL
5.00 kV SEI WD 4.6 mm 5.00 kV SEI WD 2.9 mm

Figure 6.2: FESEM images of manganese oxide deposited at 40 s without PEDOT: PSS
with magnification of (a) 50k and (b) 200Kk.

Figure 6.2 shows the morphology of manganese oxide film formed at 40 s of
deposition without PEDOT: PSS. The images display a distinct structure compared with
Figure 6.1 (g) and (h). Without the addition of PEDOT: PSS, the film exhibits a flaky
structure as shown at 200k of magnification, Figure 6.2 (b). Lower magnification of
50k reveals the formation of bigger spherical structure, Figure 6.2 (a). The formation of
different morphologies directly indicate the influence of addition of PEDOT: PSS onto
the structure. The morphology more likely to form a particle-like structure with the aids
from PEDOT: PSS. On the other hand, manganese oxide film tends to form a flaky
structure under the same experimental conditions. The effect of morphology on

electrochemical performance of the film is evaluated in the following section.
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6.3 Transmission electron microscopy (TEM)

Figure 6.3: TEM images of composite film deposited at (a) 10s, (b) 20s, (c) 305,
(d) 40 s and (e) 50s.

The composite film is scrapped from the stainless steel for microstructure
examination. The result is displayed in Figure 6.3. In general, the composite films
remain the assembly of structure as in FESEM after scrapping implying the good
cohesiveness of the film. The darker region shows the aggregated part while brighter
region relates to the porous section. Figure 6.3 (a) reveals the closed structure of

10 s-deposited composite film compared to other composite films. Figure 6.3 (c) and (d)
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clearly show the porous structure owned by composite film deposited at 40 s and 50 s

respectively.

6.4 X-ray diffraction (XRD)

Intensity / a.u.

20/°

Figure 6.4: XRD patterns of composite films deposited at various duration.

All films exhibit to be amorphous as shown in Figure 6.4. This is expected since
most of the films prepared using electrodeposition method show amorphousness. On the
other hand, the composite film in this study was annealed at relatively low temperature
that is 60 °C. It has been shown that manganese oxide annealed up to 400 °C will still
present as amorphous. The amorphousness will transform to more crystalline when the
annealing temperature reaches temperature of 500 °C and above (Kandalkar et al., 2011,
McNally et al., 2005). There is no significant changes detected between the XRD
patterns. This implies that the variation of deposition duration does not notably alter the
structure of the composite film given the condition that they are annealed at same
temperature. Furthermore, a small sharp peak at about 43° is noticed in all
diffractograms. However, due to the weak crystallinity, the crystal structure and the

peak are unable to be recognised and resolved.
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6.5 Cyclic voltammetry (CV)
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Figure 6.5: (a) Cyclic voltammetry curves of composite electrode at various deposition
durations at 1 mV s™, (b) relationship between specific capacitance and deposition
duration, (c) cyclic voltammetry curves of MP 40 at different scan rates, (d) comparison
of cyclic voltammetry curves between film with and without PEDOT: PSS, (e) cycle
stability test and (f) cyclic voltammetry curves at different cycles during stability test.
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Figure 6.5 (a) depicts the cyclic voltammetry curves for composite electrode
prepared at different deposition durations in a potential window of 0to 1V at 1 mV s™.
A redox peak is clearly seen from the figure. From Figure 6.5 (d), the redox peak can
be assigned to the redox activity occurred on manganese oxide as the peak is still clearly
shown when the film is prepared without PEDOT: PSS. The discharging curves are
used to evaluate the specific capacitances obtained at different deposition durations. The
estimated specific capacitances are 134 Fg*', 141Fg® 195Fg® 250Fg* and
171 F g™ for 10, 20s, 30s, 40 s and 50 s respectively. The results are displayed in
Figure 6.5 (b). The specific capacitance increases gradually with the deposition
durations until 40 s of deposition duration. The specific capacitance is shown decreased
as much as 31.6 % for composite electrode deposited at 50 s. This can be caused by the
bulk structure resulted from the accumulation and aggregation of deposits which can
inhibit the ionic transportation. As 40 s-deposited composite electrode obtains the
highest specific capacitance, its capacitive behaviour is further studied by varying the

scan rate.

The corresponding relationship between electrochemical performance and scan rate
is illustrated in Figure 6.5 (c). The overall cyclic voltammetry curves are similar for all
scan rates, which is rectangular shape of curve accompanied with a redox peak. A small
shift of redox peak is observed for scan rates of 5, 10, 15 and 20 mV s™. Besides, the
curve exhibits to be more rectangular compared to curve at 1 mV s™. This shows that
the charge transfer reactions are took place more often through insertion/de-insertion
processes at relatively low scan rate of 1 mV s™. In other words, the reaction is
diffusion-controlled. At higher scan rate, the charge transfer reactions are limited on the
surface of the composite film. This also leads to the decreasing of specific capacitance

with the increasing of scan rate.
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Figure 6.5 (d) displays the cyclic voltammetry curves of manganese oxide film with
and without PEDOT: PSS. The redox peak is observed on both curves. Thus, it can be
attributed to the redox activity occurs on manganese oxide. The cyclic voltammetry
curve for film with PEDOT: PSS is observed to be larger compared to the one without
PEDOT: PSS. The specific capacitance is enhanced for around 30 % when the
PEDOT: PSS is integrated with manganese oxide, which is increased from around
193 to 250 F g*. The addition of PEDOT: PSS is found not to greatly improve the
achievable specific capacitance. Instead of offering more charge storage sites,
PEDOT: PSS provides a conductive pathway for ionic and electronic transportation

through the SO3H groups in PSS (Liu, 2008).

In order to examine the redox activity of the film along with the cycle stability, the
40 s-deposited composite electrode is tested in 1 M Na,SO, at 10 mV s for 2000
cycles. The related capacitance retention percentage with cycle number is shown in
Figure 6.5 (e). After first 1000 cycles, the composite film is found to retain 84.8 % of
original specific capacitance. The next 1000 cycles has led to the further decreasing in
capacitance. The composite film retained 78.4 % after 2000 cycles. To investigate the
redox activity during the stability test, the cyclic voltammetry curves at 500", 1000",
1500™ and 2000™ cycle are recorded and shown in Figure 6.5 (f). The appearances of
the curves are similar in general. The current density decreased slightly when the cycle
numbers increased from 500™ to 2000™. This shows the gradual decreasing in specific
capacitance with the cycle numbers. The decline in the capacitance value can be caused
by two aspects: (1) the dissolution of film during the cycling process and (2) the
PEDOT: PSS cannot afford to sustain the repeated charging-discharging process. As
repeated swelling and shrinking can lead to degradation of the conducting polymer, the
PEDOT: PSS undergoes unavoidable deterioration during the cycling test (Antiohos et

al., 2011). On the other hand, in overall, the capacitance retention of around 78 % after
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2000 cycles is remarkable. This can be attributed to the interconnected structure of the
film which supports the ionic and electronic transportation. On the other hand, the water
content of manganese oxide is believed to have contributed to the good stability and
specific capacitance of the film because the water plays important role in charge storage

mechanism for manganese oxide (Chang et al., 2004; Toupin et al., 2004).

6.6 Galvanostatic charge-discharge (GCD)
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Figure 6.6: Galvanostatic (a) discharging curves of composite electrodes prepared at
different deposition durations, (b) charge-discharge curves of 40-s deposited composite
electrode at various current densities and (c) discharging curves of film with and
without PEDOT: PSS.
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The galvanostatic discharging curves of the electrodeposited composite films
measured at 1 A g™ in 1 M Na,SOj, are illustrated in Figure 6.6 (a). The non-linearity of
the curve indicates the participation of redox reactions in the composite film. The
potential drops for all the curves have been measured. They are 6.7 mQ, 14.3 mQ,
15.6 mQ, 6.41 mQ and 33.0 mQ for 10, 20, 30, 40 and 50 s respectively. The potential
drops are small for all composite films. Besides, the discharging curves shown has
uncovered that 40 s-deposited composite film owns the highest charge storage. This
result is consistent with the cyclic voltammetry test result. The specific capacitances at
different deposition durations are derived from the discharging curves. The trend of the
specific capacitance is similar to the one obtained from cyclic voltammetry at where the
specific capacitance increases gradually from 10 s until 40 s and then drops when the
deposition duration exceeds 40 s. The highest specific capacitance estimated is 394 F g*
achieved by 40 s-deposited composite film. Figure 6.6 (b) depicts the galvanostatic
charge-discharge profile of 40 s-deposited composite film at various current densities.
The composite electrode shows the highest specific capacitance at 1 A g™ and decreases
with higher scan rate. However, the specific capacitance drops dramatically at 5 A g™
and above. This indicates the low rate capability of this composite electrode. The
enhancing effect on electrochemical performance due to the addition of PEDOT: PSS is
shown in Figure 6.6 (c). The little improvement on electrochemical performance
contributed by the PEDOT: PSS is clearly noticed from this figure. It is again important
to emphasise that PEDOT: PSS acts as conducting backbone instead of electroactive

sites in this study.
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6.7 Frequency response analysis (FRA)
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Figure 6.7: (a, b) Nyquist plots of the composite films deposited at different durations,
(c) Nyquist plots of experimental and fitted data of 40 s-deposited composite electrode,
(d) equivalent circuit of deposited composite film, Bode plots of (e) phase angle versus
frequency (in logarithmic scale) and (f) absolute impedance |Z| versus frequency (in
logarithmic scale).
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The impedance spectrum (0.1 Hz to 100 kHz) displayed in Figure 6.7 (a) consists of:
(@) x-intercept in high frequency region, (b) a depressed semicircle and (c) a sloping
straight line. In high frequency region, the x-intercept represents the combinational
resistances Rs encountered in the electrolyte, substrate, and at the film/substrate
interface (Gamby et al., 2001). Figure 6.7 (b) reveals the position of x-intercept at high
frequency region and a depressed semicircle that can be accounted as charge transfer
resistance R It can be seen that the composite films prepared at different deposition
durations exhibit different Rs and Ry values. The overall resistance can be estimated by
adding both Rs and R;. Thus, the resistances encountered by composite film deposited at
10, 20, 30, 40 and 50 s are 14.20, 14.15, 29.40, 14.00 and 34.40 Q. It is noticeable that
40 s-deposited composite film possesses the lowest resistance. The relatively lower
resistance explains the better ionic and electronic transportation inside this composite

electrode.

The low frequency region in the impedance spectrum describes a sloping straight line
which demonstrates the capacitive behaviour and the diffusion resistance encountered
by the electrolyte ions. The ideal capacitor responds as a vertical straight line in low

frequency region during impedance test. In other words, it is expected that the
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composite electrode in this study should not exhibit a vertical straight line in low
frequency region as the composite is made up from redox materials. Apart from this
reason, the formation of deviated straight line can also be contributed by the uneven

porous structure of the film (Gamby et al., 2001).

The impedance spectrum of the composite film has been analysed further using
equivalent circuit model carried out by Nova 1.10. Figure 6.7 (c) displays the
combination plot of fitted and experimental impedance data of 40 s-deposited composite
film. The corresponding equivalent circuit is illustrated in Figure 6.7 (d). This circuit is
found to fit the most and the circuit proposed is reasonable. The equivalent circuit is
composed of solution resistance Rs, parallel resistance or charge transfer resistance R,
constant phase elements CPE, capacitive element C and finite length Warburg
impedance element W. The R corresponds to the x-intercept in high frequency region as
explained before. The depressed semicircle is described by Ry, CPE and C. As a
capacitive element, C uncovers the participation of double layer capacitance in the
composite film. At the same time, the presence of CPE indicates the non-ideal
capacitive behaviour possessed since pseudocapacitance behaviour is dominant in this
composite film. The W element refers to the diffusion resistance and the highly

distributed capacitance within the hydrous manganese oxide inside the composite film.

Figure 6.7 (e) and (f) present the Bode plots. Figure 6.7 (e) shows the
frequency-dependence of phase angle @. The Bode plot of phase angle can be related to
Nyquist plot by examining the absolute phase angle. The absolute phase angle is found
to deviate from 90° which is in other words, |@y14;, < 90°|. This verifies the sloping
straight line in the low frequency region of Nyquist plot, which is also an indication of
Faradaic pseudocapacitance (Ding et al., 2013). The frequency when |@ = 45°| is named

as capacitor response frequency. A better capacitive behaviour will be exhibited by
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higher value of frequency (Sugimoto et al., 2005). In this study, the fo=_45- ranges from
0.1 to 0.7 Hz for composite film deposited at 10 to 50s. On the other hand, the
capacitive behaviour is also shown through Bode plot of absolute impedance |Z|, Figure
6.7 (f). The presence of capacitive behaviour is revealed by the slope near to —1 at low

frequency region in the spectrum.

6.8 Summary

A manganese oxide-PEDOT: PSS composite film was prepared using

electrodeposition technique in this study.

e The composite film formed was amorphous in nature and remained the

amorphousness throughout the different deposition durations.

e The morphology was found to evolve from globular to fibrous structure with

longer deposition duration.

e The electrochemical tests revealed that 40 s-deposited composite film
achieved the highest specific capacitance of 250 Fg* at 1 mVs® and
394F gt at 1A g™ It has the lowest total resistance and a good cycle
stability at where it retained 78.4 % of initial specific capacitance after 2000

cycles.
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CHAPTER 7: DISCUSSIONS

Due to its environmental benign, low-cost and natural abundance, the manganese
oxide is one of the most promising electrode materials. It can exist in various form of
oxides such as MnO, MnO;, Mn;O, and Mn,O3. There are different approaches to
fabricate manganese oxide for example hydrothermal, sol-gel and chemical bath
deposition (Aref & Tang, 2014; Chen et al., 2009; Qiu et al., 2011). Due to the
morphology-dependent behaviour, the electrochemical performance of manganese
oxide-based film can be determined by the preparation method. In this thesis, the
manganese oxide acts as the primary material. It was compositing with carbon material,
secondary transition metal oxide and conducting polymer to produce three types of
hybrid electrode materials. The composite electrodes prepared are reduced graphite
oxide (RGO)-manganese oxide, = manganese-nickel oxide and  manganese
oxide-PEDOT: PSS composite electrode which named as RM, MN and MP,
respectively. All the samples are prepared using electrodeposition method. The
approach employed to carry out electrodeposition is chronopotentiometry technique.
Hence, it is essential to present a plausible deposition mechanism for the composite
electrodes in this study. Before we proceed to the deposition mechanism, there are some
assumptions should be made: (1) the concentration of reactants is not varied with
distance from the electrode surface before electrolysis and (2) the mass transport is
determined by the linear diffusion based on the concentration gradient (Paunovic, 1967).

The deposition mechanism is illustrated in Figure 7.1.
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Figure 7.1: Deposition mechanisms of (a) RGO-manganese oxide, (b)
manganese-nickel oxide and (c) manganese oxide-PEDOT: PSS.

Before the electrodeposition takes place, the equilibrium is reached as O + ne" <R
at which O and R represents the reactant and product deposited respectively. As the
reaction starts, O + ne” — R, the reactants at the electrode surface are consumed and
reduced. A concentration gradient is arose due to the depletion of reactants.
Consequently, the linear diffusion is promoted and in turns encourages the mass
transport. In overall, the proposed mechanism following is made by considering the
participation of semi-infinite linear diffusion with the usage of a planar electrode (which

is stainless steel in this thesis) in an unstirred electrolyte.

The deposition mechanism of manganese oxide has been studied extensively (Biswal
et al., 2015; Clarke et al., 2006; Fleischmann et al., 1962). In general, the deposition
mechanism of manganese oxide involves the initial oxidation of manganese ions,
adsorption and precipitation to solid phase, and dehydration process to form manganese
oxide (Clarke et al., 2006). To understand the deposition mechanism of manganese
oxide-based composite film, it is essential to realise the reactant species in the

deposition electrolyte. As the manganese (1) acetate tetrahydrate was used throughout
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the thesis, the Mn?* ion was participated in the deposition process. Based on the reaction
mechanisms proposed by previous studies (Reaction7.1 to 7.4), the deposition
mechanisms of composite electrodes in this thesis are thus suggested (Kao & Weibel,

1992; Paul & Cartwright, 1986).

Mnpui®* — Mnggs™ (7.1)
Mnags?t — Mn®* + e (7.2)
Mn** + 2H,0 — MnOOH + 3H" (7.3)
MnOOH — MnO; + 4H* (7.4)

As shown above, the adsorbed Mn?" will transform into intermediate Mn®". At
neutral or low acidic medium, the intermediate reacts with water molecule and forms
MnOOH. The MnOOH is then oxidized to be MnO, after treated with appropriate

annealing temperature.

For RGO-manganese oxide composite electrode (Chapter 4), the formation process
can be described as following. The basal plane of RGO consists of epoxy and hydroxyl
groups while the edges are decorated with carbonyl and carboxyl groups. These
functional groups can interact with ions and form composite. Thus, Mn®* ions produced
from the dissolution of Mn(CH3COQO),- 4H,0O can form bond with the oxygen
functional groups on the RGO via electrostatic interaction (Chen et al., 2010). In overall,
the formation of RGO-manganese oxide is initiated by the anchor of manganese ions on

the edge or defect sites of RGO (Lee et al., 2014).

In the case of manganese-nickel oxide composite electrode (Chapter 5), it can be
explained via common deposition route. The manganese and nickel ions dissociate from

their salts then precipitate onto the stainless steel, as described in Reaction 7.1 to 7.3.
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After that, the deposited composite films will be transformed into oxide under the heat

treatment of 300 °C (Ezema et al., 2008; Shinomiya et al., 2006).

On the other hand, the formation of manganese oxide-PEDOT: PSS involves the
electrostatic interaction (Chapter 6) (Su et al., 2013). As the composite electrode
undergoes annealing temperature of 60 °C, the manganese oxide formed still contain
large portion of water as there is only small amount of water lost even at 120 °C. The
water content in this composite electrode plays important role in its electrochemical

performance and it has been shown in Chapter 6.

As the electrodeposition being employed as the preparation method, the relationship
between deposition duration and the formation of composite film is studied.
RGO-manganese oxide composite electrode was initially exhibited irregular
morphology when the deposition duration is only 10 mins, Figure 4.2. However, the
composite film has fully covered on the stainless steel surface though the resulted
morphology is non-uniform. Additionally, the deposited composite film is compact and
non-porous which does not offer a good ionic and electronic transportation pathway.
When there is more ions deposited onto the film, the interaction between ions is
dominant compared to the attraction between substrate and ions. This is shown by the
transformation of morphology from irregular to flaky structure, Figure 4.3. At even
longer deposition duration (15 and 18 mins), the ions accumulated on the flakes and
then further agglomerated to form cluster-like structure. The mass per area for
composite film deposited at 13, 15, and 18 mins are 4.6 x 10, 6.0 x 10® and
2.6 x 10™ g cm™. The addition in mass per area with deposition duration indicating that
the film are still adhered well on substrate after exposed to 18 mins of deposition
duration. The morphology that led to the highest specific capacitance was produced by

13 mins of electrodeposition duration.
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For manganese-nickel oxide composite electrode, the morphology does not varied
with deposition duration, Figure 5.1. The deposited ions are accumulated and continued
to grow randomly on the deposits formed before them. There is no further significant
interaction between deposits that causes the evolution of morphology or structure.
Similar to RGO-manganese oxide composite electrode, 13 mins appears to be the
optimum electrodeposition duration to produce the best electrochemical performance
for this composite electrode system. In contrast, the evolution of morphology is
observable for manganese oxide-PEDOT: PSS composite electrode, Figure 6.1. The
morphology transforms from flaky to globular structure with longer deposition duration,
20 s to 50 s. Different from RGO-manganese oxide, the structure is agglomerated and
formed nodes connecting with each other. Although the morphologies are porous, the
porosity test is unable to be carried out due to the low-yield production for each

deposited samples.

In overall, all composite electrodes revealed the formation of continuous coating on
the substrate. The formation of different morphology is determined by the interaction
type between different materials. Although morphology formed is different, all
composite films are amorphous in nature, as examined by XRD. Hence, the empirical
formula cannot be deduced for the composite formed in this thesis. The amorphousness,
or structural disorderness, does not prohibit an efficient electronic and ionic
transportation. Instead, all composite electrodes display a good -electrochemical
performance. In RM, MN, and MP composite electrode systems, the optimum
deposition durations are 13 mins, 13 mins, and 40s respectively. The result is
summarised in Table 7.1. As shown in Table 7.1, MN 13 with spongy-like structure
achieved the highest specific capacitance, 404 F g in 1mV s'and 670F g*in1 Ag™.

This can be attributed to the relatively low charge transfer resistance R of 1.79 Q of

this composite electrode. On the other hand, RM 13 and MP 40 have R of 2.4 Q and
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11.4 Q respectively. The relatively higher R, of MP 40 also led to the lowest specific

capacitance obtained.

Table 7.1: Comparison study on three composite electrode systems.

Specific capacitance / F g Capacitance
Composite Cyclic Galvanostatic retention
system voltammetry at charge-discharge percentage %
1mVs?t at1Ag*t after 1000 cycles
RM 13 407 498 78.0
MN 13 404 670 67.0
MP 40 250 394 84.8

The CV curves appear to be a little bit different from each systems. Generally, the
CV curve has a rectangular envelope. RM and MN systems have a broad hump while
MP system has an obvious redox peak. MN system is observed to have broader hump
compared to RM system. The appearance of redox peak is an indication of the
insertion/de-insertion processes. The presence of broad hump in CV curves of RM and
MN composite electrode systems indicate the more distributive of the charge transfer
reactions. In contrast, the prominent redox peak of MP system shows the metal-centred
property of the composite film. The CV curve can be explained via band theory as well
(Bard & Faulkner, 2001). Based on band theory, the rectangular CV curve is generated
by the near and interactive redox active sites. The redox active sites with short
separation distance can interact with each other and therefore create a wide range of
energy states. In contrast, a well-separated and non-interactive redox active sites will
possess similar energy states. This results in peak-shaped CV curve. From here, we can
deduce that the redox active sites in RM and MN composite electrode systems have
shorter separation gaps compared with redox active sites in MP composite electrode

system.

The galvanostatic charge-discharge curves and impedance spectrum are found

similar among these three systems. The galvanostatic charge-discharge curve exhibits
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non-linearity indicating the participation of Faradaic reactions. On the other hand, the
impedance spectrum show a combination of depressed semicircle and sloping straight

line. The detailed evaluation has been explained in each section.

In terms of cycle stability upon 1000 cycles, MP 40 performs the best cycle stability
compared with RM 13 and MN 13. MP 40 can retain 84.8 % of initial capacitance while
RM 13 and MN 13 retains only 78 % and 67 % respectively. Even after 2000 cycles,
MP 40 still able to retain 78 % of initial capacitance. This good cycle stability can be
credited to the conductive backbone of conducting polymer, which is PEDOT: PSS in
this system. The composite electrode system made up of only transition metal oxide
exhibits even lower cycle stability, which is 67 % of initial capacitance after 1000
cycles. This can be caused by the lacking of supporting backbone and severe dissolution
of deposited film. The dissolution of film is unavoidable during the cycling test.
However, the effect is prominent when the film consists only transition metal oxide. For
RM and MP systems, RGO and PEDOT: PSS act as supporter for manganese oxide.
Nevertheless, MN only have transition metal oxides which contribute mainly to the
charge storage process instead of stability. The corresponding CV curves of these three
composite electrode systems can describe the redox activities on the composite films
(Figure 4.9 (b), Figure 5.8 (b), and Figure 6.5 (f)). The redox peak of MP composite
electrode system is clearly seen even at 1000™ cycle while the redox activity in RM
composite electrode system starts to diminish at 500" cycle. However, the redox
activity in MN composite electrode system is merely seen start from 250" cycle. Since
the MN composite electrode system consists only transition metal oxide, the lacking of
conductive backbone affects the stability of the composite electrode upon repeated
cycling process. On the other hand, RGO acts as the conductive backbone for the RM
composite electrode system which brings about an intermediate performance between

MN and MP composite electrode systems. From here, we can deduce that the
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conductive backbone is important for cycle stability. This rises up a possibility of
forming a better composite which consists of RGO, manganese oxide, nickel oxide and
PEDOT: PSS. By combining the beneficial properties of each materials, this new

composite is expected to achieve higher specific capacitance and cycle stability.

Our group has carried out an additional cohesiveness test to examine the adhesion
strength and cohesiveness of the deposited film on the stainless steel. The half part of
dried deposited film of RM 13, MN 13 and MP 40 are attached with transparent
adhesive tape. Then, the tapes are removed at the same time. The surfaces are observed

carefully and the images are shown in Figure 7.2.

Figure 7.2: Images of composite electrodes (a) before and (b) after peeling off the
adhesive tapes.
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The result shows that all the composite films can resist the peeling force as they
show insignificant detachment from the stainless steel. This suggests a good cohesion
strength between the particles. In addition, there is nothing detected on the adhesive
tape after being removed from composite electrode. This depicts a good adhesion
between the composite film and stainless steel. The adhesion strength can be attributed
to the van der Waals force which keep the composite film attached on the stainless steel
during the peeling process of adhesive tape. The bonding between stainless steel and

composite films studied is shown to be very good.
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CHAPTER 8: CONCLUSIONS AND SUGGESTIONS ON FUTURE WORK

8.1 Conclusion

In this work, the first objective was to fabricate and optimize three composite
electrodes in terms of electrodeposition duration. By employing chronopotentiometry
method, RGO-manganese oxide, manganese-nickel oxide and manganese
oxide-PEDOT: PSS composite electrodes are prepared. The optimized electrodeposition
durations for RGO-manganese oxide, manganese-nickel oxide and manganese
oxide-PEDOQOT: PSS composite electrodes are 13 mins, 13 mins and 40 s respectively.

This objective has been achieved.

The second objective was to examine the impacts of electrodeposition duration
towards morphology and structure of prepared composite electrode. For
RGO-manganese oxide composite electrode, the morphology was evolved with
electrodeposition duration. The morphology grew from an irregular structure to a flaky
structure when the electrodeposition duration was extended from 10 mins to 13 mins.
Further increasing in electrodeposition duration resulted in a structure aggregation.
However, electrodeposition duration did not affect significantly on the structure formed.
The structure formed is amorphous in nature. This condition is similar to another two
set of composite electrodes. For manganese-nickel oxide composite electrodes, all
samples exhibited spongy-like morphology regardless of electrodeposition duration.
Nonetheless, the morphology of manganese oxide-PEDOT: PSS composite electrode
changed from globular to fiber-like structure. From here we can deduce that, due to
different kind of interaction takes place when different types of materials are combined,

the morphology formed can be varied. Therefore, this objective has been achieved.
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The third objective was to study the electrochemical performances of the prepared
composite electrodes. In overall, the electrochemical performance was inspected
through cyclic voltammetry (CV) test, galvanostatic charge-discharge test (GCD), and
impedance study. CV test was carried out by varying the scan rate in order to determine
the predominant course that governs the charge storage process. The CV curves of three
set of composite electrodes remained identical with the changing scan rate. This
indicates that the diffusion process is governing the ionic transportation in the
electrolyte. In addition, the charge storage process is mainly conducted by surface redox
reaction. GCD test was performed in order to estimate the specific capacitance obtained
by each composite electrodes. The specific capacitances obtained by RGO-manganese
oxide, manganese-nickel oxide, and manganese oxide-PEDOT: PSS are 498, 670 and
394 F g™ respectively. This result is consistent with the impedance study that showed
the lowest charge transfer resistance of manganese-nickel oxide composite electrode
while manganese oxide-PEDOT: PSS had the highest charge transfer resistance.
Combining all the electrochemical performance results, the third objective in this thesis

is said to be accomplished.

The fourth objective was to demonstrate the cycle stability of the optimized
composite electrodes upon 1000 cycles. The sequence of composite electrodes with
cycle stabilities arranged in ascending order are manganese-nickel oxide,
RGO-manganese oxide and manganese oxide-PEDOT: PSS. It can be seen that
manganese oxide-nickel oxide does not possess the highest cycle stability although it
has highest specific capacitance. This can be due to the lacking of supportive backbone
like RGO and PEDOT: PSS, which makes this composite electrode suffered from metal
oxide dissolution. On the other hand, compared with RGO, PEDOT: PSS acts as the
stronger backbone for manganese oxide. It is therefore to say that the fourth objective in

this thesis has been achieved.
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8.2 Suggestions on future works

Future work may involve the preparation of composite consists of RGO, manganese
oxide, nickel oxide, and PEDOT: PSS. The optimisation on the composite by varying
the concentration, weight ratio, and annealing temperature can be carried out. However,
the mass loading of the composite film must be taken care because thick film does not

contribute to better electrochemical performance.

The electrode preparation method can be improved further. As chronopotentiometry
technique is employed throughout the thesis, chronoamperometry may offer more
information about the formation process of the film. Although electrodeposition is a
green and simple method, the product formed usually appear as amorphous. By varying
the annealing temperature, the crystallinity can be evolved. The effect on the
electrochemical performance of the film can thus be evaluated by comparing with
amorphous composite. The stainless steel is an inert substrate. Alternative substrate
such as fluorine-doped tin oxide (FTO) glass or indium tin oxide (ITO) glass which are

conducting substrate can be a good attempt.
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In this paper, we report on a facile electrodeposition method to produce reduced graphene oxide (RGO)-manganese
oxide (MnO,) composite electrode for supercapacitor application. The nature of the composite electrode was exam-
ined by X-ray diffraction (XRD). The morphology and composition of the composite electrode were studied using
field emission scanning electron microscope (FESEM) and energy dispersive X-ray spectroscopy (EDX). FESEM re-

vealed the wrapping of MnO, nanoparticles by RGO sheets. Supercapacitor cell behavior was examined using cyclic

Keywords:

voltammetry (CV), galvanostatic charge-discharge (CD) and electrochemical impedance. The optimum specific ca-

RGO pacitance obtained was 378 F/g at scan rate of 1 mV/s for 13 min of electrodeposition. This is attributed to the high
MnO, surface area contributed by MnO, nanoparticles and conductive pathway provided by RGO sheets. Cycling studies

Electrodeposition
Supercapacitors
Green synthesis

showed that this cell can retain 83% of original specific capacitance after 1000 cycles. This high capacitance compos-
ite electrode has long cycle stability which makes it suitable for supercapacitor application.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

There are many studies that focus on energy storage devices in order
to overcome the problems of fossil fuel depletion. Supercapacitor is one
of the attractions for many energy storage researches. There are two
types of supercapacitor according to the charge storage mechanism:
electric double layer capacitor (EDLC) and pseudocapacitor. The mech-
anism of EDLC is based on reversible adsorption of ions whereas
pseudocapacitor is based on reversible surface redox reactions [ 1]. How-
ever, supercapacitors face the problem of low energy density. Appropri-
ate cell design and combination of materials are believed to overcome
this problem.

Transition metal oxides are one of the good candidates acting as
an electrode material for pseudocapacitor because the high capaci-
tance attributed to the fast and reversible faradaic reaction occurred
at the surface. Manganese oxide (MnO,) is one of the promising and
green electrode material for supercapacitor. Although it is low cost,
environmental friendly and abundant in nature, there are still some
problems regarding to its poor conductivity and low cycling stability
that set drawbacks for energy storage application.

Graphene has been known for its excellent mechanical, structural,
thermal and electronic behaviors [2]. Such properties enable graphene
alone or graphene composites to be applicable in many fields such
as energy storage devices, sensors and solar cells. There are various
methods such as hydrothermal treatment [3] and microwave irradiation
[4] to produce reduced graphene oxide (RGO) but the most common ap-
proach is using the chemical route. Solution-based chemical reduction is

* Corresponding author. Tel.: +60 379674146x4238.
E-mail address: shana@um.edu.my (S.R. Majid).

0167-2738/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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low cost and applicable for large scale production. However, the RGO
sheets produced have low solubility which makes it hard to dissolve in
water and organic solvent. Thus, agglomerations are easily formed
between the RGO sheets due to strong I'T-IT interactions [5]. Most
of the famous reducing agents such as hydrazine, hydroquinone
and hydrogen sulfide are not preferable because they are poisonous and
hazardous. However, there's one reducing agent namely L-ascorbic acid,
that turns out to be a good candidate for the reduction of graphene
oxide (GO). Besides reducing the GO, it can also act as a surfactant
to reduce the occurrence of RGO sheet re-stacking [5].

The incorporation of MnO, particles with RGO sheets is believed
to enhance the electrochemical performance of MnO, itself. Accord-
ing to Kim et al. [6], the electrochemical supercapacitor with RGO-
MnO, as electrode has achieved specific capacitance as high as
383.82 F/g at 10 mV/s. Herein, we prepared RGO-MnO, composite
via green electrodeposition method. The composite electrode was
characterized by X-ray diffraction (XRD), field emission scanning
electron microscope (FESEM), energy dispersive X-ray spectroscopy
(EDX), cyclic voltammetry (CV), galvanostatic charge-discharge (CD)
and frequency response analyzer (FRA).

2. Methodology
2.1. Material

Graphite flakes (Nippon Graphite Industries, Ltd.), potassium per-
manganate (KMnO,) (Bendosen), L-ascorbic acid (UNILAB), manganese
acetate (Mn(CH5COO),) (Fluka), sulfuric acid (H,SO4), phosphoric acid
(H3PO4), hydrogen peroxide 30% (H,0,) and hydrogen chloride (HCI)
(Friendemann Schmidt) were used as received.
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2.2. Graphite oxide synthesis

The graphite oxide is produced using simplified Hummer's method
[7]. HoSO4, H3PO4, graphite flake and KMnO4 were mixed together and
stirred for 3 days. Next, H,O, was added gradually. The precipitate
formed was washed with 1 M HCl for three times and deionized water
for six times by centrifugation technique. A brown solution with dis-
persed graphite oxide was formed.

2.3. Reduced graphene oxide-manganese oxide composite synthesis

The solution was sonicated heavily in order to exfoliate the graphite
oxide to become graphene oxide (GO). Next, L-ascorbic acid solution
was added into it and stirred vigorously until the solution turns black.
After that the manganese acetate (Mn(CH5COO),) was added to the so-
lution and stirred for 24 h. The solution produced acts as electrolyte for
the electrodeposition process.

2.4. Electrodeposition

The electrodeposition was carried out using two-electrode sys-
tem. A carbon rod and stainless steel act as counter electrode and
working electrode respectively. Chronoamperometry was used to in-
vestigate the process occurred during the formation of film. The du-
ration of the electrodeposition was varied: 10, 13, 15 and 18 min.
After the electrodeposition, the stainless steel was rinsed with dis-
tilled water and heated at 100 °C for 3 h. The mass of the film formed
was determined from the weight difference of the stainless steel be-
fore and after electrodeposition using a high precision microbalance
(Mettler Toledo MT5).

2.5. Characterizations

The nature of the sample was examined by using D8-Advance X-ray
diffraction XRD Bruker AXS with CuK, monochromatized radiation
at 40 kV and 40 mA at ambient temperature. Jeol ]SM-7600F Field-
Emission Scanning Electron Microscope (FESEM) was used to inves-
tigate the surface morphology and Energy Dispersive X-Ray Spectros-
copy (EDX) was used to analyze the composition of the composite
electrode. The electrochemical properties of the composite electrode
were studied through cyclic voltammetry (CV) and galvanostatic
charge-discharge (CD) which are carried out using Autolab PGSTAT12
in 1M Na,SO,4 within 0-1V potential window. Frequency Response An-
alyzer (FRA) in Autolab PGSTAT30 was used to run the impedance anal-
ysis of the composite electrode.

3. Results and discussion
3.1. XRD

Fig. 1 shows the XRD patterns for all electrodeposited composite on
stainless steel and bare stainless steel. As seen in Fig. 1, there is no sharp
(001) reflection peak of graphite oxide (GO) at 26 =10.3° indicating the
GO has been successfully reduced [8]. In all XRD patterns of deposited
samples, only two intensive peaks assigned to (111) and (200) reflec-
tion peaks of stainless steel was observed [9]. This may arise from amor-
phousness of RGO-MnO, thin film formed on stainless steel as reported
by S. Hassan et al. [10].

3.2. FESEM and EDX

Fig. 2 shows the FESEM images obtained for 10 min, 13 min and
18 min of deposition and EDX result. Fig. 2(a) reveals that in the
shortest time of electrodeposition, MnO, particles are difficult to be
observed since the agglomeration of RGO sheets has covered most
of the particles. As the duration increased to 13 min, the spherical
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Fig. 1. XRD result for all composite electrodes and stainless steel.

shaped-MnO, particles are more visible and the agglomeration of RGO
sheets is absent, Fig. 2(b). Thus, MnO, particles can be considered to
play a role to prevent the re-stacking of RGO sheets as discussed by
Y.J. Mai et al. [11]. The MnO, particle size increases when the electrode-
position duration increases. This can be seen when comparing Fig. 2(b)
and (c). The increase of MnO, particle size increases the interfacial con-
tact between RGO sheet and MnO, particles. However, this also breaks
down the conductive pathway provided by the RGO as can be seen
from Fig. 2(c). The elemental composition of the 13 minute-deposited
composite electrode is shown in Fig. 2(d) which reveals that the RGO
and MnO, are actually deposited on the stainless steel even though it
cannot be seen from XRD patterns.

3.3. Cyclic voltammetry and charge-discharge studies

In order to explore the applicability of the composite electrodes
in supercapacitor, CV measurement has been carried out at different
scan rates: 1, 5, 10, 15 and 20 mV/s. The results are shown in Fig. 3.
The cyclic voltammetry curves for all electrode samples at 1 mV/s
are illustrated in Fig. 3(a). The nearly rectangular feature of CV curves
coupled with redox peaks indicates the combination of double layer and
pseudocapacitance behaviors which are resulted from the synergistic
integration of RGO-MnO, composition [12]. The symmetrical nature
of the CV curves implies the kinetic reversibility in the intercalation/
deintercalation process. The broad peaks that appeared is caused by
the redox reaction of Mn>*/Mn*™ in sodium electrolyte system based
on the following charge storage mechanism :

MnO, + xH' +yNa' + (x +y)e” —MnOOH,Na,.

The anodic peak at ~0.7 V and cathodic peak at ~0.2 V are due to
the redox reaction assigned to Mn>*/Mn** couple and in agreement
with other reports [13].

The specific capacitance was calculated with the equation SC=1,,/
(SR x mq4) where SC = specific capacitance, I,, = average current,
SR = scan rate and myg = mass difference of the composite electrode.
The masses of the composite films obtained are 0.29 mg, 0.184 mg,
0.24mg and 1.054mg for 10, 13, 15 and 18 minute-deposited composite
electrode respectively. The optimum specific capacitance obtained was
378 F/g when the electrodeposition duration of 13 min is applied. This
may attribute to the well distribution and large surface area offered by
MnO, nanoparticles together with the conductive pathway built up by
the RGO sheets as shown in Fig. 2(b). MnO-, in nano-scale helps to re-
duce the diffusion path of electrolyte ions during the charging and
discharging process [14]. Fig. 3(c) provides graphs of the calculated
specific capacitance against scan rate and it was found that the SC de-
creases with increases of the scan rate. This may be due to the depen-
dence of electrochemical performance on diffusion of electrolyte ions
[15]. When the scan rate is high, the diffusion of electrolyte ions will
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Fig. 2. FESEM images for (a) 10 min of deposition duration at 20 K magnification, (b) 13 min of deposition duration and (c) 18 min of deposition duration at 100 K magnification, (d) EDX
result for 13 min of deposition duration.
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scan rate for all sample electrodes and (d) specific capacitance versus scan rate for 13 min of deposition duration.
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Fig. 4. Charge-discharge curve of all composite electrodes at a constant current of 1 mA.

be confined on the surface of the electrode. At low scan rate, the electro-
lyte ions are able to diffuse into deeper surface of the electrode [16].

At a scan rate of 10 mV/s, the cycle stability of the 13 minute-
deposited composite electrode remains at a specific capacitance of
83% from the initial value. The energy density was calculated using
the equation Egensiry =1 /2(CV?) /3600 where the Edensity = energy den-
sity, C = specific capacitance obtained in the previous calculation and
V = potential window range. The energy density calculated for compos-
ite electrode with 13 min of deposition is 52.5 Wh/kg.

Fig. 4 compares the galvanostatic charge-discharge curves at a con-
stant current of 1 mA for all electrode samples using 1.0 M Na,SO4 as
electrolyte.

In comparison with 13, 15 and 18 min of electrodeposition, 13 minute-
deposited electrode exhibits the longest discharging time. In other words,
it can deliver more charges. This is consistent with the CV result at which
the electrode has the optimum specific capacitance [17]. The observation
from FESEM image also reveals that the 13 minute-deposited electrode
has the optimum wrapping condition of MnO, particles by RGO sheet
that allows more electrolyte ions to participate in the intercalation/
deintercalation process. Thus, 13 minute deposited composite elec-
trode is believed to be the best composite electrode in this work. In
addition, the charge-discharge curve has almost symmetrical nature
with slight curvature suggesting to the contribution of both double
layer (EDLC) and pseudocapacitive in the charge storage mechanism
of the composite electrodes.

4. Impedance analysis

The capacitive behavior of the composite electrode can be highlighted
by analyzing the Nyquist plots in Fig. 5. A nearly vertical straight line at
low frequency region of impedance data represents a capacitive behavior
of the composite electrodes. The straight line closest to vertical is exhibit-
ed by the 13 minute-deposited composite electrode indicating it has the
highest capacitive behavior among other electrodes and this behavior is
due to the ion diffusive process of the electrolyte into the electrode. Fur-
thermore, the diameter (d) of the depressed semicircle at high frequency
region can be attributed to the charge transfer resistance. It was found
that dq3 < d;g < dy5 < djo, which indicates the best ion diffusion into the
13 minute-deposited electrode.
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Fig. 5. Nyquist plot for all composite electrodes.

5. Conclusion

An RGO-wrapped MnO, composite electrode has been synthesized by
simple electrodeposition technique using green reducing agent. Structure,
morphology, elemental composition and electrochemical properties are
evaluated for the potential application in supercapacitor. The best perfor-
mance of the electrode is produced by 13 min of electrodeposition with
the specific capacitance of 378 F/g at 1 mV/s. The capacitance retention
of 83% after 1000 cycles indicates a good electrochemical stability. These
results reveal the potential of RGO-MnO, composite as a promising elec-
trode material for supercapacitor.
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Abstract

The composite metal oxide electrode films were fabricated using ex situ electrodeposition
method with further heating treatment at 300°C. The obtained composite metal oxide film
had a spherical structure with mass loading from 0.13 to 0.21 mg cm™. The structure and
elements of the composite was investigated using X-ray diffraction (XRD) and energy dis-
persive X-ray (EDX). The electrochemical performance of different composite metal oxides
was studied by cyclic voltammetry (CV) and galvanostatic charge-discharge (CD). As an
active electrode material for a supercapacitor, the Co-Mn composite electrode exhibits a
specific capacitance of 285 Fg™' at current density of 1.85 Ag™ in 0.5M Na,SO, electrolyte.
The best composite electrode, Co-Mn electrode was then further studied in various electro-
lytes (i.e., 0.5M KOH and 0.5M KOH/0.04M K3zFe(CN) ¢ electrolytes). The pseudocapacitive
nature of the material of Co-Mn lead to a high specific capacitance of 2.2 x 10° Fg™ and an
energy density of 309 Whkg™ in a 0.5MKOH/0.04MK3Fe(CN) ¢ electrolyte at a current den-
sity of 10 Ag™". The specific capacitance retention obtained 67% of its initial value after 750
cycles. The results indicate that the ex situ deposited composite metal oxide nanoparticles
have promising potential in future practical applications.

Introduction

Electrochemical supercapacitors are appealing as devices for storing electrical energy, because
they can deliver power at higher rates than batteries and higher energy density than conven-
tional capacitors [1-3]. They can also be classified by their charge storage mechanism (i.e., as
electrical double layer capacitors (EDLC) and pseudocapacitors). The energy storage mecha-
nism of EDLC depends on the accumulated charge at the electrode-electrolyte interface. Pseu-
docapacitors are being developed in order to improve energy density through the storage
mechanism of intercalation/deintercalation cations from the electrolyte into the electrode. In
pseudocapacitors, the joint action of non-Faradic double-layer charge storage processes and
redox reactions results in high capacitance and energy storage density [4-7]. A lot of materials
have been studied as potential electrode materials for supercapacitors including (1)
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carbonaceous materials, (2) conducting polymers, and (3) transition metal oxides [7, 8]. Out of
these materials, metal oxide electrode materials have attracted considerable interest because of
their large capacitance and fast redox kinetics. There are some other fields of studies, such as
optical, membrane fusion, and magnetron sputtering, that have utilized metal oxides to obtain
a higher level of performance [9-12]. Metal oxide materials such as MnO,, NiO, Co;0,, and
VO are commonly used as candidate materials for pseudocapacitor electrodes [5-6].

MnO, has received attention because its physical and chemical properties can be used to
make relatively high quantities of low-cost, non-toxic pseudocapacitors with a high specific
capacitance value [7, 13-14]. However, as a supercapacitor electrode material, MnO, is still
hampered by its poor electrical conductivity and material dissolution during electrochemical
cycling, which leads to a severe specific capacitance drop as the scan rate increases. To mitigate
these problems, many measures such as making nanocomposites and carbon-mixing have
been carried out [7, 14]. To obtain nanocomposite compounds, the primary MnO, metal oxide
can be incorporated with secondary/ternary metal oxide materials [7, 15]. In this case, an elec-
trode containing mixed metal oxides performs better than a single transition metal oxide when
it is used as the electrode in a supercapacitor [15]. For instance, F. Gobal and S. Jafarzadeh [16]
employed the deposition method to obtain binary cobalt-manganese oxides on stainless steel
substrate, and the ex situ deposited metal oxide showed higher specific capacitance than a sin-
gle deposited metal oxide. However, the morphology changes and the effect of the second layer
have not been studied. According to Lee et al. [17], binary manganese-nickel (Mn-Ni) oxide
films in situ electrodeposited from a bath consisting of manganese acetate and nickel chloride
on a graphite sheet can achieve a specific capacitance of 424 Fg™' in Na,SO, electrolyte at a
scan rate of 20 mVs ™. In the work of Prasad and Miura [18], the addition of cobalt oxide
showed an improved specific capacitance of the manganese oxide electrode. The purpose of
this work is to investigate the electrochemical characteristics of a composite MnO,-based elec-
trode that has been prepared by the ex situ electrodeposition technique. We have chosen to use
the electrodeposition technique due to several advantages provides, such as being simple to set
up, requiring low deposition temperature, allowing for easy control of the deposited thickness,
consuming less energy, and being fast to be carry out [19]. A layer of MnO, was used as a first
layer, followed by the ex situ deposition of a second layer containing mixed metal hydroxide
solutions, such as Co(OH),, NiOH, and Mn(OH),, performed according to the chronopoten-
tiometry method. The influence of the second layer on the morphological structure and the
electrochemical performance of the best electrode tested in different electrolytes are also dis-
cussed within this study.

Experimental
Materials

In this work, manganese acetate tetrahydrate (Mn(CH;COO),.4H,0) and nickel acetate tetra-
hydrate, (Ni(CH3;COO),.4H,0), were purchased from Aldrich and used without further purifi-
cation. Cobalt sulphate (CoSO,.7H,0) and sulphuric acid H,SO, were obtained from Unilab
and Friendemann Schmidt, respectively.

Electrodeposition

The electrodeposition was conducted under ambient conditions at 27°C with a three-electrode
configuration in chronopotentiometry mode using an Autolab PGSTAT30. Stainless steel (SS),
Ag/AgCl and carbon rod were respectively used as the working, reference and counter elec-
trodes. The area of the working electrode in contact with the solution was fixed at 4 cm”. The
first layer was made up of manganese hydroxide particles electrodeposited from a 0.01M of Mn
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Table 1. List of deposition solutions for the second layer.
Sample Deposition solution

Co-Mn 6ml of 0.8 M of H,S0O4+30 ml of 0.01M Mn(CH3C0O0),.4H,0+30 ml 0.15M CoS0O,4.7H,0O
Ni-Mn 6ml of 0.8M H;S0O4+30ml of 0.01M Mn(CH5COO),.4H,0+30ml of 0.25M Ni(CH3zCOO0),.4H,O

Co-Ni 6ml of 0.8M H,S04+30 ml 0.15M C0S0O,.7H,0+30ml of 0.25M Ni(CH3COO0),.4H,0
Co-Ni- 6ml of 0.8M of HSO,+20ml of 0.01M Mn(CH35CO0),.4H,0+20ml of 0.25M Ni
Mn (CH3C0O0),.4H,0+20 ml 0.15M CoS0,4.7H,0

doi:10.1371/journal.pone.0129780.t001

(CH3C00),.4H,0 aqueous solution for 300s [20]. The current density was fixed at 2 mAcm
and the obtained sample was further heated at 150°C for 6 hours. The second layer was electro-
deposited on the first layer after the sample was cooled to 27°C. The deposition current density
was fixed at 2 mA cm for 300s using the different deposition solutions listed in Table 1.

Lastly, all of the prepared electrodes were rinsed with distilled water and heated at 300°C for
6 hours before further characterization. The sample preparation and measurements are
reproducible.

Characterization

The morphology of the deposited film was investigated using field emission scanning electron
microscopy (FeSEM), Joel JSM-7600F, and transmission electron spectroscopy (TEM) Jeol
JEM-2100F. The crystal structure of deposited metal oxide and powder from the selected sam-
ple scraped off the SS was examined by an X-ray diffraction (XRD) D8 Advance X-Ray diffrac-
tometer-Bruker AXS using CuK,, monochromatized radiation at 40 kV and 40 mA at ambient
temperature. The electrochemical performance was examined using electrochemical imped-
ance spectroscopy (EIS), cyclic voltammetry (CV) and charge-discharge (CD) studies. All the
electrochemical tests were set up with three electrode systems: prepared electrode as working
electrode, platinum as a counter electrode, and Ag/AgCl as a reference electrode. The electro-
chemical impedance spectroscopy (EIS) tests were performed at a frequency of 0.1Hz to 100
kHz at applied AC potential of 0 V.

Results and Discussion
Morphological and structural studies

FESEM and TEM analyses were carried out to probe the surface structural identities of Co-Mn,
Ni-Mn, Co-Ni, and Co-Ni-Mn deposited samples. The FESEM images are displayed in Figs 1
and 2. As can be seen from the low magnification image of all samples, most of the deposited
particles are spherical in shape. The sizes of the spherical particles are in the range of 100 to
400 nm. The contiguous particles are only observed in the FESEM images of Ni-Mn and Ni-
Co-Mn, shown in Fig 1B and 1C, which tended to form large agglomerated particles. The sur-
face of the particles exhibits a nanoflake-like structure, which is influenced by the nucleation
process of the second electrodeposited layer. As shown in Fig 2, higher magnification of TEM
images reveals that a flower-like structure is clearly seen in all samples. The thickest layer of the
flower-like structure at the outer particles (40-70 nm) is observed in the Co-Mn sample (Fig
2A and 2B), which may be constructive for ion intercalation. The interplanar spacing of Co-
Mn is shown in Fig 2C. The periodic lattice fingers’ distance of 0.21 nm and 0.31 nm might
attributed to the interplanar spacing of the (301) and (310) MnO, plane, while 0.25 nm belongs
to the (311) plane of Co30, [20-21]. In the deposited Ni-Mn and Ni-Co-Mn samples (Fig 2D
and 2F), the flower-like structure overlaps because of the adjoining particles, as evidenced in
the FESEM results. The overlapping of the flower-like structure can limit the cation

PLOS ONE | DOI:10.1371/journal.pone.0129780 July 9, 2015 3/16



el e
@ : PLOS ‘ ONE Ex-Situ Deposited Cobalt-Manganese Oxide as Electrode Material

Fig 1. FESEM images at high and low magnification: (A) Co-Mn, (B) Ni-Mn, (C) Co-Ni-Mn, (D) Co-Ni, and (E) first layer of deposited MnO,.
doi:10.1371/journal.pone.0129780.g001

intercalation in the electrode matrix and leads to low electrochemical performance. The pres-
ence of spherical particles can be attributed to the instantaneous nucleation at all available sites
during the first electrodeposition of MnO, step (Fig 1E). The development of various textures
on the flower-like structure on top of MnO, is influenced by the progressive nucleation from
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Fig 2. TEM images at low and high magnification: (A-B) Co-Mn, (C) inter-planar lattice spacing of Co-Mn, (D-E) Ni-Mn, (F-G) Co-Ni-Mn, and (H-I) Co-

Ni.
doi:10.1371/journal.pone.0129780.g002

the second electrodeposition step. Previous studies [22-23] reported that progressive nucle-
ation occurs on a larger number of active sites than instantaneous nucleation does, and it not
only forms on the substrate surface but also on previously formed nuclei, resulting in the
growth of compact grains. The growth of thicker, more compact grains in Ni-Mn and Ni-Co-
Mn samples caused the overlapping of the particles.

The elemental identity of the deposited metal oxide on SS was confirmed by XRD. No sig-
nificant peaks could be observed from the XRD patterns of all deposited electrodes on SS sub-
strate (Fig 3A). This absence is attributed to the thin amorphous deposited sample [24]. Fig 3B
shows the XRD pattern of scraped-off powder from Co-Mn deposits on SS, which was collected
after the second electrodeposition step. The peaks at 20 = 29.1°, 37.3°, 42.5° and 56.6° in the
XRD pattern of deposited MnO, from the first electrodeposition step confirm the formation of
o-MnO, with planes of (310), (211), (301), and (600), respectively (JCPDSNO.44-0141) [25].
A low intensity peak around 26 = 38.5° corresponding to the (222) plane of Co;0, (JCPDS
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Fig 3. (A) XRD pattern of all deposited electrodes on top of SS, (B) XRD pattern of scraped off powder of MnO, deposits (first electrodeposition)

and scraped-off powder of Co-Mn deposits after the second electrodeposition step, EDX images of: (C) Co-Mn, (D) Ni-Mn, (E) Co-Ni-Mn, (F) Co-Ni,
and (G) Empty SS.

doi:10.1371/journal.pone.0129780.9003

No. 76-1802) [26] is detected at the point when the second layer composed of Co-Mn was
deposited on the MnO, particle layer, and other peaks at 20 = 37.3°, 42.5°, and 50.6° belong to
(211), (301), and (411) planes of a-MnO, peaks [25]. The broad nature and weak relative
intensity of the Co;0, peak imply a small size of Co;0, and the amorphous nature of
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deposits, which is feasible for a supercapacitor application [24, 27-28]. The elemental composi-
tion has been confirmed from EDX studies (Fig 3C to 3G). The presence of C, Cr, Fe, Si, Mo,
and some element traces of Ni were detected from empty SS.

Electrochemical studies

The electrochemical performance of the electrode materials can be influenced by the morphol-
ogy of materials, so the prepared electrodes were subjected to cyclic voltammetry (CV), charge-
discharge (CD), and impedance tests to investigate the effect of the second electrodeposited
layer on the electrochemical performance of MnO,-based electrodes. The metal oxide electrode
can store charges at the electrode/electrolyte interface, and a redox reaction takes place in

the alkaline electrolyte. The cyclic voltammetry curves of all samples in a potential window of
0-1V using a 0.5 M Na,SO, electrolyte at a scan rate of 1 mVs™" are displayed in Fig 4A. CV
curves show well-defined redox peaks indicating the significant contribution of faradic behav-
iour than the EDLC. The maximum area under the curve is obtained from the CV curves of the
Co-Mn sample. The specific capacitance can be calculated from the CV curve with the

Fig 4. (A) CV curve of all deposited electrodes at 1 mVs™, (B) CV curve of the best Co-Mn deposited electrode at different scan rates, (C) charge-
discharge performance of Co-Mn electrode at different current densities in 0.5M Na,SO, electrolyte, (D) the specific capacitance calculated at

different current densities.

doi:10.1371/journal.pone.0129780.9004
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following equation: Eq 1:

~ [Iadr
¢= AExm

(1)

where I is the oxidation/reduction current, dt is time differential, m is the mass of active mate-
rial and AE is the operating potential.

The calculated specific capacitance values for Co-Mn, Ni-Mn, Co-Ni-Mn, and Co-Ni sam-
ples are 186 Fg'', 169 Fg™', 156 Fg'!, and 153 Fg™', respectively. Hence, the Co-Mn sample is
identified as the best electrode in the present study. To further understand the capacity behav-
iour of this sample, the cyclic voltammetry curves were run at different scan rates, as illustrated
in Fig 4B. As the scan rate increased, the specific capacitance reduced by 20% from 186 Fg™' to
149 Fg'' at a scan rate of 1 mVs™ and 20 mVs™, suggesting good electrode properties [29].

The charge-discharge measurement of the Co-Mn electrode was conducted from 0-1V,
using the same electrolyte (see Fig 4C). The specific capacitance from the discharging curve
can be calculated using Eq 2:

c- 1 2)

aE
xm

where I is the discharge current, dE/dt is the change of discharge potential with the discharge
time and m is mass of active materials.

The electrode can deliver a high specific capacitance of 258 Fg' at a current density of 1.85
Ag’'. Furthermore, a specific capacitance of 150 Fg' is still retained at a very high current
density of 37 Ag™, implying good specific capacitance retention behavior. (Fig 4D). The spe-
cific capacitance decreases as the increasing scan rate or current density reveals the minimum
utilization of active materials. At higher scan rates or higher discharge constant currents, the
Na™ ions reach only the outer surface of the electrode; the active material at the inner surface
does not get fully involved in the electrochemical process [20, 28].

The best electrochemical performance is in deposited film with Co-Mn as a second layer
and the success of this performance could be attributed to the following reasons: (1) the small
particle size and no agglomeration between the particles increases the surface area of the elec-
trode; (2) the thicker porous layer at the outer surface of the nanosphere facilitates fast electron
transport paths for diffusion of the electrolyte into electroactive materials; (3) homogeneous
distribution of the flower-like structure at the outer sphere surface might strongly improve the
conductivity and contribute to high capacitance [28].

Fig 5A shows an impedance plot of all deposits recorded in the 0.5M Na,SO, electrolyte in
a frequency range from 0.1 Hz to 100 kHz with a potential of 0V. The measured impedances
were analyzed using a Nyquist plot, and the impedance data were employed to estimate quanti-
ties of the elements of the equivalent circuit by using Nova simulation software (Fig 5B). Gen-
erally, the impedance plot of supercapacitors can be divided into three regions according to
processes, such as equivalent series resistance (ESR, Ry), transfer resistance (R.), and the War-
burg diffusion region. The R, value is obtained at the intercept of the high frequency of the
impedance plots on the x-axis (Fig 5A) and represents the electrolyte resistance, intrinsic resis-
tance of the electrode, and the contact resistance of metal oxide-current collector interfaces
[30]. The R, value of Co-Mn, Ni-Mn, Co-Ni-Mn and Co-Ni electrodes are 1.12, 1.27, 1.20, and
1.21Q, respectively. The high-frequency arc corresponds to the charge transfer resistance (R.),
which is caused by a faradic reaction between electrode/electrolyte interface and can be deter-
mined by arc semicircle diameter [30-31]. It is was found that the sum of series resistance and
transfer resistance (R + R¢) values of the Co-Mn electrode is lower than that of the Ni-Mn,
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Fig 5. (A) Nyquist plots, (B) Simulation equivalent circuit, (C) frequency versus impedance magnitude, (D) frequency versus phase angle for all

deposited samples.

doi:10.1371/journal.pone.0129780.g005

Co-Ni-Mn, and Co-Ni electrodes, as shown in Table 2. Overall, the impedance of the Co-Mn
electrode is smaller than others (evidenced by smaller R and R), which indicates that the
cation insertion/extraction process into/from Co-Mn is more efficient than in the case of
other electrodes, which might be due to the improved wettability properties. In the Warburg
region, the smaller angle between the straight line portion at the low-frequency region and
the real x-axis implies that there is a longer diffusion path length, which leads to a greater ion
movement’s hindrance [32-33]. The biggest angle of Co-Mn indicates the faster ion diffusion
of electrolytes than in Ni-Mn, Co-Ni-Mn, and Co-Ni electrodes, which implies a better elec-
trochemical performance. The knee frequency (fi,e.) represents the maximum frequency

Table 2. Resistance and frequency values obtained from EIS for all deposited film.

Sample Rs (Q)
Co-Mn 1.12
Ni-Mn 1.27
Co-Ni-Mn 1.20
Co-Ni 1.21

doi:10.1371/journal.pone.0129780.1002

Rt (Q)

0.35
0.37
0.46
0.49

Rs+ Re: (Q) frnee (HZ) fy = a5 (H2) Rs (Q) (simulation) Rc: (Q) (simulation)
1.47 356 2.22 1.07 0.23
1.64 268 1.26 1.28 0.31
1.67 202 1.27 1.19 0.47
1.70 268 2.09 1.16 0.58
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that the stored energy can fully access. The determined fy,,.. value is as high as 356 Hz for Co-
Mn and showed a good frequency response, indicating that this electrode has higher power
capability and can be rapidly charged [34]. For further investigation, the electrode can be rep-
resented by an equivalent circuit, Fig 5B. In the circuit in this study, CPE, and CPE, were use
to replace the double-layer capacity and Warburg diffusion impedance, respectively [35]. The
simulation impedance values are close to the experimental values (see Table 2).

The bode plots shown in Fig 5C and 5D are the frequency dependence on impedance magni-
tude (|Z|) and phase angle (¢) of all deposited films. A typical capacitive characteristic of the elec-
trode can be manifested from the analysis of these plots, which can be divided into three main
segments [36-37]. In the first segment, at low frequency region (f<1Hz), all the samples exhibit a
slope of ~ -1 in the plot log f versus (|Z|)) and the phase angle between -70° and -45° in the plot
log f versus (¢), showing the capacitive characteristic. In the second segment, at intermediate fre-
quency region, with a high frequency value at ¢ = -45°, represents a better capacitive response
(Fig 5D). From this figure, it is seen that the deposited electrode of Co-Mn exhibits the highest
frequency value of 2.22 Hz, indicating that it has a fast response time compared to other elec-
trodes (see Table 2) [34] and results in a high specific capacitance of the Co-Mn electrode. This
impedance study is in agreement with the CV and CDC results. In the third segment, at high fre-
quency (f>10Hz), the phase angle starts to decrease from 20° to ~zero with increasing frequency.

Electrolyte study

To further investigate the performance of the Co-Mn electrode in different alkaline electrolytes,
cyclic stability tests for 750 cycles at a scan rate of 10 mVs " were performed (Fig 6A). The spe-
cific capacitance retention of Co-Mn in Na,SO,4, KOH and mixed KOH/K;Fe(CN)j, electrolytes
after 750 cycles was 57%, 29%, and 67%, respectively. Low capacitance retention over 750
cycles could be attributed to high degradation of the electrode, resulting from the high current
passed through during the cyclability test and volume loss of active materials [38]. In compari-
son with the Na,SO, electrolyte, KOH is less stable for the Co-Mn electrode. However, the
capacitance retention of the Co-Mn electrode in KOH is remarkably enhanced when 0.4M
K;Fe(CN)g is added to the KOH electrolyte. The retention test of the Co-Mn electrode was fur-
ther studied at a higher scan rate of 100 mV "' in a mixed KOH/K;Fe(CN)g electrolyte, as
shown in Fig 6B. The specific capacitance retained 43% of initial capacitance value after 3500
cycles. However, the long term cycling test changed the morphology of the Co-Mn electrode
(Fig 6B insert) and caused the loss of specific capacitance retention.

The cyclic voltammograms of the obtained Co-Mn electrode were recorded in 0.5M
Na,SO,, 0.5 M KOH, 0.04M K;Fe(CN)g, and mixed 0.5M KOH/0.04M K;Fe(CN); electrolytes
by sweeping the potential from -0.5V to 0.5V at a scan rate of 5 mVs ™', as shown in Fig 6C, 6D
and 6E. In the case of the Na,SO, electrolyte (Fig 6C), a CV curve with a well-defined pair of
anodic peaks (Ay) and a cathodic peak (Cy) centered at +0.22 and -0.12 V (vs. Ag/AgCl) was
observed. These peaks are corresponds to the redox reaction dominated by MnO,, according
to Eqs 3-4 [4]:

MnO, + H* 4+ ¢~ < (MnOOH)_ ... (3)

or

MnOZ + K + e < (MnOOK)surface (4)

(K: cations in electrolyte (i.e., Na™ or K™))
The KOH electrolyte is known to be a better electrolyte for Co;O, materials than Na,SO,4
aqueous solution, due to the higher OH™ concentration in the electrolyte solution. OH" ions
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Fig 6. Electrochemical stability at voltage range of -0.5V 0 0.5V in: (A) three different electrolytes at a scan rate of 10 mVs™ until 750 cycles, (B)
mixed 0.5M KOH/0.04M K3Fe(CN)s electrolyte at a scan rate of 100 mVs™ until 3500 cycles and The FESEM images after 3500 cycles (insert), CV
responses of Co-Mn in different electrolytes: (C) 0.5M Na,S0O,, (D) 0.5M KOH, (E) mixed 0.5M KOH/0.04M K3;Fe(CN)g (inset: bare 0.04M K;Fe(CN)g
electrolyte) in voltage range of -0.5 V to 0.5 V at scan rate of 5 mVs™, and (F) the specific capacitance per surface area of Co-Mn electrodes in three
different electrolytes at varying scan rates.

doi:10.1371/journal.pone.0129780.g006

play an important role in Co30, reaction [19,39] during charging/discharging (Eq 5).

Co,0, + OH™ + H,0 < 3CoOOH + ¢ (5)
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The combined contribution of MnO,-Co50, in the KOH electrolyte (Fig 6D), is supported
by the appearance of C, peaks at -0.14 and -0.31 V, according to reactions shown in Eqs 3-5.
The increment of current response in the KOH electrolyte is also attributed to the K" ion’s
smaller cation radius (3.31A) compared to Na* ions (3.35 A), as well as the higher conductivity
of K" ions (73 cm2/Q mol) than Na* ions (50 cm*/Q mol). Easy passage of K" ions into the
electrode matrix during the charging process is achieved because it has a smaller radius and
faster ion movements [40].

When KOH is replaced with mixed KOH/K;Fe(CN); electrolyte, as in Fig 6E, an additional
pair of anodic peaks at +0.27V (Ap,) and a cathodic peak at +0.17V (C,,) are detected, which
can be attributed to the redox reaction of K;Fe(CN)g to K3Fe(CN)g, and it is consistent with
the CV plot of bare K;Fe(CN); electrolyte (insert picture) [39]. In this system, there are two
types of charge storage reaction that could contribute to the capacitance. The first reaction is
originated from the redox couple of [Fe(CN)g]* / [Fe(CN)e]* in the electrolyte (Eq 6). The
second type of charge storage can be derived from the redox reaction in highly electroactive
electrodes (Eq 7). The reaction can be written as follows [41]:

Redoxelectrolyte : [Fe(CN)GP’ s N [Fe(CN)GF’ ©)

Redoxelectrode : M*" «» M*™* 4+ ne~ (7)

Where M is the Co** or Mn** cations, and 1<n<z.

Other than the electrode redox reaction of Co-Mn oxide in the KOH electrolyte, the hexa-
cyanoferrate ions also play a role as “electron shuttles” in the charging/discharging process
[42]. When the electrode is charged, [Fe(CN)g]* will accept the electron via the reduction of
hexacyanoferrate (III) to (II), the hexacyanoferrate ions of which act as “electron carriers” (Fig
7A). When the reaction is reversible, the hexacyanoferrate ions act as “electron donors” and
[Fe(CN)g]* returns to [Fe(CN),]’” will provide the electron for the transition process from Co
(IIT) to Co (II) or Mn(III) to Mn(II) (Fig 7B). This performance helps the active material to
lose and gain electrons smoothly and improves the capacitive performance [41].

Comparing all the curves, we see that the Co-Mn electrode in the mixed KOH/K;Fe(CN)g
electrolyte has a bigger area under the curve, implying high specific capacitance. The calculated
specific capacitances from the CV at 5 mVs™" are as follows: 210 Fg™', 757 Fg'!, and 1658 Fg™'

Fig 7. Schematic of the role of hexacyanoferrate (Il) and (lll) in the process of: (A) charge and (B) discharge of Co-Mn electrode.
doi:10.1371/journal.pone.0129780.9007
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Fig 8. Charge-discharge profiles of Co-Mn electrode at current density of 10 Ag™ in three different
electrolytes.

doi:10.1371/journal.pone.0129780.g008

for Na,SO,4, KOH, and mixed KOH/K;Fe(CN); electrolytes, respectively. The areal capaci-
tances of the Co-Mn samples in three electrolytes at different scan rates is shown in Fig 6F. The
low scan rate results in a higher specific capacitance, due to the slow charging/discharging pro-
cess in which the cation could access almost all available pores and materials was fully utilized
[20]. The importance of K;Fe(CN)g has been confirmed by the enhancement of specific capaci-
tance and improvement of electrode stability, suggesting that the mixed electrolyte is the stable
electrolyte for the Co-Mn electrode.

Fig 8 illustrates the charge/discharge profiles of Co-Mn in Na,SO,, KOH, and mixed KOH/
K;Fe(CN)g electrolytes at a current density of 10 Ag'. The voltage range applied is from
-0.5V to 0.5V. The charge/discharge profile displayed a slightly non-linear curve, which repre-
sented the pseudocapacitance characteristic resulting from the faradic reaction in the studied
voltage range [43]. The specific capacitance, energy, and power densities calculated from the
discharging curve for the mixed KOH/K;Fe(CN); electrolyte are 2222 Fg™', 309 Whkg !, and
73 kWkg™ at a current density of 10 Ag™. In the KOH and Na,SO, electrolytes, the specific
capacitances of 909 Fg'' and 39 Fg'' were obtained. The energy and power densities of Co-Mn
electrodes in KOH and Na,SO, electrolytes are 126 Whkg™', 5 Whkg™', 82 kWkg ', and 24
kWkg ', respectively.

Conclusions

In summary, we have successfully fabricated a MnO,-based binder-free composite electrode
material using the electrodeposition method. The composite electrode was obtained when a
layer of secondary and ternary metal oxide containing Co, Mn, and Ni was ex situ deposited on
a MnO, particle layer by the same method. From the FESEM and TEM studies, we observed
that the MnO, particles were encapsulated by the second deposited metal oxide layer and had a
strong influence on the electrochemical performance of the electrode. The capacitive perfor-
mance of the Co-Mn electrode in the 0.5M Na,SOj, electrolyte exhibits the highest specific
capacitance (285 Fg™' with a current density of 1.85 Ag™), the smallest R, and R, and a high
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knee frequency of 356 Hz. The performance of the electrochemical capacitor in a three-
electrode system employing the Co-Mn electrode in KOH and mixed KOH/K;Fe(CN); electro-
lytes confirms the importance of K;Fe(CN)g in terms of specific capacitance enhancement

and electrode stability. The calculated specific capacitance and energy density of the Co-Mn
electrode in the mixed electrolyte was 2.2 x10° Fg' and 309 Whkg ™" at a current density of 10
Ag’'. These statistics show Co-Mn electrode’s great potential for use as an electric energy stor-
age device for hybrid vehicles.
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