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ABSTRACT

Due to the increasing demands for energy-storage systems, supercapacitors (SCs) have
received significant attention due to their properties/electrochemical performance. Many
research papers and technical reports on the development of electrochemical supercapacitors
have been published in recent years, inspired by their low specific energy and high production
costs. Consequently, research focus in supercapacitors is on improving the specific energy (i.e.

~5-8 Wh kg) without compromising its high specific power (i.e. ~5-30 kW kg™).

In this work, the electrochemical properties of both carbonized iron-polyaniline/nickel
graphene foam (C-Fe/PANI/Ni-GF) and birnessite-type MnOz/carbon composite electrode
materials were investigated for supercapacitor applications. The C-Fe/PANI/Ni-GF electrode
material was directly synthesized on a current collector by pyrolysis of the iron-PANI mixture
coated on nickel graphene foam in a tube furnace under the N2 atmosphere, and the MnO,-C
electrode material with hierarchical nanostructures was successfully synthesized using KMnQO4
solution and spent printing carbon grains method. The structural and morphological
characterization of the as-synthesized electrode materials was carried out using scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-
ray spectrometer (EDS), X-ray diffraction (XRD), Raman spectroscopy, and X-ray

photoelectron spectroscopy (XPS).

The electrochemical characterization of the as-prepared electrode material was evaluated in
both three and two-electrode (i.e. symmetric) cell configurations using 1 M NaNOg electrolyte.
The C-Fe/PANI/Ni-GF symmetric device exhibited a maximum specific energy of 68.0 W h
kg™ and specific power of 718.2 W kg, at a specific current of 1.0 A g and the maximum
potential of 1.7 V. The device further displayed long-term cycling stability with capacity

retention of 91% over 10 000 galvanostatic charge-discharge cycles at 5 A g*. The stability of



the device was also tested using the voltage holding and self-discharge approach whereby a

slow-discharging process was observed, which suggests the practical application of the device.

To further evaluate the electrochemical performance of C-Fe/PANI/Ni-GF electrode with
MnO»-carbon composites electrode, a hybrid electrochemical supercapacitor device was
fabricated based on birnessite-type MnO»-C composite electrode and C-Fe/PANI/Ni-GF as the
positive and negative electrodes, respectively. At the lowest specific current of 1.0 A g* and
cell potential of 2.2 VV in 2.5 M KNOs electrolyte, the MnO,-C//C-Fe/PANI/Ni-GF asymmetric
device displayed a high specific energy and power of 34.6 W h kg™ and 1100.0 W kg
respectively. The device further displayed long-term cycling stability with capacitance
retention of 98% over 10 000 galvanostatic charge-discharge cycles at 10 A gX. This device is

displaying the overall excellent electrochemical performance.
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SECTION 1

INTRODUCTION



Chapter 1

1.1 Introduction

1.1.1 General background and motivation

The energy demand is increasing rapidly globally; this is due to economic development and
population growth. The high energy demand is leading to exhaustion of natural resources. The
world economy adopted the transition to alternative energy to meet the high energy demand
for socio-economic development, by moving away from non-renewable energy sources to
renewable energy sources. Generally, non-renewable energy sources are unsustainable because
they will eventually run out; hence we cannot rely on them forever. As they become rare will
only lead to rising prices, and the demand continues to remain high, which will become a
significant issue sooner or later. However, renewable energy is sustainable and eco-friendly;
this include wind, solar, plant biomass energy, hydropower energy, and geothermal energy

[1,2]. Figure 1.2 shows the energy diagram of renewable and non-renewable sources.
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Figure 1.1. Energy diagram of renewable and non-renewable sources.

Due to high energy demand, there is currently the development of many exciting renewable
energy technologies such as physical, thermal, chemical, mechanical, and electrochemical
energy storage systems. Batteries are the most used devices to store energy, but they have
disadvantages. These include short life cycles, weak charge/discharge, and low specific power;
hence, they do not meet the increasing demands in technological applications. Supercapacitors
(SCs), on the other hand, are energy storage devices with a long life cycle, fast
charge/discharge, high specific power, although they cannot store as much energy as lithium-
ion batteries, SCs can compensate for that with the speed of charge. Therefore, they have the
potential capacity to be used as an alternative to batteries for energy storage applications [3—

8].

In view of the demands for energy-storage systems, SCs have received great attention due to
their electrochemical performance/properties [9]. SCs can be classified into three categories,
viz: electric double-layer capacitors (EDLCs), pseudocapacitors or redox SCs, and hybrid

capacitors [10-12]. Hybrid capacitor is the combination of both the EDLC and



pseudocapacitive electrode materials to form asymmetric SCs or hybrid systems [12]. Recently,
there have been numerous studies/researches on the development of supercapacitors (SCs) due
to their low specific energy [4-9,13]. In SCs, the research focus is on increasing the specific
energy (i.e., ~5-8 Wh kg™) without compromising its high-specific power (i.e., ~5-30 kW kg’
1 (Figure 1.2). Unlike in rechargeable batteries, which already have a high specific energy in
the range of 120-200 Wh kg, the focus will be on improving the specific power which is in

the range of 0.4-3 kW kg™ [12,14-16].
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Figure 1.2. Ragone plot illustrating the relationship between specific energy and specific
power for electrochemical capacitors and lithium-ion batteries, including the research focus

region [17].

There are various ways to improve the low specific energy of SCs: (1) by developing new
electrode materials. For example, in energy research, the foundation and development of
renewable energy conversion and energy storage systems focus on innovative electrode
materials for SCs and batteries. These materials are being studied in nano- and micro- scale
[11,12]. Since electrode materials in nano- or rather micro-scale for electrochemical energy

4



storage systems, show an increase in the surface area-to-volume ratio, which leads to an
increase in the rate of transport phenomena and a rise in the number of interfaces. Yielding
electrodes with much higher specific currents are essential for electrochemical energy
conversion [11,12]. Furthermore, the specific energy can also be improved by (2) exploring
asymmetric (hybrid) capacitors to increase the operating potential window[10-12], and (2)
using battery-electrode materials and the pseudocapacitive electrodes to develop hybrid SCs

to exhibit high capacitance [18][19].

In recent reports, conducting polymers are considered as pseudocapacitive materials suitable
for the next generation of SCs [13,20-23]. Among these conducting polymers, polyaniline
(PANI) has attractive properties, due to its morphological variety, good reversible redox, low
cost, and simple synthesis [13,24]. The conducting polymers have a wide range of tunable
properties since their conductivity is linked with the molecular structure, the level of doping,
and the ordering of molecular packing [13,25-27]. It has been shown that PANI containing
iron achieves high electrocatalytic and electrochemical performance with long-cycling stability
[13,28-30]. Iron cations easily adsorb onto PANI due to PANI's functional groups, which act
as active sites [13,31-34]. Available reports also show that carbon nanotubes can enhance

PANI's electrical conduct through z— interactions [35,36].

Moreover, graphene has attracted great attention due to its remarkable properties, such as high
specific surface area, high electrical conductivity, and chemical stability [37-42].
Polymer/graphene interactions (nanocomposites) are expected to exhibit excellent
electrochemical performance owing to a stronger z—z conjugation interactions and graphene
properties. Yu et al. [43] have reported a remarkably high capacitance value of 1341 F g for
a PANI/3D graphene framework in an acidic electrolyte. Wang et al. [44] have demonstrated

that the PANI/graphene nanocomposites show much better capacitance performance than that



of individual PANI and the synergy effect of PANI and graphene greatly improves the retention
life of the composite material. The key factors determining the PANI/graphene
nanocomposites' electrochemical performances, such as morphologies, synthesis methods, and
synthesis conditions are detailed in the review titled: Polyaniline/graphene nanocomposites

towards high-performance supercapacitors by Huang et al. [45].

Among several metal oxides, the birnessite-type manganese dioxide (MnO.) has been studied
extensively for SCs application due to its low cost, naturally abundant, highly redox-active,
environmentally friendly; and exhibit high pseudocapacitive performance in aqueous neutral
electrolytes [1,46-48]. Despite the high electrochemical performance displayed by MnO: in
aqueous neutral electrolytes, it has low electrical conductivity resulting in low cycling stability
[47,49]. The low cycling stability of the MnO2 is improved by using carbon-based materials

with excellent conductivity as support during MnO2 synthesis [50-53].

1.1.2 Aim and objectives

The aim and objectives of the study are divided into two sections:

Section 1:

The study is aimed at structural, composition, and morphological characterization of the as-
synthesized electrode material, and the electrochemical properties of carbonized iron-

polyaniline/nickel graphene foam (C-Fe/PANI/Ni-GF) symmetric device.

Section 2:

Although studies about birnessite-type MnO-based materials as the positive electrode and
activated carbon (AC) as negative electrode have been reported in the literature there are rare

studies done on C-Fe/PANI/Ni-GF as a negative electrode. In this work, we report on a hybrid



electrochemical supercapacitor device based on birnessite-type MnO,-C composite as the

positive electrode and C-Fe/PANI/Ni-GF as a negative electrode. This study is aimed at the

structural and morphological characterization of the as-synthesized electrode materials and the

electrochemical properties of MnO»-C//C-Fe/PANI/Ni-GF asymmetric device.

The objectives are:

Synthesis of C-Fe/PANI/Ni-GF by pyrolysis of the iron-PANI mixture coated on
nickel graphene foam in a tube furnace under the N> atmosphere.

Synthesis of MnO.-C with hierachical nanostructures using KMnOs solution and
spent printing carbon grains.

Structural and morphological characterization of the as-synthesized samples using
X-ray diffraction (XRD), Raman spectrometer, scanning electron microscopy
(SEM), energy-dispersive X-ray spectrometer (EDS), transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).

Electrochemical characterization of the active electrodes using Biologic VMP-300
potentiostat (Knoxville TN 37,930, USA) controlled by the EC-Lab V10.37

software at room temperature.

1.1.3 Outline of the thesis

Chapter 1: It presents the general introduction of energy storage systems, the aim, and the

objectives of the study.

Chapter 2: It presents a literature overview of supercapacitors.



Chapter 3: The synthesized materials that were investigated in this study were characterized
using various techniques, namely, XRD, Raman spectroscopy, SEM, EDS, TEM, and XPS,
and this chapter presents an introductory overview of these techniques. This chapter also
describes the experimental procedures and techniques used for the synthesis and
characterizations of as-synthesized materials. The first section of this chapter focuses on the
characterization of C-Fe/PANI/Ni-GF and the symmetric device's electrochemical properties
based on C-Fe/PANI/Ni-GF. The last section of this chapter focuses on the synthesis of MnO,-
C and C-Fe/PANI/Ni-GF, and the characterization of the as-synthesized electrodes. This
includes the fabrication and electrochemical properties of the asymmetric supercapacitor
(MnO2-C//C-Fe/PANI/Ni-GF) based on MnO2-C nanosheets as a positive electrode and C-

Fe/PANI/NIi-GF as a negative electrode.

Chapter 4: Presents results and a detailed discussion of the results obtained in this work.

Chapter 5: Presents a summary of the research and recommendations for future work.
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Chapter 2

Literature overview

2.1 Introduction

This chapter presents a literature overview of supercapacitors (SCs), principles of charge
storage mechanism in SCs, electrode and electrolyte materials for supercapacitor applications
and electrochemical device fabrication are reviewed. A brief discussion on the testing,

fabrication of an electrochemical cell and evaluating electrode materials for SCs is also given.

2.2 Supercapacitors (SCs)

Supercapacitors (SCs), also known as electrochemical capacitors (ECs) have attracted
considerable interest as the important application in the area of electrochemical energy storage
because of increasing demand for digital communication, electric vehicles and other electronic
devices at high pulse power level [1-3]. However, SCs, unlike conventional batteries, are high
power-delivery storage devices that can charge-discharge in a shorter time by exploiting their
fast surface or near-surface reactions [4-7]. Even though SCs have high specific power, they
have low specific energy compared to rechargeable batteries [4,8]. Since SCs have high
specific power, the research focuses on improving their specific energy, and rechargeable
batteries, on the other hand, have high specific energy, the research focuses on enhancing their
specific power [4-6,9]. The specific energy of SCs can be increased by increasing the operating
voltage by exploring hybrid systems, exploring high-voltage electrolytes and new electrode
materials. Figure 2.1 shows the Ragone plot with the difference in specific energy and specific

power for various energy storage systems.
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Figure 2.1. Illustration of Ragone plot relating specific energy versus specific power for

different energy storage systems [10].

2.3 Principle of energy storage in supercapacitors

The SCs can be divided into three categories based on charge storage mechanism, also the type

of material used, the electrolyte, or the device fabrication [4,8,11-13], i.e.:

i.  Electric double-layer capacitors (EDLCs)

ii.  Pseudocapacitors

iii.  Hybrid capacitors

An illustration of the categories of SCs based on the charge storage mechanism is presented in

Figure 2.2.
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Figure 2.2. The classification of supercapacitors is based on the charge storage mechanism.

2.3.1 Electric double-layer capacitors (EDLCs)

The EDLCs is the type of supercapacitor charge storage mechanism that store energy
electrostatically and is generally attained by double-layer capacitance. In this charge storage
mechanism, there is no transfer of charges across the electrode/electrolyte interface. This
implies that during the charging process, the electrons travel from the negative electrode to the
positive electrode through an external circuit, and during the discharging process, the reverse
process take place. SCs consist of a positive and negative electrode, a separator,
and an electrolyte (see figure 2.3). In general, the potential applied to the negative electrode
in the EDLC cell attracts the positive ions in the electrolyte; likewise, if the same potential is
applied to the positive electrode, it attracts the negative ions. The typical electrodes used in
EDLCs are carbon materials and are separated by a dielectric separator, the electronic

conductivity, but only ionic conductivity is allowed [14]. Separation of charges occurs after
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polarization at the EDLC generating electrode/electrolyte interface. As a result, the EDLCs
store charges at the electrode/electrolyte interface based on pure electrostatic charge
accumulation, as shown in Figure 2.3 [14]. Hence, this interface can be seen as a capacitor with

an electrical double-layer capacitance, which can be expressed as [14]:

Aeg

= 4nd =

where A is the surface area of the electrode, ¢ is the medium (electrolyte) dielectric constant
(e =1 for a vacuum and ¢ > 1 for all other materials), and d is the effective thickness of the

electrical double layer.

From equation 1 it can be shown that the electrodes with high surface area and high porosity
may have a high capacitance hence EDLCs store a very large amount of energy, due to the
porous surface structure of the electrode, the composition of the electrolyte and the potential

field between the interface charges [14].

The mechanism for storing energy does not involve a chemical reaction in EDLCs. The EDLCs
are electrochemically stable due to the physical and highly reversible energy-storage process.
on the movement of ions hence the EDLCs can store and release energy faster than batteries
that relies on slower chemical reactions. Consequently, in EDLCs, the amount of charge and
discharging process depends only on the movement of ions so that the EDLCs can store and

release energy faster than the batteries that rely on slower chemical reactions.
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Figure 2.3. Schematic illustration of energy storage mechanism in EDLCs [10].

2.3.2 Pseudocapacitors

Pseudocapacitors are supercapacitors that store energy electrochemically. The electrical energy
in pseudocapacitors is stored faradaically by electron charge transfer between electrode and
electrolyte. This is accomplished through reduction-oxidation reactions (redox reactions),
electro-sorption processes, and intercalation processes (see figure 2.4) [4]. Underpotential
deposition describes the formation of a monolayer of the adsorbed surface from ions contained
within the electrolyte on the electrode composed of various metals with redox potential [4].
The electrochemical adsorption of ions to the surface or near the surface of an electrode
material is defined as redox pseudocapacitance accompanied by a related faradaic charge
transfer. In contrast, pseudocapacitance intercalation arises from the intercalation of ions into
the layers or pores of pseudocapacitive materials accompanied by a faradaic transfer of charge
without any change in the crystallographic phase [4]. Pseudocapacitors typically fill the void

between batteries and double layer capacitors and can charge and discharge from seconds to
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minutes. Their main advantage is that while running much quicker, they can carry as much

charge as other batteries.
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Figure 2.4. Different types of reversible redox mechanisms that give rise pseudocapacitors.

2.3.3 Hybrid capacitors

Other than capacitance, the other two important parameters of the supercapacitor are its specific
energy and specific power. Faradaic materials have high specific energy but lower specific
power compared to EDLCs which have a high specific power, but lower specific energy due
to discharging energy faster than batteries and the active surface redox reaction. To achieve
high electrochemical performance (e.g., high specific energy and specific power) hybrid
capacitors are the way to go because they integrate both EDLC and pseudocapacitive energy
storage mechanisms. Generally, hybrid capacitors refer to the combination of both EDLC and
pseudocapacitive electrode materials to form asymmetric SCs or hybrid systems. In hybrid

capacitors, both EDLC and pseudocapacitive mechanisms co-exist.

In these mechanisms, the electrode materials' essential properties are high conductivity, an

appropriate pore-size distribution, and specific large surface area. Hybrid capacitors can also
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be fabricated using two different mixed metal oxide or doped conducting polymer materials.
For instance, a composite hybrid capacitor consists of an electrode fabricated from a carbon
material incorporated into a conducting polymer or metal oxide material. Moreover, it can also
be fabricated using the EDLC-type material as a negative electrode and pseudocapacitive-type
material as a positive electrode (i.e., asymmetric capacitor). Therefore, hybrid capacitors can
be categorized into three classes: battery-type, composites, and asymmetric hybrids [4,8,11] as

shown in figure 2.5 below.

I ,
: Asymmetric
Battery-type Composite Hybrids

Figure 2.5. The categorization of hybrid capacitors into three types according to their design

and working mechanism.

The hybrid battery-type is a combination of two different electrodes (supercapacitor electrode
with battery electrode). This system has been set up to use both supercapacitors and batteries
properties in a single cell. The Composite electrodes combine carbon-based materials in one
electrode with either metal oxides or conducting polymer. Asymmetric hybrid on the other
hand is the combination of non-faradic and Faradic processes with a Pseudocapacitors
electrode through coupling and EDLC. They are set up in such a way as to use the carbon
material as a negative electrode, while either metal oxide or polymer as a positive electrode.

Typically, the charge-discharge characteristics of hybrid capacitors are nonlinear.
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2.4 Electrode material for supercapacitor

SCs consists of three essential components, viz., electrode, electrolyte, and the separator as
seen in figure 2.3. In SCs, the electrode material plays an important role in determining the
energy and power of supercapacitors. Its electrochemical performances strongly depend on
surface area, electrical conductivity, wetting of electrode, and permeability of electrolyte
solutions. There have been large number of research studies on electrode materials of SCs
which includes: (1) Carbon materials, (2) Conducting polymers, and (3) Metal

oxides/hydroxides [15-31].

Carbon materials are widely employed as the electrode materials for SCs owing to their low
cost and versatile existing forms (e.g., powders, fibers, felts, composites, mats, monoliths, and
foils), good electronic conductivity, high chemical stability, high specific surface area and wide
operating temperature range [32,33]. In carbon materials, the energy is stored by an
electrochemical double layer which is formed at the interface between the electrode and
electrolyte. Carbon materials have a high specific surface area resulting in a high capability for
charge accumulation at the interface of electrode and electrolyte. To improve the specific
capacitance of carbon materials, other than the porosity of the material and high specific surface
area, functional groups must be considered. Their presence on the surface of carbon materials
may induce faradaic redox reactions of oxygenated groups on the surface of the material
leading to an increase in the total capacitance of the electrode [12]. Another way to increase
the capacitance and enhance stability is to synthesis carbon-supported transition metal oxides

composites.

Due to their low cost, high voltage window, high conductivity in a doped state and high storage
capacity/porosity/reversibility, conducting polymers have been considered for electrochemical

energy storage applications. [33—-36]. They give capacitance through the redox cycle due to the

24



high content of functional groups in conducting polymers. During the redox reactions involving
the whole polymer, ions are moved to the polymer backbone during oxidation and, during
reduction, from the polymer backbone to the electrolyte [37]. The common conducting
polymers in supercapacitor applications are polyaniline, polypyrrol, polythiophene [38-41].
However, the electrode may experience a fading electrochemical output during cycling due to
swelling and shrinking of conductive polymers that may occur during the charging/discharging
process. This compromise conducting polymers as electrode materials for supercapacitor
applications. A few approaches have been investigated to improve the challenge of low
stability. For example, improving the structures, morphologies of polymer materials [42], and
fabricating composite electrode materials [43-50]. The electrochemical performance of
conducting polymers can be greatly enhanced by preparing a conducting polymer-based

composite using carbon, inorganic oxides/hydroxides, and metal compounds.

Metal oxides/hydroxides/sulfides (layered transition-metal dichalcogenides) as electrode
materials in SCs received attention because of their high capacity potential, as well as their
excellent physico-chemical properties and cycling stability. In the supercapacitor applications,
the key criteria for metal oxides/hydroxides/sulfides as electrode materials are: (1) The metal
oxide/hydroxides/sulfides should be electronically conductive, (2) the metal can occur in two
or more oxidation states with no phase changes, and (3) the protons can freely intercalate into
and out of the oxide/sulfide lattice on reduction and oxidation respectively [33,51]. In general,
metal oxides/hydroxides/sulfides in SCs have high capacity than carbon materials and greater
electrochemical stability than polymer materials due to electrochemical faradaic reactions

within sufficient potential windows between electrode materials and ions [52-58].

The electrode materials of SCs used in this work are found in carbon materials, conductive
polymers (graphene, polyaniline (PANI) and metal oxides (birnessite-type manganese dioxide
(MnQO2)/carbon composite), respectively. However, PANI is unstable because of the
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charge/discharge process and to avoid this restriction, combination of PANI with carbon
materials has proven to improve the stability of PANI as well as maximize the capacitance
value [76, 77]. PANI/graphene nanocomposites have a far better capacitance efficiency than
that of individual PANI and the synergy effect of PANI and graphene significantly enhances
the composite material's retention life. On the other hand, the metal oxide birnessite-
type manganese dioxide (MnO2) has low electrical conductivity resulting in low cycling
stability [59,60]. The low cycling stability of the MnO: is improved by using carbon-based

materials with excellent conductivity as support during MnO; synthesis [61-64].

2.5 Electrolytes for supercapacitors

The electrolyte placed between the positive and negative electrode of a supercapacitor plays a
very significant role in supercapacitors (Figure 2.3). It is worth mentioning that in two-
electrode configuration the electrolyte is between two electrodes and its ions are transported
between two electrodes through a separator, but in three-electrode configuration, the electrodes
(i.e. working, reference and counter electrode) are immersed in the electrolyte. For the
electrolyte to be suitable for supercapacitors it has to meet the requirements such as having
wide voltage window, high electrochemical stability, high ionic conductivity, small solvated
ionic radius, low resistivity, low viscosity, low volatility, low toxicity, low cost as well as
availability at high purity [33]. The electrolyte used in supercapacitors can be classified into

three types: aqueous, organic, and ionic liquids (ILs) electrolytes.

In this study, aqueous electrolytes (such as NaNOz and KNO3 aqueous solution ) were preferred
compared to organic electrolytes, since they can provide a higher ionic conductivity and lower
resistance. In addition, aqueous electrolytes can be processed and used without strict

supervision of the processes and conditions of preparation, whereas organic electrolytes require
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specific processes and conditions to obtain ultra-pure electrolytes. Aqueous electrolyte
supercapacitors can show higher capacitance and higher power than organic electrolytes,
possibly due to higher ionic conductivity and lower ionic radius [33]. Nevertheless, because of
the decomposition of water at high applied voltages, the aqueous electrolytes have a limited
operating voltage of 1.23 V (theoretical value) which may limit the potential window of the
supercapacitor. However, due to the synergy between the electrodes and the electrolyte, SCs
using aqueous electrolytes have shown the ability to achieve higher operating voltages, ~2.0 V

[65-67].

lonic liquids (ILs) also known as room temperature ionic liquids (RTILS) are organic salts
which are liquids at room temperature [68]. This type of salts is called molten salts and their
attractive properties make them promising candidates for SCs electrolytes. They possess
interesting properties, such as thermal stability at high temperatures, environmentally friendly,

non-flammability, and a wide potential window (typically about 4.5 V).

2.6 Testing an electrochemical cell

For research purposes the electrochemical efficiency of the single electrode is measured first
in three electrode configurations to obtain the electrochemical properties of each electrode, also
in two-electrode configuration. The device is generally referred to as a half-cell in the three-
electrode configuration, and as a full-cell in the two-electrode configuration. Figure 2.6 shows
the three-electrode configuration scheme diagram. The three-electrode configuration consists
of a working electrode (WE), a counter electrode (CE) and a reference electrode (RE). The
counter type and the reference electrode are based on the electrolyte used. The WE typically
consist of active materials that are pasted onto the current collector, which function as a

substrate where the electrochemical reaction takes place. Normally, the RE electrode which
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has a stable and known electrode potential is used as a benchmark in determining a WE 's
potential without allowing current through it while the CE is used to complete the circuit and
allowing the necessary amount of current through the circuit to match the current produced at
the WE. A CE may be a glassy carbon plate or platinum wire and silver / silver chloride
electrode (Ag/ AgCl) or saturated calomel electrode (SCE) acts as the RE in the three-electrode
system depending on the electrolyte used, (e.g. in an acid electrolyte or neutral electrolyte).
The current collector plays an important role in cycle stability and electrochemical performance
of SCs. It supports the electrode material and accumulates electrons. Conductivity of the
current collector with electrode material has influence on specific power and capacitance of
SCs. Current collector have characteristics such as high electrochemical stability, high thermal
stability, high electrical conductivity, lightweight, high mechanical strength, and low cost [69].
Metal foam or foil type (e.g. Ni, Cu, Al, etc.) current collector are commonly used. In this study

Ni foil or foam was preferred as a current collector.
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Figure 2.6. Schematic diagram of three electrode cell setup [10].
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Figure 2.7 illustrates the setup of two-electrode cells. The current and sense (S) leads are paired
together as can be seen from the figure: CE and RE are paired to one of the electrodes while
WE and S are both connected to the opposite electrode. The potential across the entire cell is
measured in this configuration, including inputs from the electrolyte/CE interface and from the
electrolyte itself. The S leads measure the voltage by the working electrode, electrolyte, and
counter electrode lowered by the current, i.e. a whole cell. This system is usually used for

energy storage or conversion devices.

The two electrode cells may also be either symmetric, asymmetric, or hybrid. As illustrated in
figure 2.7, the asymmetric device generally refers to any combination of positive and negative
electrodes, when the two electrodes differ in mass, thickness, material type, etc. On the other
hand, because the two electrodes are constructed from the same material, with the same density,
thickness and other identical electrochemical properties, the symmetric structure they refer to
is a mixture of positive and negative. Thus, it is important to note that when designing the
supercapacitors, symmetric systems are not the best. This is because electrodes made of
different materials may be used to expand the potential operating window. Different storage
mechanisms are applied in a hybrid device in the positive and negative electrode materials
which are the focus of asymmetric devices' special case [70]. This concept of an asymmetric
interface is also exciting, because it enables us to create a mixture of positive and negative
electrode materials and to achieve a smart balancing of their weight/volume, so that overall
device efficiency can be significantly improved in terms of voltage window, capacitance and

longevity compared to their symmetrical counterparts [70,71].
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Figure 2.7. Schematic diagram of the two-electrode cell setup including the design of the

assembled structure of supercapacitor devices.

The cell's electrochemical performance is determined by an electrode, which is the cell 's main
engine. That is determined in terms of life expectancy, self-discharge, capacity, and resistance,
to mention a few. The most critical stage is the fabrication of electrodes using an active material
coating process. As a result, to achieve both high performance and durability a strict control of
the preparation process is required. Nickel foam has been recently used as a current collector
to study electrochemical performance of electrodes for applications in supercapacitors [72—76].
Due to its high conductivity, chemical stability in the electrolyte and mechanical strength, the
nickel foam is preferred as the current collector since these are the requirements of a current

collector in supercapacitor application.

Firstly, binders, active materials and conductive additives are combined in the process of
coating electrodes (production electrodes) to achieve a homogeneous slurry with the desired
density, and then the slurry is coated on annealed nickel foam, the electrode is then dried and
roll pressed to achieve a uniform electrode coating layer. They are brought into a glove box
with ultra-low moisture once the electrodes are prepared. A pair of these electrodes is wrapped
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in the desired shape around a central mandrel, with a separator layer placed between them. So,
this separator is filled in with the electrolyte. Special care is generally required for the
electrolyte-filling process. The amount of electrolyte in the cell is important since excess
electrolyte in action can lead to excessive gassing and leakage. The cell is subjected to cycling

test after electrolyte filling and sealing of the cell is done.

2.7 Evaluation of electrode material for electrochemical capacitors

The electrochemical performance of the electrodes is evaluated by cyclic voltammetry (CV),

galvanostatic chronopotentiometry (GCP) and electrochemical impedance spectroscopy (EIS).

2.7.1 Cyclic voltammetry (CV)

CV is a potentiodynamic electroanalytical technique that offers qualitative information on the
thermodynamics of redox processes, the kinetics of heterogeneous electron transfer reactions,
and the processes of adsorption that occur in an electrochemical cell at the electrode/electrolyte
interphase. The CV measurements are performed by cycling a WE 's potential and the resulting
current is measured. Therefore, a CV curve is a plot of a current response versus the applied
potential, as shown in figure 2.8, which describe the nature of the processes that can occur at
the electrode/electrolyte interphase. For instance, in figure 2.7, the CV plot reveals the behavior
of the electrode as either electrochemical double layer capacitive (i.e. rectangular CV curve)
or pseudocapacitive (i.e. CV curve with redox peaks due to faradic reactions) [77]. The reverse
scan of an ideal EDLC electrode in electrochemical double-layer capacitive action is a mirror
image of the forward scan, indicating that the measured current in CV is independent of the
potential applied [78]. However, the accumulation of charge on the electrode (the measured

current) is dependent on the potential applied in the pseudocapacitive electrode [79]. In CV,
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there are three processes of electron transfer that occur on the electrode surface depending on
the nature of the material being evaluated, that is, reversible, quasi-reversible or irreversible.
The difference between the processes of electron transfer are as follows: (1) The reversible
electron transfer occurs when electron transfer rate is very high (fast). (2) The irreversible
electron transfer on the other hand occurs when electron transfer rate is very low (slow). (3)
Quasi-reversible or irreversible falls between completely reversible and irreversible electron

transfer.

Potential (V)

Current (A)

Ideal EDLC electrode

Pseudocapacitive electrode

Figure 2.8. Typical CV curves of an ideal EDLC electrode and pseudocapacitive electrode

[10].

Furthermore, using CV curves the specific capacitance (Cs) of the electrodes for three-electrode
configuration can be calculated from the CV curves integrals using the following equation

[4,80,81]:

Cs(Fgt) = L @)

mvAV

where m is the total mass of the active material (g), v is the scan rate (V st), AV = Vi — Vi, and
Vs and Vi are the integration potential limits of the CV curve (V), and | (V) is the CV current

(A).
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2.7.2 Galvanostatic charge-discharge (GCD)

The GCD is one of the most essential characterizing methods for evaluating the electrochemical
performance of the electrodes of the supercapacitors. This test is performed by applying a
regulated current pulse (I) between the working electrode and the counter electrode and
measuring the corresponding induced voltage (V) as time function relative to the reference
electrode, as shown in figure 2.9. The upper and lower potential limits for the working
electrodes are set in GCD measurements (Figure 2.9). Similar to the CV plot, the GCD curve
shows the electrode's behavior as either capacitive electrochemical double layer ( i.e. linear
GCD curve) or pseudocapacitive (i.e. nonlinear GCD curve due to faradic reactions) [77], as

shown in Figure 2.9.

<

] 5
O %
< 2,
(¢)
)

Ideal EDLC electrode

Potential (V)

Faradaic electrode

v

Time (s)

Figure 2.9. Typical CD curves of an ideal EDLC electrode and faradaic electrode [10].

The specific capacitance can also be calculated from GCD curves depending on the behavior
the material is displaying. In GCD curves, the specific capacitance of the EDLC electrode can

be calculated using the following equation [4,80-83]:
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IxXAt
s~ mxAV (3)

where At is the time taken for a complete discharge cycle (s), m is the total mass of the active

material (g), AV is the potential window (V), and I is the current (A).

Moreover, if the working electrode shows EDLC behavior the specific capacitance can be

calculated by integrating the area under the GCD curve using the following equation:

21
my?2

Cs =

[vdt (4)

where | is the applied current (A), m is the total mass of the active material (), t is the time

taken for a complete discharge cycle (s), and VV is maximum cell voltage (V).

In the case of faradaic material, it is preferred to report the specific capacity (Qs). The specific
capacity of the electrodes (i.e. faradaic) can be calculated from the GCD curves, using the

following equation [4,80-83]:

I

Qs(mahgh) = ()= (5)

m

where | is the applied current (A), m is the total mass of the active material (g), and t is the

time taken for a complete discharge cycle (s).

Furthermore, since in two-electrode devices (i.e. both Faradic and EDLC electrode materials)
there is difference in the specific capacitance of the two electrodes, a charge balance, Q+= Q-
can be done, where Q+ and Q- are charges stored in both positive and negative electrodes

respectively, expressed as:
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Q = CsmAV. (6)

The charge balance is necessary to acquire the optimal performance of the device. Based on
charge balancing, the mass balance between the positive and negative electrode can be

expressed using the following equation [40]:

my Cs(—)XV_

()

m_ Cs(H)XV4

where Cs+) and Cs() are the specific capacitance of the electrodes in positive and negative
potential window respectively, m+ and m_ are the masses of the electrodes in positive and
negative potential window, and V. and V_ are the positive and negative potential windows of

the working electrodes respectively.

For faradic materials, the mass balancing is accomplished by using the following equation:

my _ (Itg)-
my _ Y- 8
m_  (Itg)+ ®)

where

Uta)+ ang U;"g‘ are the specific capacity of the electrode.

3.6

For the device where the positive electrode is faradic material and negative electrode is EDLC

material, the mass balancing is accomplished by the following equation:

my _ CS_AV_
m_ Q4AVs

9)

where Cs- is the specific capacitance of the EDLC material, Q- is the specific capacity of the
faradic material, AV- and AV are maximum voltages of the EDLC and faradic electrodes,

respectively.

Moreover, the specific energy, E and the specific power, P can be calculated from the GCD

curves, using the following equations:
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EW hkg™) = (i)M (10)

m 3.6

3.6 Eg

P(Wkg™) = — (11)

However, for EDLC electrode material equation (8) reduce to:
EW hkg™) = C5AV? (12)

The equation below is only valid for EDLC symmetric device:
EW hkg™) =52 (13)

where | is the applied current (A), m is the total mass of the active material (g), [ V(¢)dt is the

integral under the discharge curve from GCD of the device, and At is the discharge time (s).

2.7.3 Electrochemical impedance spectroscopy (EIS)

The EIS is used to further evaluate the electrochemical behavior of the electrode materials (i.e.,
the conductivity and transport charging properties at the electrode/electrolyte interface). EIS is
a tool used for investigating the electron and ion mobility in an electrode material. It can be
performed at different voltages and thus analyzing the material's response in the pure double
layer range or in the redox regime at different stages. As shown in Figure 2.10, this is often
represented as the Nyquist plot (imaginary component, Z” versus the real component, Z' of the
impedance). Because of the concept of electrical resistance in electrical systems EIS has
attracted many researchers. The electrical resistance is basically the circuit element's ability to
resist the electrical current flow. Furthermore, the EIS has also gained popularity as it can
measure and provide feedback on electrical resistance in systems such as supercapacitors and
LIBs. The wide range of physical and chemical phenomena in EIS is characterized by running

a single experiment that covers a sufficient frequency range. The Bode plot is one of the
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important EIS plots that shows a frequency dependence of the impedance phase angle. It
emphasizes the correlation between the frequency and the imaginary part of the impedance,
Z"(w), and the capacitance of the material can be deduced from the linear portion of a graph of

log Z" against log f using the equation below:

_ 1
"~ 2mflzn

(14)

where C is the capacitance (F), f is the frequency, and Z" is the imaginary impedance. The
Nyquis plot consists of the low-frequency region and high-frequency region, as shown in

figure 2.10.

The equivalent series (solution) resistance, Rs and the charge transfer resistance, Rct, can be
obtained in the high-frequency region [84]. The Rs is resistance for current flow through
the solution/electrolyte by the movement of ions. The Rcr is formed by a single kinetically
controlled electrochemical reaction. In the low frequency region, an ideal supercapacitor
exhibits a vertical line parallel to the imaginary axis, but in practice supercapacitors exhibit a
deviation from this ideal behavior attributed to a leakage resistance, RL resulting from the
faradaic charge transfer process [85,86]. The small Rs and Rct values, i.e. ~1 Q indicates that
the electrodes have good chemical stability and low charge transfer resistance which suggest

nearly an ideal capacitive performance of the electrodes/cell.
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Figure 2.10. Nyquist impendance plot [10].
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Figure 2.11. The frequency dependence of the C'(w) and C"(w) capacitances (adopted from
this study) [87].

Furthermore, in the low-frequency region, the frequency dependence of the real and imaginary
part of the capacitances (C'(w) and C"(w)) can be evaluated using a complex capacitance model

presented by the following equations [23,88]:
The impedance, Z(w@) given by:
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1

Z(w) - JwXC(w)

can be written in the complex form as

Z(w) = Z'(w) +jZ"(w)

Therefore, equation (11) and (12) gives:

1

C@) = X Gz = Z ()

_ —Z@)+jz'()
w|Z(w)[?
Thus, C(@) in the complex form can be written as:
C(w) = C'(w) —jC"(w)
which gives:

vy Z'w)
Clw) = Tor

v o Z(w)
(@) = Szor

(15)

(16)

(17)

(18)

(19)

(20)

where Z' and Z" are the real part and the imaginary part of the impedance, respectively, defined

as:

1Z()I? = Z'(0)? + Z" (w)?

(21)

and o = 2zf. The C'(w), which is the actual accessible capacitance of the device that can be

delivered, corresponds to the deliverable capacitance of 1.35 F in Figure 2.11 [87]. The C"(w)

provides a relaxation time of 1.96 s which suggests that the device can be charged within few

seconds [87].
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Chapter 3

Experimental techniques

3.1 Introduction
This chapter describes the experimental procedures and various techniques used for the
synthesis and characterizations of the as-synthesized materials. It also provides an introductory

overview of the devices used for materials synthesis and characterization.

3.2 Synthesis of the as-prepared electrodes

3.2.1 Hydrothermal synthesis technique

In the 1990’s, the hydrothermal technique attracted great attention from scientists and
technologists in different fields of study. In general, the hydrothermal synthesis technique
involves the growth or synthesis of crystals from any heterogeneous reaction in the presence
of aqueous solvents in a closed system. This takes place under high pressure and temperature
conditions to recrystallize and dissolve materials that are relatively insoluble under normal
conditions. Hydrothermal synthesis technique is affordable, simple, and effective process for
the synthesis of bulk powders, single crystals, and nanocomposite materials with physical and
chemical properties suitable for energy storage applications [1,2]. Under hydrothermal
conditions water is used as the reaction medium in an autoclave system. An autoclave is a
closed stainless-steel cylinder that can resist high-temperature conditions for an extended
duration of time. Additionally, the use of water as a reaction medium has advantages such as
non-toxicity, non-flammability, and thermodynamic stability. It also assists in the tuning of the

temperature and pressure conditions for material formation. Figure 3.1 shows the schematic
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diagram of stainless steel with the Teflon liner. In this study, the hydrothermal technique was

used for the production of MnOz/carbon composite.

Stainless steel cap

y Teflon cap
Stainless steel plate

«}- Stainless steel
autoclave

Teflon liner >

>____§/, Stainless steel plate

Figure 3.1. Schematic diagram of Teflon-lined autoclave.

3.2.2 Chemical vapour deposition (CVD) technique

CVD (Figure 3.2) is a widely used technology for processing materials. This device is suitable
for the production of carbon fibers and carbon nanofibers. Briefly, CVD technique consist of
the gas flow into a reaction chamber which contains one or two substrates where the gas will
be deposited upon. Chemical reactions take place on or near the hot surfaces, leading to the
material deposition on the substrate, followed by the production of chemical by-products that
are flown out of the chamber together with the unreacted precursor gases [3]. For the purpose
of this work, the CVD technique was used for the synthesis of graphene and production of

carbonized iron-polyaniline/nickel graphene foam (C-Fe/PANI/Ni-GF).
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Figure 3.2. Image of the CVD system.

3.2.3 Synthesis of MnO2/carbon composite

MnO,-C with hierarchical nanostructures was synthesized using KMnOa solution and spent
printing carbon grains (Figure 3.3). In the synthesis, 0.6 g of spent printing carbon grains were
dissolved in 32 ml of 2 M KMnOg solution [4]. The mixture was then transferred into a sealed
50 ml Teflon-lined autoclave and kept at 160 °C for 18 h. The recovered product MnO,-C
composite with nanowires/microsponges morphology was collected as a brown precipitant by
several centrifugation and ethanol washing cycles. Briefly, the hydrothermal solid-liquid

reaction is proposed as:

4MnOj} + 3C - 4MnO, + 2C03~ + CO, €))

J. Fei et al. [4] referred to this hydrothermal method as a one-pot environmentally friendly
process that changes toxic carbon grains from a spent inkjet cartridge into transition metal

oxide hierarchical nanostructures through a limited hydrothermal redox reaction. Therefore,
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this does not only avoid the disposal of toxic carbon grains but also provides metal oxide

nanostructures for energy storage applications.

MnO,-carbon

i \ 7
.~~"

Inkjet cartridge

Hydrothermal
@160 'gfor 18h

v

Spentprinting
carbongrains

Recoveredproduct
C + KMnO, Autoclave

Figure 3.3. Schematic illustration of the synthesis route for MnO2/carbon composite.

3.2.4 Synthesis of nickel graphene foam (Ni-GF)

The nickel foam-graphene current collector was synthesized using CVD technique.
The nickel foam was first annealed at 800 °C in the presence of Ar and H> gas for 60 minutes,
before introducing CHs gas at 1000 °C. Briefly, 3D scaffold template with an areal density of
420 g m? and thickness of 16 mm (purchased from Alantum (Munich, Germany)) was placed
in a quartz tube for the CVD growth of graphene. The flow rates of the gases Ar:H2:CHa4 were
300:9:15 SCCM respectively. After 60 minutes of deposition, the sample was cooled by

manually pushing the quartz tube to a lower temperature region.
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3.2.5 Synthesis of carbonized iron-polyaniline/nickel graphene foam (C-Fe/PANI/Ni-
GF)

The polyaniline (PANI) used for the synthesis of for C-Fe/PANI was prepared as follows: 0.2
M aniline hydrochloride was added to a 50 ml solution of 1.0 M HCI, and in a separate beaker
0.25 M solution of ammonium persulphate was added to 1.0 M HCI. The prepared solutions
were kept at room temperature for 1 h, thereafter, they were mixed and stirred for about an
hour and left to polymerize. After polymerization, precipitated PANI was collected on a filter
paper (after been washed several times with 100 ml of 0.2 M HCI and acetone) and dried at 60
°C overnight. Furthermore, PANI was used as a substrate for adsorbing carbonized Fe cations.
Briefly, a 0.4 g of PANI and 0.2 g of iron nitrate nonahydrate (Fe(NOz)3-9H20) were dissolved
in a 50 mL of ethanol and dispersed until the Fe-PANI slurry was formed. The slurry was
pasted on graphene supported by nickel foam and carbonized using CVD at 850 °C (ramp rate
of 10 °C min™Y) for 2 h under nitrogen. After carbonization, the difference in the micrograph of
the Ni-GF and that of Fe-PANI mixture on Ni-GF (C-Fe/PANI/Ni-GF) confirms a successful
synthesis of the electrode which is expected to have strong metal-polymer/graphene
interactions (see Figure 3.4). The as-prepared electrode material was used for both negative

and positive electrodes in symmetric and asymmetric supercapacitor devices.

C-Fe/PANI/Ni-GF

Fe(NO;);-9H,
PANI

< p ‘ \ 72 ' “‘
- Il» e “» ; / g ‘ (C-FelPANIINI-GF)

Pasted slurry

Ethanol  ggnication (Fe/PANI mixture)

Figure 3.4. Schematic illustration of the synthesis route for C-Fe/PANI/Ni-GF.
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3.3 Structural, and morphological characterization

3.3.1 X-ray diffraction

X-ray powder diffraction (XRD) is a non-destructive technique used to determine the atomic
and molecular structure of material [10]. It can also be used to study grain size, lattice constants,
and degree of crystallinity in a mixture of amorphous and crystalline materials [5],[10]. In the
XRD process, X-rays generated by a cathode ray tube (X-ray tube) are filtered (to produce
monochromatic radiation), collimated and directed towards the sample (Figure 3.5(a)) [10].
The interaction of the incident X-rays with the sample produces diffracted rays (constructive
interference) when conditions satisfy Bragg's Law [10]. Briefly, considering the incident and
diffracted X-rays from the atomic layers, as shown in Figure 3.5(b), where the angle of
incidence is given by 6, and the angle 26 gives the experimentally measured diffraction angle
[10]. The total path difference, x, between the X-rays marked 1 and 2 when they arrive at the

detector, point A and B respectively, is given by [5],[10]:

X = 2dsin 6. (3.2)
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(a) X-Ray tube (source) Diffraction detector
b, Filter \

\ "

| Diffracted X-rays

Figure 3.5. (a) Basic components of X-ray diffractometers showing the X-Ray source/tube and
detector relative to the sample. (b) Schematic illustration of the diffraction of incident X-rays

by atomic planes (adopted from ref. [10] ).

For constructive interference the path difference is equal to a whole number of wavelengths,

n/, where n is a whole number. As a result, equation 3.1 becomes (Bragg's Law)

ni=2dsingd, n=1 2,3,... (3.2

where n is a positive integer, A is the wavelength of incident X-rays, d is the interplanar spacing

and @ is the scattering angle [10].
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3.3.2 Raman spectroscopy

Raman spectroscopy is a non-destructive technique that has high molecular specificity,
which makes it an excellent technique for the analysis of materials[10]. It provides information
on chemical structure/phase, crystallinity, and molecular interactions (i.e. structural
information) [10]. In Raman spectroscopy, there is a scattering of incident photons (from the
primary laser light source) by phonons (vibrational modes) during the interaction of photons
with chemical bonds within a material, as shown in the figure 3.6 [10]. The interaction of
incident photons of energy ZwL with the chemical bonds within a sample creates a time-
dependent perturbation which increases the ground state energy (Ecs) to a total energy of Egs
+ howL making a system (molecule) to be unstable [6,7],[10]. Since the system has no stationary
state (i.e. is in the unstable situation), the photon is emitted by the perturbed system and the
system goes back to the stationary state (ground state), and if the frequency of the emitted
photon (wsc) is the same as the incident one, ey (i.e. elastic scattering), this is referred to as
Rayleigh scattering (Figure 3.6) [6,8],[10]. On the other hand, when the molecule returns to
the ground state, the photon can lose part of its energy in the reaction process and disperse from
the sample with a lower energy fiwsc = hwr — A, where #€Q is the phonon energy[10]. This
process is referred to as the Stokes process (inelastic dispersion) [6,8],[10]. Additionally, if the
molecule is in the excited vibrational state, and after the photon interaction the molecule returns
to its ground state, the photon leaves the sample with an increased energy Awsc = hwL + 7
[10]. This process is referred to as Anti-Stokes process [6,8],[10]. Therefore, between Stokes
and Anti-Stokes processes, Stokes process is the most probable, hence Raman spectra are
Stokes measurements plots of the intensity of the scattered photon as a function of the

difference between incident and scattered photon energy [6],[10].
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Figure 3.6. Schematic illustration of light scattering by Rayleigh, Stokes and Anti-Stokes
scattering processes in a vibrating molecule due to the time-dependent perturbation introduced

by incident photons (adopted from ref. [10] ).

To illustrate briefly how the Rayleigh scattering is removed from the Raman measurements,
figure 3.7 provides an overview of the main instrumental components of the standard Raman
system[10]. In practice, however, various spectroscopic variations of Raman are available
depending on the manufacture of the instrument[10]. For example, the beam path may be
slightly different and may have additional optical components for different manufactures. It
can be seen from the figure that Rayleigh scattering are optically filtered and filters are specific
to the laser wavelength [9,10]. Filters are used in conjunction with diffraction grating which is

used to disperse the Raman scattered light[10].

In addition , in order to detect the low intensity of the Raman scattering, the detector must be
highly sensitive and hence the charge coupled devices (CCDs) are widely used in the Raman
detector because they exhibit high quantum efficiencies and low signal-to-noise ratios [10]. In

CCDs, the charge obtained from scattered photons is directly proportional to the intensity of
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the Raman scattering[10]. There is a range of laser source options available within Raman
systems or some of the Raman systems and the choice of each laser source is determined
primarily by the desired wavelength and the desired spot size. Based on the choice of laser
source and material, the Raman spectrum may consist of a fluorescence contribution (shown
by black line in Figure 3.7(b)) that can be prevented by exciting a wavelength sample that falls

outside the fluorescence region, e.g. UV (purple) and lower-energy IR (red) wavelength [10].
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Figure 3.7. (a) Schematic illustration of fundamental instrumental components of a typical
Raman system, (b) an overview of the effect of laser excitation wavelength on the fluorescence

background (adopted from ref. [10]).
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3.3.3 Scanning electron microscopy and energy dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) is a non-destructive technique that is primarily used for
imaging the surfaces of almost all materials at the micro-nanometer scale[10]. The technique
uses an electron beam focused under ultra-high vacuum conditions to achieve high levels of
magnification and resolution for imaging. The resolution of the image given by the SEM
depends not only on the parameters of the electron beam, but also on the interaction of the
electron beam with the sample[10]. There are two types of electrons that are primarily detected
in SEM: back scattered electrons (BSE) and secondary electrons (SE). BSE is when electrons
are reflected back after elastic interactions between the beam and the sample [11]. However,
SE electrons originate from the atoms of the sample [11]. These are the results of inelastic
interactions between the electron beam and the sample. The SEM can provide information on
the morphology, topography, crystallography, and composition of materials using other
analyzers in the SEM method [10,12]. When a focused beam of high-energy primary electrons
impinges on the surface of the sample, among others (Figure 3.8), it produces low-energy
secondary electrons with an energy usually less than 50 eV [10,13]. The image of the sample
surface (morphology/topography) is constructed by measuring the intensity of these secondary
electrons as a function of the position of the primary electron beam [10,12]. Field Emission

SEM produces a depth of field, unique image contrast and high-resolution images[10].
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Figure 3.8. A schematic diagram of a typical scanning electron microscopy (adopted from ref.

[11]).

Furthermore, X-rays which are ejected when an incident electron beam strikes a sample can be
characterized by an energy dispersive X-ray spectroscopy (EDS), if the X-ray spectrometer
(detector) is attached to the SEM system (Figure 3.8). Since each element has a unique energy
difference between outer and inner electron shells, the X-rays that are detected yield elemental

identification hence EDS analysis gives elemental composition of the sample.

3.3.4 Transmission electron microscopy

Transmission electron microscopy (TEM) is a non-destructive technique for the
characterization of high spatial resolution[10]. It uses a beam of concentrated high-energy
electrons (under ultra-high vacuum conditions) which is transmitted through a thin sample
(Figure 3.9) and interacts with the sample as it passes through. Transmitted electrons are

used to produce a sample image. In TEM, various types of images can be obtained from
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different interactions between the electron beam and the sample[10]. For instance, an image
of electron diffraction patterns is obtained from elastically scattered electrons (diffracted
beam), bright field image from unscattered electrons (transmitted beam) and dark field image
from elastically scattered electrons (diffracted beam) [12,14]. TEM can be used to
characterize samples to obtain information about particle size, shape, crystallinity, and

morphology.
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Figure 3.9. Schematic diagram of a TEM (adopted from ref. [15]).

3.3.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive gquantitative technique that
tests the elemental composition, the chemical state, and the electronic state of the elements in
the sample. The high surface specificity of XPS is achieved by using smaller angles of
incidence or exit of the photoelectrons[10]. In addition, the mean free path of the detected
photoelectrons is in the order of a few nm corresponding to the topmost surface atomic layers
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of the sample [16]. XPS involves irradiation of the sample with a beam of X-rays (Al-Ka or
Mg-Ka) while measuring the number and the kinetic energy of elastically scattered
photoelectrons of the analysed sample [16]. The kinetic energy of the ejected electrons
(photoelectrons) depends upon the photon energy (#v) and the binding energy of the electron
in the core-shell of an atom and is usually analysed with a hemispherical energy analyser (see
Figure 3.10(a)). Generally, XPS analysis is coupled with ion sputtering with noble gas ions
(e.g. Ar") for surface cleaning and depth profiling and analysis are carried out under ultra-high

vacuum conditions.

In XPS spectrum, peaks appear from atoms emitting electrons of a characteristic energy. The
energies and intensities of these electrons (photoelectron peaks) enable identification and
quantification of the surface chemistry of a material, as shown in figure 3.10(b). Figure 3.10(b)
shows the Fe 2p XPS core level spectrum of the C-Fe/PANI/Ni-GF shows fitted Fe 2pap

binding energy peaks of Fe (metallic Fe)/Fe?* and Fe*" ions.
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Figure 3.10. (a) Schematic view of the photoemission process in XPS: Incident photon energy,
hv is absorbed by a core level electron, if hv > BE then the electron is ejected from the atom
with kinetic energy, KE. This is then detected by an analyser and the binding energy, BE of the
ejected electron is determined by, BE = hv — KE — W, where W is the work function of the
electron analyser, not the analysed material. (b) The XPS core level spectrum of iron, Fe 2p of

the C-Fe/PANI/Ni-GF electrode material (adopted from this study).

The characterization techniques used in this work are listed in table 3.1, including the systems

settings.
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Table 3.1. Characterization techniques (apparatus and systems settings).

Apparatus

Systems settings

XRD: XPERTPRO diffractometer
(PANalytical BV, Netherlands)

X-ray source: cobalt (Co) Ka
(4=0.17890 nm)

Generator operation: 50 kV and
30 mA

Measurement settings: 20 range =
10 to 90°, step size = 0.017° and

time perstep=15s

Raman spectrometer:

¢ T64000 micro-Raman spectrometer
(HORIBA Scientific, Jobin Yvon
Technology)

e  WiTec alpha300R confocal Raman

microscope

Laser wavelength: 514 nm
Laser power: 3 mW
Spectral acquisition time: 120 s

Objective: 100x/0.9

Laser wavelength: 532 nm
Laser power: 4.0 mW
Spectral acquisition time: 10 s

Objective: 100x/0.9

SEM: Zeiss Ultra Plus 55 field emission
scanning electron microscope equipped

with EDS

Voltage: 2.0 kV

TEM: Jeol JEM-2100F Field Emission

Electron Microscope

Voltage: 200 kV

XPS: Physical Electronics VersaProbe
5000 spectrometer

Beam voltage: 10 kV

69



3.4 Electrochemical characterizations

All electrochemical analysis were carried out on a Biologic VMP-300 potentiostat
(Knoxville TN 37,930, USA) controlled by the EC-Lab VV10.37 software at room temperature.
In the three-electrode system, a glassy carbon plate was used as the counter electrode and
Ag/AgCl (3 M KCI) electrode served as the reference electrode. The electrochemical
performance of the electrodes was evaluated in both three and two electrode setup using the

settings listed in table 3.2.

Table 3.2. Electrochemical analysis settings for three and two electrode setup.

Experiments Settings
e Scanrates: 5to 100 mV s in the

Cyclic voltammetry * Potential (three-electrode) range: 0.0
- 1.1 V and -1.1 0.0 V wvs.
Ag/AgCl;  Cell potential (two-

electrode) range: 0.0-2.2V
Galvanostatic charge/discharge *  Specific current: 1 — 10 A g’!

* Potential (three-electrode) range: 0.0
- 1.1 V and -1.1 0.0 V wvs.
Ag/AgCl;  Cell potential (two-

electrode) range: 0.0-2.2V
Electrochemical impedance spectroscopy ¢ Frequency: 10 mHz to 100 kHz

(Open circuit potential)

3.4.1 Preparation of the working electrodes

The working electrode of MnO,-C composite was prepared by coating a mixture of 80 wt%
active material, 10 wt% carbon black for conductivity enhancement and 10 wt% polyvinylidene
fluoride (PVDF) binder dispersed in N-methylpyrrolidone (NMP) solution onto a piece of

nickel foam (1 x 1 cm?), as illustrated in figure 3.11. The slurry was coated on both sides of
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the current collector for three-electrode and on one side for two-electrode measurements. After
pasting, the electrode was dried at 60 °C overnight, and thereafter, the coated active material

was pressed onto the nickel foam under a pressure of 30 MPa.

The C-Fe/PANI/Ni-GF working electrode was prepared as discussed in the synthesis method
(see figure 4.2). Similar to preparation of MnO2-C composite, the slurry was coated on both
sides of the current collector for three-electrode and on one side for two-electrode

measurements.

The masses of the working electrodes (both positive and negative) ranged between 2 and 4 mg.
The electrochemical measurements of MnO.-C composite and C-Fe/PANI/Ni-GF electrodes

were carried out in the three-electrode system in 2.5 M KNOz and 1M NaNO3 electrolytes.

Polyvinylidene fluoride

Active material Carbonblack (PVDF) binder
80 wt% 10 wt% 10 wt%

. '”'%N-methylpyr_rolidone
/Z(NMP) solution

\,\. Current collector (Ni foam)
Ay

Pasted slurry (mass * 2 mg)

Figure 3.11. Process scheme for MnO»-C composite electrode preparation by coating a
mixture of active material, carbon black and PVDF binder dispersed in NMP solution onto a

piece of nickel foam[10].
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3.4.2 Fabrication of the supercapacitor device

The two electrode measurements were assembled using coin-type cell as illustrated in
figure 3.12. The supercapacitor devices were fabricated based on MnO,-C composite as a
positive electrode and C-Fe/PANI/Ni-GF as a negative electrode (asymmetric supercapacitor)
and C-Fe/PANI/Ni-GF electrode as both positive and negative electrode (symmetric
supercapacitor) using 2.5 M KNOz and 1M NaNO3 electrolytes, respectively. Due to the
difference in the specific capacity of the electrodes in positive and negative potential window,
a charge balance, Q+= Q- was done (see equation 7 in chapter 2). Based on this, the mass
balance between the electrode in positive and negative potential window was achieved and for
MnO,-C//C-Fe/PANI/Ni-GF asymmetric supercapacitor the mass ratio was m+/m_= 4, and for
C-Fe/PANI/Ni-GF//IC-Fe/PANI/Ni-GF symmetric supercapacitor the mass ratio was
m+/m_~ 1. The electrochemical performance of the fabricated supercapacitor devices was

evaluated using the settings listed in table 3.2.

Positive Case
Cathode
Separator
Anode
Spacer
Spring

Negative Case

Figure 3.12. Schematic illustration of the assembled structure of supercapacitor device.
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Chapter 4

Results and discussion

4.1 Introduction

This chapter presents experimental findings on the structural and morphological
characterization of the as-prepared electrode materials (C-Fe/PANI/Ni-GF and birnessite-type
MnOgz/carbon composite). It also includes the electrochemical properties of the as-fabricated
devices C-Fe/PANI/Ni-GF//C-Fe/PANI/Ni-GF and MnO,-C//C-Fe/PANI/Ni-GF, symmetric
and asymmetric device, respectively. The publication from each research study will also be

presented.

4.2 High-performance symmetric supercapacitor device based on carbonized

iron-polyaniline/nickel graphene foam

421 Summary

A comparison of the results for C-Fe/PANI/Ni-GF electrode, and C-Fe/PANI electrode
confirms a successful synthesis of C-Fe/PANI/Ni-GF electrode. The results for the C-
Fe/PANI/Ni-GF//C-Fe/PANI/Ni-GF symmetric device, fabricated as described in chapter 3,

reveals the excellent electrochemical performance of the device.

The results are discussed in the attached published paper below in Journal of Alloys and

Compounds.
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The carbonized iron-polyaniline/nickel graphene foam (C—Fe/PANI/Ni-GF) electrode was prepared by
pasting a mixture of iron-polyaniline (Fe/PANI) on nickel graphene foam (Ni-GF) and carbonized under
the nitrogen. For electrochemical characterization, the as-prepared electrode material was evaluated in
both three and two-electrode (i.e. symmetric) cell configurations using 1M NaNOj electrolyte. The
symmetric device exhibited a maximum energy density of 68.0Whkg™' and power density of

718.2W kg™, at a specific current of .0Ag~! and the maximum potential of 1.7 V. The device further

Keywords:
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Negative electrode
PANI

Graphene foam

application of the device.

displayed long-term cycling stability with capacity retention of 91% over 10 000 galvanostatic charge-
discharge cycles at SAg‘I. The stability of the device was also tested using the voltage holding and
self-discharge approach whereby a slow-discharging process was observed, which suggests the practical

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Recently, there has been a demand for high-power performance,
long cycle life, and enhanced safety energy-storage systems. In the
view of the demands for energy-storage systems, supercapacitors
(SCs) have received great attention due to their properties/elec-
trochemical performance. SCs are high-power performance de-
vices, and an extent of extensive research on SCs has been focusing
on improving the energy density of SCs. In SCs, charges can be
stored using three different mechanisms, viz., electric double-layer
capacitors (EDLCs), pseudocapacitors or redox SCs and hybrid ca-
pacitors [ 1—3]. Asymmetric (hybrid) capacitors have been explored
to increase the operating potential window to improve the energy
density of the SCs [1—3]. Nowadays, ionic liquid electrolytes have
been considered to provide the alternative improvement on SCs
(high operating potential window) since they have a wider elec-
trochemical stability window [4]. The main focus is also on devel-
oping hybrid SCs using the pseudocapacitive electrodes and
battery-electrode materials since they exhibit high capacitance [
[5,6]]. Therefore, both the high operating potential window and
high capacitance of the pseudocapacitive electrodes and battery-
electrode material significantly increase the energy density of the

* Corresponding author.
E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

https://doi.org/10.1016/j.jallcom.2019.152993
0925-8388/© 2019 Elsevier B.V. All rights reserved.

SCs while maintaining high power density. In addition, the devel-
opment of the nanostructured materials has been explored to
improve the rate capability of the battery-electrode materials.

In recent reports, conducting polymers are considered as
pseudocapacitive materials suitable for the next generation of SCs
[7—10]. Among these conducting polymers, polyaniline (PANI) has
attractive properties, for instance, the morphological diversity,
good redox reversibility, low cost, and simple synthesis [11]. The
conducting polymers have a wide range of tunable properties since
their conductivity is linked with the molecular structure, the level
of doping and the ordering of molecular packing [12—14]. It has
been shown that PANI containing iron achieves high electro-
catalytic and electrochemical performance with long-cycling sta-
bility [15—17]. Iron cations easily adsorb onto PANI due to
functional groups of PANI which acts as active sites [18—21].
Available reports also show that the electrical conductivity of PANI
can be enhanced by carbon nanotubes through w—m interactions
[22,23]. However, compared to graphene the mass production of
carbon nanotubes has a higher production cost hence graphene is
preferred. Moreover, graphene has attracted great attention due to
its remarkable properties, for instance, a high specific surface area,
high electrical conductivity, and chemical stability [24—29]. Poly-
mer/graphene interactions (nanocomposites) are expected to
exhibit excellent electrochemical performance owing to a stronger
m—m conjugation interactions and graphene properties. In fact, Yu
et al. [30] have reported a remarkably high capacitance value of
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1341 Fg~! for a PANI/3D graphene framework in an acidic elec-
trolyte. Wang et al. [31], have demonstrated that the PANI/gra-
phene nanocomposites show much better capacitance
performance than that of individual PANI and the synergy effect of
PANI and graphene greatly improves the retention life of the
composite material. The key factors determining the electro-
chemical performances of the PANI/graphene nanocomposites,
such as morphologies, synthesis methods, and synthesis conditions
are detailed in the review titled: Polyaniline/graphene nano-
composites towards high-performance supercapacitors by Huang
etal. [32]).

This study reports on a high-performance symmetric super-
capacitor based on the carbonized iron-polyaniline/nickel gra-
phene foam electrode; prepared as shown in Scheme 1. The
symmetric supercapacitor device was fabricated using 1 M NaNO3
aqueous electrolyte. The C—Fe/PANI/Ni-GF symmetric device
showed good electrochemical performance with a high energy
density of 68.0W hkg~! and power density of 7182W kg™, at a
specific current of .0Ag™'; and excellent stability for both cycling
and voltage holding stability test. The self-discharge approach was
also used to test the stability of the device which showed a slow
self-discharge process.

2. Experimental

2.1. Carbonization of an iron-polyaniline mixture on nickel
graphene foam

The Fe-PANI mixture was synthesized as reported in our recent
work [17]. Briefly, a 0.4 g of PANI and 0.2 g of iron nitrate non-
ahydrate (Fe(NOs3)3-9H»0) were dissolved in a 50 mL of ethanol and
dispersed until the Fe-PANI slurry was formed. The slurry was
pasted on graphene supported by nickel foam and carbonized at
850°C (ramp rate of 10°C min~!) for 2h under nitrogen. After
carbonization, the difference in the micrograph of the Ni-GF and
that of Fe-PANI mixture on Ni-GF (C—Fe/PANI/Ni-GF) confirms a
successful synthesis of the electrode which is expected to have
strong metal-polymer/graphene interactions (see Scheme 1). The
as-prepared electrode material was used for both negative and
positive electrode, respectively. For electrochemical characteriza-
tion in three-electrode configuration, the Fe-PANI slurry was pasted
on both sides of Ni-GF and after carbonization, the active material
of the electrode had a mass of 2 mg. For the symmetric device
fabrication, the slurry was only pasted on one side of Ni-GF and
after carbonization; the electrode materials had masses of 1.5 mg
(negative electrode) and 1.7 mg (positive electrode).

The Ni-GF was grown using atmospheric pressure chemical

CarbonizedFe-PANLONNi-GF - T
"(C-FelPANINI-GF)  _ * Fama

Fo(NO;)y9H,0
FPAN!

-

Ethanol

Sonication Ni-GF

Pasted slurry
(Fe/PANI mixture)

vapour deposition (AP-CVD). Graphene growth was carried out for
10 min at 1000 °C using a mixture of gasses, Ar: Hy: CHy with flow
rates of 300: 200: 10 sccm, respectively. All the reagents used were
purchased from Sigma Aldrich and a 3D scaffold template of
polycrystalline nickel foam (Ni—F) from Alantum.

2.2. Morphological, composition and structural characterization

The C—Fe/PANI/Ni-GF material was characterized using scan-
ning electron microscopy (SEM, Zeiss Ultra Plus 55 field emission
scanning electron microscope), energy-dispersive X-ray spec-
trometer (EDS), high-resolution transmission electron microscopy
(HR-TEM), X-ray diffractometer (XRD, XPERTPRO diffractometer
(PANalytical BV, Netherlands) and Raman spectroscopy. The HR-
TEM analysis was carried out in a high-resolution transmission
electron microscopy JEOL 2100 (from Tokyo Japan) equipped with
LaBg filament, a Gartan U1000 camera of 2028 x 2028 pixels and
was operated at 200 kV. The HR-TEM scanning transmission elec-
tron microscopy and the energy dispersive X-ray (STEM-EDX) were
used for elemental distribution analysis. WITec alpha300
RAS + confocal Raman microscope was used for Raman analysis/
imaging. The analysis was carried out using a 532 nm laser and
laser power of 5 mW. Raman image scans were acquired over
30 x 30 pm? area with 100 points per line and 100 lines per image
using an integration time of 5 s. WITec project plus version software
was used for Raman data processing.

2.3. Electrochemical characterization

A Biologic VMP-300 potentiostat (Knoxville TN 37 930, USA) was
used for the electrochemical characterization. For three-electrode
configuration, the measurements were carried out using three
different neutral aqueous electrolytes, i.e. 1 M NaNOs, NaSO4 and
LiSO4 electrolyte. Cyclic voltammetry (CV) at scan rates of
5-100mVs~' and galvanostatic charge-discharge (GCD) were
carried out for positive and negative electrode in the potential
range of 0.0—0.7 V vs. Ag/AgCl and —1.0 to 0.0V vs. Ag/AgCl. The
electrochemical impedance spectroscopy (EIS) analysis was ob-
tained using an open circuit over 10 mHz to 100 kHz. For two-
electrode measurements, the symmetric device was fabricated
using 1 M NaNOs aqueous electrolyte.

3. Results and discussion
3.1. Morphological, composition and structural characterization

The morphologies of the Ni-GF and C—Fe/PANI/Ni-GF samples

*\\5(( D U
e e S
e
Interaction Nj‘r F‘,, ‘\ll
= e S

Scheme 1. The synthesis route for carbonized iron-polyaniline/nickel graphene foam electrode.
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were examined using SEM, as shown in Fig. 1(a)—(b), respectively.
From the SEM images, the Ni-GF displays wrinkles and ripples of as-
grown graphene [33]. The C—Fe/PANI/Ni-GF sample comprises of
agglomerated nanograins; this is also shown in high magnification
image in Fig. 1(c). The elemental composition of the C—Fe/PANI/Ni-
GF was obtained using EDS and the maps are displayed in Fig. 1(d).
Fig. 1(d) shows the EDS maps of Ni, C, Fe, N, S, and O. Fig. 1(e) shows
the secondary electron beam image with an overlay combined
image of the EDS maps of evaluated elements. These maps suggest
that Fe cations are distributed homogeneously on the PANI matrix
in the C—Fe/PANI/Ni-GF electrode material. Fig. 1(f) displays the
average EDS spectrum which shows Fe, S, O, N, C, and Ni. A high
content of Ni result from the Ni-GF substrate. The presence of S in
the sample is from PANI synthesis, ammonium persulphate in
particular, which degraded during pyrolysis. In addition, O and N
are typically found in PANIL. The XRD pattern obtained from the
carbonized Fe/PANI (Fig. S1), shows the diffraction peaks which
matches Fe;C, FeS, Fe and (002) graphitic plane.

Fig. 2(a)—(b)-(c) show high-resolution TEM images of the as-
synthesized C—Fe/PANI (without Ni foam) and C—Fe/PANI/Ni-GF,
respectively. From these figures, C—Fe/PANI shows Fe cations
attributed to Fe3C, FeS and Fe anchored on PANI which has a sheet-
like morphology. On the other hand, C—Fe/PANI/Ni-GF shows Fe/
PANI on graphene foam (GF) which is grown on Ni substrate. In
Fig. 2(c), GF shows a thickness of about 5 nm corresponding to few-
layer graphene. Furthermore, a scanning transmission electron
microscopy along with energy dispersive X-ray maps are displayed
in Fig. 2(d)—(e)—(j), respectively. The energy dispersive X-ray maps
of the as-synthesized C—Fe/PANI/Ni-GF sample display the main
elements of the sample (C, N, O, S, Fe and Ni) as seen from the EDS

maps in Fig. 1.

Before pasting a slurry of Fe/PANI on the Ni-GF (see Scheme 1),a
Ni-GF was analyzed using Raman spectroscopy to investigate the
quality and the number of graphene layers in the as-grown gra-
phene. Fig. 3(a—c) shows the Raman data of graphene on Ni foam.
The main features of the Raman spectrum of graphene are the G-
band (~1590 cm™'), the 2D-band (~2690cm™') and the D-band
(disorder-induced band, 1350cm™") [34-36]. In Fig. 3(a), the
overlay image of the cluster analysis on the optical microscope
image of the sample and the corresponding cluster average spectra
(Fig. 3(b)) reveals that the as-grown graphene has significant
fractions of monolayer, bilayer and few-layer graphene (i.e. « 10
monolayers). Certainly, Fig. 3(b) shows the typical Raman spectrum
of monolayer, bilayer and few-layer graphene with 2D-to-G peaks
intensity ratios of >2, ~1 and < 0.6, respectively. In addition, the 2D
peaks Full Width at Half Maximum (FWHM) for monolayer, bilayer
and few-layer graphene are 30, 50 and 72 cm™', respectively, which
demonstrate the characteristics of monolayer, bilayer and few-layer
graphene. Briefly, the cluster analysis of the acquired Raman image
data set automatically finds similar spectra in an image spectrum
data set and creates the cluster distribution maps and the corre-
sponding cluster average spectra. Furthermore, Fig. 3(c) shows the
mapping of the D-to-G peaks intensities ratio. The map shows an
average value of approximately zero confirming the zero intensity
of the D-band in the Raman spectra which demonstrates high-
quality graphene foam.

Fig. 3(d—g) shows the Raman data of the C—Fe/PANI/Ni-GF. In
Fig. 3(d), the overlay image of the cluster analysis on the optical
microscope image and the corresponding cluster average spectra
(Fig. 3(e)) display typical Raman spectra of PANI (blue line) and

Fig. 1. (a) SEM image of the Ni-GF and (b) C—Fe/PANI/Ni-GF. (c) The high magnification image of the C—Fe/PANI/Ni-GF. (d) The EDS maps of Ni, C, Fe, N, S, and O, and (e) the

Intensity (a.u.)

Element Wt% (f)
Ni 335
C 443
N 4.6
[¢] 6.1
Fe 1
S 4
Ni
N
Ni
T
s (M) 10 15 20
Energy (keV)

corresponding secondary electron beam image with an overlay combined image of the EDS maps of evaluated elements. (f) An average EDS spectrum.
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——
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Ni substrate

Fig. 2. High-resolution TEM images: (a) As-synthesized C—Fe/PANI (without Ni foam), (b) and (c) C—Fe/PANI/Ni-GF. (d) Scanning transmission electron microscopy image and
(e)—(j) the corresponding energy dispersive X-ray maps of C, N, O, S, Fe and Ni obtained from the as-synthesized C—Fe/PANI/Ni-GF sample.

graphene (green and pink line). From the overlay image in Fig. 3(d),
the small areas of graphene suggest that the coating of the PANI on
Ni-GF is not completely uniform across the substrate and that could
be due to the porous nature of the Ni foam. Moreover, in Fig. 3(e),
the D band (which is due to the functional groups of PANI [20,21])
in the spectra of graphene confirms the interaction/incorporation
of the PANI functional groups in the graphene lattice. This is further
confirmed by mapping of the D-to-G peaks intensities ratio, as
shown in Fig. 3(f), which displays an average value of ~0.8. This
confirms a high intensity of the D-band in the Raman spectra of the
C—Fe/PANI/Ni-GF.

The Raman peaks in the range of 100-700cm™" are due to
Fe—PANI, as shown in Fig. 3(g) and Table 1. It is worth mentioning
that the phases in Fig. 3(g) have X-ray diffraction peaks matching
Inorganic Crystal Structure Database (ICSD) cards (o-Sg ICSD
#27261, a-FeOOH ICSD #77327, y-FeOOH ICSD #93948, Fe;03 ICSD
#64599 and Fe304 ICSD #35000) which overlap with the diffraction
peaks of the phases shown in the XRD data in Fig. S1.

In Fig. 4(a), the C 1s XPS core level spectrum of the C—Fe/PANI/
Ni-GF shows different carbon compounds at 284.5 (C=C), 285.3
(C—C), 286.5 (C—OH/C—N), 287.6 (C—0—C) and 288.9 eV (C=0)
attributed to the functional groups of PANI [43,44]. On the other
hand, compared to the C—Fe/PANI/Ni-GF, the C 1s spectrum of the
Ni-GF (Fig. 4(b)) shows a predominant narrow peak of sp? C=C
bond and relatively low-intensity peaks of the oxide components
which could be due to surface-adsorbed CO; and O,, and the 7—7#*
electrons transition [45—47]; and this shows a form of high-quality
graphene. Nonetheless, in the C—Fe/PANI/Ni-GF, the C 1s spectrum
of the Ni-GF would be similar to that of the C—Fe/PANI/Ni-GF due to
the interaction between the Fe/PANI and graphene foam during
pyrolysis which is energetically favourable owing to the unpaired
m-electron in graphene and the high electronegativity of oxygen
present in PANI. The Fe 2p XPS core level spectrum of the C—Fe/
PANI/Ni-GF (Fig. 4(c)) shows fitted Fe 2p3; binding energy peaks at

1

706.5and 708.1eV attributed to Fe®(metallic Fe)/Fe?>t and Fe**
ions, respectively [48]. In Fig. 4(d), the N 1s core level spectrum
shows characteristic nitrogen—carbon bond-related peaks which
appears at 398.6eV (pyridinic N), 400.2eV (pyrrolic N), and
401.5 eV (graphitic N). A pyridinic N peak has the contribution of
N—iron peak (399.3 eV) since the two peaks overlap [49]. The S 2p
XPS core level spectrum shows peaks in the range of 160—65 eV
attributed to the S*~ ions (160.7 and 161.9 eV fitted peaks of the S
2p3)z and S 2py 2 levels, respectively), S—C and/or S—S bonds (fitted
peak at 163.3 eV of the S 2ps); level). S 2p;; fitted peak confirms a
characteristic FeS bond-related peak which appears at 161.9 eV and
in the S 2p3j; peak, S—C, S—S and S—S/S—C bonds have character-
istic peaks at 163.2, 163.8, and 164.8 eV respectively [50].

3.2. Electrochemical characterization

The as-prepared electrodes (C—Fe/PANI/Ni-GF) were evaluated
as negative and positive electrodes using 1 M NaNOs, NaSO4 and
LiSO4 electrolyte in the three-electrode system, as shown in
Fig. 5(a)—(b). The CV curves of the as-prepared electrode in both
negative and positive potential window show pseudocapacitive
behavior without obvious redox peaks. From Figs. 5 and 1 M NaNOs
electrolyte is the best electrolyte since it gives high current
response compared to that of 1 M NaSO4 and 1 M LiSO4 electrolyte.
This could be due to the small hydrated ion size of Na* (0.359 nm)
and high ionic conductivity of 50.11 S cm? mol~! compared to the
Li* which has ion size of 0.381 nm and ionic conductivity of
38.69 S cm?mol~' [51,52]. On the other hand, The accumulation of
NO3 ions on the positive electrode might be higher than that of
S03~ ions since it has small hydrated ion size of 0.335 nm compared
to 0.379 nm of the SO~ ions [52]. It worth mentioning that the
negative electrodes in 1M NaSO4 and 1 M LiSO4 electrolyte could
not reach a potential of 1.0V vs. Ag/AgCl as the electrode in 1M
NaNOs electrolyte.
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Fig. 3. (a—c) Raman data of as-grown graphene on Ni foam (Ni-GF): (a) The optical microscope image with an overlay image of cluster analysis, and (b) the corresponding cluster
average spectra (each spectrum-color correspond to the image area of the same color in (a)). (¢) Mapping of the D-to-G peaks intensities ratio. (d—g) Raman data of C—Fe/PANI/Ni-
GF: (d) The optical microscope image with an overlay image of cluster analysis, and (e) the corresponding cluster average spectra (each spectrum-color correspond to the image area
of the same color in (d)). (f) Mapping of the D-to-G peaks intensities ratio. (g) The cluster average spectrum of the Fe-PANI range in (e). (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Raman peak positions of the Fe-PANI range in Fig. 3(g) of the C—Fe/PANI/Ni-GF and
the corresponding phases.

Peak positions (cm ') Phases Ref.
153 4-Sg 137)
191 FeS 138
205 FeS 138,39)
223 FesClo-Sg [39,40]
265 FeS [38.39]
290 FesC[FeS [39,40]
310 4-FeOOH [41]
360 FesC/y-FeOOH [39,40)
471 4-Sg [37]
540 y-FeOOH [39]
603 FesC [40]
680 y-Fe,03/Fe304 (41,42

Based on the observation from Figs. 5 and 1 M NaNOs electrolyte
showed the best performance compared to the other electrolytes it
was used for further electrochemical evaluation. The as-prepared

electrode was further evaluated in the three electrode configura-
tion using 1 M NaNOjs electrolyte, as shown in Figs. S2(a—d). For as-
prepared electrode the specific capacitance, Cs, was calculated for
both positive and negative electrode (Fig. S2(e)), from the GCD
curves [3,53,54]:

14t
G=—r (M
where I/m is the specific current (A/g), m is the mass of the elec-
trode material (g), At is the discharge time (s), and AV is the
maximum potential.

From Fig. S2(e) it can be seen that in the positive potential
window, the as-prepared electrode exhibited the high specific
capacitance of 69.0 Fg™" at a specific current of 1 Ag™" and in the
negative potential window it exhibits 139.9Fg ! For the as-
prepared electrode, a symmetric supercapacitor device (scheme
in Fig. 6(a)) was fabricated using 1M NaNOs electrolyte; and the
charge balance was done using equation S(1) (supporting infor-
mation). From the three-electrode measurements (Fig. 6(b)), the as-
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Fig. 4. The XPS core level spectra: (a) C 1s of the C—Fe/PANI/Ni-GF and (b) Ni-GF; (c) Fe 2p, (d) N 1s, and (e) S 2p of the C—Fe/PANI/Ni-GF electrode material.

prepared electrode in negative and positive potential window
reaches —1.0 and 0.7 V vs. Ag/AgCl, respectively. Consequently, the
symmetric device was able to reach the maximum potential of 1.7 V
(Fig. 6(c)). It can be seen from the CV curves of the device (Fig. 6(c))
that it has a pseudocapacitive behavior; and these curves do not
change with the increase in scan rate, which suggests that the
device is stable. The GCD curves of the device shown in Fig. 6(d) at
different specific currents in the range of 1-5Ag~' which illus-
trates the pseudocapacitive behavior agreeing with the CV
(Fig. 6(c)). Moreover, because of the pseudocapacitive nature of the

device, the specific capacity (Qs) of the device (Fig. 6(e)) was
calculated using equation (2) [3,53—56]:

N
e (a) x @)
where I/m is the specific current (A/g), m is the mass of the elec-
trode material (g), and t is the discharge time (s).

At a low specific current of 1Ag™" the device exhibits a high
specific capacity of 94.6 mA h g~ which dropsto31.7mAhg ' ata
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Fig. 5. (a) and (b) Cyclic voltammetry curves of the as-prepared electrode at the scan rate of 50mV's ' in different aqueous electrolytes.

high specific current of 5Ag™"; such drop could be due to the
limited time that ions have to access the surface of the electrode at
high specific currents [57], and that could be due to the redox re-
actions (from the oxide phases present in the electrode) which limit
the accessibility of the electrolyte ions. In addition, the observed
drop in specific capacity values may be due to the increasing
electronic field within the cell setup increased by an increase in the
current density at a high cell potential window.

The energy density, Eq and the power density, Pq were calculated
using the GCD curves, as shown in Fig. 7(a), using equations (3) and
(4), respectively:

Ea (Whig™') = (m) [ v;_zd[ 3)

3.6 E
Py (Wkg™') =224 (4)
where I/m is the specific current (A/g), [ V(t)dt is the integral under
the discharge curve and At is the discharge time (s).

The fabricated device displayed a maximum energy density of
68.0W hkg™! and power density of 718.2 W kg™, at a specific cur-
rent of 1.0A g, At a high power density of 3843.0 W kg, the en-
ergy density remained as high as 24.4W h kg™ at 5.0 Ag™". Fig. 7(b)
shows the energy densities of the C—Fe/PANI (from our previous
work [17]) and C—Fe/PANI/Ni-GF symmetric devices in the specific
current range of 1.0-5.0 Ag~". From the figure, the C—Fe/PANI/Ni-
GF device shows higher energy density values compared to C—Fe/
PANI device. Additionally, Table 2 and the Ragone plot (Fig. S3) also
show that the energy and power densities for C—Fe/PANI/Ni-GF
device are superior to those reported in the literature on PANI based
symmetric devices. A high-performance of the C—Fe/PANI/Ni-GF
device could be attributed to the synergy between Fe/PANI and
graphene foam. Although the Ni-GF is well-recognized to possess
high electrical conductivity compared to Ni foam, a high energy
density exhibited by C—Fe/PANI/Ni-GF compared to C—Fe/PANI is
mainly due to the synergistic effect of PANI and graphene and the
contribution of the iron-composite layer. This is also reported in the
literature that the PANI/graphene nanocomposites show much
better capacitance performance than that of individual PANI and the
synergy effect of PANI and graphene greatly improves the retention
life of the composite material [30,31]. Also, studies have shown that
iron-containing PANI, achieve high electrocatalytic performance and

exhibit high cycling stability [58—60].

Fig. 7(c) shows the cycling stability test of the C—Fe/PANI/Ni-GF
symmetric device performed at a specific current of 5.0 Ag™". The
cycling stability of the device exhibited a columbic efficiency of 99%
and 91% capacity retention after a 10 000™ galvanostatic charge-
discharge cycle. In Fig. 7(d), the C—Fe/PANI/Ni-GF device shows a
better cycling stability compared to C—Fe/PANI device [17], both
performed at the same specific current of 5.0 Ag™". This enhanced
or long-cycling stability could also be due to the interactions be-
tween Fe/PANI and graphene foam. It is known that PANI—carbon
(i.e., carbon nanotubes, nanofibers, graphene, etc.) based compos-
ites have long-cycling stability owing to the high stability of carbon
[62,64—70]. The stability of the device was further tested via
potentiostatic floating test (i.e. voltage holding) at 50Ag™" and
maximum operating potential of 1.7V for 100h, as shown in
Fig. 7(e) and (f). Briefly, in voltage holding, a cell is kept at a specific
fixed maximum operating potential for a long period of time, and
the process includes a charge-discharge step for a few numbers of
cycles in which the specific capacity of the device is monitored.
Fig. 7(e) and (f) show a significant increase in the specific capacity
and energy density of the device after voltage holding, and this
could mean that the electrolyte ions access the electrodes pores
more effectively after each holding period for intercalation into the
electrode.

The electrical properties of the device before and after cycling
stability, and after voltage holding were analyzed using EIS, as
shown by the Nyquist plot in Fig. 8(a). In Fig. 8(a), the Nyquist plots
do not show an obvious semi-circle in the high-frequency region
(inset to the figure) demonstrating a lower electrode-electrolyte
interface charge transfer resistance, Rcr hence a better capacitive
behavior. The intersection of the Nyquist plots on the real compo-
nent, Z (see the inset to the figure), describes the equivalent series
resistance, ESR or Rs, and the Rs values before stability (Rs = 4.3 Q),
after stability (Rs = 5.5 Q) and after voltage holding (Rs = 7.2 Q) are
comparable suggesting good chemical stability of the device. A
linear part of the plots (in the low-frequency) with angles greater
than 45° deviates from an ideal capacitor. Furthermore, the Nyquist
plot of the device was fitted (Fig. 8(b)) using the equivalent circuit
diagram shown in the insert to Fig. 8(b). The equivalent circuit di-
agram presents Rs in series with Rcr, and Warburg impedance
characteristic element, W parallel to the real capacitance (Q1) [71].
A deviation of the supercapacitor behavior from an ideal capacitive
behavior is attributed to a leakage resistance, Ry (i.e. parallel to the
mass capacitance, Qz) [72,73].
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Fig. 6. (a) Scheme of the fabricated device. (b) CV curves of the as-prepared electrode from the three-electrode measurements at 5mV's 1 (c) and (d) CV and GCD curves of the

fabricated device, respectively. (e) Specific capacity versus specific current for the device.

Moreover, Fig. 8(c) displays the phase angle value of —66° for
the C—Fe/PANI/Ni-GF device. The frequency dependence of the
C(w) and C'(w) capacitances was calculated, as shown in Fig. 8(d),
using the following expressions [74,75]:

The impedance, Z(®) is expressed as

1
Z(w) “ R (5)

Therefore,

V)= oz

where Z' and Z” are defined as
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Fig. 7. (a) Energy and power densities of the C—Fe/PANI/Ni-GF device. (b) Energy densities of the C—Fe/PANI and C—Fe[PANI/Ni-GF symmetric devices versus specific current. (c) The
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Table 2

Electrochemical performance comparison of PANI based symmetric devices.
Electrode device Electrolyte Specific current Potential window Energy density Power density Ref.

(Ag™) (V) (Whkg™) (Wkg™)

PANI 1MH,S04 1.0 1.0 23 180 M. Dirican et al,, 2014 [61]
PANI/PCNF 1MH,S0,4 1.0 1.0 12 180 M. Dirican et al., 2014 [61]
PANI/MWNTs 1MH,S0,4 1mA/em? 1.0 22 83 H. Mi et al., 2007 [62]
PANI/CNT 1MH,50, 0.5 0.8 7.11 201 K. Silas et al.,, 2016 [63]
C—Fe/PANI 6M KOH 1.0 1.65 33.0 370.7 M.N. Rantho et al., 2018 [17]

C—Fe/[PANI/Ni-GF 1M NaNO; 1.0 1.7 68.0 7182 This work
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1Z(w)? = Z'(w)? + Z"(w)? (8)
and
o=27f

In Fig. 8(d), the C'(@) which is the real accessible capacitance of
the device that can be delivered corresponds to the deliverable
capacitance of 1.35F. The C"(®) gives a relaxation time of 1.96s
which suggests that the device can be charged within few seconds.

Fig. 9(a) shows a self-discharge curve of the device after it was
fully charged (i.e. up to 1.7 V) at the constant specific current of
5Ag~! and subjected to open circuit voltage to observe the
behavior of the device. The device within the first 30 min of the
self-discharge curve drops and maintains a potential of 1.27 V, and
after 76 h, the device still maintains the potential of 0.85V. This
good performance of the device (a slow self-discharge process) is
attributed to the pseudocapacitive behavior (slow discharging
process) and high cycling stability of the electrode material as
shown for both cycling and voltage holding stability test. However,
there is quick cell potential drop from 1.7 to 1.4 V within the 2 min
and this could be due to the decomposition of the solvent [76].
Briefly, the solvent can be reduced on the negative electrode when
the cell is fully charged. Thus, the reduction can continue even after
the cut-off of current, which leads to the fast decrease in the
negative electrode potential. The self-discharge curve can be
explained further by applying two models [77]: Model 1 relates the
current leakage to the resistance, R of the supercapacitor:

v voe(’*) ©)

where the device parameters, Vp, C and t are the initial potential,
the equivalent capacity and the self-discharge period, respectively.
The fitting of the self-discharge curve with this model is shown in
Fig. 9(b), which gives a linear trend. It is worth noting that the cell
potential in Fig. 9(b) is plotted on the logarithm scale.

Model 2 which is basically based on a diffusion control process is
shown in Fig. 9(c). In this model, the stored ionic charges are lost
during the discharging of the device and the cell potential is
expressed by:

V=Vy-mt (10)

where the device parameters, m, Vo and t are the ions diffusion
parameter, initial potential and self-discharge period, respectively.
Both model 1 and 2 show a better fit to the self-discharge curve.
This suggests that the self-discharge process of the device is
influenced by both current leakage and diffusion control process.
Furthermore, the practical application of C—Fe/PANI/Ni-GF
symmetric device was demonstrated, as shown in Fig. 10. This was
demonstrated by powering four a red light emitting diodes (LEDs)
of 1.8 V and 30 mA each connected in parallel, as shown in Fig. 10(a).
Two symmetric cells connected in series were charged to 1.7Vata
specific current of 2 A g™, thereafter, they were connected to LEDs.
The change in the brightness of the LEDs is illustrated in Fig. 10(b).
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Fig. 9. (a) Self-discharge curve of the C—Fe/PANI/Ni-GF symmetric capacitor after the device was fully charged to 1.7 V at constant specific current of 5A g~ (the inset figure shows
the self-discharge curve within the first 30 min of the evaluation).(b) and (c) are the fitted self-discharge curves with equations (9) and (10), respectively.

Fig. 10. (a) The setup of the two devices in series and four red LEDs in parallel; and (b) powered red LEDs at different stages after the devices were fully charged to 1.7 V. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

The red LEDs at 0 s displayed high brightness which decreases after
60s. These attractive results demonstrate a potential energy-
storage of the device, it can be fully charged in a short time and
discharge slow.

4. Conclusion

In this work, the nickel graphene foam (Ni-GF) was

demonstrated to improve the electrochemical properties of the
carbonized iron-polyaniline. We then successfully fabricated a
symmetric supercapacitor device based on the carbonized iron-
polyaniline/nickel graphene foam electrode using aqueous elec-
trolyte. A fabricated symmetric device based on C—Fe/PANI/Ni-GF
exhibited a maximum energy density of 68.0 W hkg™" and power
density of 718.2W kg, at a specific current of 1.0Ag™" and cell
potential window of 0.0—1.7 V. The device further displayed long-
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term cycling stability with capacity retention of 91% over 10 000
galvanostatic charge-discharge cycles at 5 A g~ . The stability of the
device was also tested using the voltage holding and self-discharge
approach whereby a slow-discharging process was observed which
suggests a practical application of the device. The enhanced
capacitive performance and the long-cycling stability of the device
are due to the synergy effect of Fe-PANI and graphene foam, thus
making this electrode material suitable for high-performance
supercapacitor applications. The electrochemical performance of
the carbonized iron-polyaniline/nickel graphene foam electrode
can be improved by varying morphologies, synthesis methods and
conditions [32]; and also by using ionic liquid electrolytes in the
device to increase the potential window and hence the energy
density.
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4.2.3 Concluding remarks

The carbonized iron-polyaniline/nickel graphene foam (C-Fe/PANI/Ni-GF) electrode was
successfully synthesized by pasting a mixture of iron-polyaniline (Fe/PANI) on nickel
graphene foam (Ni-GF) and carbonized under the nitrogen. The electrode was tested both in
three and two-electrode (i.e. symmetric) cell configurations using 1 M NaNOs electrolyte for
electrochemical characterization. The as-fabricated symmetric device exhibited a maximum
specific energy of 68.0 W h kg and specific power of 718.2 W kg™, at a specific current of
1.0 A g and the maximum potential of 1.7 V. The device further displayed long-term cycling
stability with capacity retention of 91% over 10 000 galvanostatic charge-discharge cycles at

5Ag™
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4.3 Hybrid electrochemical supercapacitor based on birnessite-type
MnO./carbon composite as the positive electrode and carbonized iron-

polyaniline/nickel graphene foam as a negative electrode

43.1 Summary

The results for the synthesis of MnO»-C with hierarchical nanostructures synthesized using
KMnOs solution and spent printing carbon grains as described in chapter 4, confirms a
successful synthesis of a MnO2-C composite. Similarly, the results for the synthesis of C-
Fe/PANI/Ni-GF electrode confirms a successful synthesis of C-Fe/PANI/Ni-GF as described
in chapter 3, confirms a successful synthesis of the electrode which is expected to have strong
metal-polymer/graphene interactions. The results for the MnO,-C//C-Fe/PANI/Ni-GF
asymmetric device, fabricated as described in chapter 3, shows the excellent electrochemical

performance of the device.

The results are discussed in the attached published paper below in AIP Advances.
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ABSTRACT

In this work, a birnessite-type MnO,/carbon composite with hierarchical nanostructures was synthesized using KMnO, solution and spent
printing carbon grains. A hybrid electrochemical supercapacitor device was fabricated based on the birnessite-type MnO,-carbon composite
electrode and carbonized iron-polyaniline/nickel graphene foam as positive and negative electrodes, respectively. At the lowest specific current
of 1.0 A g™ and cell potential of 2.2 V in 2.5M KNOj electrolyte, the device displayed a high energy and power density of 34.6 W h kg™
and 1100.0 W kg™, respectively. The device further displayed long-term cycling stability with a capacitance retention of 98% over 10000
galvanostatic charge-discharge cycles at 10 A g™'. This device displays the overall excellent electrochemical performance.
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(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/5.0011862

1. INTRODUCTION

Today, there is a great development of power systems due to
the increased demand for highly reliable electricity and the con-
sumption of renewable energy technologies. Power supply is a crit-
ical issue due to the rapid increase in electronic loads. Energy
storage systems with vital power utility are in high demand.
Among different types of energy storage systems, supercapaci-
tors (SCs) have received great attention owing to their attractive
properties, such as long life cycle stability, high power density,
high efficiency, fast charge-discharge capability, and operational
safety. ' In general, SCs exhibit low energy densities, and this
was the motivation for this study. To overcome low energy den-
sities of SCs, one of the approaches is to develop new electrode
materials for SCs (e.g., carbon materials, metal oxides/hydroxides/

disulfides, and conducting polymers). The focus has also been
on developing hybrid supercapacitors using battery-like electrode
materials and pseudocapacitive electrodes since they display high
capacity/capacitance.

Conducting polymers for electrochemical energy storage appli-
cations have been studied extensively due to their high potential
window, high conductivity, high storage capacity, and low cost."’ "
The conducting polymers commonly used in SCs are polyani-
line (PANI), polypyrrole (PPY), and polythiophene (PT).  The
composites of these conducting polymers have shown enhanced
electrochemical performance in SCs. Recent reports have shown
that iron-polyaniline (Fe-PANI) composites attain high elec-
trocatalytic and electrochemical performance with long-cycling
stability. Moreover, the PANI/graphene composite shows
much better capacitance performance, and the synergy effect
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between the two materials greatly improves the retention life
of the composite material.”""'" Among several metal oxides,
birnessite-type manganese dioxide (MnO>) has been studied exten-
sively for SC application because it is low cost, naturally abun-
dant, highly redox-active, and environmentally friendly, and it
exhibits high pseudocapacitive performance in aqueous neutral elec-
trolytes.”” =" Despite the high electrochemical performance dis-
played by MnO, in aqueous neutral electrolytes, it has low elec-
trical conductivity resulting in low cycling stability.”*" The low
cycling stability of MnO, is improved by using carbon-based
materials with excellent conductivity as a support during MnO,
synthesis.”

Although studies about birnessite-type MnO,-based materials
as the positive electrode and activated carbon (AC) as the negative
electrode have been extensively reported in the literature,” "'
there are rare studies done on carbonized iron-polyaniline/nickel
graphene foam (CFe/PANI/NIGF) as a negative electrode. In this
work, we report on a hybrid electrochemical supercapacitor device
based on the birnessite-type MnO,C composite as the positive elec-
trode and carbonized iron-polyaniline/nickel graphene foam as a
negative electrode. The as-fabricated asymmetric device was per-
formed at a cell potential of 0-2.2 V in 2.5M KNOs. At a specific
current of 1 A g™', this device displayed energy and power densities
of 34.6 W h kg™' and 1100.0 W kg™, respectively. Additionally, for
both cycling and voltage holding tests, the device exhibited excellent
stability.

(a)

Inkjet cartridge

Spentprinting
carbongrains

(b)

!| PastedFe/PANI

€ +KMno,

scitation.org/journal/adv

1. EXPERIMENTAL
A. Synthesis of the as-prepared electrodes

MnO,C with hierarchical nanostructures was synthesized
using KMnOj; solution and spent printing carbon grains
[Scheme 1(a)]. In the synthesis, 0.6 g of spent printing carbon grains
were dissolved in 32 ml of 2M KMnOj solution.”” The mixture was
then transferred into a sealed 50 ml Teflon-lined autoclave and kept
at 160 °C for 18 h. The recovered product [MnO,C composite with
nanowires/microsponges morphology, Scheme 1(a)] was collected
as a brown precipitant by several centrifugation and ethanol washing
cycles. Briefly, the hydrothermal solid-liquid reaction is proposed

as

4MnOj +3C — 4MnO; + 2CO3™ + CO,. (1)

Fei et al." referred to this hydrothermal method as a one-pot envi-
ronmentally friendly process that changes toxic carbon grains from a
spent inkjet cartridge into transition metal oxide hierarchical nanos-
tructures through a limited hydrothermal redox reaction. Therefore,
this does not only avoid the disposal of toxic carbon grains but also
provides metal oxide nanostructures for energy storage applications.
The CFe/PANI/NIGF used as the negative electrode was pre-
pared via a similar method to that reported in our previous work
[Scheme 1(b)]. Briefly, 0.4 g of PANI and 0.2 g of iron nitrate

MnO,-carbon

Hydrothermal
@160°Cfor 18h

! Recoveredproduct
Autoclave

Carbonized Fe-PANI on Ni-GF

Tpm

© comonizaton |1
:
" -

TG e

(C-Fe/PANINI-GF)

SCHEME 1. (a) The synthesis route for the MnO,C composite using KMnOy solution and spent printing carbon grains. (b) The synthesis route for the carbonized Fe-PANI
mixture on NiGF (CFe/PANI/NIGF).

AIP Advances 10, 065113 (2020); doi: 10.1063/5.0011862
© Author(s) 2020

10, 065113-2



AIP Advances ARTICLE

nonahydrate [Fe(NO;);-9H,0] were dissolved in 50 ml of ethanol
and dispersed until the Fe-PANI slurry was formed. The slurry
was pasted on graphene supported by nickel foam and carbonized
at 850°C (ramp rate of 10°C min™") for 2 h under nitrogen gas.
The difference between annealed NiGF (uncoated) and annealed
material-coated NiGF gives the active material’s substance load of
the CFe/PANI/NiGF electrode.

B. Morphological, structural, compositional,
and electrochemical characterization

The characterization of the as-prepared electrode materials
was carried out using scanning electron microscopy (SEM, Zeiss
Ultra Plus 55 field emission scanning electron microscope), energy-
dispersive x-ray spectrometer (EDS), x-ray diffractometer (XRD),
XPERTPRO diffractometer (PANalytical BV, Netherlands), Raman
spectroscopy (WITec alpha300 RAS+ confocal Raman microscope
with a 532 nm excitation laser and a laser power of 5 mW), and x-ray
photoelectron spectroscopy (XPS) (Thermo Fisher photoelectron
spectrometer fitted with a monochromatic Al Ka radiation x-ray
source).

In the case of electrochemical characterization, a multi-channel
Biologic VMP-300 potentiostat (Knoxville TN 37930, USA) was
used in three- and two-electrode configurations. For three-electrode
configuration, the MnO,C composite electrode was obtained by
coating a mixture of 80 wt. % MnO, (active material), 10 wt. % car-
bon black as a conductive additive, and 10 wt. % polyvinylidene
fluoride (PVDF) binder dispersed in N-methylpyrrolidone (NMP)
solution onto a nickel foam (1 x 1 cm?). Thereafter, the electrode
was dried at 60 °C overnight. The masses of the active materials of
the MnO,C composite and CFe/PANI/NiGF were 3.8 mg/cm* and
1.9 mg/cm?, respectively. The CFe/PANI/NiGF working electrode
was prepared as discussed in Scheme 1(b). The measurements were
carried out in 2.5M KNO; electrolyte using a glassy carbon plate
as the counter electrode, Ag/AgCl (saturated with 3M KClI) refer-
ence electrode, and MnO,C composite and CFe/PANI/NiGF served
as positive and negative working electrodes, respectively. For two-
electrode configuration, masses of positive and negative working
electrodes were 1.7 mg/cm? and 2.5 mg/cm?, respectively. The asym-
metric device was fabricated using 2.5M KNOj; aqueous electrolyte.
The specific capacitance (Cs) was calculated for both three-electrode
and two-electrode configurations using Eq. (1),”" ™"

IAt

e (2)

s

where I/m is the specific current (A/g), m is the mass of the electrode

material (g), At is the discharge time (s), and AV is the maximum

potential. The mass balance between the two electrodes is expressed
51

as

Cyy x AV_
20—, ©
m- Cyyy x AV,

where Cs(,), Cs(-), my, m_, AV, and AV_ are the specific capaci-
tances, masses, and maximum potential windows of the active mate-

rials in positive and negative electrodes, respectively. The energy
density Eq and the power density Py of the device were calculated

scitation.org/journal/adv

using the following equations:

K CAV?
E,(Whkg ‘)=—72 ; 4)
~1y _ 3600E,
Py(Wkg') = o 5

where Cs is the specific capacitance, AV is the maximum cell
potential, and At is the discharge time (s).

11l. RESULTS AND DISCUSSION

A. Morphological, structural, and compositional
characterization

The morphologies of the as-prepared materials were exam-
ined using SEM, as shown in Fig. 1. Figures 1(a) and (1(b) dis-
play the morphology of the MnO,C composite at low and high
magnifications, respectively. In these figures, the MnO,C compos-
ite shows a combined morphology of nanowires and microsponges
(sponge-like hierarchical nanostructures). Fei et al. have observed
a similar morphology for MnO, prepared using the same synthe-
sis method and conditions.” Figure 1(c) shows the morphology of
NiGF, which shows graphene wrinkles and ripples on the Ni tem-
plate.”” The carbonized iron-polyaniline on nickel graphene foam
(CFe/PANI/NiGF) shows a different morphology from NiGF, i.e.,
agglomerated nanograins [FFigs. 1(d) and 1(¢)].

The elemental composition of the as-prepared materials,
MnO,C composite, and CFe/PANI/NiGF was obtained using EDS,
and the results are shown in Fig. 2. Figure 2(a) shows the average
EDS spectrum of the MnO,C composite, which displays the main
elements Mn, O, and K, and a significant amount of C. In Fig. 2(a),
the presence of K is from the synthesis, i.e., KMnOy solution. Fig-
ure 2(b) displays the average EDS spectrum of CFe/PANI/NiGF,
which shows the main elements Fe, S, O, N, C, and Ni. The detected
Ni is from the Ni template from which graphene was grown, and S
is attributed to the PANI precursor (ammonium persulfate), which
degraded during pyrolysis.-

Figure 3(a) shows the XRD pattern of the as-prepared MnO,C
composite, which displays the characteristic diffraction peaks of
the birnessite-type MnO,C composite with peaks corresponding to
(121) and (002) planes. The matching Inorganic Crystal Structure
Database (ICSD) Card No. 20227 was used to index the diffraction
peaks. The diffraction peak at around 26° is associated with the (002)
plane of graphitic carbon. Figure 3(b) shows the XRD pattern of
the as-prepared carbonized iron-PANI (CFe/PANI) without NiGF,
which matches the diffraction peak positions of the orthorhombic
Fe;C (ICSD No. 16593) and FeS (ICSD No. 35008). In addition, the
diffraction peaks matching Fe (ICSD No. 64795) are also observed,
which suggest that during the pyrolysis process, the Fe cations were
reduced to metallic Fe.”’

Furthermore, the Raman spectrum of the as-prepared MnO,C
composite [I'ig. 3(c)] shows a broad peak at 640 cm™ with a shoul-
der at 495 cm™ and 570 cm™", which agree with the main vibra-
tional features of the birnessite-type MnO,."" The presence of car-
bon traces in the as-prepared MnO,C composite is shown by the
D (~1346 cm) and G (1587 cm™") peaks, which are characteris-
tic of the disordered carbon and the tangential vibrations of the
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sp’-hybridized carbon, respectively.”” Figure 3(d) shows the Raman
spectrum of the as-prepared CFe/PANI/NiGF. From this figure, the
D and G bands in the range of 1240-1700 cm™" are observed, and
these are attributed to the functional groups of PANI (ie., CN at
~1210 cm™" and 1346 cm™', CC at 1412 cm™', C=N at 1490 cm ™',
C=C at 1585 cm™! and CC at 1610 cm™').”"” Additionally, the
observed Fe-PANI vibration bands in the range of 100-700 cm™"
[Fig. 3(e)] are attributed to orthorhombic sulfur a-Ss (153 em™,
223 em™',and 471 em™),™" FeS (191 em™, 205 cm ™, 265 em ™',
and 290 cm™),”""" @-FeOOH (310 cm™), y-FeOOH (360 cm™
and 540 cm™'),"”""" FesC (223 ecm™', 290 cm™', 360 cm™!, and
603 cm™"),” and y-Fe,03/Fe; 04 (680 cm™).”" " It is worth noting
that the phases observed in the Fe-PANI range [Fig. 3(¢)] have x-ray
diffraction peaks (a-Ss ICSD No. 27261, a-FeOOH ICSD No. 77327,
y-FeOOH ICSD No. 93948, Fe, O; ICSD No. 64599, and Fe; O4 ICSD
No. 35000), which overlap with the diffraction peaks of the phases
shown in the XRD pattern of the CFe/PANI/NIGF [Fig. 3(b)]." In

scitation.org/journal/adv

FIG. 1. SEM images: [(a) and (b)]
low and high magnification images of
the MnO,C composite, respectively. (c)
Low and high magnification images of
NiGF (inset of the figure). [(d) and (e)]
Low and high magnification images of
CFe/PANI/NIGF, respectively.

Iig. 3(d), the characteristic Raman signature of graphene foam is not
observed, and this is because the graphene is coated by Fe/PANI,
as can be seen from the SEM images. Nonetheless, the interaction
between the Fe/PANI and graphene foam during pyrolysis is ener-
getically favorable owing to the unpaired m-electron in graphene
and the high electronegativity of oxygen and sulfur present in the
material.” Figure 3(f) shows the characteristic Raman spectra of as-
prepared NiGF, which displays the main features of the Raman spec-
trum of graphene. These spectra are a characteristic Raman spec-
trum of a monolayer (top), bilayer (middle), and few-layer (bottom)
graphene with 2D-to-G peak intensity ratios of >2, ~1, and <0.6,

respectively. "' Figure 3(f) reveals the layers of NiGF as discussed
in our recent work.
Figure 4(a) shows the core level spectra of C 1s, K 2p, Mn

2p, and O 1s obtained from the as-prepared MnO,C composite.
The core level spectrum of C 1s of the MnO,C composite material
shows a peak at 284.6 ¢V attributed to the C=C and C—C bonds,
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and the broadness of the peak is due to the carbon-oxide compo-
nents present in the sample. The core level spectrum of K 2p con-
firms the presence of potassium oxide in the material, which arises
from KMnO, used in the synthesis of the MnO,C composite. The
core level spectrum of Mn 2p shows Mn 2ps;, and Mn 2p;,, peaks
at the binding energy of 642.8 eV and 654.2 eV, respectively. The
core level spectrum of O 1s shows a strong peak at 529.8 eV with
a shoulder from ~530.9 eV to 534 eV, which could be predomi-
nantly due to MnO bonds. Furthermore, F'ig. 4(b) shows the core
level spectra of C 1s, S 2p, Fe 2p, N 1s, and O 1s obtained from
the as-prepared CFe/PANI/NiGF. From these XPS core level spec-
tra, the C 1s peak at 284.6 eV appears broad and asymmetric due
to different carbon compounds/oxides (e.g., COH/CN at 286.5 eV,
COC at 287.6 eV, C=0 at 288.9 eV, etc.) present in the sample,
which are attributed to the functional groups of PANL """ The core
level spectrum of S 2p shows peaks at 160.7 eV and 161.9 eV corre-
sponding to S 2ps/; and S 2p,; levels, respectively. These peaks are
attributed to the $*~ ions and also confirm the FeS, SC, SS, and SS$/SC
bond-related peaks, which appear at 161.9 eV, 163.2 eV, 163.8 eV,
and 164.8 eV, respectively.”” The Fe 2p spectrum shows one of the
binding energy peaks at 706.8 eV, which corresponds to Fe’, Fe*",
and Fe’* ions.” The N 1s spectrum shows nitrogencarbon bond-
related peaks at 398.7 eV (pyridinic N), 400.4 eV (pyrrolic N), and
401.5 eV (graphitic N).”” The spectrum of O 1s shows a broad and
asymmetric peak at 532.3 ¢V due to oxygen components, such as
COH/COC and C=0, which appears at 532.7 eV and 530.9 eV,
respectively.

B. Electrochemistry

The as-prepared electrodes were evaluated in three-electrode
and two-electrode systems using 2.5M KNOj electrolyte. In three-
electrode configuration, the CV curves of the as-prepared positive
(MnO:C composite) and negative (CFe/PANI/NiGF) electrodes at

5 10
Energy (keV)

different scan rates (5-100 mV s™') in the potential window range
of 0.0-1.1 V vs Ag/AgCl and -1.1 V to 0.0 V vs Ag/AgCl are
presented in Figs. 5(a) and 5(b), respectively. Figure 5(a) shows
the CV curves of the positive electrode, which show symmetric
quasi-rectangular and reversible pseudocapacitive behavior. Simi-
larly, the CV curves of the negative electrode displayed in Fig. 5(b)
show pseudocapacitive behavior without obvious redox peaks.” The
CV curves are in agreement with the GCD curves of positive and
negative electrodes, which are presented in Figs. 5(c) and 5(d),
respectively. The GCD curves of the as-prepared electrodes also
show pseudocapacitive behavior. Due to this behavior, the spe-
cific capacitance of the as-prepared electrodes was calculated from
GCD curves using Eq. (2). The plot of specific capacitance as a
function of a specific current is shown in Fig. 5(¢). The specific
capacitances of the as-prepared electrodes (positive and negative)
are 76.8 F g' and 1144 F g™' at a specific current of 2 A g',
respectively.

The as-prepared electrodes were further tested in two-electrode
configuration; the electrochemical performance of the as-prepared
electrodes was fully explored by fabricating an asymmetric device
as shown in Fig. 6(a). The charge balance (Q; = Q-) of the two
electrodes is required since they have different specific capacitances
[Fig. 5(e)], where Q; = Cs) x my x AV, and Q- = Cyoy x m-
x AV_ are charges stored in both positive and negative electrodes,
respectively. The mass balance was expressed using Eq. (3). From
Fig. 5(e), the mass ratio (m;/m_ ~ 0.7) at a specific current of 2 A
¢~ was used for mass balance. Consequently, the masses of the pos-
itive electrode and negative electrode were obtained as 1.7 mg/cm?
and 2.5 mg/cm?, respectively, which gives the total mass of the cell
as4.2 mg/cmz.

The as-fabricated MnO,C//CFe/PANI/NiGF asymmetric device
was able to reach the potential of 2.2 V [Fig. 6(b)]. The CV curves
of the device [I'ig. 6(c)] show pseudocapacitive behavior; with the
increase in scan rate, the CV curves do not change, hence suggesting
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FIG. 3. [(a) and (b)] The XRD pattern and the matching ICSD cards of the as-prepared electrodes, MnO,C composite, and CFe/PANI/NIGF, respectively. Raman spectra of
(c) MnO2C composites, [(d) and (e)] CFe/PANI/NIGF, and (f) NGF.
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FIG. 4. The XPS core level spectra obtained from the as-prepared (a) MnO; and (b) CFe/PANI/NIGF.

that the device is stable. The GCD curves of the device at different
specific currents in the range of 1 A g™'-10 A g™' are shown in
Fig. 6(d). The specific capacitance of the device as a function of the
specific current is shown in Fig. 6(¢). At a low specific current of
1 A g', the device exhibited a high specific capacitance of 51.5 F

¢!, and this is maintained at 30.6 F g at a high specific current of
10Ag™".

The energy density (Eg) and the power density (Py) of the
device were calculated from the GCD curves using Egs. (4) and (5),

respectively. The Ragone plot in Fig. 7(a) shows the energy density
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currentof 10A g=".

as a function of power density. The as-fabricated asymmetric device
exhibited a maximum energy density of 34.6 W h kg™' and the cor-
responding power density of 1100.0 W kg™, at a specific current of
1.0 A g~'. Ata high specific current of 10 A g ', the device exhibited
a high energy density of 20.6 W h kg™ and the corresponding maxi-
mum power density of 11 661.7 W kg™". The as-fabricated asymmet-
ric device exhibited energy and power densities that are higher than
or comparable to MnO,-based asymmetric devices reported in the
literature as shown in Fig. 7(a) and Table 1. These values of energy
and power densities are quite impressive especially that at such high
energy density values, the power density values are this high, which
is not usually the case. Figure 7(b) shows the cycling stability test
of the as-fabricated asymmetric device performed at a specific cur-
rent of 10 A g™'. The device exhibited a columbic efficiency of 97%
and 98% capacitance retention after a 10 000th galvanostatic charge—
discharge cycle. The stability of the device was further tested using

voltage holding at 10 A g™* and a maximum operating potential of
2.2V for 80 h, as shown in Fig. 7(c). The figure shows excellent
stability in the specific capacitance of the device over 80 h of voltage
holding.

The electrochemical impedance spectroscopy analysis of the
as-fabricated asymmetric device before and after cycling stability
was carried out, as shown by the Nyquist plot in Fig. 8(a). The
Nyquist plot shows a linear component in the low-frequency region,
which is slightly tilted with bigger angle than 45° signifying a devia-
tion from ideal capacitive behavior. An ideal supercapacitor exhibits
a typical vertical line parallel to the y axis with a mass capaci-
tance (Q). The intersection of the Nyquist plot on the x axis in
the high-frequency region describes the equivalent series resistance
(Rs), which is in series with the charge transfer resistance (Rct)
and Warburg impedance characteristic element (W) connected in
parallel to the real capacitance (Qi) [see the inset of Fig. 8(b)].
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TABLE |. Electrochemical performance comparison of MnOx-based aqueous electrochemical capacitors.

Current Energy Power

density Potential density density
Positive electrode Negative electrode Electrolyte (Ag") window(V) (Whkg') (Wkgh References
MnO, AC 1M Na,SO4 0.1 2.0 17.1 100 Zhang et al. B
MnO, AC 1M Na,SO4 0.25 1.8 225 146 200 Huang et al.”’
MnO, AC 0.1IM K,SO4 0.55 22, 173 605 Cottineau et al.”
MnO, AC 0.5M K,SO4 wne 1.8 284 150 Quetal”
OLC/Mn;0; AC 1M Na,SO4 0.1 20 19.0 45000" Makgopa e al.
PANI-MnO, AC 6M KOH 0.5 1.6 20 400 Misnon and ]ose;\
MnO,/CNT AC 1M Na,SO4 0.25 18 27.0 225 Gueon and Moon™’
MnO,/CNT AC 0.5M Na,SO4 1.0 2.0 139 - Demarconnay et al.””
MnO,/CNT AC 2M KNO; 0.1 2.0 21.0 123 Khomenko et al.
Graphene/MnO,  AC IM Na,SO4 e 1.8 51.1" 102.2' Fanetal.’
MnO,/CNT AC 1M Na,SO;4 1.0 1.5 133 600 Lietal’
MnO,-CNT AC 1M Li;SO4 0.5 20 24.58 500 Ochai-Ejeh et al.”
MnOsgraphene Graphene 1M Na,SO4 223 17 10.03 2530 Dengetal.”
Graphene/MnO, Graphene 1M Na,SO4 5.0 20 7.0 5000 Wuetal.”
MnO, Graphene 0.5M Na;SO4 1.0 20 232 1000 Gaoetal.”
Graphene/MnO, Graphene/Ag 1M Na,SO4 s 1.8 50.8" 101" Shao et al.*
MnO, CNTs 1M Na,SO4 0.2 2.0 474 200 Jiang et al. 4
MnO, Bacterial cellulose 1M Na,SO, 1.0 2.0 3291 284630 Chen et al.™
PU-NCNT/MnO,  PU-CNT 1M Na,SO4 1.0 1.8 14.76 ~438 Lietal”
OLC/MnO, OLC/MnO; 1M Na,SO4 0.1 0.8 5.6 74 800" Makgopa et al. "’
MnO, Fe; Oy 0.1IM K,S0, 0.45 1.8 8.1 405 Cottineau et al.”
MnO,C CFe/PANI/NiGF 2.5M KNO3 1.0 22 34.6 1100 This work

“Calculation based on the EIS maximum power (Ppx).
bCaleulation from CV curves.

The Nyquist plot of the device before and after cycling stability =~ The circuit diagram indicates that the deviation of the supercapac-
shows a comparable Rs of ~1 Q [see the inset of Fig. 8(a)] indi- itor behavior from an ideal capacitive behavior is attributed to a
cating that the electrodes have good chemical stability. The cir- leakage resistance (RL), which is parallel to the mass capacitance
cuit diagram was used to fit the Nyquist plot [inset of Fig. 8(b)]. (Q5) %"

120 120
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FIG. 8. (a) Nyquist plots of the as-fabricated asymmetric device before and after stability (the inset shows the enlarged high-frequency region). (b) The Nyquist plot and the
fit of the equivalent circuit diagram in the inset of the figure.
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IV. CONCLUSION

In this work, the CFe/PANI was grown on NiGF and showed
improvement in electrochemical properties. The asymmetric device
was fabricated based on the birnessite-type MnO,carbon composite
and the CFe/PANI/NiGF as positive and negative electrodes, respec-
tively. The as-fabricated asymmetric device at a specific current of
1.0 A g " and cell potential window of 0.0-2.2 V exhibited maximum
energy and power densities of 34.6 W h kg™ and 1100.0 W kg™",
respectively. At a high specific current of 10 A g™', the device exhib-
ited a high energy density of 20.6 W h kg™' and a corresponding
maximum power density of 11661.7 W kg™". The device displayed
remarkable stability with a capacitance retention of 98% up to 10 000
constant GCD cycles. The stability was tested further using voltage
holding at a potential of 2.2 V up to 80 h and still displayed excellent
stability.
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4.3.3 Concluding remark

The birnessite-type MnOz/carbon composite with hierarchical nanostructures was successfully
synthesized using KMnOs solution and spent printing carbon grains. Birnessite-type
MnOz/carbon composite was used as positive electrode and C-Fe/PANI/Ni-GF as a negative
electrode. The device was fabricated based on positive and negative electrodes using 2.5 M
KNOs electrolyte. At the lowest specific current of 1.0 A g* and cell potential of 2.2 V, the
device displayed a high specific energy and specific power of 34.6 W h kg* and 1100.0 W kg
1 respectively. The device further displayed long-term cycling stability with capacitance

retention of 98% over 10 000 galvanostatic charge-discharge cycles at 10 A g
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Chapter 5

General conclusions and future work

5.1 General conclusions

In this work, the electrochemical properties of both MnO»-C composite and C-Fe/PANI/Ni-GF
electrode materials were investigated for supercapacitor applications. The birnessite-type
MnO,-C composite with hierarchical nanostructures was successfully synthesized using
KMnO; solution and spent printing carbon grains. The C-Fe/PANI/Ni-GF electrode material
was successfully synthesized by pasting a mixture of iron-polyaniline (Fe/PANI) on nickel

graphene foam (Ni-GF) and carbonized under the nitrogen.

The structural, morphological and compositional characterization of the as-synthesized
electrode materials was carried out using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) for morphology, energy-dispersive X-ray
spectrometer (EDS) for elemental composition of the sample, X-ray diffraction (XRD) for
crystal structure analysis, Raman spectroscopy for information on chemical structures, and X-
ray photoelectron spectroscopy (XPS) for the elemental composition and chemical state of the

elements within a sample.

The SEM images of the C-Fe/PANI/Ni-GF samples showed agglomerated nanograins. TEM
images showed Fe/PANI on graphene foam (GF) which was grown on Ni substrate. EDS
further confirmed the main elements of the sample (C, N, O, S, Fe and Ni). The XRD analysis
of the as-synthesized C-Fe/PANI electrode material confirmed the diffraction peaks of Fe-
compounds (FesC, FeS, Fe) and (002) graphitic plane. The Raman spectroscopy of C-

Fe/PANI/Ni-GF revealed features of the graphitized carbon material and Fe-PANI functional
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groups. The XPS analysis confirmed the presence of Fe®" and Fe?* oxidation states in the
samples which could be mainly due to iron-carbide, iron-sulfide and iron-nitride
configurations. Similarly, the SEM images of the MnO»-C composite sample showed combined
morphology of nanowires and microsponges (sponge-like hierarchical nanostructures). EDS
confirmed the main elements of the sample Mn, O and K, and a significant amount of C. XRD
displayed characteristic peaks of MnO»-C composite. Raman spectra showed the characteristic
vibration bands of MnO»-C composite, and D and G peaks confirmed the presence of carbon
traces. The XPS analysis confirmed the core level spectra of C 1s, K 2p, Mn 2p, and O 1s

obtained from the as-prepared MnO,-C composite.

The electrochemical properties of the C-Fe/PANI/Ni-GF electrode were evaluated in a three-
electrode configuration in both positive and negative potential window using 1 M NaNOs
electrolyte and C-Fe/PANI/Ni-GF//C-Fe/PANI/Ni-GF symmetric device was successfully
fabricated. The electrochemical properties of the working electrodes (birnessite-type
MnOy/carbon composite and C-Fe/PANI/Ni-GF) were evaluated in a three-electrode
configuration using 2.5 M KNOs electrolyte, and MnO,-C//C-Fe/PANI/Ni-GF asymmetric
device based on MnO»-C composite as positive electrode and C-Fe/PANI/Ni-GF as negative
electrodes was successfully fabricated. Both devices (symmetric and asymmetric) showed

excellent electrochemical performance.

5.2 Future work

Future research is necessary to fully explore the materials in this study to improve their
properties. The materials can be explored further in other electrolytes, such as organic and ionic
liquid electrolytes, to improve the specific energy and specific power of the materials and
increase the operating voltage window. Explore different conducting substrates other than Ni

foam to understand the role of the current collector in improving the SCs performance.
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