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ABSTRACT

Due to the increasing demands for enestiyrage systems, supercapacitors (SCs) have
received significant attention due to their properties/electrochemical performance. Many
research papers and technical reports on the development of electrochemicalpsagers

have been published in recent years, inspired by their low specific energy and high production
costs. Consequentlygsearch focus isupercapacitons on improving the specific energy (i.e.

~ 5 W8 kg?l) without compromising its high specifiopyer (i . e.1). ~571 30 kW

In this work, the electrochemical properties of batwrbonized irorpolyaniline/nickel
graphene foan{C-Fe/PANI/NiGF) and birnessitetype MnQ/carbon compositelectrode
materials were investigated for supercapacitor applicatitmsC-Fe/PANI/N+GF electrode
materialwas directly synthesized on a current collector by pyrolysis of theRAdI mixture
coated on nickel graphene foam in a tube furnace under;thamésphereandthe MnQ-C
electrode materiabith hierarchical nanostructuregs successfullgynthesized using KMnO
solution and spent printing carbon grainsethod The structural and morphological
characterization of thessynthesized electrode materials was carried out ustiagning
electron microscopy (SEM)ransmission electron microscopy (TEMhergydispersive X
ray spectrometer (EDS), -May diffraction (XRD), Raman spectroscopyand Xray

photoelectron spectrosgy (XPS)

The electrochemical characterization of thepasparedelectrode materialvas evaluated in
both three and twelectrode (i.e. symmetric) cell configurations usirig NaNQ; electrolyte.
The GFe/PANI/NFGF symmetric device exhibited a maximum specific energy of \68I0
kg! and specific power of18.2W kg?, at a specific current of 18 g and the maximum
potential of 1.A/. The device further displayed lostgrm cycling stability with capacity

retention of 91% over 10 000 galvanostatic chatigeharge cycles at 5 AlgThe stability of



the device was also tested using the voltage holding andiselfarge approach whereby a

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

To further evaluate the electrochemical performanc&-6e/PANI/NGF electrode with
MnO»,-carbon composites electroda, hybrid electrochemical supercapacitor device was
fabricated based on birnessiygpe MnQ-C composite electrode a@iFe/PANI/Ni-GF as the
positive and negative electrodes, respectively. At the lowest specific current of f.anlg
cell potential of 2.2 V in 2.5 M KNg&electrolyte, the Mn@C//C-Fe/PANI/NFGF asymmetric
device displayed a high specific energy and power of 34.6 W * &gd 1100.0 W kg
respectively. The device further displayed ldgagn cycling stability with capacitance
retention of 98% over 10 000 galvanostatic chatigeharge cycles at 10 AlgThis devie is

displaying the overall excellent electrochemical performance.

Vi
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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 meetgiheethergy demand

for sociececonomic development, by moving away from menewable energy sources to
renewable energy sources. Generally,-remewable energy sources are unsustainable because
they will eventually run out; hence we cannot rely on themviateAs 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 dnenety

this include wind, solar, plant biomass &g hydropower energy, and geothermal energy

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

Due to high energy demand, there is currently the development of many excitingbienewa
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/dischat tmyapecific power;

hence, they do not meet the increasing demands in technological applications. Supercapacitors
(SCs), on the other hand, are energy storage devices with a lifengycle, fast
charge/discharge, high specific power, although theyatastore 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 appl8iations

8.

In view of the demands for energyorage systems, SCs have received great attenteotodu
their electrochemical performance/proper{@ls SCs can be classified into three categories,
viz: electric doubldayer capacitors (EDLCs), pseudocapacitors or refGs, and hybrid

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



pseudocapacitive electrode materials to form asymmetric SGgbod system§l2]. Recently,

there have been numerous studies/researches orvidlletaent of supercapacitors (SCs) due

to their low specific energjdi 9,13] In SCs, the research focus is on increasing the specific

ener gy (i . & withoutcbriipBomisifiyitskigh peci fi ¢ power (i

1 (Figure 1.2)Unlike in rechargeable batteries, which already have a high specific energy in

the range of? tdeZodus @ilDde orVihproking the specific power which is in

the range df21@16471 3 kW kg

10
ap
i
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E J
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Figure 1.2.Ragoneplot illustrating the relationship between specific energy and specific

power for electrochemical capacitors and lithidom batteries

region[17].

There arevariousways to improve the low specific energy

electrode materiald-or example, in energy research, the foundation and development of

renewable energy conversion and energy storage systems focus on innovative electrode

, including the research focus

of SCs: (1) by developing new

materials for SCs and batteries. These materials are being studiadarand micro- scale

[11,12] Since electrode materials nane or rather micresca

lefor electrochemical energy

4

e .



storagesystems, show an increase in the surface-targalume ratio, which leads tan
increase in the rate of transport phenomemal a rise in the number of interfaces. Yielding
electrodes with much higher specific currents are essential for electrochemérgly e
conversion11,12] Furthermore, the specific energy can also be improved by (2) exploring
asymmetric (hybrid) capacitors to increase the operating potential wja@o¥2], and (2)
usingb at t e r ge materiale anthe pseudocapacitive electrodesdevelop hybrid SCs

to exhibit high capacitandé&8][19].

In recent reports, conducting polymers are considered as pseudocapacitive materials suitable
for the next generation of SCEL320i 23]. Among these conducting polars, polyaniline

(PANI) has attractive properties, due to its morphologieailety, good reversible redox, low

cost, and simple synthesigl324]. 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 packifiB25i 27]. It has been shown that PANI containing

iron achieves high electrocatalytic and electrochemical performance witieyohgg stability

[13,28i 30]. Iron cations easily adsorb onto PANI due to PANI's functional groups, which act

as active site$13,31i 34]. Available reports also show that carbon nanotubes can enhance

PANI's electrical conduct through ointeractiong35,36]

Moreover, graphene has attracted great attention due to its remamiGi®eties, such as high
specific surface area, high electrical conductivity, and chemical stal@# 42].
Polymergraphene interactions (nanocomposites) are expected to exhibit excellent
electrochemical performance owing to a strorigerconjugation interactions and graphene
properties. Yu et a[43] have reported a remarkably high capacitance value of 1341f¢t g

a PANI/3D graphene framework in an acidic electrolyte. Wang @4 have demonstrated

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



of individual PANI and the synergy effect of PANI an@jghene 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 revigled: Polyaniline/graphene nanocomposites

towards highperformance supercapacitors by Huang g#al.

Among several metal oxides, the birsigstype manganese dioxide (MPhas been studied
extensively for SCs application due to its low cost, naturally abundant, highly-aetiog,
environmentally friendly; and exhibit high pseudocapacitive performance in agueous neutral
electrolyteq[1,46 48]. Despite the high ettrochemical performance displayed by Mn®
agueous neutral electrolytes, it has low electrical conductivity resulting in low cycling stability
[47,49] The low cycling stability of the Mngs improved by using carbemased materials

with excellent conductivity as support during Mn®nthesis[50i 53].

1.1.2 Aim and objectives

The aim and objectives of the study are divided intogaaiions

Sectionl:

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

polyaniline/nickel graphene foar@{Fe/PANI/NFGF) symmetric device.

Section2:

Although studies about birnessiigpe MnO,-based materials as the positive electrode and
activated carbon (AC) as negative electrode have been reported in the literatuaeetinare

studies done on-Ee/PANI/NGF as a negative electrod@a this work, we report onfaybrid



electrochemical supercapacitor device based on birnégggeMnQ-C compositeas the
positive electrode and-Ee/PANI/NiFGF as a negative electradkhis study is aimed at the
structural and morphological characterization of theyaghesized electrode materials and the

electrochemical properties BfnO»-C//C-Fe/PANI/NI-GF asymmetric device.

The objectives are:

I.  Synthesis ofC-Fe/PANI/NiGF by pyrolysis of the irofPANI mixture coated on
nickel graphene foam in a tube furnace under thatidosphere.

ii.  Synthesis oMnO.-C with hierachical nanostructuresing KMnQ; solution and
spent printing carbon grains

iii.  Structural and morphagical characterization of the-agnthesized samples using
X-ray diffraction (XRD), Raman spectrometer, scanning electron microscopy
(SEM), energydispersive Xray spectrometer(EDS), transmission electron
microscopy(TEM) andX-ray photoelectron specsoopy(XPS).

iv.  Electrochemical characterization of the active electrodes using Biologic30@P
potentiostat (Knoxville TN 37,930, USA) controlled by the -E&b 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 thagreinvestigated in this studyere characterized

using various techniques, namely, XRD, Raman spectroscopy, SEM, EDS, TEM, and XPS,
and this chapter presents an introductory overview of these technithisschapter also
describes the experimental procedurand techniques used for the synthesis and
characterizations of as/nthesized materials. The firstctionof this chapter focuses on the
characterization of &e/PANI/NFGF and the symmetric device's electrochemical properties
based on &e/PANI/NiGF. The lastsectionof this chapter focuses on the synthesiSlinO,-

C and C-Fe/PANI/Ni+GF, and the characterization of the-gsthesized electrodes. This
includes the fabrication and electrochemical properties of the asymmetric supercapacitor
(MnO2-C//C-FePANI/Ni-GF) based orMnO>-C nanosheets as a positive electrode and C

Fe/PANINi-GF as a negative electrode.

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

Chapter 5: Presents a summary of the researchr@edmmendations 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 reviewkdbrief discussionon the testing

fabrication of an electrochemical cell and evaluating electrode materials fas 86s given.

2.2 Supercapacitors (SCs)

Supercapacitors (SCs), also known as electrochemical capacitors (ECs) have attracted
considerable interest as the imjamt 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 ley&i 3]. However, SCs, unlike conventional batteries, are high
powerdelivery storage devices that can chadggeharge in a shorter time by exploiting their

fast surface or neaurface reactiongli 7]. Even though SCs have high specific power, they
have low specific energy compared to regeable batterie$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 speeifergy, the research focuses on enhartbieig

specific powef4i 6,9]. The specific energy of SCs can be increased by increasing the operating
voltage by exploring hybrid systemexploring high-voltage electrolytes and new electrode
materials. Figure 2.1 shows the Ragpla with the difference in specific energy and specific

power for various energy storage systems.
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Figure 2.1. lllustration of Ragone plotelating specific energy versus specific power for

different energy storage syste[h8].

2.3Principle of energy storage in supercapacitors

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

of material used, thelectrolyte, or the device fabricatiph, 8,11 13], i.e.:

i.  Electric doubldayer 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 (EDLCSs)

The EDLCs is the type of supercapacitor charge storage mechanism that store energy
electrostatically and igenerally attained by ddle-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 electrodéhrough an external circuit, and during the discharging process, the reverse
process take place. SE€ansistofapositive and negative electrodeseparator,
andanelectrolyte(seefigure 2.3).In generalthe potentialappliedto the negativeelectrode

in the EDLC cell attractsthe positiveionsin the electrolyte;likewise, if the samepotentialis

appliedto the positiveelectrodejt attractsthenegativeions. The typical electrodes used in
EDLCs are carbon materials and are separated by a delsefparator, the electronic

conductivity, but only ionic conductivity is allowdd4]. 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 P13]. Hence, this interface can be seen as a capacitor with

an electrical doubkayer capacitance, which can be expressddids

whereA is the surface area of the electrodés the medium (electrolyte) dielectric constant
(O=1 for a vacuum andl> 1 for all other materials), andlis the effective thickness of the

electrical double layer.

From equation 1 it cabe 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 charg4].

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 estergye process.

on the movement of ions hence the EDLCs can store and release energy faster than batteries
that relies on slower chemical reactio@®nsequently, in EDLCs, the amount of charge and
discharging process depends only on the movement of ionsitsth¢éhEDLCs 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 EQLQ]s

2.3.2 Pseudocapacitors

Pseudocapacitors are supercapacitors that store energy electrochemically. The electrical energy
in pseudocapacitors is stored faradaically by electron cheagsfér between electrode and
electrolyte. This is accomplished through reductaidation reactions (redox reactions),
electrasorption processes, and intercalation processes (see figuriR.4)nderpotential
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 pdegntial

The electrochemical adsorption of ions to the surface or near the surface of an electrode
material is defined as redox pseudocapacitancengzaoied 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 therystallographic phas@]. Pseudocapacitors typically fill the void

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

charge as other batteries.

Intercalation Redox
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Hydrous grain

Li* in electrolyte

Underpotential
Deposition

P £ < S
0\, monolayer - € S
: g 3
] @ @ I C o
- ’sz‘ in e ®
[ — -
§ @ electrolyte 5 3
Sht

p f“
electrode Insertion host material Pt piis
- o 2
Au + xPb?* + 2xe~ — Au-xPb,gs Nb,Os + xLi* + xe- < Li,;Nb,0s, RUO,(OH), + 6H* + e~ <> RUO,.5(OH),.5

Figure 2.4.Different types of reversible redox mechanisms that givgpssadocapacitors.

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 comparetb EDLCs which have a high specific power, but lowspecific energy due

to discharging energfaster than batteries and taetive surface redox reactiono achieve

high electrochemical performance (e.g., high specific energy and specific power) hybrid
capacitors are the way to go because they integoditeEHDLC 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 pseudocapegeitnechanisms cexist.

In these mechanisms, the electrode materials' essential propertl@gha@nductivity, an

appropriate porsize distribution, andpecific large surface area. Hybrid capacitors can also
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be fabricated using two different mixecetal 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 usothe EDLCtype material as a negative electrode and pseudocapdygjiere
material as a positive electrode (i.e., asymmetric capacitor). Therefore, hybrid capacitors can
be categorized into three classes: battgpe, composites, and asymmetric hybf#i8,11]as

shown in figure 2.5 below

I ,
: Asymmetric
Battery-type Composite Hybrids

Figure 2.5.Thecategorization of hybrid capacitors into thrgges according to their design

and working mechanism.

The hybrid battentype is a combination of two different electrodes (supercapacitor electrode
with battery electrode). This system has been set up to use both supercapacitors and batteries
propertiesn a single cell. The Composite electrodes combine cablbsed materials in one
electrode with either metal oxides or conducting polymer. Asymmetric hybrid on the other
hand is the combination of ndaradic 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 chargelischarge characteristics loybrid capacitorare ronlinear.
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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 poweof 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/hydroxideq15i 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, hsglecific surface area and wide
operating temperature rand82,33] In carbon materials, the energy is stored by an
electrochemical double layer which is formed at the interface between the electrode and
electrolyte. Carbomaterials 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 bifib spéace

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 theadliedil2]. Another way to increase

the capacitance and enhance stability is to synthesis ecadpmorted transition metal oxides

composites.

Dueto 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 applicatio83i 36]. They give capacitance through the redox cycle due to the
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high content of functional groups in conducting polymers. During the redox reactions involving
the whole polymer, ios are moved to the polymer backbone during oxidation and, during
reduction, from the polymer backbone to the electro[${€. The common conducting
polymers in supercapacitor applications are polyaniline, polypyrrol, polythiodB8nél].
However, the electrode may experience a fading electrochemical output during cycling due to
swelling and shrinking of conductive polyménst 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 ¢hstructuresmorphologies of polymer materigk2], and
fabricating composite electrode materig#t3i 50]. The electrochemical performance of
conducting polymers can be greatly enhanced by preparing a conducting pbasadr

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

Metal oxides/hydroxides/sulfides (layered transiinatal dichalcogenides) as electrode
materials in SCs received attention because of their high capacity potential, as well as their
excdlent physicechemical properties and cycling stability.the supercapacitor applications,

the key criteria for metal oxides/hydroxides/sulfides as electrode materials are: (1) The metal
oxide/hydroxides/sulfides should be electronically conductiveth@)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 respeciB&hil] In general,

metal oxides/hydroxides/sulfides in SGave 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%@in58].

The electrode materialsf SCs used in this work are found in carbon materials, conductive
polymers (graphene, polyaniline (PANI) and metal oxides (birneggitemanganese dioxide
(MnO2)/carbon composite), respectively. However, PANI is unstable because of the
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charge/discharge process atdavoid this restriction, combination of PANI with carbon
materials has proven to improve the stabilityP&NI as well as maximize the capacitance
value [76, 77]. PANI/graphene nanocomposites have a far better capacifaneeayfthan

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
typemanganese dioxide (Mn has low electrical conductivity salting in low cycling
stability [59,60]. The low cycling stability of the Mn&is improved by using carbemased

materials with excellent conductivity as support during Maghthesis[61i 64].

2.5Electrolytes for supercapacitos

The electrolyte placed between the positive and negative electrode of a supercapacitor plays a
very significant role in supercapacitorBiqure 2.3. It is worth mentioning that itwo-
electrode configuration the electrolyte is between two electrodes and its ions are transported
between two electrodes through a separator, but in-dheetrode configuration, the electrodes

(i.e. working, reference and counter electrode) are immersdtie 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 conductigityall solvated

ionic radius, low resistivity, low vis@aty, low volatility, low toxicity, low cost as well as
availability at high purity33]. 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 NesM@KNO3 aqueous solutionyere 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 preparati@reas organic electrolytes require
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specific processes and conditions to obtain qdtree electrolytes. Aqueous electrolyte
supercapacitors can show higher capacitance and higher power than organic electrolytes,
possibly due to higher ionic conductivitgcdlower ionic radiug33]. Nevertheless, because of

the decoposition 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 andtitblyteleSCs

using aqueous electrolytes have shown the ability to achieve higher operating voltages, ~2.0 V

[65i 67].

lonic liquids (ILs) also known as room temperature ionic liquids (RTILS) are organic salts
which are liquids at room temperatUy68]. This type of salts is called molten salts and their
attradive properties make them promising candidates for SCs electrolpey. possess
interesting properties, such as thermal stability at high temperatures, environmentally,friendly

nontflammability, 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 configuratiariThe device is generally referred to as a-half in the three
electrode configuration, and as a fodlll in the tweelectrode configuration. Figure 2.6 shows

the threeelectrode configuration scheme diagrarhe threeelectrode 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 colledtmh Yunction 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 th& @& 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 saturatedlomel electrode (SCE) acts as the RE in the tbleetrode
system depending on the electrolyte used, (e.g. in an acid electrolyte or neutral electrolyte).
Thecurrent 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 sudhighselectrochemicatability, high thermal
stability, high electrical conductivity, lightweight, high mechanical strength, and loj6&jst

Metal foam or foil type (e.g. Ni, Cu, Al, etc.) current collector are commonly used. In this study

Ni foil or foamwaspreferred as awrrent collector.

Potentiostat

a

—

Reference
electrode, RE
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Figure 2.6.Schematic diagram of three electrode cell s¢n@).
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Figure 2.7 illustrates the setup of t@tectrode cells. The current and sense (S) leads are paired
together as can be seen from the figure: CE and RE are paired to onelettrales 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 theagdtby 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, asymmethgbod. 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 anstracted 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 negativEaus, it is important to note that when designing the
supercapators, 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 electrodalsnater
which are the focus of asymmetric devices' special [@@eThis concept of an asymmetric
interface is also exciting, becaug 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

longevitycompared to their symmetrical counterp§rs, 71}
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Figure 2.7. Schematic diagram of the twelectrode cell setup including the design of the

assembled structure etipercapacitor devices.

The cell's electrochemical performance is determined leyeamtrode, which is the cell 's main
engine. That is determined in terms of life expectancydstharge, capacity, and resistance,

to mention a fewl'he most critical stage is the fabrication of electrodes using an active material
coating process. Asrasult, 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 superagpazitos).

Due to its high conductivity, chemical stability in tHeatrolyte 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 prdbess 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 electioetedised and

roll pressed to achieve a uniform electrode coatingrlapeey are brought into a glove box

with ultralow 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 irwith the electrolyte. Special care is generally required for the
electrolytefilling 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 evalbgteytlic voltammetry (CV),

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

2.7.1 Cyclic voltammetry (CV)

CV is a potentiodynamielectroanalytical 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 elecattonlgtele
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 natiutlee 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.€V curve with redox peaks due to faradic reacti¢rig). The reverse

scan of an ideal ELC electrode in electrochemical doulhésyer capacitive action is a mirror
image of the forward scan, indicating that the measured current in CV is independent of the
potential applied78]. However, the accumulation of charge on the electrode (the measured

current) is dependent on the potential applied in the pseudocapacitive el¢t@jode 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;rgwassible or irreversible.

The difference between the processesglettron 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)
Quastreversble 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 capacitaBGgedf the electrodes for thresdectrode
configuration can be calculated from the CV curves integuaisg the following equation

[4,80,8L];

0 &G  —— (2)

wheremis the total mass of the active mate(@), 3 is the scan rate (V3 ,V=& Vi, and
Vi andV; are the integration potential limits of the CV curve (V), &ifd) is the CV current

(A).
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2.7.2 Galvanostatic chargedischarge (GCD)

The GCD is one of the most essential characterizing methods for evaluating the electrochemical
performance of thelectrodes of the supercapacitors. This test is performed by applying a
regulated current pulsd)(between the working electrode and the counter electrode and
measuring the corresponding induced voltage&s time function relative to the reference
electode, as shown in figure 2.9. The upper and lower potential limits for the working
electrodes are set in GCD measurements (Figurerjlar to the CV plot, the GCD curve
shows the electrode's behavior as either capacitive electrochemical doubleilayéndar

GCD curve) or pseudocapacitive (i.e. nonlinear GCD curve due to faradic reaftiohss

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 electib@e

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 equatidrB80 83]:
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&

e

wheredd is the time taken for a complete discharge cyclengs$,the total mass of the active

material( g )V,is theppotential window (V), anidis the current (A).

Moreover,if the working electrode shawEDLC behavior the specific capacitance can be

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

6 —, wQo T
wherel is the applied current (Ajy is the total mass of the active matei(g), t is the time
taken for a complete discharge cycle (s)l evis maximum cell voltage (V).

In the caseof faradaic material, it is preferred to report the specific capa@igy Thespecific
capacity of theelectrodes (i.e. faradaican be calculatefom the GCD curvesusing the

following equatiorn4,80i 83]:

wherel is the applied current (Ajy is the total mass of the active materig), andt is the

time taken for a complete discharge cycle (s).

Furthermore, since in twelectrode devices (i.oth Faradic and EDLC electrode materials)
there is difference in the specifiapacitance of the two electrodes, a charge bal@hceQ
can be done, wher®. and Q are charge stored in bothpositive and negative electrodes

respectivelyexpressed as
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Q= Csma. (6)

The charge balance is necessary to acquire the optimal performance of the device. Based on
charge balancing, the mass balam®#ween the positive andegative electrode can be

expressed using the following equation [40]:

— — (7)

whereCs+) and Cs() are the specific capacitance of the electrodes in positive and negative
potential window respectivelyn. andm are the masses of the electrodes in positive and
negative potential window, ar\d andV 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:

- — (8

where 5 and 5 are the specific capacity of the electrode.

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

materia) the mass balancing is accomplished by the following equation:

e

9)

e

wheredi; is the specific capacitance of the EDLC matenaljs the specific capacity of the
faradi c wnan dx amanaximuee voltageof the EDLC and faradic electrodes,

respectively.

Moreover, the specifienergy,E and the specific poweR can be calculated from the GCD

curves using the following equations:
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0w "AQQ - — (20
T T 8
0 w QQ (11
However, for EDLC electrode material equation (8) reduce to:
0 ®»dQQ  6-Yo (12)
The equation below is only valid for EDLC symmetric device:
o wdoa (13)

8

wherel is the applied current (A}j is the total mass of the active mate(ig), @ 0 'Q @s the

integr al under the dischar githedschargetiher(s). m GCD

2.7.3 Electrochemical impedance spectroscopy (EIS)

The EIS is used turther 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 electraderiad. It can be
performed at different voltages and thus analyzing the misemgponse 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 congod,Z&versus the real compone#tof 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 electridecurrent 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 bg runnin

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 pariropéddance,
ZNi®), and the capacitance of the material can be deduced from the linear portion of a graph of

log ZNjNj a g d using the etjuatign below:

(14)

where C is the capacitance (Fis the frequency,andNjNj i s t he | md8lei nary i
Nyquisplot consists of the lovrequency region and higinequency region, as shown in

figure 2.10.

The equivalent series (solution) resistanceaml the charge transfer resistancey, Ran be
obtained in the higifrequency regiori84]. The Rsis resistance for current flow through
thesolution/electrolyte by the movement of iofffie Ret is formed by a singlé&inetically
controlled electrochemical reactiorin 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 behaviattributed to a leakage resistance, rBsulting from the
faradaic charge transfer procg85,86] The smalRsandRctv a | u e s , indicatesthat ~ 1 Y
the electrodes have good chemical stabditgl low charge transfer resistance which suggest

nearly an ideal capacitive performancelaf electrodes/cell
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this study)87].

Furthermore, in the lovrequency region, the frequency dependence of the real and imaginary
part of the capacitanceSNj){) andCNjNj(can be evaluated using a complex capacitance model
presented by the following equatio23,88]

The impedanceZ(€) given by
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0] — (15

can be written in the complex form as

0] @ Qd (16)

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

01 P
T QBy el
c Nj
P a7)
Thus,C(€) in the complex form can be written as:
O ONj  Qé (18)
which gives
o . C
ONj P (19)
“ Nj
6c] — (20)

whereZNj &MiNf ar e the real part and the i maginary

as

W) s WNj ] (21)

and€©= 2 ". The C (), whichis theactualaccessibleapacitancef thedevice that can be
delivered, corresponds tbhedeliverablecapacitancef 1.35F in Figure2.11[87]. TheC"(©)
provides a relaxation time of 1.86which suggests that the device can be charged within few

secondg$87].
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Chapter 3

Experimental techniques

3.1Introduction
This chapter describes the experimental proceduresvandus techniques used for the
synthesis and characterizations of theysthesized materials. It also provides an introductory

overview of the devices used for materials synthesis and characterizati

3.2 Synthesis of the agprepared electrodes

3.2.1 Hydrothermal synthesis technique

I n the 199006s, the hydrother mal technique
technologistan different fields of study. In general, the hydrothermal synthesis technique
involves the growth or synthesis of crystals from any heterogeneous neiactiee presence

of aqueous solvents incdosed systemrThis takes place under high pressure and temperature
conditions to recrystallize and dissolve materials that are relatively insoluble under normal
conditions. Hydrothermal synthesis technique israfible, simple, and effective process for

the synthesis of bulk powders, single crystals, and hanocomposite materials with physical and
chemical properties suitable for energy storage applicatig/®y. Under hydrothermal
conditions water is used as the reaction medium in an autoclave system. An autoclave is a
closedstainlesssteel cylinder that can resist higiemperature conditions for an extended
duration of time. Additionally, the use of water as a reaction medium has advantages such as
nontoxicity, nonflammability, and thermodynamic stability. It also assists in the tunitigeof

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

used for the production of Mf@arbon composite.

Stainless steel cap

y Teflon cap
Stainless steel plate

Stainless steel
autoclave

Teflon liner

Stainless steel plate

Figure 3.1.Schematic diagram of Tefldmed 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. Briefih) @¢hnique 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, follovigathe production of chemical fyroducts that

are flown out of the chamber together with the unreacted precursor[8pdes the purpose

of this work, the CVD technique was used for the synthesis of graphene and production of

carbonizedron-polyaniline/nickel graphene foam {&2/PANI/NiGF).
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Figure 3.2.Imageof the CVD system.

3.2.3 Synthesis ofMnO2/carbon composite

MnQO.-C with hierarchical nanostructures was synthesized using Kiioliution 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 KMn®solution[4]. The mixture was then transferred into a sealed

50 ml -lifed futoolave and kepta 160 AC for 18 h. T e rec:
composite witmanowires/microsponges morphology was collected as a brown precipitant by
several centrifugation and ethanol washing cycles. Briefly, the hydrothermalligoidi

reaction is proposed as:

T-1/ otPt-11c#l #I o
J. Feiet al.[4] referred to this hydrothermal method as a-poteenvironmentally friendly
process that changes toxic carbon grains from a spent inkjet cartridge into transition metal

oxide hierarchical nanostructures through a limitedrbothermal 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 ¥

Inkjet cartridge
Hydrothermal
@160 '(;for 18h
B 5
2 n 1um '
[
Spentprinting } '
carbongrains ‘ C +KMnO, ’ \4
Recoveredproduct
C + KMnO, Autoclave

Figure 3.3.Schematic illustration of the synthesis route for Mie@bon composite

3.2.4 Synthesis ofnickel graphene foam (NiGF)

Thenickelfoam-graphene current collector was synthesized using CVD technique.
Thenickelf oam was first anneal ed afgasfod@® mi@des,i n t h
beforeintroducing CHg as at Brig€ily 8D séaffold template with an areal density of

420 g n? and thickness of 16 migpurchased from Alantum (Munich, Germaywas placed

in a quartz tube for the CVD growth gfaphene.The flow rates of the gases Al &Hs 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 carbonizedron-polyaniline/nickel graphene foam (CFe/PANI/Ni-
GF)

Thepolyaniline(PANI) used for the synthesis of for2/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 pregmutions

were kept at room temperature for 1 h, thereafter, they were mixed and stirred for about an
hour and left to polymerizeAfter polymerization, precipitated PANI was collected on a filter
paper (after been washed several times with 100 mRd¥i(HCI and acetone) and dried at 60

°C overnight. Furthermore, PANI was used as a substrate for adsorbing carbonized Fe cations.
Briefly, a0.4 gof PANI and0.2 g of iron nitrate nonahydrate (Fe(}§H:O) were dissolved

in a50mL of ethanol and dispsed until the F&ANI slurry was formed. The slurry was
pasted omgrapheneupported by nickel foam and carbonized using CVD at’850amp rate

of 107C min?) for 2 h under nitrogen. After carbonization, the difference in the micrograph of
the NFGF andthat of FeePANI mixture on NiGF (GFe/PANI/NGF) confirms a successful
synthesis of theelectrode which is expected to hastrong metapolymer/graphene
interactions (see Figure 3.4)he asprepared electrode materiabs used for bothegative

and paitive electrodes in symmetric and asymmetric supercapacitor devices.

C-Fe/PANI/Ni-GF

Fe(NO;);-9H,
PANI

L mp a=  mp

o

(C-Fe/PANI/NI-GF)

\ N
) ==

Pasted slurry

Ethanol  ggnication (Fe/PANI mixture)

Figure 3.4.Schematic illustration of the synthesis route felF€PANI/NiGF.
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3.3 Structural, and morphological characterization

3.3.1 X-ray diffraction

X-ray powder diffractioXRD) is a nondestructive technique used to determine the atomic
and molecular structure of materia0]. It can also be used to study grain size, lattice constants,
and degree of crystallinity in a mixture of amorphous and crystalline ma{@&jifl®]. In the

XRD process, Xays generated by a cathode ray tubed¥Xtube) are filtered (to produce
monochromatic radiation), collimated and directed towards the sample (Bi§(ag) [10].

The interaction of the incident-Kays with the sample produces diffracted rays (constructive
interference) when conditions satisfy Bragg's La®]. Briefly, considering the incident and
diffracted Xrays from the atomic layers, as shown in Figure 3.5(b), where the angle of
incidenceisgivenbd, and the angle 2d gives the exper.i
[10]. The total path difference, between the Xays marked 1 and 2 when they arrive at the

detector, point A and B respectively, is given[b}[10]:

X =2dsing. (3.1)
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(a) X-Ray tube (source) Diffractiorj‘fletector

-

/c" SI}t /\ F"tir‘\_f,’

/

'Diffracted X-rays
Incident X-rays |

Goniometer |

Rotating sample stage

Figure 3.5.(a) Basic components ofrdy diffractometers showing theRay source/tube and
detector relative tahe sample. (b) Schematic illustration of the diffraction of inciderays

by atomic planegadopted fronref. [10] ).

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

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

n/ =2dsing, n=123,... (3.2)

wherenis a positive integenis the wavelength of incident-Kays,d is the interplanar spacing

andd s the scattering ang[&0].
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3.3.2 Raman spectroscopy

Raman spectroscopyis a nondestructivetechniquethat has high molecular specificity,

which makes it an excellent technique for the analysis of maféfaldt 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 materialk ahown in the figure 3.A.0]. The interaction of
incident photons of energyy. with the chemical bonds within a sample creates a-time
dependent perturbation vdfi increases the ground state enekpg)(to a total energy dcs

+ <¥L making a system (molecule) to be unstdb|&],[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 stateufgpiostate), and if the frequency of the emitted
photon frsg is the same as the incident ome,(i.e. elastic scattering), this is referred to as
Rayleigh scattering (Figui®6) [6,8],[10]. On the other hand, when the molecule returns to
the ground stat the photon can lose part of its energy in the reaction process and disperse from
the sample with a lower energysc=<¥.T < Ywhere< Yis the phonon enerf§0]. This
process is referred to as the Stokes process (inelastic disp@@s3pfi0]. 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 withaeased energyysc= <¥L+ < Y

[10]. This process is referred to as ABtokes proced$,8],[10]. Therefore,betweenStokes

and AntiStokes 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 arstatteredphoton energy6],[10].
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hQ
A
|
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Incident photons Rayleigh scatterlh)g
(Laser source) Ly
|
v
Stretchingvibration
(Molecule)

nwsc = ﬁw,_ - ﬁﬂ
(Raman shift)

Figure 3.6. Schematic illustration of light scattering by Rayleigh, Stokes andSkokies
scattering processes in a vibrating molecule due to thediependent perturbation introduced

by incident photongadopted fronref. [10] ).

To illustrate briefly how the Rayleigh scattering is removed from the Raman measurements,
figure 3.7 provides anverview of the main instrumental components of the standard Raman
systenfilO]. In practice, however, various spectroscopic variations of Raman are available
dependng on the manufacture of the instrunjéft. For example, the beam path may be
slightly different and may have additional optical components for different manufadtures.
can be seen from the figure that Rayleigh scattering are optically filtered and filters are specific
to the laser waveleng{B,10]. Filters are used in conjunction with diffraction grating which is

used to disperse the Ramantszad lighf10].

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$ggnaise ratiog10]. In

CCDs, the charge obtained from scattered photons is directly proportional to the intensity of
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the Rama scatterinffLl0]. 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 iilsedeterm
primarily by the desired wavelength and the desired spot 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 excitingvelngth sample that falls

outside the fluorescence region, e.g. UV (purple) and l@nergy IR (red) waveleng{iO].

(a) Rayleighfilters Focusing

mirror
Excitation ‘+ . S
source

epreaanrger
/l Sample_j

Detector ’ L ——

Focusin Microsco
mirror 0 e
(b)
=
‘®
=
9
£
o
£
™
2
®
Q
(72}
200 400 600 800 1,000
+—UV— Visible: nearlR

Wavelength (nm)

Figure 3.7.(a) Schematic illustration of fundamental instrumental components of a typical
Raman systen(b) an overview of the effect of laser excitation wavelength on the fluorescence

background &dopted fronref.[10]).
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3.3.3 Scanning electron microscopy and energy dispersive-bay spectroscopy

Scanning electron microscof$EM) is a nordestructive technique thatgsimarily used for
imaging the surfaces of almost all materials at the rmeamometer sca#0]. The technique
uses an electroneam focused under ulttagh 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 samppl®]. There are two types of electraiatare primarily detected

in SEM: back scattereelectrons (BSE) and secondary electrons (BEE is wherelectrons

are reflected back after elastic interactions between the beam and the [ddhplewever,

SE electron®riginate from the atoms of the samppld]. These are the resuls of inelastic
interactions between the electron beam and the saiffeSEM can provide information on
the morphology, topography, crystallograptand composition of materials using other
analyzers in the SEM meth¢#l0,12]. When a focused beam of highergy primary electrons
impinges on the surface of the sample, among others (Figure 3.8), it produeeselqy
secondary electrons witim energy usually less than 50 ¢10,13]. The image of the sample
surface(morphologytopographyis constructed by measuring the intensity of these secondary
electrons as a function of the position of the primary electron hg@i?]. Field Emission

SEM produces depth of fieldunique image contrast ahigh-resolution imagd40].
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Figure 3.8.A schematic diagram of a typical scanning electron micneg¢adopted fronref.

[11]).

Furthermore, Xrays which are ejected when an incident electron beam strikes a sample can be
characterized by an energy dispersivea¥ spectroscopy (EDSIf 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, treyX that areletected yield elemental

identification hence EDS analysis gives elemental composition of the sample.

3.3.4 Transmission electron microscopy

Tr ans mieslseicaamri @m o g dd& M) sa ndoenst r utcetcihvned que t he
characteri spairemlog fi.OlRtogds beam of kioghengyate
el ectronkkth{adeecmndi whoios )t ranmsmod dpld danp | e
(Figure 3.9) tamel sampiamms 6s oWwg hhs mneiltetcad ons a

usedprtooduce a samplveriitmwpgefs il madglieasilicaa nn ekde f r o
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Figure 3.9.Schematic diagram of a TEMdopted fronref.[15]).

3.3.5 X-ray photoelectron spectroscopy

X-ray photoelectronspectroscopyXPS) is a surfacesensitive quantitative technique that
tests the elemental composition, the chenstatle,and the electronic state of the elements in
the sample. The higkurface specificity of XPS is achieved by using smaller angles of
incidence or exit of the photoelectr¢b@]. In addition, the mean free path of the detected
photoelectrons is in the order of a few nm corresponding to the topmost saatdatge layers
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of the sampld16]. XPS involves irradiation of the sample with a beam ebys (AFKU o r
Mg-K U) whi |l e measuring t he number and t he
photoelectrons of the analysed sam[é]. The kinetic energy of the ejected electrons
(photoelectrons) depends upon the photon endrggafd the binding energy of the electron

in the coreshell of an atom and is usually analysed witfemispherical 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 unddrigiitra

vacuum conditions.

In XPS spettum, peaks appear from atoms emitting electrons of a characteristic energy. The
energies and intensities of these electrons (photoelectron peaks) enable identification and
guantification of the surface chemistry of a material, as shown in fgyLé€b).Figure 3.10(b)

shows the Fe 2p XPS core level spectrum of tHee@®ANI/NiGF shows fitted Fe 2p

binding energy peaks of £@metallic Fe)/F& and Fé" ions.
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Figure 3.10.(a) Schematic view of the photoemission process in XPS: Incident photon energy,

hs is

absorbed

by a

cor e

evel

el

ectron,

with kinetic energy, KE. This is then detected by an analyser and the bindngy &BE of the

ejected

el

ectron

I s KEd &Vt veheren\lV is ¢hd wolbkyfunctioB Bf the

h 3

electron analyser, not the analysed material. (b) The XPS core level spectrum of iron, Fe 2p of

the GFe/PANI/NiGF electrode materialadopted from ts 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
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3.4Electrochemical characterizations

All electrochemical analysis were carried out on a Biologic VMP-300 potentiostat
(Knoxville TN 37,930, USA) controlled by the ElGab V10.37 softwarat room temperature.
In the threeelectrode system, a glassarbon platewas usedas thecounter electrode and
Ag/AgCI (3 M KCI) electrode served as thereference electrode. The electrochemical
performance of the electrod@gms evaluatedn both threeand two electrode setupising the

settingslisted 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 Mn&C composite was prepared by coating a mixture of 80 wt%
active material, 10 wt% carbon blaick conductivity enhancement and 10 wt% polyvinylidene
fluoride (PVDF) binder dispersed in-idethylpyrrolidone (NMP) solution onto a piece of

nickel foam (1 x 1 cr), as illustrated in figure 3.11. The slurry was coated on both sides of
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the current colleor for threeelectrode and on one side for t@lectrode measurements. After
pasting, the electrode was dried at°@overnight, and thereafter, the coated active material

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

The GFe/PANI/NGF working electrode was prepared as discussed in the synthesis method
(see figure 4.2)Similar to preparation of Mn&C composite, the slurry was coated on both
sides of the current collector for threkectrode and on one side for tslectrode

measurements.

The masses of the working electrodes (both positive and negative) ranged betweem®and 4
The electrochemical measurements of Mi@Ocomposite and Ee/PANI/NiGF electrodes

were carried out in the thredectrode system in 2 KNOsz and 1M NaNO3 electrolytes.

Polyvinylidene fluoride

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

. ""’?N-methylpyrrolidone
%(NMP) solution

"\x Current collector (Ni foam)

Pasted slurry (mass * 2 mg)

Figure 3.11. Process scheme fdvinO,-C compositeelectrode preparatiorby coating a
mixture of active material, carbon black and PVDF binder dispersed in NMP solution onto a

piece of nickel foaf0].
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3.4.2 Fabrication of the supercapacitor device

The two electrode measurements were assembled usingypeircell as illustrated in
figure3.12. The supercapacitor devices were fabricated based on-GlmOmposite as a
positive electrode and-Ee/PANI/NFGF as a negative electrode (asymmetric supercapacitor)
and CFe/PANI/N+GF electrode as both positive and negative electrode (symmetric
supercapacitor) using 2M KNO3z and 1M NaNO3 electrolytes, respectively. Due to the
difference in the specificapacity of the electrodes in positive and negative potential window,

a charge balanc&.=Q was done (see equatidhin chapter 2). Based on this, the mass
balancebetween the electrode in positive and negative potential window was achieved and for
MnO,-C//C-Fe/PANI/NiGF asymmetricsupercapacitor the mass ratio wagm a 4, andfor
C-Fe/PANI/NFGH/C-Fe/PANI/NFGF 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 structureuplercapacitor device.
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Chapter 4

Results and discussion

4 1 Introduction

Thi s chapter presents experi ment al yndi ng:

characterization of the ggeparecklectrode material<CtFe/PANI/NiGF andbirnessitetype
MnOz/carbon composije It also includes the electrochemical properties of thiatagcated
devicesC-Fe/PANI/NFGF//G-Fe/PANI/NFGF andMnO»-C//C-Fe/PANI/NFGF, symmetric
and asymmetric deviceespectively. The publication from each m%d study will also be

presented.

4.2 High-performance symmetric supercapacitor device based on carbonized

iron-polyaniline/nickel graphene foam

4.2.1 Summary

A comparison of the results faC-Fe/PANI/N+GF electrode, and €e/PANI electrode
conyr ms a S uc c e sEMPPANI/NFGFyetettrbde.sTihes resolts forGhe C
Fe/PANI/NFGF//IGFe/PANI/N+FGF symmetric device, fabricated as described in chapter 3,

reveals the excellent electrochemical performaridbe device.

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

Compounds
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4.2.2 Publication

Journal of Alloys and Compounds 819 (2020) 152993
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journal homepage: http://www.elsevier.com/locate/jalcom

Contents lists available at ScienceDirect

ALLOYS AND
COMPOUNDS

High-performance symmetric supercapacitor device based on )

carbonized iron-polyaniline/nickel graphene foam

M.N. Rantho, M.J. Madito, N. Manyala"

Check for
updates.

Department of Physics, Institute of Applied Materials, SARChI Chair in Carbon Technology and Materials, University of Pretoria, 0028, South Africa

ARTICLE INFO ABSTRACT

Article history:

Received 7 December 2018
Received in revised form

22 October 2019

Accepted 11 November 2019
Available online 12 November 2019

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:
Supercapacitor
Symmetric device
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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——
250nm | ONEEENG

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].

84



85



