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ABSTRACT

The needs for energy storage devices have kindled researchers desire to explore and
synthesize nanocomposite materials. Storing energy efficiently, effectively and sustainably are the
science and engineering communities’ highest priorities to develop electrochemical energy storage
devices. Supercapacitors have become power solution not only because supercapacitors can bridge
the gap between the traditional capacitors and rechargeable batteries but also because of many
other advantages which include extraordinary electrochemical properties, wide working-
temperature range, cost effective, safe operation and long/stable cycle life. They have higher
current pules than batteries due to the mechanism of charging and discharging. Batteries charging
and discharging via chemical reactions, whereas supercapacitors utilize electrochemical double
layer capacitors, in which nanoscopic charge separation is employed for energy storage at the
electrode/electrolyte interface of the device.

One of the key factors that determine the performance and properties of electrochemical
capacitors is the electrode material. The performance of supercapacitor relies on features such as
specific surface area, electronic conductivity as well as mechanical and chemical stability of the
electrode materials. Using conventional electrode materials, it is challenging to address all critical
features include: toxicity, low specific capacitance and energy density, poor cycle stability, high
cost and self-discharge. One of most intensive approaches of overcoming these obstacles is by
introducing and developing nanocomposite materials for supercapacitors.

In this investigation, a MoS2/PEDOT nanocomposite material was chemically synthesized

at various ratios of MoS: to ethylenedioxythiophene (EDOT) to understand the charge mechanism



in a symmetric supercapacitor. Whereas, previous attempts have been made to homogeneously
cover MoSz nanosheets with a PANI coating layer to obtain nanocomposite electrodes. However,
emeraldine salt (ES) form of PANI is an insoluble polymer which may impede advantageous
deposition techniques. Taking advantage of the processability of emeraldine base (EB) form of
PANI, this approach can create an orderly distribution and homogeneous layer of PANI/N-Methyl-
2-pyrrolidone (NMP) over MoS; allowing the nanocomposite to coat over conducting substrates.
The targeted nanocomposite material was finally de-doped to convert the PANI to ES, the
conducting form, and enhanced the supercapacitor performance. Finally, after understanding the
interesting combined effects of the material’s chemistry and capacitive properties in both two and
three electrodes based electrochemical cells configuration and sponge based substrates was
proposed for solid-state supercapacitor. The electrochemical deposition technique was applied,
along with in-situ self-assembled polymerization of PPy and PANI, to fabricate the device. The
morphological and crystal structures of the nanomaterials and nanocomposites of all projects were
investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
particle size analyzer (PSA), Raman spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, and X-ray-diffraction (XRD) techniques. In addition, the electrochemical properties
of them were investigated to reveal their intriguing electrochemical and physicochemical
properties using four-point probe, cyclic voltammetry (CV), constant current charging—
discharging (CCCD), electrochemical impedance spectroscopy (EIS) in aqueous electrolytes.
MoS./PANI/PPy nanocomposite materials were considered for ideal supercapacitors which
rendered highest specific capacitance around 631 F g. Owing to its superior electrochemical

performance with the merits supercapacitors were produced for storing energy. This approach has



revealed the possibility of using the natural or synthesized porous substrate to obtain a high surface

area based supercapacitor.
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CHAPTER 1: INTRODUCTION

Since the late 20™ century, supercapacitor technology has been one of the emerging
research areas, due to the rapid growing demand in environmentally compatible energy storage
devices [1-4]. This demand for the energy storage systems becomes more critical, especially when
the whole society face an energy crisis [5]. Several types of energy storage devices include: fuel
cells, conventional capacitors, supercapacitors and batteries. These devices can fulfill the needs of
usage in the consumable and industrial electronic devices, as well as the transportation industry
[6]. Supercapacitors are well known for their high capacitances and low internal resistances, which
enable them to be charged rapidly and deliver the stored charges in very short times (i.e. high
power densities). In contrast, batteries need more time to deliver the charges. The mechanism of
charge storage in electric double-layer capacitors (EDLCs) is based on a physical charge storage
at the electrode-electrolyte interface, that allows cycle lifetime to be higher than one million
charging-discharging cycles, whereas the reversible chemical reactions in batteries is limited to
only several thousand cycles [7]. Overall, the unique features in supercapacitors, such as high cycle
life, age and wide working temperature, have made them suitable energy storage devices for many
applications, particularly for devices being used in difficult to reach areas [2].

As shown in Figure 1.1, among various types of energy storage devices, supercapacitors
cover a broader range of power density-energy density characteristics than batteries and capacitors
[8] . This wide range of characteristics is due to a large number of material choices that can be

used as the electrode and electrolyte of supercapacitors [4]. Also, it should be mentioned that with



constant development of new materials, especially composites, the range is expanding toward

higher energy and power density values.
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Figure 1.1 The specific power vs. specific energy for various types of energy storage device [8].
By Simon et al. © (2008) Springer Nature.

For practical applications, it is vital to have supercapacitors with high power and energy
density, large cycle life time, and low cost. The key to fabricate devices with high performance is
to employ nanocomposites and nanostructures in the electrodes. In general, significant features of
different materials can be combined in a composite material to improve two or more aspects of the
device. For instance, conducting polymers (CPs) have presented excellent capacitance densities
due to the feasibility of storing charges via both double-layer and pseudocapacitive charge storage
mechanisms, but their relative high resistivity hinders fabrication of large devices with a low
internal resistance [9-12]. Also, the stability of CPs based electrodes is a concern for making

devices with high cycle lifetime [10, 13]. To address the shortcomings of CPs, extensive researches

have been done to develop composite of CPs with various nanomaterials. The applied



nanomaterials include different forms of carbon (i.e. carbon nanotubes (CNTs) [14-17] and
graphene (G) [18-20]), metal oxide nanoparticles (i.e. Ruthenium(1V) oxide (RuO3) [21, 22] and
Manganese (1V) oxide (MnO3) [23-25], and transition metal dichalcogenides (i.e. MoS; [25-28]).
Designing a nanocomposite material for supercapacitor applications requires material
characterization. Also, studying the interface between the composite and electrolyte is essential to
optimize performance of supercapacitor devices.

The properly designed synthesis of the supercapacitor nanostructured electrode materials
can be optimized not only for the power density but also the energy density, cycle number and
lifetime. Besides, the nanostructure effect is prominent and unique to obtain high specific
capacitance based on nanocomposite materials. This dissertation has enriched and nourished the
relation between nanocomposite electrodes and supercapacitors for obtaining high specific
capacitance, power density, energy density and cyclability. Emphasis has been given to discuss
comprehensibility the implementation and effectiveness feasibility of various conducting
polymers (polyethylenedioxythiophene (PEDOT), polyaniline (PANI), polypyrrole (PPy) and two
dimensional transition metal dichalcogenides (molybdenum disulfide ‘(MoS2)’-) nanomaterial
based on nanocomposite electrodes for supercapacitor applications. Additionally, the fabrication,
characterizations and testing of the sponge based supercapacitors fabricated from MoS2/PANI/
PPy electrodes have been studied.

1.1 Objectives of the Dissertation

The development of sustainable energy technologies is also could be a history of finding
new materials and composites with nanostructures which could enhance the capability of the
supercapacitors or other energy storage systems. Transition metal dichalcogenides (TMDs) are a

promising new class of materials that’s being heavily investigated for remarkable properties. They



have d-electrons in the outermost electron shell, which tend to share them, that plays an important
role in determining their properties. Transition metal atoms (M) form covalent chemical bonds
with chalcogens (X). For the compounds, | am interested in here, each metal (M) bonds with two
chalcogens (X), giving the generic chemical formula: MX>. When covalent chemical bonds form
TMDs, the transition metal readily transfers its electron to chalcogen atom, which essentially fills
the chalcogen atoms valence shells with electrons. This fact is responsible for the highly planar
structure of TMDs, in which single molecular units of MX> can make up two-dimensional layers.
Strong molecular interlayer covalent bonds (coordination bonds) and weak molecular interlayer
van der Waals bonds between the layers, give rise to their layered structure. Within the past decade,
TMDs have become an intriguing and prominent material for both producing and storing energy
due to the above properties and its ability to store charges in both EDLCs and pseudocapacitors
[29, 30]. Whereas, CPs are one of the most interesting materials currently in the development today
[31]. With its fascinating characteristics of outstanding electrical and thermal properties and highly
specialized geometry, CPs are revolutionizing countless fields, with new applications continuously
being discovered [32].
The objectives of this dissertation are:

e To explore new nanocomposite materials used for supercapacitor electrodes which could
enhance the capability and performance of the supercapacitors.

e To overcome the obstacles of aggregation and solubility of 2D-TMDs and CPs by using
surfactants and mutable oxidation states, which are significant factors of determining
electrochemical properties.

e To apply various synthesis processes and characterization techniques to investigate the

development of the next-generation electrodes including: chemical oxidative



polymerization, in-situ self-assembled polymerization and electrochemical deposition

techniques. The physical and electrochemical properties were measured using equipment

such as SEM, TEM, XRD, Raman spectroscopy, FTIR spectroscopy, PSA, CV, CCCD and

EIS.

e To design a solid-state supercapacitor as a real device by an assembly of the multilayer
films approach into a sponge substrate.
1.2 Organization of the Dissertation

The structure of this dissertation can be briefly outlined as follows.

Chapter 1 provides a brief overview to the energy storage devices and nanocomposite
materials of supercapacitor electrodes, followed by information about objectives and organization
of the dissertation.

Chapter 2 presents the basic principles and configuration of supercapacitors, as well as
investigation of research activities and achievements on supercapacitor electrode materials. The
last part of chapter 2 is devoted to the parts of supercapacitors, which determine their performance.

Chapter 3 focusses on the metrology and techniques used to evaluate the morphology,
crystallinity, electrical and electrochemical properties of the electrode materials and the
performance of supercapacitors.

Chapter 4 presents an innovative nanocomposite electrode which was chemically
synthesized using MoS»-polyethylenedioxythiophene (PEDOT) to understand the charge
mechanism in a symmetric supercapacitor. The MoS2-PEDOT nanocomposite was produced at
various ratios of MoS: to ethylenedioxythiophene (EDOT) in an agueous medium of polyanions
polystyrene sulfonate (PSS) and cetyltrimethylammonium bromide (CTAB) at controlled

conditions.



Chapter 5 describes the chemical oxidative polymerization, reduction/oxidation synthesis
techniques, characterization and supercapacitor properties of processed polyaniline (PANI)-MoS;
based nanocomposite materials. Further, the effect of doping and undoping of PANI to exploit the
surface chemistry by uniformly covering MoS; nanosheets with PANI coating layers to enhance
the supercapacitor performance.

Chapter 6 applies the results of the previous chapters to fabricate a sponge type
supercapacitor by in-situ self-assembled polymerization of the monomers pyrrole and aniline on a
sponge, followed by electrochemical polymerization of MoS2-CPs nanocomposite to obtain the
supercapacitor electrode. Further, different polyvinyl alcohol (PVA) gel is synthesized to obtain
highly conducting electrolyte to fabricate the solid-state supercapacitor. The sponge type
supercapacitor construction consists of two porous sponge electrodes, gel electrolyte, and
membrane of paper that is sandwiched between the two sponge electrodes.

Chapter 7 concludes the study with the major findings of the biggest determiners of a
supercapacitor’s performance. This chapter also proposes future work recommendations for the
development of the materials chosen as part of the design, as well as the fabrication process of the

supercapacitor.



CHAPTER 2: LITERATURE REVIEW
2.1 Introduction

Due to the worlds demand for energy storage systems, there has been excitement in
developing supercapacitors for electrical energy storage applications [6, 33]. The present research
trend shows that this kind of mechanism is relatively new and possesses incredible potential for
applications in not only supercapacitors, but also other applications such as aerospace, marine and
mechatronics engineering [2].

The fabrication and design of supercapacitor devices and their associated working
principles were presented in this chapter. Meanwhile, research activities and achievements on
supercapacitor electrode materials are introduced as well as other supercapacitor cell components
[1, 3, 34]. Designing an optimum supercapacitor strongly depends on the selection of electrode
materials. Some important properties need to be met, such as long and stable cycle life, high
conductivity, and a highly porous structure to increase the capacitance [35, 36].

2.2 Principles and Configuration of Supercapacitors

Electric charges in supercapacitors are stored either via formation of double-layer charges
at the electrode-electrolyte interfaces or through the change in the oxidation state of the electrodes
(i.e. pseudocapacitive storage) [37]. Devices that rely only on double-layer charge storage are
called electric double-layer capacitors (EDLCs).

Supercapacitors that are made from electrode materials with more than one stable redox
state are called pseudocapacitors. The following sections discuss the energy storage configurations

of the supercapacitors.



2.2.1 Electric Double Layer Capacitance

The mechanism of charge storage in EDLC is based on ions adsorption, known as purely
electrostatic operation, at the interference between the solid electrode and liquid electrolyte
without any charge transfer across the interface (i.e. non-faradic reaction). An electrical double
layer charge is created when an electrode makes an electrochemical interface with an electrolyte
(Figure 2.1(a)). In a supercapacitor device, when the device is charged, positive and negative
electronic charges accumulate on the surface of the positive and negative electrodes, respectively.
The charges on the electrodes surfaces attract opposite ions to form the double-layer charges at the
interface of the electrode-electrolyte. This process relies on the physical movement of ions from
the bulk of the electrolyte to the electrode-electrolyte interfaces; and it is different than the charge

storage in batteries where chemical reactions are involved [38].
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Due to the physical rearrangement of charges in EDLCs, the process of charging and
discharging can be very fast; therefore, EDLCs have been utilized in systems that require peak
power demand [40]. However, great attention has given to solve the problem of relatively low
energy density by optimizing the existing materials and exploring new materials. For fabricating
EDLC electrodes, it is required to use materials with stable redox states. Table 2.1 illustrates the
recent electrochemical studies that have been used in EDLC electrode materials.

Table 2.1 Summary of the electrochemical performance based on various EDLC electrode
materials.

Current . -
_ Density Potential Speglflc
Materials Electrolyte or Range Capacitance | Ref.
Scan Rate V) (Fg?)
ggtr'i‘é fed carbon 6 M KOH 0.LAg™ 100 205+ | [41]
QgttmatEd carbon 1 M HoS04 1mVs! | 0t008 207%x | [42]
A_ctlvated carbon 6 M KOH 1Agt 1100 D75Hk [43]
microspheres
Activated carbons 1 M H2S0O4 05A¢g! -0.21t00.8 401.6 [44]
Bowl-like
g‘o‘igﬁg'gg’fgzid 6.0 M KOH 05Agt |[-11t0-02| 281%* |[45]
nanoparticles
Microporous carbons EMI-TFSI 5mV-s ! 0to 3 180* [46]
Reduced graphene BMIM BF4 57A¢g-1 166*
oxide EMIMTFSI | o07Agl | 9©3% | 50 |[4]
*
SW-CNTSs PVAI/LICI 1.32 Acm™ Otol (|1:50'f’n4_3) [48]
Short SW-CNTs 1M NapSO4 02Ag" Otol 127* [49]
MW-CNTs 6 M KOH 1Agt 0to 0.5 132* [50]
MW-CNTs 1 M H2SO4 2mV.s ! -0.2t01.1 278.5** [51]
Porous graphene 6 M KOH 1mVv-s! -1t00 261** [52]
mesoporous 4 -
verforated graphene 1M Naz2SO4 228 A¢g Otol 458 [53]
CNTs 1 M H2SOq4 1mVvst 0t00.8 43** [54]
Ultra-microporous 6 M KOH 2Ag? 1100 225%* | [55]
carbon nanoparticle
Graphene 6 M KOH 2mV-s ! -1t00 349** [56]




Table 2.1 (Continued)

Current . -
_ Density Potential Speglflc

Materials Electrolyte Range | Capacitance | Ref.

o V) (Fg?)

Scan Rate

g')z';g graphene 1 M H2SO4 2mV-s ! Otol 301%* | [57]
Graphene nanosheets AMIM-DCA 5mV.s ! 0to 4 228** [58]
Graphite 1 M EtsNBF4/PC 1 mA 0to3 12* [59]

** Three-electrode cell system, * Two-electrode cell system

(KOH): Potassium hydroxide, (H2SO4): Sulfuric acid, PVA: Polyvinyl alcohol, LiCl: Lithium
chloride, (EMIM TFSI): T ethyl-methyl- imidazolium bis(trifluormethylsulfonyl)imide, (BMIM
BF4): D 1-butyl-3-methyl-imidazolium tetrafluoroborate, Na;SOas: Sodium sulfate, (AMIM-
DCA):  1l-allyl-3-methylimidazolium  dicyanmide, = Et4NBF4:  Tetraethylammonium-
tetrafluoroborate/ propylene carbonate, and (PC): Propylene carbonate.

2.2.2 Pseudocapacitance

Unlike EDLCs, the mechanism of charge storage in pseudocapacitors is based on chemical
reactions (i.e. Faradic reaction) at the electrode-electrolyte interfaces. The charge-storage
mechanism involves the transfer of charges though the double layer. It is often accompanied by
fast and reversible electron charge transfer between electrode and electrolyte, which originates
from de-solvated and absorbed ion. In a pseudocapacitive charge storage device, the transferred
charge to the electrode changes the oxidation state of the electrode material (Figure 2.1(b)). This
provides additional capacitance to the double-layer effect and results in higher specific
capacitances in pseudocapacitors than EDLCs.

To design a supercapacitor with high cycle lifetime, it is required to use a material with
high stability at different oxidation states and reversible redox reactions. Although many metal
oxide and transition metal dichalcogenides have shown promising characteristics for
pseudocapcitor applications, electrodes fabricated with those materials are generally too

expensive. Therefore, there is an interest to develop electrodes with conducting polymers, which

are much cheaper, and have proven to be reliable materials for energy storage applications [32,

10



60]. Among various forms of CPs, poly(3,4-ethylenedioxythiophene) (PEDOT), polyaniline
(PANI), and polypyrrole (PPy) have been studied extensively for applications in pseudocapacitors.
Table 2.2 summarizes the electrochemical performance of these materials.

Table 2.2 Summary of the electrochemical performance based on various pseudocapacitance
electrode materials.

Current ial ifi
_ Density Potentia Speql ic
Materials Electrolyte or Range Capacitance | Ref.
Scan Rate V) (Fgh
Ruthenium sulfide 4 17* [61]
nanoparticles 0.5M H2S04 | 0.5mAcm 0t00.8 -
Manganese 23 44*
selenide 1M Li;SOs | 0.1 mAcm™ 0t00.8 96,76+ [62]
nanoparticles '
Lr;n”ogz:?iiles 1MNaSO; | 05Ag? —1t00.1 195.8** | [63]
ﬁ:nogpartides 1M/LHS0s | 1mVs? 0t00.8 648** [54]
sloorf(’l‘sz Manganese | 95 M K,S0s | 05mAcm™| 0t00.8 261%* | [64]
ﬁﬂaﬂiilﬁfféim'” 05MNaSOs | 5mVs? | —0.1to—0.8 576%* | [65]
MoS; nanosheets 1 M NaySOq4 1Ag! -0.81t00.2 129.2%* [66]
2%%3‘:\:2%2 1 M H,S04 1Ag? ~0.4100.6 o8+ [67]
nHaOr:(I)Z\;I)VhZArgsSZ 1 MKCI 059Ag" | -0.9t0-0.3 142%+ [68]
ﬁ/l[z);'zo‘"’er like 1 M KCl 1Agt | —09t0-0.2 168** | [69]
MoS; 1 M NazSO4 1Ag? —1100 120%* [70]
PANI 1 M H,SO, 04AQ?L 010 0.6 210* [71]
PANI 1 M H2S0. 08AgQ?" —0.2t01 131** [72]
PANI 3 M NaOH 1Agt —0.41t00.6 316** [73]
:ﬁ;’y”a”c’pore 1MH,S0s | 05Ag? 11005 114.2% | [74]
PPy nanobricks 0.5 M H2S04 5mVs?t —-0.4100.6 A76** [75]
PPy 1 M HzSO4 1Ag} —0.4100.8 155* [76]
PPy nanowire 0.5 M Na2SO4 1Ag! —0.8 to —0.2 145** [77]
PEDOT by
ultrasonic 1 M H2S04 5mVvst Oto1l 100* [78]
irradiation
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Table 2.2 (Continued)

Current . e
_ Density Potential Speqlflc
Materials Electrolyte Range | Capacitance | Ref.
o V) (Fg?)
Scan Rate
PEDOT nanocapsules 1 M H2S0Oq4 5mV st Oto1l 170** [79]
PEDOT nanotubes 1MLIiCIO; | 100mVs?! | Oand 1.2 140%* [80]

** Three-electrode cell system, * Two-electrode cell system

Li>SO4: Lithium sulfate, Na;SOs: Sodium sulfite, KCI: Potassium chloride, NaOH: Sodium
hydroxide, and LiClO4: Lithium perchlorate.

2.2.3 Hybrid Capacitor

A hybrid capacitor is a combination of two types of electrodes (example: a DL carbon
material and a pseudocapacitive material), which can be either be in an asymmetrical or a
symmetrical configuration. One of them stores charge faradaically (redox reaction) and the other
one stores charge electrostatically. Hybrid capacitors have a great advantage over other capacitors
because they can operate with high temperatures and manufacturers use them for the equipment in
oil and gas exploration. The other benefits come from the fact that they have high energy density
and power, as opposed to electrolytic capacitors. The working voltage also can be increased as
well as specific capacitance especially when pseudocapacitive materials are used as the cathode
[81-83].

Naturally, a solid-state film of a conducting polymer has a porous structure which is
suitable for supercapacitor applications. To enhance the porosity, the structure of the film can be
engineered [84]. However, other factors such as the conductivity and stability of the film are
important for practical applications. To address those, an emerging approach is to develop a
composite of a conducting polymer and a nanostructure. Various types of capacitors have been

investigated with electrodes made from these composite materials. The nanocomposites can yield

to hybrid supercapacitor which can store charges via a redox reaction in addition to the double
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layer form. Summary of the electrochemical performance based on various nanocomposite
materials is shown in table 2.3.

Table 2.3 Summary of the electrochemical performance based on various nanocomposite electrode

materials.

Current Potential Specific
Materials Electrolyte Degflty Range Capagltanc Ref.
Scan Rate V) (Fgh

PANI nanoparticles grew
on 3D reduced graphene 1 M H2SO4 05AQt 0t0 0.8 438.8* [85]
oxid framework
Cerium oxide 4 * [50]
nanoparticles/ MW-CNTs 6 M KOH LAg 01005 4556
:\r/ﬁlr\‘/f’él'\??s”a”c’pa”'c'ey 3 M KOH 1Ag' | -13t0-03 | 787* | [86]
PANI/MW-CNTs 1 M H2S0O4 2mV.s ! —-0.2t0 1.1 | 540.29** | [51]
ggl'é’py”o'e’ nanoporous | picjopva | 06Agt | 0t00.85 270% | [87]
RuO; nanoparticles/CNTs | 1M H>SO4 I1mvs? 0t00.8 953** [54]
RuO2 Nanoparticles 1 199*
graphene oxide 1 M H2SOq4 2mV-s Otol (Fcmd) [57]
RuO./PPy composite 0.5MH;SOs | 50mV-s! | —0.6t00.6 657** [88]
ggﬁgg;/tzfmw MnOz | 55 M Na;SOs | 05Ag? | -02t00.8 | 195.7%* | [89]
MWNTSs/TiO2/PANI 1MHS0s | 04AgH 0t0 0.6 270* [71]
Eapgé Zﬁa'i\'y' coaxial 1MHSO: | 05AgL | -1t005 | 2095+ | [74]
Reduced graphene
oxide/carbon 1 _ o
nanoparticles/PANI 1 M H2S0q4 1Ag 02t00.8 | 787.3 [90]
composite
3D Manganese
oxide/PANI/graphene 1 M H2S04 1Ag? -0.2t00.9 | 321.7** | [91]
hybrid material
3D ternary
nanocomposites of 4| B o
MoS,/PAN I/reduced 1 M Na2SOq4 1Ag 0.8 to —0.2 618 [92]
graphene oxide aerogel
Layered MoSz/graphene | 4 1 Naso, | 1AgE 1100 243%* | [70]
composites
MoS/PANI 1MHS0s | 08AgL | -02tol | 390%* | [72]
nanocomposite
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Table 2.3 (Continued)

Current : -
_ Density Potential Speqlflc
Materials Electrolyte or Range Capacitance | Ref
-1
Scan Rate (V) (Fg7)
Carbon 1 o
Nanoparticles/PANI 1 M NazSOq4 1Ag 0t00.8 147 [93]
Silver
nanoparticle/PANI/short 3 M NaOH 1Ag! | -041t00.6 615** [73]
MWNTSs nanocomposites
Graphene/polypyrrole
nanoparticle hybrid 1 M KOH 05Ag?! | -09t0-0.1 418** [94]
aerogels
Reduced graphene oxide— 1 B ox
PPy-MnO> composites 1 M NacCl 1Ag 1to0 356 [95]
3D tubular MoS2/PPy 0.5MNaSOs | 1AgL | -08t0-02| 462%* | [77]
nanowire composites
PEDOT/nickel ferrite 1MLICIOs |1mAcm?| Oto1 251%% | [96]
nanocomposite
MoS/PEDOT 1MH,S0:s | 0.8AgL | -02t008 | 405** | [97]
nanocomposite
MoS,/ tungsten trioxide | 4 \1 o6, | 05AgT | 0t00.6 520%% | [98]
nanorod
MoSa/nickel ferrite IMKOH | 1Ag! | 010045 | 506 | [99]
nanoparticle
Polyindole/ 1 o
carbon black/MoS, 1 M H2SOq4 1Ag 0t00.8 442 [100]
porous tubular C/MoS; 3MKOH | 1Ag! | 0t005 210%* | [101]
nanocomposites

** Three-electrode cell system, * Two-electrode cell system
HCIO4: Perchloric acid.

2.3 Design of Supercapacitors

A cross-section of two-electrode supercapacitor cell is seen in Figure 2.2. The cell contains
two identical electrodes held apart by a separator and electrolyte and both are connected to current
collectors. In order to enhance the supercapacitor properties, we needed to determine the
functionality and material characteristics of each component which are also discussed in this

section.

14



Bolts

PTFE Stainless steel plate PTFE

Current Collector

Electrode

- Electrode

Mylar
Mylar

Current Collector

Stainless steel plate

Figure 2.2 A cross-sectional view of two-electrode supercapacitor cell [102]. By Stoller et al. ©
(2008) American Chemical Society.

2.3.1 Supercapacitor Based on Electrode Materials

Several prominent electrode materials such as conducting polymers (polyaniline,
polythiophene, polyethylenedioxythiophene, polypyrrole, etc.), transition metal dichalcogenide
(molybdenum disulfide MoS>), metal oxide (manganese oxide, ruthenium oxide), and carbon
based materials (activated carbon, carbon nanofibers, carbon nanotubes, graphene, etc.) have been
used for achieving the high-performance of electrochemical energy storage devices [103].
However, recent advancement has shown the use of nanomaterials and their composites to achieve
superior electrochemical properties (capacitance, power and energy) to facilitate nanocomposite
electrode materials for supercapacitor applications [83]. Here we have reviewed promising
materials that have been studied for fabricating electrode materials for supercapacitors.
2.3.1.1 Carbon-Based Materials

Carbon is one of the main components of electrodes for EDLCs. This is mainly due to the
high chemical resistance of carbon in almost any electrolyte, as well as abundance of the material
[104]. Among different forms of carbon materials, the most commonly used are activated carbons,

carbon nanofibers, carbon nanotubes, and graphene. To achieve high capacitances, it is desired to
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use highly porous carbon structures [105]. However, the size of pores is required to be large enough
for facile diffusion of ions. On the other hand, too much of porosity results in poor conductivity,
which negatively affects the power density of EDLCs.

2.3.1.1.1 Activated Carbon

Activated carbon (AC) consists mostly of pure carbon and is known as one of the most
adsorbent materials. AC has been used widely as an electrode material for supercapacitors due to
its good electrical properties and low cost. The main aspect of activated carbons is their porous
characteristic, which results in immense surface area, but only small specific capacitance. Other
factors influencing the specific capacitance are electrical conductivity, accessibility of the
electrolyte, as well as pore size distribution. AC also is used widely as adsorbent and is well known
for its low chemical reactivity with adsorbed materials [106].

In terms of renewable nature and economic scalability, many studies have been done to
fabricate activated carbon electrode materials by recycling waste products. For instance, Zhi et.al
prepared waste tire-derived activated carbon (WTAC) as a precursor via the pyrolysis and
chemical activation processes (Figure 2.3(a)). These effective synthetic methods revealed a
specific capacitance of about 70 F g~ at 10 A g~* with 97% reserved capacitance over 1000 cycles,
which indicated that the AC supercapacitor can be run in practice (Figure 2.3(b)) [107].
Furthermore, natural precursors (e.g., corn grain, potato starch, coconut shell, banana fiber, wood,
etc.) have been used to produce activated carbon [108]. The schematic in Figure 2.3(c) illustrates
how porous activated carbon materials can be produced from microalgae and glucose to fabricate
supercapacitor electrodes [109]. The low-cost hydrothermal carbonization, along with chemical

activation processes, have been applied to synthesis N-doped porous carbon materials with sponge-
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like particles, as shown in the SEM image in Figure 2.3(c). In this structure, a specific capacitance

as high as 200 F g was found with an excellent long-term cycling stability.
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Figure 2.3 (a) Flow chart showing the preparation of activated carbon with waste tire, (b) the
specific capacitances vs cycle numbers and (c) schematic reveals how porous carbon materials
were produced from the microalgae [107, 109]. By Zhi et al. © (2014) American Chemical Society
and Sevilla et al. © (2014) Elsevier.
2.3.1.1.2 Carbon Nanotubes

Carbon Nanotubes (CNTs) are well known as materials that are highly applicable in
supercapacitor materials [110]. Some of the best aspects of CNT’s are superb electronic
conductivity and mechanical strength, as well as being relatively inexpensive.

CNTs can be synthesized in either single-walled nanotube (SWNT) or multi-walled
nanotube (MWNT) forms. Both have been extensively used in fabricating energy storage devices.

The structure of each type depends on the number of graphene layers being rolled to make

nanotubes. SWNT is a single graphene layer being rolled, whereas MWNT is a coax structure of
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multiple rolled layers. Supercapacitor performance and properties for both CNT types have drawn
remarkable attention especially in designing and fabricating flexible devices [48, 111, 112].
Kaempgen et. al., have made flexible SWNTs-based supercapacitors using both aqueous
gel and organic liquid electrolytes (Figure 2.4(b)) [111]. TEM was used to investigate the surface
morphology and confirm MWCNTSs exfoliation, as shown in figure 2.5. The structural changes of
the MWCNTSs after the oxidation yielded a higher specific capacitance due to the increase of
effective surface area and water solubility in exfoliated MWCNTS. The resulting electrochemical
properties of exfoliated MWCNTSs revealed very high specific capacitance and columbic

efficiency, with a long-term stability compered to MWCNTS, as shown in Figure 2.5.

Figure 2.4 (a) SEM of SWCNT networks and (b) the flexible SWNTSs supercapacitors [108]. By
Kaempgen et al. © (2009) American Chemical Society.

Wang et. al., deposited exfoliated MWCNTSs (Ex-CNT), graphene and MWCNT on carbon
cloth to fabricate supercapacitor electrodes [113]. In order to investigate the surface morphology
and confirm MWCNTSs exfoliation TEM test was applied as shown in figure 2.5. The structural
changes of the MWCNTSs after the oxidation which yielded to a higher specific capacitance due to
the increase of effective surface area and water solubility in exfoliated MWCNTS. The resulting
electrochemical properties of exfoliated MWCNTS revealed very high specific capacitance and

columbic efficiency with a long-term stability compered to MWCNTS as shown in Figure 2.5.
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Figure 2.5 TEM of (a) MWCNTSs and (b) Ex-CNTSs. Insets: pictures of MWCNTSs and EX-CNTs
dispersed in aqueous solution, and the schematic diagrams of MWCNT and Ex-CNT [110]. By
Wang et al. © (2011) Elsevier.
2.3.1.1.3 Graphene

Graphene is an emerging material for supercapacitor applications [114]. Graphene is a
single layer of pure carbon bonded together in a hexagonal honeycomb lattice. Its large surface
area per mass and high electronic conductivity are the promising features for energy storage
applications [115]. The results of some studies stated that graphene is an eco-friendly material
[116-118]. However, graphene has been also considered as a health hazard material based on other
studies[119, 120]. Additionally, it is feasible to fabricate graphene based electrodes for flexible
and chemically stable devices [121, 122]. They can also withstand a lot of charging cycles.

Table 2.4 gives a comparison between the properties of graphene and other carbon materials [123].

Table 2.4 A comparison between the properties of graphene and other carbon materials [120]. By
Wu et al. © (2012) Elsevier.

SN Graphite Diamond CEhee Graphene
allotropes nanotube
Hybridization sp? sp® Mainly sp? sp?
Crystal system Hexagonal Octahedral Icosahedral Hexagonal
Dimensions 3 3 1 2
Experimental specific | 5 59 20-160 ~1300 ~1500
surface area (m- g-)
Density (g cm®) 2.09-2.23 3.5-3.53 >1 >1
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Table 2.4 (Continued)

Carbon : . Carbon
allotropes Graphite Diamond nanotube Graphene
Structure 0 .
Optical properties Uniaxial Isotropic dependent 97.7% Of optical
; transmittance
properties
T |
conductivity ’ 900-2320 3500 4840-5300
(W m?K?) 5-10
(c-direction)
. . . Highest
Hardness High Ultrahigh High (single layer)
Tenacity FIeX|bIe_ — Flexible elastic | Flexible elastic
non-elastic
. . Electrical Insulator, Metallic and Semimetal, zero-
Electronic properties . ; . gap
conductor | semiconductor | semiconducting .
semiconductor
Anisotropic,
Electrical 2-3x 104
conductivity (a-direction) - gg%ﬁg;ﬁt 2000
(Scm?) 6 P
(c-direction)

A challenge in using only graphene is the tendency of graphene sheets to restack back to
graphite. This is due to the hydrophobic nature of graphene. A study [124] on graphene material
reported the fabrication of coin shaped graphene based supercapacitor device, with the structure
shown in Figure 2.6. The supercapacitor was made by mixing 2D graphene material with a 10%
polytetrafluoroethylene (PTFE) solution then separated by a thin polypropylene film and
sandwiched between Ni foam current collector electrodes. The atomic force microscopy (AFM)
image (Figure 2.6(a)) indicates the thickness of a single layer carbon sheets to be ~1.2 nm, and the
small dots in the AFM and SEM images (Figure 2.6(b & ¢)) suggest a low degree of agglomeration
and wrinkle compared with other studies of graphene. The enhancement of electrode and

electrolyte interface led to better electrochemical performance in the supercapacitor.
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S00nm

Figure 2.6 (a) AFM nd (b & c) SEM images of graphene [121]. I?;y‘Wé;ig etal. © (2009) American
Chemical Society.
2.3.1.2 Transition Metal Oxide

Transition metal oxides (TMOs) (example: MnOz, RuO2, SnO2, WO3, Fe203, ZnO etc.)
have been used for fabrication of supercapacitors [125-129]. TMO’s valuable trait is its high
conductivity, availability, synthesis process, and recyclability. Besides, it has also long operation
time and shows larger specific capacitance. RuO. is the most prominent materials used in
supercapacitor applications due to high specific capacitance, power and energy densities.
2.3.1.2.1 Ruthenium Oxide

Ruthenium oxide (RuOy) in its hydrous form is considered to be superior to other materials
such as conducting polymers and carbon due to its higher specific capacitance. Among outstanding
features of RuOy, its stable multiple redox states and metal-like conductivity are the main reasons
of interest to their applications for supercapacitors [130].

Zheng et al., synthesized 2D RuO> using a sol-gel technique and fabricated electrodes by
mixing RuO2 powder with 5 wt % Teflon binder [131]. The electrodes were annealed at 150° C
and then tested in aqueous 0.5M H,S0; electrolyte at 2 mV s scan rate. They showed specific

capacitance as high as 720 F g. Their experiments also presented ~90% stability of the electrode

after 4000 cycles of charging-discharging test.
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Figure 2.7 Electrochemical characterization of the symmetric Ruy()lequ supercapacitor [129].
By Xia et al. © (2012) The Electrochemical Society.

In another study by Xia el al., a nanocrystalline hydrous RuO2 was used to fabricate a
symmetric RuO2/RuQ> supercapacitor with a wide voltage widow (1.6 V) [132]. Figure 2.7 (a & b)
shows the cyclic voltammetry and galvanostatic charging—discharging at constant current at
different rates and current densities of a symmetric RuO2/RuO; supercapacitor. Both three-
electrode cell and two-electrode cell were used in aqueous NaSOa electrolyte. They showed
specific capacitance as high as 236.1 F g and 52.66 F g* and with good electrochemical stability
around 92% of the initial capacitance as shown in Figure 2.7 (b).

However, despite the promising results from RuOz2, the major downside is the high cost of
the material. A solution for reducing the cost is to employ the material in a composite.
2.3.1.3 Transition Metal Dichalcogenides

Transition metal dichalcogenides are known as layered two-dimensional materials.

Examples of most commonly used transition metal dichalcogenides for the electrodes are MoSa,
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molybdenum diselenide ‘MoSe>’, tungsten disulfide ‘WS>, and titanium disulfide ‘TiS2’. Among
them, MoS: has attracted recent attention as one of the best electrode materials because of a
combination of physicochemical and electrochemical properties, such as redox active structures
with wide range of oxidation states (+2 to +6) as well as high specific surface area [133, 134].
MoS: can be produced with various methods such as ultrasonic treatment in specially chosen
solvents, mechanical peeling and chemical vapor deposition [26, 135-137]

2.3.1.3.1 Molybdenum Disulfide

Molybdenum Disulfide (MoS) is considered as an excellent candidate material for
electrochemical energy storage. One of the most valuable characteristics of MoS; is its high
catalytic activity, which can also be used in hydrogen generation and sodium/lithium batteries
[138-140].

Recently, enormous research interest has been attracted toward MoS; as a suitable
electrode material for supercapacitor and batteries applications[141]. Flower-like morphology of
the MoS; is the most studied morphology [141]. In one method developed by Wang et al., the
hydrothermal method was applied for the MoSz nanostructure synthesis [69]. The morphology of
the flower-like MoS: is shown in the low/high magnification SEM images (Figure 2.8 (a & b)).
Uniform 3D MoS> nanostructures with 300-500 nm diameters were composed of intercrossed
curved nanoflakes. Electrodes made of such structures presented specific capacitance of 168 F g
in 1 M KCI aqueous solution electrolyte. Also, a long-term stability of ~92.6% after 3000 cycles

was obtained at a current density of 1 A g.
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Figure 2.8 ka &\b) ow/hiéh magnification SEM images of the flower-like MoS; and (c, d & e)
HTEM and atomic construction of MoS; solid-state phase [70, 139]. By Wang et al. © (2014)
Royal Society of Chemistry and Liu et al. © (2012) John Wiley and Sons.

Another important factor of MoS: is the d-spacing, which controls ion diffusion in MoS,.
An expanded d-spacing of 0.66 nm has been demonstrated in a study by Liu and co-worker [142].
Figure 2.8 (c) shows TEM images of highly porous MoS; as well as its layered lattice structure. A
rod-like MoS> with a lattice spacing of 0.66 nm, corresponding to (002) crystal plane, is shown in
Figure 2.8 (d). The fabricated structure had a specific charge density of 608 mAhglat10Ag?
in a non-aqueous electrolyte. However, the low bulk conductivity of MoS; thin films is a major
weakness of the material [143, 144]. The problem can be addressed by using nano-sized MoS; or
in nanocomposite materials (will be discussed in details in this dissertation).
2.3.1.4 Conducting Polymers

Like TMOs, conducting Polymers (CPs) are able to store charges via pseudocapacitive effect.
CPs are organic materials that have attracted researchers’ interest due to their conductivity, low

cost, simple synthesis methods and electrochemical properties. The conduction mechanism in CPs

relies on the conjugated structure at the backbone of the polymer chains. Some of the valuable
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characteristics of CPs are high charge density, reversible faradaic redox nature and fairly low cost
in comparison to metal oxides and transition metal dichalcogenides [10]. Among many different
CPs, a few polymers that have been studied extensively for various applications are: polyaniline
(PANI), polyethylenedioxythiophene (PEDOT) and polypyrrole (PPy). The chemical structure of

these polymers is shown in Figure 2.9.

3 )
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Polyethylenedioxythiophene ~ Polypyrrole
(PEDOT) (PPy)

Figure 2.9 Chemical structures of polyaniline, polyethylenedioxythiophene and polypyrrole.

In situ self-assembly, photochemical polymerization electrochemical polymerization, and
chemical vapor deposition are examples of CPs’ synthesis techniques [145, 146]. Also, various
forms of CPs such as nanorods, bulk powder, nanowalls and nanosheets can be fabricated [12].
Due to these fascinating characteristics, CPs have been utilized as a new, but competitive material
for fabrication of electrodes for supercapacitance. One drawback of CPs it that they can suffer
from cycling degradation due to the mechanical stress on them during charge-discharge cycles
[147].
2.3.1.4.1 Polyethylenedioxythiophene

Polyethylenedioxythiophene (PEDOT) is an excellent conjugated polymer that has been

extensively studied due to its outstanding chemical and electrochemical stability compared to other
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CPs. Some of the advantages of PEDOT include superior conductivity, even in the undoped state,
and larger electrochemical window among all CPs, as well as a low band gap of ~1.5 eV [148].
These remarkable features inspired researchers to investigate PEDOT based supercapacitors [78,
149-151]. The structure and morphology of CPs is an important factor that can influence the
properties and performance of these materials in solid-state forms. The nanostructured CPs
(example: nanorods, nanotubes, nanowalls, nanofibers, etc.) can enhance their electrochemical
stability [152]. For instance, Laforgue [153] have obtained PEDOT nanofibers (diameters ~350
nm) using electrospinning and vapor-phase polymerization methods to fabricate textile flexible
supercapacitors. The resulting supercapacitor displayed very high flexibility and conductivity,
with long-term stability but low supercapacitor performance compared to the previous materials.

In another work, Liu et al. demonstrated that engineering the structure and morphology of
PEDOT can dramatically improve both the electrochemical performance and stability of the
material [80]. In their method, PEDOT nanotubes were synthesized electrochemically in a porous
alumina template. Following the template structure, the PEDOT electrode had a high level of
porosity with convenient paths for fast diffusion of ions. Consequently, high power and energy
densities of 25 kW kgt and 5.6 W h kg™* were reached with a potential window of 1.2 V.
2.3.1.4.2 Polyaniline

Polyaniline (PANI) is known as one of the most promising conducting polymers for positive
electrode in energy storage devices [151, 154, 155]. Some of the most promising features of PANI
are its low cost, excellent conductivity, doping-dedoping characteristics, as well as variable
oxidation states. PANI can achieve the maximum doping level of 0.5 of p-typed PANI with a

capacitance up to 240 F g in an acidic electrolytes [10]. PANI can undergo electrical and
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chemical synthesis with use of materials such as flexible substrates, nickel, carbon and stainless
steel [156].

The wide range in the specific capacitance of PANI based supercapacitors is due to several
important factors such as polymer morphology, synthesis method, mass loading and type of
binders. This makes PANI the have the most variable specific capacitance compared to other CPs.
For instance, Fusalba et al prepared a PANI based supercapacitor using an electrochemical method
with carbon paper electrodes, and measured the specific capacitance to be 150 F g? in a

nonaqueous electrolyte [155]. In another work, PANI doped with HCI and LiPFs was synthesized

chemically by Ryu et al [157].

(a & b) PANI+HPCM [155]. By Fan

et al. © (2007) John Wiley and Sons.

The stability and electrochemical performance of PANI can be enhanced by using parent
templates as a porous support. The SEM image in Figure 2.10 shows that the PANI particles
(average sizes of around 50 nm) were deposited on a hierarchically porous carbon monolith
(HPCM) that was used as a support, and to make it more stable with high capacitance [158]. The

cycling performance was investigated at different discharging currents, and only showed a 7% loss
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compared to the original specific capacitance. Additionally, no binder was needed for the electrode
fabrication, which can reduce the fabrication cost.
2.3.1.4.3 Polypyrrole

Polypyrrole (PPy) is yet another p-type CP that has been used extensively for supercapacitor
applications [159-163]. It is also considered as one of the promising for Faradaic pseudocapacitor

applications. PPy is also known for its fast charge and discharge mechanism, high energy density

and conductivity, low cost, as well as good thermal stability.

Relative Intensity
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Figure 2.11 (a) The FTIR spectrum of the as-synthesized conductive polypyrrole (PPy) hydrogel,
(b) SEM image showing the microstructure of a piece of dehydrated hydrogel and (c) TEM image
showing the top view [161]. By Wang et al. © (2014) Royal Society of Chemistry.

Recently, PPy hydrogels have been used in the production of flexible electrodes by Shi et
al [164]. Nanostructured PPy was obtained via interfacial polymerization technique. The

absorption peak of FTIR spectra shown in Figure 2.11(a) confirmed the formation of PPy. The 3D
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porous structure of PPy with hollow spheres is shown in SEM and TEM images shown in Figure
2.11 (b and c), respectively. The specific capacitance of the flexible symmetric PPy hydrogel
supercapacitors was ~380 F g~* using PVA-H2S0; as the electrolyte.

Flexible PPy coated papers have been fabricated via chemical oxidative polymerization as
shown in Figure 2.12(a). This method can be used for making highly conductive paper-based
electrodes at a very low cost [163]. The tape test was applied to investigate the mechanical
adhesion of PPy film as shown in Figure 2.12(b). The PPy film showed strong mechanical property
of the PPy film (Figure 2.12(c)). The measured electrical conductivity of the PPy coated paper was
(15.0 S cm™1) which was higher than the pure PPy film (1.14 S cm™) [165]. The flexible PPy/paper
supercapacitor exhibited high energy density and power density, with values of 1 mW h cm™ and

0.27 W cm3, respectively.

@?, Soak *Q*
Paperl @

Figure 2.12 (a) The fabrication method of PPy coated papers, (b) a cross-section SEM image of
PPy coated papers and (c) the tape test on the PPy film [160]. By Yuan et al. © (2012) Royal
Society of Chemistry.
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However, the main drawback of using CPs in general is poor cycling and stability due to
volume change and chemical/mechanical degradation during repeated doping and de-doping
processes [147]. One of the ways to mitigate this problem is by fabricating nanocomposite
materials, which are discussed in the next section.
2.3.1.5 Nanocomposite Materials

Nanocomposite materials have been used widely for fabricating electrodes of commercial
supercapacitors [166]. However, non-composite materials have some limitations. For instance,
conductive polymers (CPs) can have higher specific capacitances than carbon-based materials, but
generally they have lower cycle stability. The stability issues in CP based electrodes can be
addressed by formation of a nanocomposite with graphene [102, 167]. RuO: also possesses high
specific capacitance [168], but electrodes made of only RuO. are extremely expensive. A
composite of a CP and RuO; offers a promising combination of superior capacitance performance
with cycle stability [169]. Hence, in recent years, extensive research has been conducted to study
and develop composite materials for commercial applications in supercapacitors.
2.3.1.5.1 Conducting Polymers/Metal Oxide

Due to the unique features of CP and TMO composites, these new materials are considered
next generation materials. Their ability to provide higher pseudocapacitance through bulk redox
reactions and the enhanced conductivity of the material are very promising properties [169, 170].
Another benefit is that their price is much lower than a pure TMO-based electrode.

In 2008, Zang et al proved that RuO2 can enrich the capacitance of a CP [170]. The
capacitance of well-aligned cone-shaped nanostructured polypyrrole showed an increase of three
times after coated with a thin layer of RuO2. Another study showed the same effect, where the

specific capacitance was increased by loading hydrous RuO: particles in a PEDOT-PSS film
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(Figure 2.13 (a & b)) [171]. The combination of both materials can enhance features of each
component and create an excellent material. In addition, CPs can reduce the aggregation of some
TMOs via steric and electrostatic stabilization mechanisms, which enhance the distributing
properties of TMOs on the CP matrix, as well as mechanical adhesion of the CP and TMOs in the

composite and to the current collector [171].
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Figure 2.13 (a) CVs of (i) PEDOT-PSS (inset) and (ii-Vi) PEDOT-PSS-RuO2-xH,O composite
with different cycles at a scan rate of 50 mV s* and (b) galvanostatic charge—discharge of: (i)
PEDOT-PSS and (ii-iV) PEDOT-PSS-RuO2-xH.0 with different cycles. The inset is the variation
of the capacitance with cycle numbers for the PEDOT-PSS-RuO2-xH.O composite [168]. By
Huang et al. © (2006) Elsevier.

On the other hand, TMOs can enhance the electrochemical properties and cyclability of
pure CPs. A study conducted by Song and coworker, showed chemical polymerization and
electrochemical deposition techniques to prepare PANI/Nafion/RuO2 composite electrodes [169].
Figures 2.14 (a & b) shows their composite improved not only the specific capacitance, but also
cyclability of the material in comparison with pure PANI. The specific capacitances of

PANI/Nafion/RuO; and pure PANI found to be 475 F g~* (scan rate of 100 mV s™%) with stability

of about 80 % and 62% up to 10000 cycles, respectively.
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To tackle the poor conductivity issues of the metal oxide, Hou and coworkers have used
CNTs and PEDOT with MnO; to fabricate (MnO2/CNTs/PEDOT) nanocomposite electrode for
supercapacitor applications [23]. Carbon nanotubes have been prepared via chemical vapor
deposition technique before using ultrasound-mediated techniques to synthesize a MnO2/CNT
composite. PEDOT-PSS was used as a binder to enhance the electrical conductivity and
electrochemical performance of the electrodes. The electrode exhibited a specific capacitance of

427 F g (at5 mA cm?, 1 M KCI) and retained ~99% capacitance after 10000 cycles.
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Figure 2.14 (a) The specific capacitance of three types of electrode as a function of scan rate and
(b) the specific capacitance of types of electrode recorded as function of cycle number both
recorded in 1.0 M H2SOg4 solution in voltage range of —0.2 to 0.8 V [166]. By Song et al. © (2007)
Elsevier.

Another TMO, titanium oxide (TiO2), was used with PANI as a composite supercapacitor
electrode material by Mujawar and coworkers [172]. A composite was made between PANI and
titanium oxide nanotubes via the electrochemical polymerization method. PANI nanotubes grew
in the titanium nanotube template. Aniline was first polymerized along with the titanium nanotube
template, before the pore PANI was coated to the top of the titanium nanotube template, then

planar sheets and circular nanotubes of PANI were added to the outside of the template. In order

to investigate the electrochemical performance and cycling stability of the TiO2/PANI
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supercapacitor, cyclic voltammetry (CV) and a galvanostatic charge—discharge technique were
used in 0.5 H,SO: electrolyte at scan rates of 10 to 50 mV s and a current density of 3 A g2,
respectively. They achieved a specific capacitance of 740 F g and the capacitance dropped by
only 13 % after 1100 cycles.

2.3.1.5.2 Conducting Polymers/Graphene

Graphene has a very unique characteristic, which is a one atom-thick, 2D structure.
However, a nanocomposite of graphene and CP also possess features such as high thermal and
electronic conductivity, high specific surface area, fantastic mechanical strength and inherent
flexibility that have attracted attention for studying CP+graphene composites [173]. The composite
has also been studied for applications in flexible electrostatic electrodes [174, 175] and
electrochemical devices where transportation of ions is required [176, 177].

Sahoo et al., used CP/graphene materials to develop flexible and uniform graphene/PPy
nanofiber composites [178]. The nanocomposite was synthesized using the process depicted in
Figure 2.15 (a). The electrochemical studies reveled energy density of 165.7 Wh/kg and
capacitance value of 466 F g, with the capacitance having decayed 15% after 600 cycles. Our
group employed the chemical oxidative polymerization technique using ammonium
peroxydisulfate [(NH4)2S20g)] to synthesis graphene/PANI [179], graphene/PEDOT [180],
graphene/PPy [181] and graphene/polythiophene [182] nanocomposite materials. These studies
have revealed that the specific capacitances exceeding 400 F g%, 374 F g1, 270 Fgtand 154 Fg'?
using aqueous electrolytes, respectively.

In situ oxidative polymerization method was used to fabricate PANI and graphene for
supercapacitor electrodes [183]. The approach demonstrated enhanced specific capacitance

compared to pure PANI. In that study, Yan et al. reported nanoparticles of PANI grown on

33



graphene nanosheets for supercapacitors. Graphene nanosheets were first prepared via chemical
reduction of exfoliated graphite oxide with hydrazine hydrate. Then the composite of graphene
and PANI was obtained by polymerization of PANI. Figure 2.15 (b) illustrates the significant
increase in the specific capacitance of the composite to 978 F g~* while the specific capacitance of

pure graphene and pure PANI was 169 F gt and 46 F g2, respectively.
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Figure 2.15 (a) Schematic diagram for the synthesis of graphene/PPy nanocomposite and (b) CV

of graphene, PANI and graphene /PANI composite [175, 180]. By Sahoo et al. © (2013) Elsevier

and Yan et al. © (2010) Elsevier.

Another [174] report on the performance of graphene/PANI composite showed about 10
times increase in the conductivity (5.5 x 10> S m™) than that of pure PANI (50 S m™?). The
structural comparison of graphene/polyaniline, pure graphene and pure PANI are shown in Figure
2.16. Cross-sectional SEM images (Figure 2.16 (¢ and d)) revealed the layer structure of
graphene/PANI with PANI nanofibers sandwiched between the layers of graphene. Furthermore,
increases in electrochemical performance and stability of the graphene/PANI supercapacitor are
shown in Figure 2.16 (a & b), which was attributed to the low internal resistance “IR drop”

compared with pure PANI.
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Figure 2.17 (a) XRD spectra of pristine GO, random connected PANI nanowires, and PANI-GO
nanocomposite and (b) SEM images of PANI-GO nanocomposites [182]. By Xu et al. © (2010)
American Chemical Society.

The use of graphene/CP composites as an active electrode material for supercapacitors was
extensively investigated due to the extraordinary electrochemically accessible area and lack of the
graphene aggregation [184]. PANI nanowires arrays, for example [185], were obtained on the

graphene nanosheets via dilute polymerization including initial nucleation, followed by
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homogeneous nucleation of aniline in graphene aqueous solution. The possible interaction between
PANI nanowires arrays and graphene nanosheets was measured by XRD and SEM
(Figure 2.17 (a & b)). The XRD patterns of pure PANI and graphene/PANI composite shows
20 peaks at 20.12° and 25.26° which reveal the successful polymerization of PANI. The high
intensity peak of 10.04° is attributed to (002) graphene diffraction planes while absence of the
peak of graphene at is confirmed that PANI effectively decreases the graphene nanosheets
aggregation. Morphological investigation confirmed that PANI nanowire arrays were successfully
synthesized on the graphene nanosheets. A high specific capacitance of 555 F g™ was obtained for
graphene/PANI composite while the pure PANI showed only 225 F gt at 0.2 A g .
2.3.1.5.3 Conducting Polymers/Molybdenum Disulfide

The unique combination of transition metal dichalcogenides and CPs has been explored for
applications in supercapacitor electrodes [26, 141]. Addition of nanostructures of dichalcogenide
materials to a CP can increase the specific capacitance and also reinforce the polymer, preventing
the swelling and/or shrinking of the CP during charging/discharging cycles [67]. In the
nanocomposite electrode materials, the goal is to utilize the outstanding features that each single
material has to offer. Some of the advantages of using MoS, (a promising alternative to
graphene)/CPs nanocomposites are enhanced electrical conductivity, improved electrochemical
redox properties, increased voltage window, provides simplistic synthesis process and reduced
volume expansion and agglomeration of MoS> [72]. Although metal oxides and CPs have already
revealed superior results, the challenge for mass production of those composites are the fabrication
costs, and toxic and environmental problems (very small doses of RuO2 can potentially be
harmful). Transition metal dichalcogenides and CPs nanocomposites have been considered eco-

friendly materials [26, 186, 187]. M0S,/CPs have been synthesized through several methods.
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Chemical oxidative polymerization and in-situ polymerization are the most commonly used

synthesis techniques [26].
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Figure 2.18 (a-c) The preparation process of a “pizza-like” MoS2/PPy/PANI ternary nanostructure,
(d) XRD patterns and (e) Raman spectra of pure and nanocomposite materials [185]. By Wang et
al. © (2016) John Wiley and Sons.

Wang and coworkers demonstrated the synthesis of a “pizza-like” MoS2/PPy/PANI ternary
nanostructure using a solvent-exchange method for MoS,, followed by in situ polymerization of
pyrrole, and in situ growth and attachment of PANI (Figure 2.18 (a-c)) [188]. In order to attain the
successful synthesis processes and give some information about the hybridization of MoS,/CPs,
X-ray diffraction (XRD) and Raman spectra of the related materials are shown in Figure 2.18 (d
& e). The XRD pattern and Raman spectra of MoS2/PPy/PANI validate that the MoS2/CPs are
successfully attached. Among all of them, the MoS2/PPy/PANI nanocomposite presents the best
electrochemical performance with great cycling stability for supercapacitors.

A study by Ma et al. has incorporated PPy into flowerlike MoS; with intertwined sheet-

like subunits to form supercapacitor electrodes [189]. This study proposed two methods to

synthesize the nanocomposite electrode materials to further improve both capacitance and cycling
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performances. First, a hydrothermal method was applied to prepare MoS with graphene-like
structure then in situ oxidation polymerization to prepare MoS,/PPy composite in order to provide
a path for ions movements (Figure 2.19 (a)). Significantly, the cycling performance has increased
from around 69% (pure PPy) to 90% (PPy/MoS. nanocomposite) after 500 cycles as well as the
specific capacitance of 235 F g (MoS,), 285 F g (pure PPy) and 554 F g (PPy/MoS;

nanocomposite) as shown in Figure 2.19 (b and c).
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Figure 2.19 (a) The synthetic methods of PPy/MoS, nanocomposite, (b) CV and (c) the specific
capacitance as a function of scan rate of pure and nanocomposite materials [186]. By Ma et al. ©
(2013) Elsevier.
2.3.2 Electrolytes

The electrolyte is another supercapacitor component which plays a key factor in

supercapacitor performance. Two major types of electrolytes are liquid and solid-state electrolytes

(Figure 2.20). A brief overview of these electrolytes and their effects on supercapacitor
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performance are reviewed in this section. Considerations in selecting ideal electrodes

supercapacitors can be listed as follows:

e Wide operational voltage window

e High ionic conductivity

e Thermally, chemically and electrochemically stability

e Compatibility with electrode’s active materials

e Wide operating temperature range

e Low cost

e Environmentally friendly

for

Electrolyte
|
\ |
Liquid electrolyte El%lé?rz:;zg
|
| | \ |

Aqueous Organic T Organic Inorganic
electrolytes electrolytes Tonic liquids (ILs) electrolytes electrolytes

Figure 2.20 Classification of electrolytes for supercapacitors.

2.3.2.1 Liquid Electrolytes

The three types of liquid electrolytes that are being extensively investigated, fabricated,

and commercially produced are: aqueous, organic, and ionic liquids. A comparison study between

these electrolytes is listed in table 2.5 [190, 191]. The acid (HCI and H.SO), base (KOH and

NaOH) and neutral (KCI and Na2SOa) electrolytes are the main aqueous electrolytes which provide

researchers many keys in order to enrich the performance of the supercapacitor. Also extensive

academic studies have utilized aqueous electrolytes due to their extraordinary mechanism of
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proton transport and high conductivity associated with the low cost and easy to synthesize and
fabricate in an open environment.

Table 2.5 Liquid electrolytes comparison.

Type Advantages Disadvantages
High ionic conductivity, low internal | Low working potential window
AQUEOUS resistance, inexpensive, abundance, (~1.2'V), low energy density.
g environmentally friendly, low-toxicity | High corrosion and less cycle-
and non-flammable. life (concentrated acids)

More expensive, lower specific
capacitance and ionic
conductivity than aqueous
electrolytes.

Extreme purification processes.
Toxicity and flammability
Widest voltage window (~ 2.7 V), high | Expensive, poor ionic

lonic liquids thermal, chemical and electrochemical | conductivity compared to the
stability. previous types

Wider operating voltage windows
(~ 2.7 V) which induce both the energy
Organic and power densities.

Non-corrosive which is compatible
with current collectors

2.3.2.2 Solid-State Electrolytes

Common classifications of solid-state electrolytes include organic (polymer) and inorganic
electrolytes [192]. Solid-state electrolytes have attracted much interest for the advantages of higher
operating voltage, high energy/power density, and excellent lifetime compared to aqueous
electrolytes. In addition, solid-state electrolytes incorporated with aqueous electrolytes (such as:
Poly(vinyl alcohol) (PVA) with HCI or H2SOs or H3PO4 and poly vinylidene fluoride co-
hexafluoropropylene (PVDF-HFP) with EMIM-BF4) can not only solve the encapsulation issue
(liquid-leakage free) but also provide flexible supercapacitors with minimum potential leakage
[193]. The major drawbacks when using solid-state electrolytes are the limited and permanent
electrode/electrolyte interface and the need for proper packaging technologies in order to maintain

wettability and avoid moisture resistance.
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2.3.3 Separators
A Separator material is used to prevent contact, and short circuits between the two
electrodes. The separator material is usually defined by the properties of the electrolyte type, for
example: polymer membranes or paper are usually unitized with organic electrolytes whereas glass
or cellulose fibers are used for aqueous electrolytes [194]. In order for optimum separator selection,
the following properties should be considered [195, 196]:
e Highly-porous and high ionic conductivity, to increase the ion mobility
e Chemically and electrochemically inert, to avoid reaction and resistance with the electrodes
and electrolyte materials
e Mechanically strong and with lower moisture, to inhibit pressure and volume changes
e Ultra-thin, to reduce equivalent series resistance (ESR)
e Thermally stable, to conserve the range of working temperature
2.3.4 Current Collectors
Current collectors play a role in the electrical charge transmission from/to the electrode’s
active materials as well as dissipate the heat generation within the electrical components, saving
the supercapacitor against heat damage. Current collectors are electrically conductive, chemically
and electrochemically stable. The most popular current collector’s materials are: aluminum, steel,
copper and graphite. Furthermore, synthesizing the active materials directly onto substrates works
as current collectors in the system. In order to enhance the capacitive performance, electronic
resistance at the current-collector/electrode interface should be reduced. The dislocation between
the electrode and current collector could be problem over repeated doping and de-doping processes
which not only maximizing the electronic resistance but also cause poor cycling and stability. One

of the ways to mitigate this problem is using polymeric binding agents, such as Nafion and NMP,
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to ensure thorough adhesion of the electrode materials onto the substrates. In many cases, the edges
and back of the substrates need to be insulated to prevent of any reaction within the electrolytes.
2.4 Manufacturers

Table 2.6 Different products offered by manufacturers.

ESR@ o Specific | Specific | Operating | Unit
Izgg?tulfliﬁlggi)r (CI::S) (\E/) 1kHz 6lf_?2|r:1ne Power Energy Temp. Price
(mQ) P~ | (kwikg) | (Whikg) (°C) (USD)
6
Maxwell 1%02503/8&
Technologies | 3000 2.7 0.29 59 6 -40~65 | 65.9
Inc. [197] 1,500 hrs
' @ 65° C
AVX 5x10° cycle.
Corporation | 3000 | 27 | 020 | @2°C | 5595 | 53 | -40~65 | 608
1,000 hrs
[198] @ 60° C
Nichicon 2000 Hrs
[199] 4000 | 2.5 2.2 @ 60°C - - -25~60 | 323.2
1x106 cycle.
Eaton @ 25°C
[200] 3000 | 2.7 0.23 1500 hrs 79kW | 3Wh -40~65 | 73.6
@ 65°C
1x10° cycle.
KEMET @25°C _
[201] 3000 | 2.7 0.2 1000 hrs 13.7 6 -40~65 | 100.1
@ 65°C
6
NessCap Co 1%02;}/ cCIe.
Ltd 650 2.7 0.6 1500 hrs 7.1 3.2 -40~65 | 39.6
[202] @ 65°C
5
lllinois 5"502;’3"’(:'9'
Capacitor 350 2.7 3 1000 hrs 3.845 5.452 -40~65 | 15.08
[203] @ 65°C

In recent years, the manufacturers and developers of supercapacitors are growing very fast.
The recent trend has shown that 50% of manufacturers offer non-flammable and non-toxic based

electrolytes, and are slowly replacing the propylene carbonate and/or acetonitrile based organic
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solvents used in supercapacitor applications. Table 2.6 shows the different types of supercapacitors

manufactured by various commercial companies.
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CHAPTER 3: ELECTROCHEMICAL PARAMETERS, CHARACTERIZATION
TECHNIQUES, TOOLS AND INSTRUMENTS USED TO EVALUATE THE
SUPERCAPACITOR PERFORMANCE

3.1 Introduction

In the previous chapter, the fabrication and design of supercapacitor devices and their
associated working principles were described. The capacitance, energy, power, internal resistance,
and cycle stability are the main fundamental parameters to be considered in the evaluation of a
supercapacitors’ performance. Therefore, the basic electrochemical characterization methods
including CV, CCCD and EIS are discussed in this chapter. Also, some advanced material
characterization techniques used for studying morphologies, structures and physical properties of
the electrodes are reviewed.
3.2 Electrochemical Cell Design for Performance Testing

Three-electrode and two-electrode configurations are the most electrochemical cell setups
used in electrochemistry. Both configurations were used in this project.
3.2.1 Three-Electrode Configuration

This approach focuses on a basic analysis of the electrode materials. It also governs the
potential across the electrode/electrolyte interface accurately. In this case, a reference/auxiliary
electrode, counter electrode and working electrode are used in the electrochemical cell. For
effective results, the reference electrode should be made with a material that has known redox

potential in order to measure the working electrode potential without current flowing thought it.

44



Silver/silver chloride (Ag/AgCl) and copper/copper sulfate are the most common aqueous
reference electrode materials [204].

The counter/auxiliary electrode is utilized to supply current and close the circuit in the
electrochemical cell. An inert material should be used for the counter electrode, usually platinum
meshes and larger in size than the working electrode to avoid current limitations [205]. The
working electrode is the most important part in this system where the reaction of interest is taking
place at electrode/electrolyte interface. In the preparation of the coated material, some binding
agents (such as Nafion and NMP) need on be used to maintain the structural integrity and prevent
the coated material diffusing away when entering in the electrolyte.

3.2.2 Two-Electrode Configuration

A two-electrode configuration is normally used for purposes of characterizing and testing
two active electrodes as a complete device. The two active electrodes are cathode and anode, with
a separator is located in between to avoid short circuits when the system is in operation. To collect
the current that is created in the system, metal plates are used which are connected to the outer
circuits. The two-electrode system can be similar to two capacitors that are placed in series.

On the above note, the projected area of the symmetric electrodes has to be twice as large
as that of the single electrode [2]. The specific capacitance that is obtained from the two electrodes
can be described as the device capacitance, whereas the material capacitance is referring to the
three-electrode capacitance.

3.3 Capacitance

Capacitance (C) is defined as the ratio of the particular charge stored in the plates of a

capacitor and the potential that exists between the plates. Capacitance is a significant parameter

that is evaluated when carrying out an analysis of supercapacitors. The units of capacitance are
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Farads, while specific capacitance is based on the mass contained within the active material and is
calculated in order to compare the performance between two electrodes that have different masses.
To calculate the capacitance of any materials, CV or CCCD techniques are used. The basics of
these two techniques are explained in the next section.
3.3.1 Cyclic Voltammetry

Cyclic voltammetry is a technique that can be described as sweeping the voltage potential
contained at the active materials of the working electrode back and forth through a potential
window width (E>-E1) at a predefined scan rate. The current (1) of the system is recorded and
plotted against the potential. In this case, the capacitance can be calculated by the use of equation
3.1 below:

[ i(E) dE

=B 7 (3.1)
2(E, — E))v

where the capacitance is related to C (F), instantaneous current i(E) is in (A), f; 2i(E) dE is the

integrated voltammetric charge for sweep in CVs, potential window width ‘(E2-E1)’ and potential
scan rate ‘v’ is in V s,

An ideal capacitor during the positive voltage sweep would be when the current has a
positive constant and the CV plot is a rectangle that is symmetric on the zero-current axis.
Nevertheless, ideal supercapacitors do not exist and the ones that are available never exhibit the
above-described conditions, although one can obtain results close to that under the idealized
conditions, for instance when using extremely low scan rates. There are a number of non-idealities
within realistic scenarios such as when operating at high scan rates. In this case, the interfacial
double layers never have sufficient time for formation because of the transport limitations of both

the electronic conductor (electrode) and the ionic conductor (electrolyte).
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Electrolyte degradation is another case that happens in all supercapacitor devices because
of a limited working potential window. For instance, the low working potential window (~ 1.2 V)
of aqueous electrolytes will electrolyze and form oxygen and hydrogen when a higher or lower
voltage is applied. This can have a negative effect on the device’s cycle durability.
3.3.2 Constant Current Charge/Discharge

Constant current charge and discharge represent a situation where a constant charging
current is applied until the maximum potential is achieved. After achieving the maximum potential,
a constant discharging current is utilized to the point when the minimum potential is reached.
During this time, the potential difference is monitored with respect to time. Data from charging-
discharging capacitors can be used to estimate their capacitances using the following equation 3.2:

I. At
it 3.2
C iF (3.2)

where discharge capacitance ‘C’ was expressed in (F), ‘I’ represents the current that is applied (in
A), while AE/At presents the slope of that discharge curve (in unit of V s). Dividing the mass of
active materials (in unit of grams) to the capacitance calculated from equations 3.1 or 3.2 will yield
the specific capacitance (Cs) in units of F g*. For the two-electrode configuration, the total of
masses of active materials at electrodes need to be added as mass 1 + mass 2.

Equation 3.2 uses the slope of the voltage change to calculate the capacitance, but often the
voltage profile shows a nonlinear response. When there is a decrease in the slope of the charge and
discharge curve, is an indication of charge transfer that takes place at the electrode and electrolyte
interfaces.

The charge transfer arises from the reactions that take place in the electrode and the

electrolyte. A reaction that degrades the electrolyte reduces the potential window and lowers the
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electrochemical stability of the electrolyte and the device. But the reaction that is used in a
pseudocapacitor is reversible. When the reaction is irreversible, it results in electrode degradation,
which is not desirable.

Another non-ideal behavior is the sudden voltage drop (IRdrop) at the point of shifting from
charging to discharging, specifically under a high current charging. The above represents ohmic
resistances, which are due to a combination of electrolyte and electrode resistances, as well as
other contact resistances, such as contact between the currant collector and electrode. The

supercapacitors DC equivalent series resistance (ESR) is estimated by using equation 3.3 below:

IRdrop
ESR = ——— 3.3
S on (3.3)

The ESR value needs to be as low as it can be in order to maintain the high current and
potential window width.
3.4 Energy Density

Analyzing the energy density of any supercapacitor is a key factor when it comes to
estimating the amount of energy stored when the device is in use in real-life applications.

For any supercapacitor, the specific energy density is calculated by equation 3.4:

ED = % Cs(AV)? (3.4)

where specific discharge capacitance ‘Cs’ is in unit (F g1), and AV’ was the voltage difference in
(V). Watt hour per kilogram (W h kg™) is the unit of the energy density, therefore, dividing by
3600 to convert seconds to hours. As discussed in Section 2.3.2, the use of organic ionic liquid

electrolytes is going to increase the potential window width and that will be key to resolving the
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issue of supercapacitors lack of high energy densities. Utilizing the organic electrolytes that have
a wider voltage window will definitely lead to the reduction of the supercapacitor’s power density.
3.5 Power Density

To investigate a supercapacitors deliverable performance, the power density needs to be
computed. The specific power density is expressed in watt per kilogram (W kg™?) calculated as
(equation 3.5):

_ED

- == 3.5
PD v (3.5)

where At (in unit of hour) represents the rate at which the cell is discharging or the discharge time,
which is obtained through galvanostatic charge or discharge.
3.6 Internal Resistances

Supercapacitors never exhibit ideal conditions despite many improvements to ensure that
they operate in an optimal way. The major contributor for the capacitors not to operate to their
required standards is the issue of internal resistance. ESR forms the major resistance in capacitors.
The devices include the electrolyte resistance as well as the contact resistance that exist between
the current collectors and supercapacitor’s electrodes. ESR affects the overall power that will be
obtained from the supercapacitor since it restricts the rate of charge and discharge. One of the
methods to compute the ESR has been already discussed in Section 3.3.2, whereas EIS is also
another method.
3.6.1 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is one of the techniques that is used to
calculate the ESR. This method gives further information about the electric properties of both

supercapacitor materials and devices. An alternating current with a wide frequency range is applied
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to the system and then the amplitude and the phase shift of the resulting current is measured. The
impedance data of the supercapacitor can be plotted either by the Nyquist or Bode plots. In order
to compute the resistive component, the Nyquist plot should be used, which utilizes the imaginary
component of the impedance against the real components. Within the Nyquist plot, the intersection
of the x-axis, which corresponds to the ESR value, while the semicircle diameter is attributed to
equivalent distributed resistance (EDR) or charge transfer resistance, which is the second type of
resistive component. The charge transfer has particular speed and that depends on the type of
reaction that is taking place in the cell, the concentration of the reacting products, temperature and
the potential of the system. In general, the reaction taking place between the electrode, and
electrolyte and the charge transfer is directly related to the number of pores in an active electrode.

In this case, the real capacitance (C’) and imaginary capacitance (C"”) can be calculated as [206]:

, B _Z"((D)

CO = Lz 59
" _ _Z,(w)

¢ L@ 1)

where o is the angular frequency, which can be calculated by w =2xnf and Z'(w) and Z"(w) are the
respective real and imaginary parts of the complex impedance Z(w).
3.7 Cycle Stability

Supercapacitors are preferred for having stable cycles. Commercial supercapacitors are
known to have a long life through which they will operate with great stabilities at full capacity.
Within a lab scale testing, 1000 to around 10,000 cycles are done for purposes of knowing the
cell’s durability. Stability test can be performed by comparing the first cycle to the final cycle of
either cyclic voltammetry or charge/discharge using constant scan rate or current density.

Extensive cycling has been noted to degrade the electrodes, that can induce corrosion of the cells,
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and that could lead to the reduction of the capacitance, while the ESR will increase. On that note,
making a comparison on the initial and final performance of any device offers clear vision into
how various components will work in real life use where they will be subjected to the real
conditions. On the other hand, the types of materials that are utilized have a great impact on the
cycle durability. Supercapacitors have static storage mechanism, which leads to superior stability
in comparison with batteries. Long cycle lifetime is one of the advantages of supercapacitors,
hence it should be cycled many times.
3.8 Self-Discharge

Supercapacitors are known to suffer from self-discharge. Self-discharge entails the gradual
decaying of its voltage when in full charge, resulting from constant leakage in the current within
the open-circuit cell. This self-discharge is known to reduce the power delivered and energy that
can be obtained from the supercapacitors, hence it is considered a big issue when it comes to
commercial applications. Various studies have been done to determine the reason for self-
discharge, such as Faradaic resistance, impurity reactions, and internal ohmic leakage pathways
[207]. An effective way to measure self-discharge is when the supercapacitor held at full constant
voltage then the voltage drop is recorded over time after the constant voltage supply is removed.

In order to develop an ideal electrode material for supercapacitors, suitable techniques were
used to assess the performance of the electrode materials. Due to the nanostructure of most of the
electrode materials that were used through these studies, a list of optical, physical, and structural
and conductivity measurements must be carried out to evaluate the properties of these
nanomaterials and further optimizing and validating the performance of the supercapacitor. The
techniques include XRD, SEM, TEM, Raman spectroscopy, PSA, FTIR and conductivity

measurements as shown in Figure 3.1 (a-h). Most of these techniques will be presented in the next
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three chapters of this dissertation. In addition, other tools and instruments were used to accurately
prepare the electrode samples. Figure 3.1 (h and i) shows all the measurement tools were used
throughout the work of this study. In addition, the Radiometer Analytical Voltalab 40 was used
for all electrochemical measurements (Figure 3.1 g).

3.9 Characterization Techniques of Materials for Supercapacitor Electrodes

~-\b Mﬂee ee

:’ &3 .«'.m) (w ) ) (&

(Poeren) (e ) (o pad| \

Figure 3.1 Instruments were used for all the characterizations (@) XRD, (b) SEM, (c) TEM, (d)
Raman spectroscopy, (e) PSA, (f) FTIR, (g) four-in-line probe setup, (h) Keithley source meter,
(i) analytical balance and (j) Radiometer Analytical VVoltalab 40.
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CHAPTER 4: POLYETHYLENEDIOXYTHIOPHENE AND MOLYBDENUM
DISULFIDE NANOCOMPOSITE ELECTRODES FOR SUPERCAPACITOR
APPLICATIONS!

4.1 Introduction

Electrochemical supercapacitors have become a new and revolutionized energy storage
field due to their specific capacitance, charging-discharging characteristics, compactness, power
density and energy density applications [208, 209]. The recent advancement has shown that 2D-
nanomaterials such as metal dichalcogenide nanosheets of MoS; or others could replace graphene
as candidate for obtaining high energy based supercapacitor electrode material [210-212]. The 2D-
dichalcogenide MoS:> reveals high specific capacity and cycle stability when used as anode in
lithium ion battery [140]. The 2D-layered MoS> shows double layer charge storage capacity, and
provides excellent supercapacitive properties due to the large surface area [133-135]. MoS; also
displays pseudocapacitance properties similar to ruthenium dioxide (RuO2) due the +2 to +6
oxidation states of Mo in the structure [134].

Various conducting polymers (PANI, PPy, PEDO) and polythiophene ‘PTh’) have been
used for supercapacitor applications due to their superior redox properties, high electrical
conductivity and environmental stability [9, 18, 179-181, 213]. PEDOT possesses fast redox

reactions, charging-discharging characteristics and stable conducting polymer, and it is used as an

1 T. Alamro, M.K. Ram, “Polyethylenedioxythiophene and molybdenum disulfide nanocomposite
electrodes for supercapacitor applications”, published 16 March 2017, Electrochimica Acta, 235
(2017) 623-631
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electrode material in various electrolytic solutions for supercapacitor applications [2,
214].However, conducting polymers also illustrate poor stability and recyclability due to the ohmic
polarization in several solvents for supercapacitors applications [215]. The stability and
recyclability of conducting polymers has been resolved by formation of nanocomposite with RuO»,
TiO,, carbon nanotubes, graphite, activated carbon, graphene, etc. [215-218]. MoS, composites
with CP have also been used as an electrode for supercapacitor applications [28, 189, 219].

The PEDOT/MoS, composite electrode materials are synthesized using exfoliation of
MoS; and in-situ polymerization technique, and applied for supercapacitor and lithium battery
applications [97, 220]. The surface analysis of the MoS>-CP nanocomposites has shown high
porosity and active surface area [221]. MoS; is a hydrophobic material, and its immiscibility in
water creates an issue for the successful synthesis of nanocomposites in aqueous media. We have
exploited the surface chemistry by using CTAB as surfactant for the presence of MoS:; in the
aqueous solution. The use of CTAB allowed MoS; to disperse uniformly in the resulting EDOT
based polymerizing solution. The EDOT was dissolved in the aqueous solution in presence of PSS
polyanions.

As demonstrated in this work, MoS,-PEDOT nanocomposite materials were successfully
synthesized using modified MoS. in aqueous media using surfactant. The simplistic synthesis,
superior electrochemical redox properties and higher specific capacitance of electrode material are
key in the foundation of practical supercapacitor applications for energy storage applications.

4.2 Experimental Details
4.2.1 Synthesis of M0oS2-PEDOT
The MoS>-PEDOT was obtained by chemical oxidative polymerization technique using

the monomer ‘ethylenedioxythiophene (EDOT)’ dissolved in a solution of 1 M HCI containing
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2 mg mlt of polystyrene sulfonate salt. The MoS; was dispersed in water using surfactant CTAB
before combining with dual oxidants containing a solution of 0.05 M ammonium peroxydisulfate
[(NH4),S,05)] and 0.05 iron chloride (FeCls) under controlled conditions.

Figure 4.1 shows 1:1 MoS,-PEDOT, 2:1 Mo0S2-PEDOT, and 1:2 MoS,-PEDOT,
nanocomposites which were synthesized by varying the ratio of EDOT to MoS;. The reaction
proceeded by mixing EDOT monomer with three ratios of MoS; in 1 M HCI containing PSS
solution for two hours. The ice bath was used to compensate the heat of exothermic reaction of
EDOT polymerization to PEDOT. The synthesized MoS,-PEDOT nanocomposite was vacuum
filtered, and washed thoroughly using deionized water, methanol & acetone and the
nanocomposite filtrate powder was dried at 100° C [180, 222]. All the chemicals, including the
EDOT monomer and MoS>, were purchased from Sigma and used as received.

4.2.2 Optical Characterizations of Films

The nanocomposite at various ratios containing MoS-PEDOT were optically
characterized using FTIR “Perkin Elmer spectrum one” and Raman “Renishaw inVia micro-
Raman spectrometer” techniques. A potassium bromide pellet was made with MoS2-PEDOT
nanocomposite powders for FTIR measurement while the Raman Shift bands were measured for
MoS2-PEDOT nanocomposite film on a silicon substrate.

4.2.3 Surface/Structure Characterization

Field Emission Scanning Electron Microscopy (FE-SEM, S-800, Hitachi, Japan) was used
to understand the surface morphology of the nanocomposites. TEM (Tecnai F20 high-resolution
transmission electron microscopy (HRTEM)) measurement was used on various nanocomposite

samples deposited on copper grid required for the measurement.
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The crystalline structure was studied using Powder X-ray diffraction (XRD) technique

(PANalytical X'Pert Pro MRD system with Cu Ko radiation (wavelength = 1.5442 A) operated at

40 kV and 40 mA).
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Figure 4.1 Schematic structures of molybdenum disulphide, PSS, EDOT and MoS,-PEDOT
nanocomposite.

4.2.4 Electrode Fabrication

The supercapacitor electrodes were made by mixing 1.5 mg of MoS,-PEDOT powder with
a 2-3% Nafion solution using a pastel and motor. Graphite, FTO and silicon substrates were used
to deposit the Nafion mixed MoS,-PEDOT nanocomposite. The MoS,-PEDOT with Nafion coated
substrates with defined area were dried at 100°C before insulating for any non-deposited substrate
area. The symmetric MoS,-PEDOT electrodes were used for supercapacitor study in both

2 M hydrochloric acid ‘HCI” and 2 M sulfuric acid ‘H2SO4 as electrolytes.
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4.3 Results and Discussion
4.3.1 Physical and Structural Characterization

The porous structure of MoS,-PEDOT nanocomposite is illustrated in SEM and TEM
images. Figure 4.2 shows SEM pictures of 1:2, 2:1 and 1:1 based MoS>-PEDOT nanocomposite
samples. The SEM pictures show the platelet structure for MoS», while the PEDOT has wrapped
around the MoS; similar to studies as shown in literature [97, 223]. The TEM pictures (Figure 4.3
a—C) depict that the PEDOT is wrapped with MoS: structure similar to the obtained SEM images.
However, TEM images also reveal the lattice structure conforming to MoS.. Figure 4.3 also shows
magnified HRTEM images of lattice spacing of 0.160, 0.18 and 0.225 nm corresponding to
1:1 MoS,-PEDOT, 1:2 Mo0S2-PEDOT and 2:1 MoS,-PEDOT nanocomposite structures,
respectively. The TEM studies further proved the junction leading to efficient transfer of electrons

between MoS; to PEDOT in the nanocomposite film on copper grid [142].

Figure 4.2 SEM pictures of (a) 1:2 MoSz-PEDOT (b) 2:1 M0S;-PEDOT (c) 1:1 MoS,-PEDOT
nanocomposite.
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Figure 4.3 TEM pictures of MoS>-PEDOT nanocomposites (a) 1:1 (b) 1:2 (c) 2:1 for MoS»-
PEDOT.
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Figure 4.4 FTIR spectra of (a) MoS2-PEDOT nanocomposite (b) PEDOT and (c) MoS: restacked
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Figure 4.4 (curves a—c) observes FTIR spectra of MoS,-PEDOT nanocomposite, PEDOT
and MoS; nanomaterial from 450-2000 cm™*. The infrared bands at 1385 and 1328 cm™* are due
to C—C and C=C stretching vibrations for thiophene ring. The bands at 1138 and 1098 cm™ are
due to C—0O—C stretching vibrations for ethylene oxide unit, and C—S stretching vibrations in
thiophene ring was pertaining due to the bands 977 cm™ and 673 cm™, and reveals the presence

of PEDOT in MoS,-PEDOT nanocomposite [224]. The infrared band at 493 cm™? stretching
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vibration depicted the presence of MoS,. The shift of the band between 500-1500 cm™* showed
C—H vibrations [225]. The IR peak at 465 cm ™ implied the presence of MoS; in M0S;-PEDOT

nanocomposite material.

1=1:1 MoS,:PEDOT
2 =1:2 MoS,:PEDOT
3 =2:1 MoS,:PEDOT
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Figure 4.5 X-ray diffraction of (1) 2:1 M0S2-PEDOT, (2) 1:1 M0S2-PEDOT (3) 1:2 M0S,-PEDOT
nanocomposite.
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The X-ray diffraction (XRD) patterns reveal angle 20 peaks at 14.40, 32.69, 33.51, 35.88,
39.56, 44.16, 49.80, 58.34 and 60.46 degree (Figure 4.5). The angle 26 in each composition 1:1,
1:2 and 2:1 for MoS,-PEDOT have been assigned for their respective planes at (002), (100), (101),
(102), (103), (006), (105), (110), and (112). The Mo0S,-PEDOT nanocomposite displayed
hexagonal structure regardless of any composition of MoS, and PEDOT in nanocomposite. The
well-defined planes observed in X-ray diffraction indicated of crystallinity in MoS,—PEDOT.
However, no characteristics peaks have been observed for PEDOT revealing the amorphous nature
of the material. The intensity of 26 at (002) plane was decreased for the rise of MoS; in PEDOT
in nanocomposite structure. The weight ratio of MoS, to PEDOT affected crystallinity of the
nanocomposite. The average particle size of each ratio has been estimated to be 90, 102, 104 nm

for MoS2-PEDOT (1:2, 1:1 and 2:1) in nanocomposite using Scherrer equation [226].
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Figure 4.6 Raman spectroscopy of (1) 2:1 MoS>-PEDOT, (2) 1:2 MoS>-PEDOT (3) 1:1 MoS»-
PEDOT nanocomposite.

Figure 4.6 for all curves shows Raman shift at 383, 410, 440, 575, 710, 988, 1256, 1263,
1440, 1454, 1530, 1550, 1565 and 1572 cm™* regardless of the ratio of MoS, to EDOT in MoS;-
PEDOT nanocomposite. Raman shift at 383 cm* and 410 cm™* were due to the El»g and A1g modes
for the presence of MoS: in the structure, as well as presence of the hexagonal structure of the
MoS; [227]. The Raman shift for the E',4 mode also revealed the layer dislocations of Mo to S
atoms. Aig mode is the representative of out-of-plane vibrations due to S atoms in MoS: structure
[228]. The Raman shifts at 1563 and 1531 cm™* are assigned to the anti-symmetric C=C stretching,
and could also be represented at polarization mode dispersion. The peaks at 1408, 1366, 1253 and
437 cm™ are due to C=C stretching, C—C single stretching, inter-ring stretching C—C and SO
bending for PEDOT:PSS type in MoS>-PEDOT nanocomposite thin films [229]. The band at
1442 cm™* has been found to resemble the C=C symmetric band in MoS,-PEDOT nanocomposite
[230]. The bands at 1505 and 1571 cm™ are due to C=C asymmetric stretching vibration of the

thiophene rings [231]. The shift band at 1539 cm™ is connected to asymmetric splitting vibrations
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[231]. Besides, shift bands at 1257 and 1366 cm™* are due to inter-ring stretching vibrations for
‘Co—Ca’ and stretching deformations ‘CB—CpB’ for MoS2-PEDOT nanocomposite structures [232,
233].

Figure 4.7 shows the particle size measurement of MoS,-PEDOT nanocomposite materials
1:2 (curve 1), 1:1 (curve 2) and 2:1 (curve 3) ratio of MoS>-PEDOT obtained using Zetasizer Nano
particle analyzer range. The Z-average size of the particles in liquid samples has been found to be
458 nm (1:2 ratio), 572 nm (1:1) and 882 nm (2:1) for MoS2-PEDOT nanocomposite particle. The
difference in the particle size determined through XRD and the particle size analyzer can be
explained by the agglomeration of the nanoparticles in the aqueous solution. However, we have
made the electrodes using Nafion, which is an organic based solution.

1= MoS2:PEDOT (1:2)

2 = MoS2:PEDOT (1:1)
3 = MoS2:PEDOT (2:1)
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Figure 4.7 (a) Particle size and (b) raw correlation of (1) 1:2 MoS2-PEDOT, (2) 1:1 MoS,-PEDOT
and (3) 2:1 MoS,-PEDOT nanocomposite.

4.3.2 Electrochemical Responses of Supercapacitor
The electrochemical measurements on various samples were performed using
electrochemical workstation (Volta lab). MoS2-PEDOT nanocomposite electrodes were tested in

both two and three electrode configuration using aqueous electrolytes at room temperature. In a
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three electrode configuration, Nafion was mixed with MoS>-PEDOT to coat a film onto the
graphite as the working electrode, platinum was used as the counter electrode and Ag/AgCl as the
reference electrode. Figure 4.8 (a and b) shows CV studies as a function of scan rates (5, 10, 20,
50 & 100 mV/s) for 1:2 MoS>-PEDOT nanocomposite electrode in 2 M HCI electrolyte for three
and two electrode configurations. Figure 4.8 (a) shows the oxidation peak at 0.55 V and reduction
peak at 0.3 V for the three electrode configuration, while Figure 4.8 (b) shows the oxidation peak
is at 0.8 V and the reduction peak at 0.7 V for the two electrode configuration, both at 5 mV/s.
There is a marked difference in peak position in both three and two electrode configurations.
However, there is a shift in both redox peaks as a function of scan rate and follows the typical

trend of any nanocomposite structure [18].
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Figure 4.8 (a) Three (b) two configuration cells CV of 1:2 MoS,-PEDOT nanocomposite
electrodes in 2 M HCl as a function of scan rates (1) 10 (2) 20 (3) 50 and (4) 100 mV s™.
Figure 4.9 (a and b) shows CV at various scan rates (5, 10, 20, 50 & 100 mV s1) in 2 M

H>SO4 for three and two electrode configurations. Figure 4.9 (a and b) shows a weak peak potential
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at lower scan rate and no redox peak potential at higher scan rate due to the lower reaction kinetics
in 2 M H2SO4 in M0S,-PEDOT nanocomposite. At 5 mV/s, the weak redox peaks at 0 and —0.2 V
as shown in Figure 4.9 (a) where in Figure 4.9 (b) the anodic peak is at 0.6 V and cathodic peak is
at 0.3 V. The SO42 is not able to replace any sulfur ions from the MoS; as well as the presence of
sulphur in PEDOT makes H2SOs a less reactive electrolyte in electrochemical studies. There was

an increase in the current as a function of scan rate, suggesting a reversible process.
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Figure 4.9 (a) Three (b) two configuration cells CV of MoS,-PEDOT (1:2 ratio) nanocomposite
electrodes in 2 M H2S0O4 as a function of scan rates (1) 10 (2) 20 (3) 50 and (4) 100 mV s,

The specific capacitance values of the supercapacitors from the respective cyclic
voltammograms are listed in table 4.1 (a and b) which have been calculated, using equation (3.1).
The estimated specific capacitance for MoS,-PEDOT has been found to be 452 F gt and 360 F g
! for three electrode and two electrode configurations in 2 M HCI acid. The specific capacitance

obtained for MoS>-PEDOT nanocomposite electrodes can be well compared with the results
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obtained by Wang et. al who have shown 405 F g* for MoS,-PEDOT composite synthesized using
exfoliation and in-situ polymerization technique [97].

Table 4.1 Specific capacitance of MoS>-PEDOT in aqueous electrolyte systems estimated using
CV studies for (a) symmetric and (b) 3-electrode configurations.

a)
Aqueous Electrolyte | Electrode material S(cr?lug;e Spemﬁz:chpl(;lcnance
5 209
2 M HCI 2:1 MoS2:PEDOT 20 190
100 142
5 257
2 M HCI 1:1 MoS2:PEDOT 20 230
100 195
5 360
2 M HCI 1:2 MoS2:PEDOT 20 345
100 311
5 177.5
2 M H2SOq4 2:1 MoS2:PEDOT 20 160
100 133
5 214
2 M H2SOq4 1:1 MoS2:PEDOT 20 197
100 161
5 288
2 M H2SOq4 1:2 MoS2:PEDOT 20 264.5
100 222
b)
Aqueous Electrolyte | Electrode material S L SIPETIIE GRS
(mV/s) GI'®)
5 317.5
2 M HCI 2:1 MoS2:PEDOT 20 303
100 274
5 369
2 M HCI 1:1 MoS2:PEDOT 20 355
100 212
5 452
2 M HCI 1:2 MoS2:PEDOT 20 445
100 403
5 261
2 M H2SOq4 2:1 MoS2:PEDOT 20 244
100 207
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Table 4.1 (Continued)

Aqueous Electrolyte | Electrode material S(c;q/;ge Spemflc(:chplf;lmtance
5 298
2 M H2SOq4 1:1 MoS2:PEDOT 20 277
100 230.5
5 367
2 M H2SOq4 1:2 MoS2:PEDOT 20 248
100 212.5

Table 4.2 Specific capacitance of MoS>-PEDOT in aqueous electrolyte systems estimated using
charging and discharging mechanisms for 2 and 3 electrode configurations.

Agueous Electrode material D_evice_ DIFEENELAE S_pecific
Electrolyte configuration current (mA) capacitance (Fg™")
2MHCI | 2:1 MoS2:PEDOT | Symmetric ig gg
2 M HCI 1:1 MoS2:PEDOT | Symmetric ig i(;;l
2MHCl | 1:2 MoS2:PEDOT | Symmetric ig ggg

2 M H2S04 | 2:1 M0oSz:PEDOT | Symmetric ig }‘2‘2

2 M H2SO4 | 1:1 M0S2:PEDOT |  Symmetric ig igé

2 M H2S04 | 1:2 M0oS2:PEDOT | Symmetric ig igg
2MHCI | 2:1 MoS2:PEDOT | Symmetric ig ggg
2MHCI | 1:1 MoS2:PEDOT | Symmetric ig ggg
2MHCI | 1:2 MoS2:PEDOT | Symmetric ig g;i

2 M H2SO4 | 2:1 M0S2:PEDOT | Symmetric ig ;gg

2 M HSO4 | 1:1 M0S2:PEDOT | Symmetric ig ggg

2 M HzSO4 | 1:2 M0S2:PEDOT | Symmetric ig ggi

Figure 4.10 shows the charging and discharging behaviors of 1:2 MoS>-PEDOT in a

2 M HCI aqueous solution. The charging and discharging is symmetric in the HCI electrolyte.
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Figure 4.11 shows the charging and discharging behavior of MoS>-PEDOT in a 2 M H>SOq4
electrolyte. Unlike the case with the HCI electrolyte, the charging and discharging in H2SO4
electrolyte is not symmetrical due to the slower electrochemical reaction kinetics for the presence
of SO472 ions in the solution. Data from charging-discharging the capacitors can be used to
estimate their specific capacitances using equation (3.2).

The specific capacitance has been estimated as a function of scan rate for the MoS,-PEDOT
nanocomposite electrodes as shown in tables 4.1 and 4.2. The specific capacitance of each
nanocomposite is greater in the HCI than H2SO4 based electrolyte due to faster electrochemical

kinetics in the HCI than H2SOg electrolyte.
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Figure 4.10 Charging and discharging mechanism in MoS,-PEDOT (1:2 ratio) supercapacitor in
2 M HCI electrolytic media at different discharging currents: (1) 10 mA and (2) 20 mA.
Figure 4.12 (curve 1-2) shows Nyquist plots of MoS,-PEDOT based supercapacitor
containing (1:2 ratio) in both (1) 2 M HCI, and (2) 2 M H2SOs electrolytic systems. The
electrode/electrolyte conductivity for H.SO4 was 0.4 ohm (Q) whereas HCI based electrolyte

shows 0.5 Q resistance. However, there is a variation in the Nyquist plot for H2SO4, but little
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variation has been observed for the impedance value for 2 M HCI cells. That is also consistent

with CV and charging-discharging characteristics of the nanocomposite electrodes.
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Figure 4.11 Charging and discharging mechanism in MoS,-PEDOT (1:2 ratio) supercapacitor in
2 M H2SOq electrolytic media at different discharging currents: (1) 10 mA and (2) 20 mA.
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Figure 4.12 Nyquist plots of MoS,- PEDOT (1:2 ratio) supercapacitor in (1) 2 M HCI, and (2)

2 M H2SOa.

Figure 4.13 shows the schematic diagram of three electrodes based electrochemical cell

configuration which shows the charged state (left) and discharged state (right) of supercapacitor.

The positive ions adsorption along with the large electrode surface area is illustrated in enlarged

view in Figure 4.13. There is clear charge separation between the working and counter electrodes
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due to the double layer and the positive charges in MoS>-PEDOT due to pseudocapacitive effect

in three electrodes based supercapacitor configuration.
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Figure 4.13 Schématic diagrams of an electrc;éfherﬁirbal pseudocapacitive supercapacitor showing
the charged (left) and discharged (right) states.

4.4 Conclusions

The MoS,-PEDOT nanocomposite was chemically synthesized by oxidative
polymerization of ethylenedioxythiophene (EDOT) and MoS2 using PSS polyanions and
surfactant CTAB under controlled conditions. The MoS2-PEDOT composite showed uniform
structure with plate like MoS; structure wrapped in PEDOT. The infrared spectrum was sensitive
to CH vibrations and showed shifts to identify the prominent changes in the polymer structure.
The Raman study has shown the CC asymmetric stretching vibration due to thiophene rings in the
middle and the latter due to those at the end of the chains. The XRD curves have revealed sharp
and defined peaks of MoS: indicating crystallinity in MoS,—PEDOT composite materials. The

specific capacitance for MoS,-PEDOT has been shown around 452 F g and 360 F g* for three
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electrode and two electrode configurations in 2 M HCI acid, respectively. Based on charging
discharging behavior of MoS,-PEDOT nanocomposite, it seems that higher concentration of MoS>
to EDOT causes better pseudocapacitive behavior for supercapacitor applications. 2 M HCI-based
supercapacitors exhibit an energy density of 52 W h kg%, and a power density of 4.8 kW kg at

the constant current density of 10 mA g for MoS,-PEDOT based supercapacitor electrodes.
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CHAPTER 5: PROCESSED POLYANILINE-MOLYBDENUM DISULFIDE
NANOCOMPOSITE ELECTRODES FOR SUPERCAPACITOR APPLICATIONS

5.1 Introduction

The rapidly increasing demand for energy storage devices has promoted further
development of electrochemical supercapacitors due to their unique high power density, charge-
discharge mechanism and superior stability. Recently, 2-dimensional (2D) materials (molybdenum
disulfide (MoS>)) layered nanocomposite with carbon materials (activated carbon fibers tows
[234], carbon aerogel [235], carbon nanotubes [236-239], graphene [70, 240-242]) and/or
conducting polymer (polyethylenedioxythiophene [26], polypyrrole [28, 189], polyaniline (PANI)
[67, 243] and so on) have been synthesized to obtain high specific power and specific energy in
asymmetric or symmetric electrodes for supercapacitors. Among them, conjugated PANI/ 2D-
layered MoS, nanocomposite materials have shown high stability, cost-efficiency and larger
surface area as well as reinforcement during the doping and undoping of counter ions in PANI
structure [141]. The specific power and specific energy in a supercapacitor are largely dependent
on the electrode material, its synthesis processes of obtaining nanocomposites, the electrode
fabrication process, its electrical conductivity and redox electrochemical properties [1, 244].

Conducting polymers (CPs) are promising electrode materials for supercapacitor
applications due to ease in synthesis, excellent electrochemical reversibility, high conductivity and
mechanical flexibility [157, 245-247]. However, the agglomeration and solubility of CPs can
influence their application in nanocomposites [248]. Among various CPs, PANI is one of the

promising materials for energy storage applications in pseudocapacitors due its multiple oxidation
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states. However, it is found that not only the electrical conductivity but also the solubility of PANI
for fabricating nanocomposites depends on the oxidation state of the polymer [249, 250].

Previous studies have employed different approaches to cover uniformly MoS; nanosheets
with a PANI coating layer to obtain nanocomposite electrodes for supercapacitor applications [72,
92, 251, 252]. Fabrication of PANI emeraldine salt (ES) two nanocomposites is challenging due
to insolubility of the polymer [253]. Therefore, we have introduced a new method in which first
MoS2/PANI ES | nanocomposite is synthesized, then the polymer is undoped to the emeraldine
base (EB) form. After mixing the material with N-Methyl-2-pyrrolidone (NMP), it is treated with
HCI to produce MoS,/PANI ES Il nanocomposite (Figure 5.1). The presented results show that a
very high specific capacitance can be achieved for a certain concentration of polymer in the
nanocomposite material.

5.2 Experimental
5.2.1 Synthesis of MoS2/PANI ES State One (ESI) Nanocomposites

By choosing appropriate oxidant (ammonium peroxydisulfate, (NH4)2S20s), chemical
oxidative polymerization technique was used to synthesis MoS2/PANI nanocomposite as
illustrates in Figure 5.1. In order to achieve the optimal nanocomposite electrode materials, various
amounts of aniline monomer (1, 5 and 10 ml) were used and labeled as MoS2 PANI-1, PANI-5
and PANI-10, respectively.

The aniline was first mixed in 60 ml of a solution of 1 M HCI and 0.025 M of (NHa)2S20s
in an ice bath while the MoS> (1 gm) was dissolved in deionized water using 100 mg of surfactant
cetrimonium bromide (CTAB). Simultaneously, 40 ml a solution of 0.025 M ammonium
peroxydisulfate in 1 M HCI was prepared for 2 hours before it was slowly mixed together with

aniline and MoS: solution to dedope the polymer. After stirring the final reaction for 12 hours in
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an ice-water bath, a dark green MoS;-PANI nanocomposite was obtained as ESI. Next, the
MoS2/PANI ESI nanocomposite was vacuum filtered, and washed using low-boiling solvents such

as acetone, methanol and deionized water then was dried at 100° C for 3 hours [179, 181].
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Figure 5.1 Schematic of MOSZIPANI ESI and ESII nanocomposite synthe3|s
5.2.2 Synthesis of MoS; ES State Two (ESII) Nanocomposites

As shown in Figure 5.1, the dried powder samples of MoS2/PANI ESI have been undoped
by using 50ml aqueous solution of 1 M sodium hydroxide (NaOH) to remove HCI and unreacted
organic constituents. The solution was stirred for 24 hours. The synthesized EB of PANI and MoS>
nanocomposite (MoS2/PANI EB) was washed, and filtered in a filter paper. The MoS2/PANI EBI
nanocomposite powder were dried at 100° C for 3 hours then mixed with NMP as binder prior to
depositing onto graphite substrate.

The MoS,-PANI nanocomposite was dedoped in 2 M of HCI for 2-minutes for attaining
MoS; and ESII of PANI nanocomposite material. All the chemicals, including the aniline

monomer and MoS;, were purchased from Sigma and used as received.
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5.2.3 Optical Characterizations of Films

The vibrational bands of PANI (ESI & ESII) and MoS2, MoS2/PANI (ESI & ESII)
nanocomposite powders were characterized using FTIR “Perkin Elmer spectrum one”
spectrophotometer. Potassium bromide (KBr) powder was mixed with 1% of nanocomposite
powders for obtaining pressed pellets for the FTIR spectra. Films of above materials were
deposited on a silicon substrate for the Raman measurement.
5.2.4 Surface/Structure Characterization

The morphology and structure of (PANI ESI & ESII), MoS; and MoS,/PANI (ESI & ESII)
samples was investigated by field emission scanning electron microscopy (FE-SEM, SU70, at
accelerating voltage of 5kV) where transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) images of MoS2/PANI (ESI & ESII) nanocomposites
were collected using Tecnai F20. The crystalline structure of all above materials were studied
using Philips Panalytical Xpert Pro MRD X-ray diffraction (XRD) technique with Cu Ka radiation
(wavelength = 1.5442 A) and 20 range from 10° to 70° where the Zetasizer Nano particle analyzer
range model was used for the average particle size measurement.
5.2.5 Electrical and Electrochemical Characterization

The four-point probe method was used to investigate the electrical conductivity of the pure
MoS and PANI ESI & ESII, as well as their nanocomposites. All conductivity measurements
were performed by placing a thin pellet (1 mm) under a custom-made four-probe setup connected
to a Kiethley (2602) source-measure unit. Whereas, the Radiometer Analytical Voltalab 40 was
used for all electrochemical measurements, the three-electrode configuration cell setup was
adopted with silver (Ag)/ silver chloride (AgCl) and platinum (Pt) wires as reference and counter

electrodes, respectively.
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5.2.6 Electrode Fabrication

Most of the supercapacitor studies on PANI nanocomposite are based on ESI. Since the ES
state of PANI is not processable, binder materials such as ‘Nafion’ or ‘camphorsulfonic acid’,
should be used to mix with the composite material to fabricate supercapacitor electrodes. In this
work, we have used NMP as a solvent and binder to EB form of PANI. The synthesized PANI EB
and MoS, nanocomposite powders were mixed with 0.1 M NMP and stirred thoroughly before
deposition onto graphite substrates (1 cm x1 cm). The edges and back of the substrates were
insulated before coating films. The coated substrates were dedoped in 2 M HCI for 2 minutes then
dried at 100° C. The electrolytic solutions was 1 M sulfuric acid ‘H2SO4’ in DI water.
5.3 Results and Discussion

5.3.1 Physical and Structural Characterization

R ) Y

Figure 5.2 SEM images of pure: (a & b) MoSy, (c & d) ESI and (e & f) E

Sl samle.
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To explore the nanostructure and intercalation of the porous network of PANI into MoS>
flakes, SEM was used. The FE-SEM images of the MoS,, pure PANI (ESI & ESI) and
nanocomposites of MoS>-PANI-ESI/ESII samples are shown in Figure 5.2 and 5.3. Smooth
surface of MoS; nanosheets was observed in Figure 5.2 (a & b). A continuous porous network due
to PANI dendritic nanofibers was obtained in Figure 5.2 and 5.3. As shown in Figure 5.3, PANI
was coated homogenously and acted as the conductive, connective and protective coating layer on
MoS,. Figure 5.3 (e and f) illustrates that PANI nanofibers were connected with each other,
consisting of porous networks formed by PANI, which could exhibit enhanced conductivity of
supercapacitor electrodes. In contrast, MoS2/PANI ESII nanocomposite shows that the PANI ESII

nanowire arrays on the top of MoS; could facilitate the electrolyte ions diffusion, resulting in high
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utilization of PANI’s surface and fast doping and undoping processes. The SEM studies confirm

that PANI was wrapping homogenously over entire surfaces of MoSz nanosheets.
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Figure 5.4 Low and high-magnification TEM im of: (a” & b) MoSz/PANI ESI and (c & d)
:\i/:]c;SdPANI ESII nanocomposites. Inset of (b & d) showing the interlayer spacing along the red

The TEM images (Figure 5.4) further confirm that uniform hexagonal MoS; nanosheets
were embedded in PANI layers with some well-defined edges and parallel lines due to the multi-
layered MoS; nanosheets. The unique interaction between PANI and MoS; was further recognized
using the high-resolution TEM (HRTEM). The contrast between the dark umps/edges of MoS:
and ultrathin PANI amorphous layers suggests a fine dispersion and uniform distribution of ESII

in the nanocomposite which is potentially beneficial for the supercapacitor applications The

HRTEM images in figure 5.4 (b and c¢) exhibit lattice fringes with the same clear interlayer spacing
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of 0.274 corresponding to the (110) plane of crystalline MoS> [254], consistent with the XRD
results.

To confirm the composition of the resultant nanocomposite material, the FTIR spectra of
the pure MoSz, PANI ESI and ESII as well as the MoS2-ESI/ESII nanocomposite materials are
provided in Figure 5.5. The absorption signals of PANI at 1639 and 1457 cm™ can be assigned to
the C=C stretching of the stretching vibration of the quinonoid ring and benzenoid deformation,
respectively [255, 256]. The peak at 1167 cm™ is attributed to the N=Q=N, where Q represents
the quinoid ring while the bends at 795 and 673 cm™ are due to the out of plane bending vibrations
of C-H [245]. The presence of MoS; is confirmed by bands at 669 and 468 cm™ which can be

ascribed due to S=S and Mo—S, respectively [225, 257].

S$=S Mo-S
669 468
600 400
ESI ESII
1900 1400 900 400 1900 1400 900 400
MoS,-ESI
MoS,-ESII
1900 1400 900 400 1900 1400 900 400

Figure 5.5 FTIR spectra of MoSz, ESI, ESII, MoS2-ESI and MoS2-ESII nanocomposites (from 400
to 2000 cm™).
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The interference of PANI into the MoS> nanosheets is further affirmed by Raman spectra
(Figure 5.6). The two broad bands at 384 and 409 cm™ are very characteristic of MoSz, which can
be attributed to E'4 (in-plane vibration of Mo and S atoms) mode and Aag4 (out-of-plane vibration
of S atoms) modes [258, 259]. Raman shifts of pure PANI ESI and ESII and their composites with
MoS; show same peak positons at: 1177, 1245, 1344, 1414, 1482 and 1622 cm™ are due to C-H
bending (benzenoid ring), C-N stretching (benzenoid ring), C-N stretching (quinoid ring), C-C
stretching (quinoid ring), C=N stretching (quinoid ring) and C—C stretching (benzenoid ring) of

PANI [260, 261][40, 41].
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Figure 5.6 Raman spectra of MoS», ESI, ESII, MoS,-ESI and MoS,-ESII nanocomposites.
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Figure 5.7 X-ray diffraction of (a) pure MoS; and MoS2-ESI, MoS»-ESII nanocomposites and (b)
pure ESI &

ESII.

XRD measurement was carried out to investigate the crystal structure of the
synthesized materials. The XRD pattern shown in Figure 5.7(a), displays 26 peaks at 14.4°, 29.1°,
32.7°, 33.5°, 35.8° 39.7° 44.2°, 49.8° 56.1° 58.4° and 60.1° which are designated to the (002),
(004), (100), (101), (102), (103), (006), (105), (106), (110), and (112) diffraction planes. Whereas,
the XRD pattern for pure PANI ESI/ESII (Figure 5.7b) has revealed trivial peak at 25.3°
ing to the (002) diffraction planes, suggesting the polymer amorphous phase [262].

Furthermore, the XRD patterns of MoS2-PANI ESI/ESII nanocomposites exhibit the similar peaks
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of MoS; alone, confirming the presence of MoS;, and no additional peaks has been presented.
However, the diffraction peaks intensities are lower than the pure MoS; indicating a homogeneous
mixture between PANI and MoSo.

In order to comprehend the particle distribution of the nanocomposites in water solution,
the particle size measurements were investigated. Figure 5.8 shows the particle size of the MoS,-
PANI ESI/ESII nanocomposites. MoS2/PANI ESII nanocomposite presented smaller particle size
which is key feature to gain higher electrochemical interface of the material in a supercapacitor

application [7].

=
= MoS,-ESII A
£
= MoS,-ESI
| | | || | A | | 1
0.1 1 10 100 1000 10000

. o Partical size/ nm
Figure 5.8 Particle size of MoS2-ESI and MoS2-ESII nanocomposites.

The electrical conductivity was tested using four-point probe test. As table 5.1 illustrates,
electrical conductivity as high as 19.6 S.cm™ was achieved of MoS,-PANI ESII. While the
electrical conductivities of MoS,, ESI, ESIl and MoS>-ESI were 4.5 x 107, 1.3, 4.5 and 10 S.cm™,
respectively. This clearly implies that the electrical conductivity of PANI was improved by adding
nanocomposite materials. A reason could be that MoS> had cross-linked many PANI chains and

also formed a more compact form of PANI.
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Table 5.1 Electrical conductivity of ESI, ESII, MoS2, MoS,-PANI-10 ESI and ESII.

Current/mA
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5.3.2 Electrochemical Responses of Supercapacitor
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Figure 5.9 CV curves of (a) pure ESI and its nanocomposites with MoS; at 50 mV s (b) pure ESII
and its nanocomposites with MoS; at 50 mV s* and (c) MoS,-ESII-10 nanocomposite at 5, 10, 20,
50 and 100 mV st all in 1 M H2SO4 electrolytic media.

The electrochemical properties of the active material were measured, using the techniques
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of CV, CCCD and EIS techniques. Figure 5.9 (a & b) exhibits the CV studies of MoS2, PANI
ESI/ESII and MoS; with different PANI content obtained by electrochemical workstation (Volta

lab) at a scan rate of 50 mV.s ™! in 1 M H.SO. while the current is normalized to the mass of the



electrodes Even with a wide potential window from E1 =-0.3 to E> = 1.2 V (vs. AgCI/Ag), the
electrolyte did not show any breakdown. Yet, because of the high value of scan rate (50 mV.s™),
no redox peaks were observed in most of the curves. In contrast, the nanocomposites have much
higher CV loop area than the pure PANI, suggesting much higher capacitance in the composite
material. More specifically, it is found that the loop area of MoS2/PANI ESII nanocomposite is
higher than that in the electrode with MoS2/PANI ESI (Figure 5.9 a&b) [134]. Figure 5.9 (b) shows
that MoS2/PANI-10 ESII was the best among other ESII nanocomposites. Further study of
MoS2/PANI-10 ESII was carried out by testing the sample at a very low scan rate (5 mV.s™) which
revealed a reversible redox system with peaks at 0.45, 0.27 and 0.13 V. This can be assigned to
the transformation of emeraldine to pernigraniline form of PANI (Figure 5.9 c). The peaks clearly
indicate a pseudocapacitive charge storage mechanism for all studied electrodes, as expected.
Using the CV results the materials specific capacitance (C) can be governed by equation
(3.1). At a scan rate of 50 mV.s?, the specific capacitances of PANI ESI and ESII, MoS; PANI-1
ESI and ESII, MoS2 PANI-5 ESI and ESII and MoS2 PANI-10, ESI and ESII were experimentally
estimated to be 203, 251, 321, 430, 384, 476, 430 and 480 F.g, respectively (table 5.2). Since
MoS2 PANI-10 ESII has the highest capacitance, Figure 5.9 (c) shows its CV curves at scan rates
from 5to 100 mV.s™,
Table 5.2 Specific capacitance of pure ESI and ESII and their nanocomposites with MoS; in 1 M

H2SO4 estimated using CV studies and charging and discharging mechanisms at a scan rate of 50
mV st and 20 mA discharging current, respectively.

Electrode material Specific capacitance Specific capacitance
Cs (Fg™h Cm (Fg™)
PANI ESI 203 224
PANI ESII 251 267
1:1 MoS2:PANI ESI 321 354
1:1 MoS2:PANI ESII 430 449
1:5 MoSz:PANI ESI 384 441
1:5 MoS2:PANI ESII 476 488

82



Table 5.2 (Continued)

Electrode material Specific capacitance Specific capacitance
Cs (Fg?) Cm (Fg™)

1:10 MoSz:PANI ESI 430 471

1:10 MoSz:PANI ESII 480 512

The plots of pure ESI and ESII and their nanocomposites with MoS; galvanostatic
charging—discharging behaviors at constant current are shown in Figure 5.10a. The faradaic
reaction mechanism could be occurring in charging and discharging processes due to nonlinear
shaped curves. The MoS2-PANI-10 ESII electrode exhibits a lower internal resistance than MoS.-
PANI-10 ESI sample due to the lower resistive drop and higher discharge time. That can be
attributed to the incorporation of MoS; nanoparticles into the processed PANI (ESII) which tended
to endow the nanocomposite with a fine dispersion and uniform distribution of nanoparticles
achieving a fast ion movement through the porous nanostructure. The electrode specific
capacitance (Cm) can be calculated using equation (3.2). As table 5.2 illustrates, the specific
capacitances of MoS, PANI-10 ESII was 512 F.g! which is slightly higher than calculated
capacitance from the CV results (481 F.gl). The obtained specific capacitance from MoS; PANI-
10 ESII nanocomposite (512 F g1) in this work is at least x2.5 higher than the results achieved by
Khawaja et. al (203 F.g™*) who have used PANI ESI and NMP as the binder [47].

EIS measurements were carried out to understand the electrode/electrolyte interface
properties of the nanocomposite materials. The Nyquist plots of MoS2 PANI-10 ESI and ESII are
shown in Figure 5.10 (b). Both curves consist of a small diameter semicircle and straight-line
behavior at the high and low frequency regions, respectively. Both devices presented a series
resistance of about Rs=0.6 Q. The charge transfer resistance (Rct) was estimated through the
diameter of the semicircles. The MoS2 PANI-10 ESII electrode showed an Rt of 1.9 Q, while the

Rt was about twice larger in the MoS2 PANI-10 ESI electrode.
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Figure 5.10 (a) Galvanostatic charge/discharge curves of pure ESI and ESII and their
nanocomposites with MoS: in 1 M H>SOg electrolytic media at 20 mA discharging current and (b)
Nyquist plots of (1) Mo0S,-ESI-10 and (2) MoS»2-ESII-10 nanocomposites in 1 M H2SO4
electrolyte.
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The presented electrochemical results clearly show that the composite of MoS2 PANI is
superior to the PANI films alone for the supercapacitor applications. Additionally, it is found that
MoS2 PANI-10 ESII shows the highest electrical conductivity and specific capacitance among all
other nanocomposites, which is likely due to the structure of the composite. The simple fabrication
process of the electrode materials for MoS, and PANI nanocomposites and their high specific
capacitance are encouraging for their use in commercial supercapacitors.

5.4 Conclusions

The MoS2-PANI nanocomposite was synthesized via oxidative chemical polymerization
method. However, the processing of MoS.-PANI nanocomposite materials were realized to
acquire MoS,-ESI, MoS,-EBI and MoS,-ESII states using doping and undoping processes. The
MoS./PANI EBI nanocomposite soluble in NMP allowed to coat over conducting substrates and
the heat treatment was made to obtain the electrode needed to measure the supercapacitance
properties. The MoS2/PANI EBI nanocomposite film coated over the conducting substrates were

dedoped in 2 M HCI to form MoS2/PANI ESII nanocomposite. The MoS>-PANI ESII
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nanocomposite revealed nanowire arrays of PANI wrapped in MoS2 nanosheet indicating rapid
doping undoping processes. The presence of MoS> and PANI in the nanocomposites were
emphasized using the infrared and Raman spectrum while the XRD measurement revealed
crystallinity in MoS,-PANI nanocomposite materials. The higher specific capacitances and
electrical conductivity of MoS>-ESII nanocomposite are indicative of cross-linking of PANI, and
further enhancing of compactness in composite structure. The specific capacitance was realized
experimentally to be 512 F g at current density of 20 A g in 1 M H2SO4 when the content of
aniline was 10 ml. The stability in electrodes, high specific capacitance, cost-effectiveness, and
changing-discharging behavior on MoS2/PANI ESII nanocomposite are indicative of practical

application in commercial supercapacitors.
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CHAPTER 6: HIGH SPECIFIC CAPACITANCE IN SOLID-STATE
SUPERCAPACITOR
6.1 Introduction

Supercapacitors have been one of the emerging energy storage technologies, with potential
applications in small electronics, hybrid vehicles, solar and wind farms [37, 263, 264]. The key
factors in a supercapacitor are specific capacitance, power, and energy densities, which are all
largely depending on the nature of electrode materials [265]. To obtain high performance in a
supercapacitor, the electrodes of the device have to be porous with a high surface to volume ratio
and high conductivity. Also, for employing the pseudocapacitive effect for enhancing a device’s
capacitance, the electrode material should present excellent electrochemical redox stability at a
wide potential window [263]. High specific capacitances have been reported in devices made of
nanocomposites of a conducting polymer with graphene, MoS;, and carbon nanotubes [18, 26,
179-182].

A practical method to enhance the porosity of the electrodes is to coat the composite
materials on the surface of a cellulose or sponge structure. Kang et al [266] fabricated a solid-state
supercapacitor with high surface area based carbon nanotubes on bacterial nanocellulose in
poly(styrene-block-ethylene oxide-block-styrene) based ionic liquid electrolyte. The electrodes
based on carbon nanotubes on bacterial nanocellulose had a specific capacitance of 50 F g.
Porous nitrogen doped carbon fibers made by Chen et al showed a specific capacitance of 202 F
g! by [267]. Xiao et al. measured a volumetric capacitance of 2.5 F cm™ in a solid-state

supercapacitor based on carbon fiber and manganese oxide core-shell fiber [268].
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Graphene aerogels showed specific capacitance of 325 F g in a sulfuric-based electrolyte
[269]. The supercapacitor fabricated by Xu et al. on a 3D sponge like nano-structure coated with
functionalized multi-walled carbon nanotubes had an energy density of 7.1 Wh kg™ and power
density of 48 kW kg in an ionic liquid-based electrolyte [270]. Chen et al. reported power density
of 63 kW kg and energy density of 31 Wh kg* with a manganese oxide and carbon nanotube
sponge-based supercapacitor [271]. Xu et al. have fabricated supercapacitors by coating graphene
oxide on polyurethane based sponge and achieved energy density of 89 W h kg™ [272].

The common approach with aerogel or sponge based substrates is to dip the substrate in a
conductive ink or mechanically pressing a conductive powder (e.g. carbon nanotubes or graphene)
to the substrate to make conductive porous electrodes. Despite the simplicity of the process, the
electrode conductivity may vary at different parts of the substrate, influencing the properties of
supercapacitors.

In this work, we present a multilayer electrode being built on a sponge substrate. That
electrode was used to fabricate solid-state supercapacitor with a polyvinyl alcohol (PVA) gel-
based electrolyte. To build the electrode, in-situ self-assembled polymerization of both PPy and
PANI were used to make a conductive surface for subsequent electrochemical polymerization of
molybdenum disulfide (MoS.)-PANI nanocomposite to obtain the supercapacitor electrodes. The
electrochemical results are promising towards a practical application of the multilayer electrode
structure for high power and energy density supercapacitors.

6.2 Experimental Details
6.2.1 Electrode Fabrication
A commercial kitchen sponge (Carrand/high density foam) was washed in deionized water,

and dipped in polyanions solution of polystyrene sulfonate (PSS) (2 mg mit) for 24 hours. The
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PSS treatment allowed the sponge surface to absorb negative charges of anions. Initially, pyrrole
was polymerized by in-situ self-assembly polymerization over the PSS treated sponge [273, 274].
0.1 M pyrrole, 0.1 M para-toluene sulfonic acid were added in 1 M HCI solution, and later 0.05 M
iron chloride was added in a solution and stirred for few second. Then the sponge was dipped in
the solution and kept for 3 hours. The sponge/PSS/PPy was cleaned and kept in 1 M HCI solution.
The second layer of PANI on sponge/PSS/PPy was deposited by in-situ self-assembled technique
using a solution of 0.2 M aniline, 0.1 M of an oxidizing agent (ammonium persulfate, APS) in
1 M HCI for 3 hours. The third layer of PANI was deposited by electrochemical technique in 0.2 M
aniline in 1 M HClI at a potential of 1.5 V for 2 hours for each side of the sponge. The 4™ layer of
MoS2-PANI was electrochemically deposited over sponge/PSS/PPy/PANI in an electrochemical
cell at 1.5 V in a solution containing 0.2 M aniline, 0.5 g MoS; and 1 g cetrimonium bromide
‘CTAB’ for 2 hours [275-278]. The sponge/PSS/PPy/PANI-MoS; substrate was turned upside
down, and further deposition was also made at 1.5 V for another 2 hours to complete the deposition

process. This allowed nearly metallic conductivity in the sponge/PSS/PPy/ PANI-MoS:; layers.
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Figure 6.1 Schematic of an electrode fabrication.
Figure 6.1 shows the schematic of electrode fabrication process, chemical structures of the
conducting polymer, and its composite materials. Later the sponge/PSS/PPy/PANI-MoS; was

cleaned using deionized water, 1 M HCI, and gently squeezed to remove the acid, and left drying
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for 24 hours in a room temperature. The sponge/PSS/PPy/PANI-MoS; was used to characterize
and fabricate a solid supercapacitor. Figure 6.1 shows the schematic of PPy, PANI and PANI-MoS,
deposited on the sponge.

6.2.2 Preparation of PVA-Gel

Initially, 10 g of poly(vinyl alcohol) (PVA) was added in 100 ml of 1 M HCl at 80 °C and
stirred under for 24 hours. The gel was aged a week before fabrication of supercapacitor. Figure 6.2
shows structure of PVA-gel.
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Figure 6.2 Formation of PVA based gel electrolyte.
6.2.3 Preparation of Supercapacitor

The sponge/PSS/PPy/PANI-MoS, was used for both electrodes in a symmetric
supercapacitor structure. The PVA gel electrolyte was applied to the sponge/PSS/PPy/PANI-MoS;

and a porous filter paper that was used as the separator. Copper tape was used as the current
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collector for each electrode. The device was assembled by sandwiching two electrodes and the
separator between the two pieces of plexiglass tightened with one screw on each of the four
corners. Figure 6.3 shows the schematic of the fabrication of the sponge-based solid

supercapacitor.
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Figure 6.3 Fabrication schematics of sponge based solid supercapacitor.
6.3 Results and Discussion
6.3.1 Physical and Structural Characterization

SEM was use to image the sponge, each of the deposited conducting polymers, and the
composite structure on the sponge. Figure 4 (a) shows a picture of the sponge at higher
magnification, while the lower magnification shows the large surface area. The structure of the
sponge was different before and after the PPy layer as shown in figure 4 (c and d). The lower
magnification shows equally distributed PPy particles with diameters of approximately 1000 to

3500 nm. Further, the PANI deposition over PPy changed the structure again. Nanostructures are
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clearly visible over the sponge surface as shown in figure 4 (d) and (e). The PANI-MoS: is again
a clearly distinguishable structure, and different than both PPy and PANI after the electrochemical
deposition. The MoS: platelets are observed in the PANI network in the SEM pictures in figure 4

(g and h).

Figure 6.4 SEM pictures of (a & b) pure sponge, (¢ & d) sponge/PPy, (e & f) spnge/PPy/PANI
(via in-situ self-assembly) and (g & h) sponge/PPy/PANI/MoS; (via electrochemical deposition).

A Philips Panalytical Xpert Pro MRD with Cu Ka radiation and 26 range from 5° to 45°
was used to study the X-ray diffraction (XRD) of sponge/PSS/PPy/PANI-MoS,. As shown in
figure 5(a), peaks for diffraction angle ‘20’ at 6.8, 11, 14.4, 33.6, 38 and 40.7 degrees were found
in the results. Generally, the emeraldine salt of PANI is quasi crystalline and PPY is amorphous
in nature. However, the composite with MoS; structure is a more ordered state than the
conventional PANI as well as PPy structure [279][29, 30].

FTIR spectra of sponge/PSS/PPy, sponge/PSS/PPy/PANI and sponge/PSS/PPy/PANI-
MoS; were measured using a Perkin Elmer spectrometer from 600-2000 cm™ in reflectance mode.
Curve 1 in Figure 5(b) shows the infrared peaks at 1936, 1824, 1726 ((C=N, C-N)), 1586 (C=C
stretching), 1494, 1332 (C=N, C-N) bonds, 1242 (N-H plane mode), 1114 (C-H in plane mode),
972 (C-H wag), 833 (C-H waging), 749 and 694 cm™ [280]. Curve 2 in Figure 5(b) shows the

vibrational bands at 1933, 1821, 1722, 1595, 1406, 1332, 1233, 1114, 969, 824, 728, 627 cm™.
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Curve 3 in Figure 5(b) show infrared peaks at 1940, 1822, 1729, 1600, 1490, 1394, 1338, 1215,
1114, 962, 846, 742, 867, 665 and 643 cm™. There is a decrease in the wavenumber in the IR
spectra after PANI was polymerized over PPy; which could be due to formation of some hydrogen

bonds in the doped form of PANI [281]. The peak around 663 cm™ is the characteristic peak of

MoS; [282].
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Figure 6.5 (a) X-ray diffraction of PPy/PANI/MoS; and (b) FTIR spectra of PPy, PPy/PANI and
PPy/PANI/MoS; deposited on sponges from 600-2000 cm™,
6.3.2 Electrochemical Characterization

Electrochemical tests, including CV, CCCD and EIS, were conducted using the two-

electrode configuration. Figure 6.6 (a) illustrations the CV curves of the device at different scan

rates (5-100 mV s?). Oxidation and reduction peaks are observed at 0.34V and -0.37V,
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respectively, for the scan rate of 10 mV s™. The peaks were shifted to 0.8 V (oxidation) and -0.74V

(reduction) at 100 mV s scan rate.
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Figure 6.6 (a) CV as a function of scan rates (1) 5 (2) 10 (3) 20 (4) 50 and (5) 100 mV s, (b) at
10 mV s, (c) charge/discharge cycling curves at 5 mA and (d) Nyquist plot. (Inset) the applied
equivalent circuit of the sponge supercapacitor

Figure 6.6 (b) shows the CV plot at 10 mV s scan rate to show the redox peaks. The
visible redox peaks at different scan rates imply the strong charge storage via the pseudo-capacitive
effect in addition to the double layer effect. The highest specific capacitance of ~569 F g has
been calculated from the 5 mV s CV result. Figure 6.6 (c) shows the charging and discharging
behaviors of the sponge/PSS/PPy/PANI/PANI/PANI-MoS; supercapacitor with the PVA-gel
electrolyte. The specific capacitance, specific power density and specific energy density have been

calculated to be 631.6 Fgt, 475 W kg™ and 79.17 Wh kg™ considering the weight of only electrode

material. Figure 6.6 (d) shows the Nyquist plot of sponge/PSS/PPy/PANI/PANI./PANI-MoS;
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based supercapacitor fabricated using PVA-gel. The value of R1, C1, R2 and CPE; has been
estimated 2.0817 Q, 297.7 uF, 5.180 Q and Aw1=3.041, P1= 0.05 and n;= 0.5889. In order to test
the stability of the device in multiple cycles, CV results of 1500 cycles were collected when the

scan rate was 100 mV s, Figure 6.7 shows a retention of ~95.5 %.
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Figure 6.7 CV cycling performance at 1000 mV s for 1500 cycles (inset) CV curves collected at
the 1 and the 1000'" cycle.

6.4 Conclusions

A multilayer electrode with conducting polymers and a composite material of molybdenum
disulfide (MoSz) was designed and fabricated on a kitchen sponge substrate to make a solid-state
supercapacitor with high specific capacitance of 631.6 F g*. The electrode was fabricated first by
in-situ self-assembled polymerization of a layer of polypyrrole (PPy) and a layer of polyaniline
(PANI) on a sponge substrate. The two layers of PPy and PANI converted the sponge surface to a
conductive surface that was used to electrochemical deposition of thicker layers of PANI and
another layer of MoS2-PANI composite. The polyvinyl alcohol (PVA) gel was synthesized and

further, PANI was polymerized in PVA gel to obtain highly conducting electrolyte.
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The PANI-MoS: is a clearly distinguishable structure and different than both PPy and
PANI for electrochemical deposition. The MoS: platelets are observed in the PANI network in the
SEM pictures. There is a decrease in the wavenumber in IR spectra after polyaniline is polymerized
over polypyrrole; which could be due to formation of some hydrogen bonds in the doped form of
PANI. Generally, the emeraldine salt of PANI is quasi crystalline and PPy is amorous in nature.
However, the composite with MoS; structure is in a more ordered state than the conventional PANI
as well as PPy structure. The fabrication, characterization and results of this study demonstrate
that high surface area based sponge PSS/PPy/ PANI/MoS; sponge could find potential use as
supercapacitor electrode materials for a promising low-cost supercapacitor that exhibited good

electrochemical performance with great cycle durability, time stability and shelf life.

95



CHAPTER 7: CONCLUSIONS AND FUTURE WORK
7.1 Conclusions

Although supercapacitors have been on the market since 1966, their performance is far
lower than batteries. Nevertheless, there have been a lot of advancements in technology that had
big influence on how supercapacitors work. Today they can be a great replacement for other
electrical energy storage devices. The main benefit of supercapacitors is that they store energy in
an electric field. In addition, the energy can be delivered quickly because there is no chemical
reaction happening in the device. Contrary to batteries, supercapacitors can survive thousands of
charge-discharge cycles. They also last longer than batteries, because they do not have to lose
energy on charge and discharge cycles as well they do not undergo ware and tare which are
normally caused by chemical reaction in batteries. There is, however, a great future for
supercapacitors in many industries. It has been said that they can be a big hit in the micro-hybrid
car business, because they can supply the car in the power during stop and rest/restart as well. This
means that it can be recharged during the travel time. Some improvements have to be made in the
amount of plate that needs to be used as well as in increasing the amount of voltage that it can
carry.

As part of this work, we have shown an innovative nanocomposite electrode which was
chemically synthesized using MoS2/PEDOT to understand the charge mechanism in a symmetric
supercapacitor. The MoS,/PEDOT nanocomposite was produced at various ratios of MoS; to
EDOT in an aqueous medium of PSS and CTAB at controlled conditions. The morphology,

crystallinity and optical properties of MoS2/PEDOT nanocomposite materials were characterized
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using different techniques. The specific capacitance was estimated to be 452 F g* and 360 F g*
for three electrode and two electrode configurations in 2 M HCI acid, respectively. Chemical
oxidative polymerization along with reduction/oxidation synthesis techniques, characterization
and supercapacitor properties of processed polyaniline (PANI)-MoS, based nanocomposite
materials were applied to fabricate the supercapacitor electrode. Further, comprehensive
characterizations, analysis and calculations were carried out to demonstrate the outstanding
electrical and electrochemical properties of the supercapacitor. At the highest value, a specific
capacitance of MoS,/PANI ESII of 512 F g was obtained using symmetric supercapacitor
configuration. The nanocomposite based on a sponge as electrodes was made by deposition of in-
situ self-assembled polymerization of both monomers ‘pyrrole and aniline’ over the sponge and
followed by electrochemical polymerization of MoS.-CPs nanocomposite to obtain the
supercapacitor electrodes. Further, polyvinyl alcohol (PVA) gel was synthesized to obtain highly
conducting electrolyte to fabricate the solid-state supercapacitor. The sponge type supercapacitor
construction consists of two porous sponge electrodes, gel electrolytes, and membrane of paper
that is sandwiched between the two sponge electrodes. A multilayer electrode structure with CPs
and a composite material of molybdenum disulfide (MoS2) was designed and fabricated on a
kitchen sponge substrate to make solid-state supercapacitors with high specific capacitance of 632
F.gl
7.2 Recommendations for Future Work

Various polyanilines (poly(o-anisidine), poly (o-toluidine), poly-ethoxy-aninile,
polyethyanilne etc.) show excellent electrochemical properties and could be associated with MoS;
for nanocomposite formation of high energy and high power based supercapacitors. The sponge

was used to fabricate the large surface area based electrodes for obtaining high specific capacitance
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based supercapacitor, however, an aerogel based material and carbon cloth based material could
be used for fabrication of high specific capacitance based supercapacitor. In addition,
understanding the mass loading of electrodes using nanocomposites will give a new dimension in
fabrication of high energy density and power density based supercapacitors. The nanocomposites
should be integrated with photovoltaic cells (e.g. silicon solar cells or dye sensitized solar cells)
for a more sustainable energy storage device. Lastly, the packaging is important in order to prevent
leakage and enhance stability in the supercapacitor devices which is recommended to be studied

in future works.
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