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GRAPHENE BASED NANOCOMPOSITE HYBRID

ELECTRODES FOR SUPERCAPACITORS

ABSTRACT

There is an unmet need to develop high performance energy storage systems
(ESS), capable of storing energy from both renewable and non-renewable sources to meet
the current energy crisis and depletion of non-renewable sources. Amongst many
available ESS, supercapacitors (ECs) are the most promising because they exhibit a high
charge/discharge rate and power density, along with a long cycle life. The possibility of
exploring the use of atomically thin carbon allotropes like graphene, carbon nanotubes
(CNTs) and electrically conducting polymers (ECPs) such as polypyrrole (PPy) has been
studied as a high performance conducting electrodes in supercapacitor application. A
novel templated sustainable nanocomposite electrode has been fabricated using cellulose
extracted from Cladophora c. aegagropila algae as component of the assembled
supercapacitor device which later has been transitioned to a unique template-less
freestanding nanocomposite supercapacitor electrode. The specific capacitance of
polypyrrole-graphene-cellulose nanocomposite as calculated from cyclic voltammetry
curve is 91.5 F g at the scan rate 50 m Vs™ in the presence of 1M NaCl electrolyte. The
open circuit voltage of the device with polypyrrole -graphene-cellulose electrode was
found to be around 225 m V and that of the polypyrrole -cellulose device is only 53 m V

without the presence of graphene in the nanocomposite electrode. Understanding the
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fundamentals by fabricating template nanocomposite electrode, it led to fabricate a
unique nanocomposite template-less freestanding film which comprises of polypyrrole-
graphene-CNT hybrid. Various experiments have been performed using different
electrolytes such ascorbic acid, sodium sulfate and sulfuric acid in different scan rates.
The specific capacitance of polypyrrole-graphene-CNT nanocomposite with 0.1 wt% of
graphene-CNT, as calculated from cyclic voltammetry curve is 450 F g™ at the scan rate
5m V s™. For the first time a nanofibrous membrane has been developed as a separator
which acts as an electrolyte reservoir and ionic diffusion membrane. The performance of
the fabricated supercapacitor device has been analyzed using a multimeter and compared
with a conventional alkaline (1.5 V) battery. Lighting up of 2.2 V light emitting diode has

been demonstrated using the fabricated supercapacitor.
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CHAPTER 1. INTRODUCTION

1.1 Research Problem and Scope

Global warming and depleting fossil fuels have forced us to move towards
sustainable and renewable resources for energy production. Along with the development
of electric vehicles or hybrid electric vehicles which produce low greenhouse gas
emissions, we are witnessing increasing innovations towards renewable sources of energy
production like solar and wind as well. As these renewable resources of energy are not
available on demand, energy storage systems are starting to play an important role in our
lives. Currently the most popular commercialized energy storage devices are batteries,
capacitors and fuel cells. However, because of our ever increasing appetite for energy,
there is a need to improve the performances of these devices to satisfy high power
requirements of various systems ranging from portable electronics to hybrid vehicles and
large industrial equipments. The gap between the performances of devices and the power
requirement can be filled by discovering new materials for energy storage and advancing

our understanding of the electrochemical interfaces at the nanoscale level.

Great efforts have been made on research and development of high performance
energy storage devices in the past; however, the slow power capability and high
maintenance cost have kept them away from many applications. Recently,

supercapacitors have drawn much attention because of their high charge/discharge rate,



long life cycle and outstanding power density[3]—[6]. Supercapacitors, also known as
ultracapacitors or electrochemical capacitors (ECs), store energy using either ion
adsorption electrochemical double layer capacitors (EDLC) as electrical charge on highly
porous materials or surface redox reactions (pseudo-capacitors). The key in achieving
high charge storage capabilities in supercapacitors is attributed to high SSA in electrode
materials where it can store hundreds or thousands of times more charges than electrodes

in batteries or capacitors as shown in Figure 1-1.

Specific power (W kg ')

Specific energy (Wh kg-1)

Figure 1-1 Ragone type plot summarizing the specific power density of various energy storage
devices as a function of their specific energy density. Reprinted by permission from Macmillan
Publishers Ltd: Nature Materials, [1], copyright (2008).

It is very important to assess the capabilities of these energy storage devices in
terms of energy density and power density based on their unit mass or volume. Ragone
plot[1] (Energy density v/s Power density) is a comparative chart used for performance
comparison of different energy storage devices. As seen from (Figure 1-labove)
capacitors are in the extreme end of the chart having very high specific power (W kg™)

but are extremely low on the specific energy (W h kg'). On the contrary, batteries

26



possess very high specific energy but extremely low specific power. In comparison to
batteries and conventional capacitors, supercapacitors have at the same time higher
specific energy as well as higher specific power[7]. In other words if an electric vehicle
runs on supercapacitors, the specific power shows how fast one can go and specific

energy shows how far one can go on a single charge[1].

Graphitic carbons are one of the several materials which have very high SSA and
open porosity which gives high capacitance[2]. Besides activated carbons, carbide-
derived carbons[8], carbon fabrics[9], nanotubes[10], onions[11], and nanohorns[12]
have been used in supercapacitors. Several electrically conductive polymers (ECPs) are
used as pseudocapacitive supercapacitors like polypyrrole (PPy)[13], [14], polyaniline
(PANID)[15], [16], polyindoles, etc[17], [18]. One promising electrode material candidate
for EDLC is graphene[19] due to its unique lattice structure, exhibits appealing electrical

properties, chemical stability and high surface area[20]-[22].

The key challenge in making better performance supercapacitors based energy
storage device is to develop nanocomposite material based electrode with high enough
SSA where the ionic adsorption takes place very fast and more energy can be stored in
the device. A combination of pseudocapacitive materials such as electrically conductive
polymers (ECPs) and high SSA materials like graphene and CNTs can be a unique
nanocomposite used as an electrode for supercapacitor. Another challenge in fabricating
electrode for supercapacitors is to make a free standing film made from these
nanocomposites. Natural materials such as coconut shells, cotton or other textile based

fabrics and cellulose based papers can be good choice as a substrate material for making
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free standing film[1]. Fabricating a very safe and environmentally sustainable “green”
supercapacitor based on abundant or renewable materials which are non toxic is thus a

key challenge and necessity.

1.2 Motivation behind the Research

Human activity and energy supplies mainly rely on the consumption of non-
renewable fossil fuels. According to Institute for Energy Research (IER) 80 % of the total
energy produced only in US is dependent on fossil fuels like coal, natural gas and
petroleum. According to U.S. Energy Information Administration the world energy
consumption will increase from 524 quadrillion Btu in 2010 to 630 quadrillion Btu in
2020. According to U.S. Greenhouse Gas Emissions and Sinks (Figure 1-2), about 28%
of the total green house gas only in the U.S is emitted by transportation and 32% from the

electricity generation[23].

Total U.S. Gteen!louse Gas Emissions

by Economic Sector in 2012

Agriculture
10%

Commercial &
Residential
10%

Electricity
32%

Transportation
28%

Total Emissions in 2012 = 6,526 Million Metric Tons
of CO_ eguivalent

* Land Use, Land-Use Change, and Forestry in the United
States is a net sink and offsets approximately 15% of these
greenhouse gas emissions

All emission estimates from the fnventory of U5 Creenfiouse
Cas Emissions and Sinks: 1990-20712

Figure 1-2: Greenhouse Gas Emissions only in U.S
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Therefore, there is an urgent need to develop energy storage technologies to
combat global warming and climate change[24], [25]. Extensive research has been
performed on the development of solar cells[26], [27], fuel cells[28], lithium-ion
batteries[29], [30] and supercapacitors[31], [32] to replace fossil fuel-based energy
sources. Both portable consumer electronics as well as electric vehicles are strongly
dependent on the storage of electrical energy and thus, the need and importance of
electric storage systems is increasing strongly[5], [33], [34]. Beside this more and more
energy production units are encouraged from the renewable sources of energies.
However, these sources of energies are not available on demand as we may not get
energy from sun in certain time of the day or certain period of year wind energy is not
enough that is where a need to develop high performance energy storage systems is

essential.
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Figure I-3: Transistor showing low working voltage and high current output. "Reprinted with permission
from [35]. Copyright [2005], AIP Publishing LLC.
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Supercapacitors have also started to play very important role in the area of Very

Large Scale Integration (VLSI). Supercapacitors can also be used in memory backup

systems which can provide power during failure of primary power sources.

Supercapacitors can be also be used as a building block in electronic devices such as

organic diodes and organic memory devices[36]—[39]. Ma and coworkers[40] has shown

this previously by inserting a supercapacitor in an organic diode.

)

2)

3)

4)

5)

1.3 Potential Contributions of the Proposed Research

A fundamental understanding of nanocomposite material and their nanostructure
morphology will be a key contribution in the field of energy storage in general
and supercapacitor in particular.

A method to fabricate “green” electrode made from organic materials a substrate
such as cellulose extracted from marine algae and coating it with conducting
polymer and graphene is addressed.

Fabrication method to produce free standing films made from polypyrrole-
graphene -CNT as an electrode is addressed.

Electrochemical analysis of these materials and the supercapacitor device
fabrication protocol is developed and the device performance has been compared
with the existing commercial technologies such as alkaline batteries and
conventional capacitors.

A novel use of nanostructured polycaprolactone (PCL) based separator membrane

with extremely small diameters of the nanofibers in the range of 100-500 nm.
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This separator membrane has been fabricated using electrospinning process
enabling very low resistance for the ionic diffusion across the electrodes.

In general, an improved understanding of charge storage mechanism in electrode
material pores will help to expand our fundamental understanding toward improved
energy storage performances. Flexible, printable and wearable energy storage devices are
likely to be integrated into smart clothing, sensors, and wearable electronics and drug
delivery systems. In some instances they will replace batteries, but in many cases they
will either complement batteries, increasing their efficiency and lifetime, or serve as
energy solutions where an extremely large number of cycles, long lifetime and fast power

delivery are required.

1.4 Energy Storage Systems

The worldwide appetite for energy grows while diminishing non renewable
sources of energy and the threat posed by negative environmental consequences of their
use is no longer in questions[41] . Observations of increased levels of CO; in the earth’s
atmosphere and a correlated rise in global temperature have motivated the efforts to
reduce or eliminate the dependency on fossil fuels to fulfill future energy demands. Total
world consumption of energy will continue to increase, motivating the need to investigate

alternative means of energy production, use and storage.

There are increasing efforts seen in production of energy from renewable sources
like wind and sun to meet the ever increasing energy demands. Although the renewable
resources are practically infinite, their continuous availability is not. In the night or when

cloudy we may not derive solar power or during certain time of year we may not get wind
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power to produce enough energy to meet the required energy demand. One of the
distinctive characteristics of the electric power sector is that demand for electricity
fluctuates throughout the day. Currently there are three major commercialized energy
storage devices are capacitors, batteries and fuel cells. To illustrate the advantage of

supercapacitors, the structure, mechanism and performance comparison of those devices

are discussed in the following sections
1.4.1 Conventional Capacitors

A conventional capacitor also known as electrostatic capacitor as shown in stores
the charges by the virtue of electrostatically between two conducting plates. These

conducting plates also called electrode are separated by a dielectric layer (insulator) as

shown in Figure 1-4.

Conductive Electrodes

Q+ Q-
Electrical Charges + -
\+ -

Dielectric -

+
1

+ + + +

+|—

Voltage (V)

Figure 1-4: Schematic of conventional capacitor with dielectric sandwiched between two conductive plates.

When the external voltage is applied across two electrodes the charges

from the dielectric medium gets separated, where anions (-ve ions) will get attracted to
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positively charged electrode, and cations (+ve ions) thus generating an electric field
which allows the device to store energy. Capacitors generally can release the stored

charge quite fast resulting in a high power, but cannot store much energy.

The characteristic parameter for a capacitor is capacitance C is the ratio of Q to V

(1.1)

< Q

Here the C is capacitance, Q is the charge and V is the applied external field.

For a capacitor consisting of two parallel plates with surface area of A separated
by a dielectric with permittivity of € and a thickness of d, the voltage is defined as shown

in (1.2)

d d d
3 3 p B Q _Qd (1.2)
V——.]; Cdx—ﬂ; de—J;adx—T

Hence in general the capacitance would be as :

C = A c 1 (1.3)
T d or @ thickness

As seen above in (1.3), the capacitance is inversely proportional to the thickness
of the dielectric medium. Typical thickness in a conventional capacitor can be
somewhere near 1000 nm. The effort to decrease the thickness of dielectric medium in a
conventional capacitor using advanced fabrication methods will increase the overall cost

of the capacitor substantially.
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ESDs are typically characterized based on their specific energy and specific

power (per unit mass)

Hence energy E stored in a capacitor is:

1 (1.4)
— _ 2
E = 2CV

And the power is derived over time 8t required to discharge the capacitor:

0E (1.5)
P=%

As seen from Ragone’s plot (Figure I-1) on an average a capacitor can have a
power density of 10° W kg™ and energy density of 102 E h kg”. It can be seen that
conventional electrostatic capacitors can deliver large amount of power, they can be
charged/ discharged very quickly in an average 3.6 m s, but they can store less amount of

energy.
1.4.2 Batteries

A Dbattery is an energy storage device that uses a redox reaction to convert the
stored chemical energy into electrical energy. Electrochemical cell in a battery consists of
two electrodes which are connected to a conductive electrolyte. Batteries in general are
powered by a redox reaction with a reduction of cation at the cathode and oxidation of
anions at the anode. If we consider a rechargeable lithium ion battery as shown in Figure
1-5, it consists of graphite as a negative electrode (anode) and LiCoO; as cathode with a

non-aqueous electrolyte.
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Figure 1-5: Working principle of Lithium-Ion battery

While charging, Li ions are deintercalated from layered LiCoO, at the cathode
and diffusing through the electrolyte is intercalated to graphite between the layers at the
anode. On discharging, the process reverses with lithium-ions transporting from the
anode to the cathode. In batteries the whole material participates in the process of energy
transfer and hence a bulk amount of energy can be stored. Hence the energy density of
batteries is very high but their power density is low. In general, batteries have energy

density 10> W h Kg"' and power density in the regime of 10° W Kg™.
1.5 Introduction to Supercapacitors

Supercapacitors are energy storage devices as shown in Figure I-6; having two
conducting electrodes separated by a dielectric membrane which is soaked with

electrolyte solution.
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Electric Double Layer

Figure 1-6: Schematic representation of electric double layer supercapacitor

This dielectric membrane allows the passage of ions through. Under the influence
of an external electric field, the ions from the electrolyte get separated and the opposite
ions get attracted to the respective electrode. Ions will transfer thorough the dielectric
membrane and they will get adsorbed on the surface of the electrode pores creating a
layer of the ions on the surface. This layer is called electric double layer and the thickness
of this layer is the effective thickness to produce required capacitance and the energy
storage (refer (1.3)). Generally, with the aqueous electrolytic ions on the electrode
surface the thickness can be achieved in the range of few nm or in A scale[8], [42]. The

overall specific capacitance can be in the order of few hundreds of F g'l.

The fabrication of electrode and design of its composite structure is very
important in order for these ions to access higher specific surface area improving overall
energy storage. In addition to that, a low equivalent series resistance (ESR) value can
help maintain a very high power density. The charge storing mechanism in

supercapacitors unlike batteries does not undergo any chemical or phase change, which
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makes it highly reversible and can be repeated for a large number of charge-discharge

cycles[1].
1.5.1 Working principle of supercapacitors

Supercapacitors also known as ultracapacitors, electrochemical capacitors or
hybrid capacitors were first recognized General Electric in 1957. The finding was
patented by Becker, were they found out that this capacitor can store a high capacitance
by a double layer mechanism[43]. Later in 1972 Nippon Electric Company (NEC, Japan)
first commercialized the supercapacitor in an aqueous electrolyte[44]. Since 2000,
supercapacitors have effectively been used in various industrial applications such as
automobiles, tramways, buses, electrical load leveling in stationary and transport systems,
etc[45]. A recent example of a reported use of supercapacitors was in the emergency
doors on an Airbus A380[1]. Supercapacitors have higher energy density (average 5 Wh
kg"') than the conventional capacitors. Supercapacitors consists two electrodes and
suitable electrolyte packed all together in a very small assembly for by ion adsorption
(electrochemical double layer capacitance) or fast surface redox reactions

(pseudocapacitance).

1.5.2 Double Layer Capacitor

A very high SSA porous electrode is attached to the current collector on either
side sandwiching the separator soaked with electrolyte. Upon the application of voltage
potential across the electrodes the electrons will accumulate at the surface of negatively

charged electrode, creating holes at the same time on positively charged electrode.
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Figure 1-7: Simplified electric circuit representation of supercapacitor [46]. Reprinted from [46], Copyright
(2006), with permission from Elsevier.

To balance the charge neutrality, anions and cations are exchanged across the separator
on each side hence creating a layer at the surface of both the electrodes known as electric
double layer (EDL).The thickness of this layer is usually in the order of few nanometers
(nm), dependent on the radius of a solvated ion. The capacitance produced in a
supercapacitor is dependent on the effective thickness of this double layer. Hence the nm
scale charge separation and very high SSA electrode surface leads in achieving

significantly high capacitance.

As shown in Figure 1-7 here the EDLC based supercapacitor utilizes two parallel
plates having individual capacitance. The total measured capacitance of the system would

be

1 1 1 (1.6)

Ccell . C1' C2

In EDLCs a strong interaction happens between the ions in the electrolyte and

electrode surface. The solvated ions adsorbed on electrode surface have long term
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electrostatic interactions but not any kind of chemical reactions. The double layer can be
controlled by various factors such as composition of electrolytes and structural

morphological design of the electrode surface.
1.5.3 Pseudocapacitors

Pseudocapacitors are faradaic in nature in contrast to electrostatic capacitors
having double layer and they take advantage of redox reactions at the surface of the
electrode, creating the capacitance. Much similar to batteries, pseudocapacitance is
caused by the oxidation state changes of the electrode material during the interactions of
ions in the electrolyte with the surface of the active materials[1]. The capacitance of
pseudocapacitive based electrode can be calculated using following equation[47]

) (1.7)
)

Here, Aq is the charge transferred and AVis the electrode potential

Conducting polymers such as polyaniline (PANI) and polypyrrole (PPy) have
been utilized previously as supercapacitor electrode with pseudocapacitive behaviors[1],
[15], [48]. The reported specific capacitance of pure PANI electrodes [49] ranges in 160
to 800 F g”'. Pure PPy exhibits specific capacitance values of 480 F g™ in non-aqueous
systems[50]. The effect of pseudocapacitance as fast redox reactions can also be
exploited using oxygen- or nitrogen containing surface functionalities[51], [52], utilizing
redox-active electrolyte[53] at the electrode material surface such as iodide or iodine[54].

They have less dependency on the surface area and shown to deliver higher specific
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capacitance than EDLC mechanism[2]. However a major drawback of surface reactions
on the electrode is they cause degradations of material eventually causing failure and

reducing cycling stability.
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CHAPTER 2. MATERIALS FOR ELECTRODE

The key in achieving high performance of the electrode for energy storage is the
use of materials exhibiting high specific surface area, high conductivity and better
stability. Amongst many materials available graphitic carbons and electrically conducting

polymers (ECPs) are one the best choice to fabricate the electrodes for supercapacitors.

2.1 Graphene

The name graphene was derived from a Greek word, “graphein” meaning to
write[55]. Graphene is a primary building block of graphite which has a lamellar
structure with unique electronic and mechanical properties. Individual layers of these
lamellar structure are stacked together by van der Waals forces and are considered to be
independent entities[56]. It was predicted using a series of theoretical analysis that these
layers- if peeled off- might exhibit extraordinary electronic properties[56]. These
prediction were proven after almost 60 years, when the individual layers of graphite were
separated and their mechanical and electrical properties were tested[20], [21], [57], [58].
In nutshell, each layers of carbon atom that is isolated from the matrix of graphite is

known as “graphene”.

There are various routes to synthesize graphene using the starting materials like

graphite oxide (GO), graphene oxide (exfoliated GO) and graphite intercalated
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compounds (GICs)[60]-[62]. Reduce graphene oxide (r-GO), a very similar material to
pristine graphene is prepared by chemical modification of GO and graphene oxide[63],

[64].

Grépflene
Fullerene Carbon Nanotube

Figure 2-1: Schematic illustration of various forms of carbon allotropes. Adapted from [21]. Reprinted
by permission from Macmillan Publishers Ltd: Nature Materials[59], copyright (2007).

In an effort by Schathaeutl by using strong acids such as sulfuric and nitric, as well as
oxidants such as KCIOs on graphite, resulted in the intercalation of the layers of graphite,
chemical oxidation of its surface leading to the formation of GO[65], [66]. The
functionalization of the surface of graphite using chemical modifications lessens the
interplanar forces that cause lamellar stacking. These layers once oxidized now can be

readily exfoliated under ultrasonic, thermal or other mechanisms.

Geim, Novoselov and co-workers in 2004 showed a novel approach to exfoliate a
single flake of graphene by mechanical force. They found the layers were about 0.8nm in
thickness as observed by atomic force microscopy (AFM)[21]. The main advantage of

mechanical exfoliation was that the carbon layers were free of significant functional
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groups and almost pristine. However the major setback with this method is the overall

mass production is very low.

The scalability in production can be achieved best via chemical modification
route starting from GO and reducing it which is known as reduced graphene oxide (r-
GO). The resulting dispersions are typically very stable in water up to the concentration

of 3-4 mg ml™'[64] primarily because of strong polarity of the oxide functional groups.
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Figure 2-2: Visual transparency of graphene[67]. Reprinted with permission from AAAS.

One of the very unique properties of graphene is its tunable optical properties.
Geim and co-workers observed a unique property of graphene which is a fundamental
constant that does not depend on the material properties. They show the opacity of

graphene is solely defined by the fine structure constant

e? 2.1

Where / is Planck’s constant and c¢ is speed of light
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Despite being single layer atomically thick, graphene is found to absorb a

significant fraction of white light.

In 2009 Geim and co-workers showed the extraordinary electronic properties of
graphene at atomically small dimensions[22]. They observed that Dirac electrons behave
in unusual way in tunneling, confinement and integer quantum Hall effect. They also
observed that these electronic properties also changes with the change in the graphene
stacking order and number of layers. It was also found that different types of disorders

modify spectroscopic and transport properties of graphene.

2.2 Carbon Nanotubes

There are two main types of carbon nanotubes (CNTs), single walled nanotubes
(SWNTs) and multi walled nanotubes (MWNTSs) as shown in Figure 2-3 where several

SWNTs forms a concentrically nested like rings to form MWNTs.

Figure 2-3: Transmission electron microscope image of multi walled nanotubes comprised of an array of
several single walled nanotubes. Image adopted from [68], Nature publishing group, copyright 1992.
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SWNTs can be either metallic or semiconductor, depending on their chirality
(n,m), basically how graphitic single layered sheet is rolled to form a nanotube (NTs)
cylinder. The NTs can either be armchair (n=m), zigzag (n=0 or m=0), or chiral (any
other n or m) variety. All armchair SWNTs are metals, those with n-m =3k, (k= nonzero

integer) are semiconductors.

The pristine metallic CNTs which are one dimensional electronic structure have
superior electronic properties[69], [70]. It was found that the room temperature thermal
conductivity for an MWNT was ~3000W m” K'[71]. CNTs also have exhibited superior
mechanical properties having high Young’s modulus and high tensile strength. The
Young’s modulus of the CNT depending on its total area was found to be ~0.64 T Pa[72].
Various techniques can be employed for the synthesizing nanotubes such as carbon-arc

discharge, laser ablation of carbon or chemical vapor depositions (CVD).
2.3 High Surface Area Active Materials

Graphitic carbons have proved in reaching high capacitance by charging the
double layer using very high SSA blocking conductive electrode. Various types of
carbons have been utilized and tested for EDLC applications such as activated carbons,

nanotubes, carbon fabrics, etc[18] as shown in Figure 2-4.

Double layer capacitance of activated carbon reaches 100-120 F g in organics
electrolytes and their value may exceed 150-300 F g™ in aqueous electrolyte. It has been
shown previously that the untreated carbons have lower specific capacitance in the range

of 50-80 F g than activated carbon in organic electrolyte[46], [73].
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Figure 2-4: a) TEM image of onion-like carbon. Reprinted from [85] Copyright(2007), with
permission from Elsevier, b) SEM of array of CNT on SiC. Reprinted from [127], copyright (2008), with
permission from Elsevier.

Initial research was directed towards increasing pore volume by developing high
SSA; however it was later observed that there is no linear relationship between the SSA
and the capacitance[74], [75]. Studies suggest that pores small than Inm were too small
to be accessible by hydrated ions[74], [76]. Pore size distribution in the range of 2-5nm
was seen to be a way to improve the capacitance. Gravimetric capacitance was seen in the
range of 100-120 F g'in organic and 150-200 F g in aqueous electrolytes[77], [78].
Fast reversible redox reactive materials are also used based on the pseudocapacitive
behavior for energy storage applications. Metal oxides such as RuO,, Fe;O4 or
MnO;[79], [80] are some of the redox reactive materials as well as electronically
conductive polymers[81]. Ruthenium oxide (RuO2) is widely because it is conductive
within 1.2V. Fast reversible electron transfer together with an electro-adsorption of

protons on the surface of RuO, particles.

RuO, + xH" + xe” & RuO,., (OH)x 22)
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Where 0< x < 2. A continuous change of x during proton insertion or de-
insertion occurs over a window of 1.2V and leads to a capacitive behavior of about 600 F

g'. The major drawback of Ru based capacitors is that they are very expensive.
2.4 Carbon based Nanocomposite

Owing to the large surface area, excellent electrical, mechanical, thermal and
electrochemical properties carbon nanomaterial such as 1D carbon nanotubes [82]-[86]
and 2D graphene [21], [22], [58] have been explored as an active materials for
supercapacitor electrodes[87]-[90]. CNTs have been widely used as electrode materials
with both liquid electrolytes and gel electrolytes[87], [91]. CNT can be brush/spray-
coated on any non conductive surface such as paper cellulose and plastic film. It has been
shown that CNT can be deposited on a bacterial nanocellulose substrate through vacuum
filtrations. The assembled supercapacitors gave specific capacitance of 46.9 F g at a
scan rate of 0.1V s7[92]. In order to further improve the performance of CNT based
supercapacitors, CNT composites with transition metal oxides and/or conductive
polymers have been used to get the advantage of pseudocapacitance[93]-[95]. CNT
coated with PANI also give reasonably very high specific capacitance of 350 F g for the
electrode materials and about 31.4 F g for the entire device[96]. Along with the
development and understanding of the CNTs use in supercapacitors, graphene is also
been used as a potential materials for electrode[7], [97], [98]. The specific capacitances

for most of the graphene based free standing materials are in the range of 80-118 F g™
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Figure 2-5 An overview of various carbon based nanocomposite supercapacitors of different structures and
forms. Reproduced from [98] with permission of The Royal Society of Chemistry.

However, these values are much lower than the theoretical values of 550 F g'1[2],
mainly because of agglomeration of graphene flakes which greatly reduces the overall

specific surface area of the composite.

One of the attractive options is to use the 1D CNTs to separate the 2D graphene
flakes to preserve the high SSA of graphene and CNTs to make efficient electrolyte
transport[87], [99]. The freestanding CNT/graphene hybrid film exhibited a nearly
rectangular shape with specific capacitance of 120 F g'1 at 1V s7[87]. Supercapacitors
decorated with CNT and graphene on various textile materials like cotton and Kevlar also

have been demonstrated[94], [100]-[102].
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2.5 Cellulose as Substrate

Cellulose, a natural biopolymer, is by far the most abundant renewable polymer
available today. Cellulose nanocrystals (CNs) have attracted the materials community
because of its great chemical and physical properties, its renewability and sustainability
leading to their low cost in various research applications. These self assembled
biopolymers are available with variety of properties and forms from plants and
organisms. Algae are thallophytes (plants lacking roots, stems and leaves) which grows in
the water or lives close to it[103]. The fibrillar reinforcing component of algae cell walls
is usually composed of cellulose. Cladophora species are green algae, found in freshwater
and marine habitats, which can be a great source to extract highly crystalline

cellulose[104].

Cellulose can be used from various other sources and it can be used as substrate
for electrode fabrications having the advantage of making free standing binder-free
electrodes for supercapacitor applications. Natural cellulose from paper has been used
can coated with CNTs and depositing MnO, composites achieving about 300 F g at a
low scan rate[105]. Graphene-cellulose nanocomposite flexible paper was reported by
Weng and coworkers achieving gravimetric capacitance of 120 F g™ and it retain the
capacitance over 5000 cycles[106]. Cellulose as a substrate can be a great materials of a

choice for making flexible free standing supercapacitors device.

49



2.6  Electrolytes

The supercapacitor cell voltage is directly dependant on the electrolyte stability at
high potentials window. The cell voltage window of supercapacitors increases from 0.9V
to 2.5V as we select from aqueous to organic electrolytes. As the energy density is
directly proportional to the square of voltage applied, having a stable electrolyte at higher
operating voltage is essential. Trend is to use the organic electrolyte solutions in
acetonitrile (AC) or propylene carbonate (PC) to get the maximum voltage operating
range. lonic liquids are liquids at the room temperature which are solvent-free
electrolytes. Hence the operating voltage window stability is thus driven by the
electrochemical stability of ions[107]. Besides this people have shown the use of

H,SO4[88], aqueous solutions of KOH[108], Na;SO4[99], NaCl[109].
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CHAPTER 3. GOALS OF RESEARCH

The goal of my thesis work is to fabricate and analyze two kinds of

nanocomposite electrodes for supercapacitor application.

1) Fabrication of template electrode: Synthesis of algae cellulose-polypyrrole-
graphene nanocomposite as an electrode for supercapacitor application.

2) Fabrication of hybrid template-less electrode: Synthesis of substrate-less free
standing polypyrrole-graphene- CNT nanocomposite film as an electrode for
supercapacitor application.

3) Detailed electrochemical analysis of both templated and template-less electrodes
in presence of various electrolytes.

4) Device fabrication and analysis and performance test using a light emitting diode
and comparison with existing commercial technologies such as alkaline battery
and conventional supercapacitor.

5) Fabrication of unique nanofibrous separator membrane using electrospinning.

To accomplish the goals various experimental techniques and equipments to
characterize the supercapacitor electrode will be used such as Scanning Electron
Microscope (SEM), Transmission Electron Microscope (TEM), UV-Raman spectroscopy

and Cyclic Voltammetry (CV).
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CHAPTER 4. SYNTHESIS AND ELECTROCHEMICAL

ANALYSIS OF ALGAE CELLULOSE-POLYPYRROLE-

GRAPHENE NANOCOMPOSITE FOR SUPERCAPACITOR

ELECTRODE

4.1 Electrode Fabrication

A detailed description of the electrode fabrication is as follows:

4.1.1 Cellulose Extraction

We used c. aegagropila algae balls to extract the cellulose from it. 50g of algae
was bleached using 18g of NaClO; (sodium chlorite) in acetic buffer to wash away the
impurities. The mixture was diluted to 50ml and stored in a water bath for 2hr. The
product was then neutralized with de-ionized (DI) water. 300ml of 0.10M NaOH (sodium

hydroxide) was added to the beaker and stored overnight.

The pulp was then neutralized with DI water, dried, ground and hydrolyzed by
heating with H,SO, (sulfuric acid) in order to depolymerize the plant fibers. The pulp
was then allowed to stand overnight and then washed to neutrality with de-ionized water

to end the hydrolysis process (Figure 4-1).
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Figure 4-1: A) Optical image of algae ball prior to cellulose extraction, B) Algae cellulose extracted in pulp
form after the hydrolysis, C) Filtered cellulose pulp

4.1.2 Graphene synthesis and processing

Graphene was synthesized from graphene oxide in its reduced form called
reduced graphene oxide (r-GO). Graphene solution was prepared by measuring known
amount of graphene oxide powder mixed in water to make solution of 0.01 wt%. The

solution is sonciated for atleast 2 hr with little heat applied (Figure 4-2).

Figure 4-2: Graphene oxide solution after sonication for 2hr.
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Graphene can be reduced from as prepared graphene oxide as follows:

1) GO (100mg) was loaded in 100ml water followed by the sonication in water bath
until the solution becomes clear with no visible particulate matter.
2) Hydrazine hydrate 1ml was then added and the solution was heated at 100°C for
24 h.
The resultant product will be black solid which is reduced graphene oxide filtered.
In order to utilize the ballistic conductivity of the graphene as a component of the
electrode, it is very important to have the total SSA as high as possible. But one of the
major challenges with using graphene is that it tends to agglomerate and hence yields

very low SSA.

To have a uniform dispersion, graphene was dispersed in TE buffer as follows:

A100 ml of 7X TE (Tris-EDTA) buffer solutions was prepared by mixing 6.55 ml
Tris (TEKnova, 1M, pH 7.5) and 1.3ml EDTA (Promega Inc. 0.5M, pH 8.0) solutions
together in 1X TE (0.01M Tris and 0.001 M EDTA, pH 7.4) buffer. 1 mg graphene
powder was added in 7 X 10ml TE buffer solutions and it was sonicated for at least 2 hrs
with heating until we see the graphene powder is well dispersed in the solution without

any agglomeration.

4.1.3 Polymerization of Pyrrole

To evaluate the performance of different types of electrodes and to see the effect
graphene, various nanocomposites were fabricated using varying concentration of

graphene. Graphene was added prior to doing the polymerization step of Py. After the
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extraction of cellulose from algae in form of pulp addition of Py was performed as

follows.

Addition of graphene

Figure 4-3: A) Solution preparation of Py and Tween80 with varying concentration of graphene, B)
Cellulose pulp addition to Py solution containing Tween80 and graphene.

Graphene nanoplateletes with varying concentration (Img and 3mg) were
dispersed in 10ml Py solution in presence of 1pl of polysorbate (Tween-80) surfactant for
better dispersibility and adsorption on the cellulose. The solution was sonciated for 1 hr.
The cellulose pulp was mixed with Py solution and then collected on filter paper as
shown in Figure 4-3. 8g of FeCl; was dissolved in 100 ml of distilled water and run
through the pulp to induce the polymerization for 10 min. A sponge like cake was formed

at the end of polymerization process.
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4.1.4 Nanocomposite Paper Fabrication

After the formation of sponge like cake containing cellulose pulp coated with PPy
and varying graphene concentrations, the mixture was filtered on polypropylene filter.
The final product was dried and it was given a rectangular shape with approximate

thickness of 100pum as shown in Figure 4-4

Figure 4-4: Optical images of various stages of conductive paper fabrication. Image (A, B) Cellulose
coated with PPy and graphene being given a rectangular shape by applying pressure in order to get desired
thickness. Image (C, D) Final conductive paper electrode without and with graphene respectively.

4.1.5 Supercapacitor Device Assembly

The supercapacitor unit cell was assembled as shown in Figure 4-5. The assembly
was made symmetrically having conducting nanocomposite electrodes on each side. Care
is taken to keep these two electrodes separate using a separator such as a whatman filters

paper. 1M NaCl is used as an electrolyte and the separator is soaked with it. Platinum (Pt)
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is used as a current collector which is attached to the electrode on the top surface and it is

used as a connector to connect the device.

Figure 4-5: Picture of supercapacitor device made from conducting nanocomposite electrodes.[110]

4.2 Characterization Techniques

4.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was a very useful tool to observe and image
the morphology of various nanomaterials of the electrode such as graphene, polypyrrole

(PPy) and algae derived cellulose.

4.2.1.1 Graphene Oxide SEM

SEM was performed on the graphene oxide to observe the structural morphology.
SEM is a very useful tool to visualize the surface morphology of the sample under
investigation. A dispersed graphene oxide solution with the concentration of 0.16 mg/ml

was drop casted on SEM stub and dried for 3hr.
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Figure 4-6: SEM micrograph of graphene oxide with the concentration of 0.16 mg/ml at magnification of
x5000, revealing a typical platelet like structure. [111]

Figure 4-6 shows a typical image of graphene oxide flakes. The flakes are held
together by surface tension in a small drop of graphene oxide solution and while drying
generally the flakes agglomerate together. SEM micrograph is taken at x5000

magnification with the scale bar of Sum.

4.2.1.2 Graphene Nanoplateletes SEM

SEM was used to observe the structural morphology of graphene when dispersed
in TE buffer. Graphene was dispersed in TE buffer with the concentration of 1mg/ml. It
was followed by sonication for about 45 min which developed a homogenously well
dispersed black color solutions. Dispersed graphene solution was drop casted on SEM
stub to capture the images. Figure 4-7 shows a typical image of graphene flakes. Small
individual graphene flakes are held together by van der Walls forces and surface tension

in a small drop of graphene solution. SEM micrograph is taken at various magnifications.
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Figure 4-7: SEM micrograph of graphene nanoplateletes dispersed in 7X Tris-EDTA buffer [111]

4.2.1.3 Cellulose Paper Nanocomposite SEM

SEM image of the nanocomposite paper electrode was taken to see the surface
morphology and the effect of polymerization on the cellulose fibers. Figure 4-8 shows an
interesting beaded morphology of tween 80 surfactant self-assembled in a “necklace” like
structure. Beaded morphology starts to break upon increasing the concentration of
graphene in the overall matrix. Polysorbate-80 was used as a surfactant to enhance the
adsorption of pyrrole to the cellulose fibers. Since only a small quantity is required for
effective adsorption of pyrrole to the surface of cellulose, the remaining amount might
have been utilized by nonpolar graphene flakes, which attract to the hydrophobic tails of

the polysorbate-80 molecule.
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Figure 4-8: SEM micrograph of nanocomposite with cellulose fibers coated with no graphene (A-C) and
with 0.01 wt% graphene (D-F)[110]

4.2.2 Transmission Electron microscopy (TEM)

TEM is very powerful instrument and imaging technique which allows the
samples to be imaged at close to Inm range. TEM was used to observe the graphene
oxide, graphene and the nanocomposite samples dispersed in their respective solvents. A

drop was casted on TEM grid and dried overnight ready to be used in TEM.
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4.2.2.1 Graphene oxide TEM

Graphene oxide powder was dispersed in water at 10mg/ml concentration
followed by sonication for about 3 hrs. Figure 4-9 shows the TEM image of graphene

oxide captured at various magnifications.

Figure 4-9: TEM micrograph of graphene oxide dispersed in water by sonication.

It is clearly seen through the TEM image the single flake of graphene oxide and
its wrinkles on the surface. Graphene oxide is very easily dispersible in water since it has
oxygen and other types of functionalities on its surface and edges. Nitric acid is a
common oxidizing agent and is known to react strongly with aromatic carbon surfaces,
and the reaction results in formation of various oxides containing species including
carboxyl, lactones and ketones. The starting material for such reaction is taken as
graphite flakes, which consists of numerous defects in the m-structure, which may serve

as a seed point for the oxidation process[112].
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Figure 4-10: Proposed hydrogen bonding network formed between oxygen functionality on GO and water.
Reproduced from [112] with permission of The Royal Society of Chemistry (RSC).

In case of graphene oxide rather than retaining a stacked structure, the material is
exfoliated into monolayer. The surface functionalities greatly weaken the platelet-platelet
interactions, owning to its hydrophilicity. There are different methods to exfoliate the
graphene oxide layers either by mechanical stirring or sonicating. Sonicating is faster
method but it will cause substantial damage to the graphene oxide platelets[113]. The
dimensions of these particles are diminished to several hundred nanometer per side [114].
The oxidation process itself also causes breaking of the graphitic structure into smaller

fragments.

4.2.2.2 Graphene TEM

In order to observe the structure of graphene flakes and its size TEM was
performed. A drop of graphene dispersed in 7xTE buffer solution was casted onto the
TEM grid and dried overnight. This TEM grid was used to image the graphene flakes. As
seen above in Figure 4-11, we can see the individual graphene flakes that are exfoliated

during long time of sonication. It is evident from the previous literature[67] that as the

62



number of layers of the overall graphene flake reduces the whole structure starts to

become more and more transparent.

Figure 4-11: TEM micrograph of graphene dispersion in 7X TE buffer.

As seen in Figure 4-11, it is clearly observed that certain area have stacked layers
of graphene and they are less transparent compared to the area where there are less layers
of graphene. We can also derive a conclusion that giving enough sonication time for the
stacked graphene solution, graphene layers can be exfoliated to few numbers of layers,

hence increasing the overall SSA of the sample.
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4.2.2.3 Paper Nanocomposite TEM
To observe that effect of the PPy polymerization on the overall nanocomposite
matrix, TEM was performed on two samples, cellulose-PPy graphene (0g) and cellulose-

PPy-graphene (5mg).

Figure 4-12: TEM micrograph of cellulose-PPy-graphene nanocomposite, (A,B) cellulose-PPy, (C,D)
cellulose-PPy-graphene (0.005g) [110]

It can be clearly observed that the coating and extent of PPy polymerization on
each cellulosic fiber has been well done. It can also be seen that the average diameter of
these cellulose fibers is roughly in the range of 500nm. However there are bigger fibers

as well in micron range.
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4.2.3 Atomic Force Microscopy (AFM)

AFM was utilized to study the morphology of graphene oxide and to verify its
single layer morphology. Graphene oxide powder was dispersed with the concentration of
15pg/ml in water and sonciated for 2 hrs. Syl of aqueous graphene oxide dispersion was

spread onto a freshly cleaved mica surface and left to dry in air.
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Figure 4-13: Tapping mode AFM image of graphene oxide deposited on a freshly cleaved mica surface
with height of ~0.9nm [115]

4.2.4 UV-Resonance Raman Spectroscopy (UVRR)

Graphitic materials have been typically characterized by a highly dispersive band
in the 1200-1400 cm™ region, called the disorder-induced D band and the graphitic mode

(G) at higher frequencies (~1590 cm™) related to the primary in-plane vibrational mode
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within the graphene sheet. Additionally functionalization of graphene has also been found

to profoundly affect the frequency of the G band along with the number of layers[116].

The UV resonance Raman spectra (Figure 4-14, A) of graphene dispersions were
done at Aexe ~ 228 nm. Raman spectra collected for the functionalized graphene
nanoplateletes dispersion shows two very distinct bands are noted at 1691 cm™ and 1736
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Figure 4-14: UV-Raman spectra of graphene dispersed in 7x TE buffer [111]

Figure 4-14 B, represents the UV resonance Raman spectra of the graphene
dispersions at Aexc ~ 262 nm. It is interesting to note that similar to the spectra collected at
228 nm, two very sharp bands are noted in the graphene nanoplateletes dispersion

however at lower frequencies (~ 1477 cm™ and 1516 cm™).

4.3 Electrochemical Analysis of the electrode

The electrochemical response of the PPy-cellulose and PPy-graphene- cellulose
electrodes was determined from cyclic voltammetry measurement. The working

electrodes (WE), PPy-cellulose or PPy-graphene-cellulose with thickness of 100um and
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0.64 cm” area were used to perform electrochemical studies. Figure 4-15 (A, B) shows
the voltammogram plots at 50 m V s™ scan rate of both nanocomposite electrodes. The

PPy-cellulose electrode weighs about 7.2 mg and PPy-graphene-cellulose weight was

6mg.
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Figure 4-15: Cyclic voltammetry curves obtained using A) PPy-cellulose, B) PPy-graphene-cellulose
nanocomposite at scan rate of 50 m V s in aqueous 1M NaCl electrolyte. [110]

The specific capacitance of the electrodes have been determined using following

equation[108].

1 (v “.1)
—f 1(V)dv

~ 2mVs v
Where C is the specific capacitance (F g'l), m 1s the mass of electrode (g), [V= V-
-V] the potential difference and s is the scan rate (m V s™). The specific capacitance of
the PPy-cellulose electrode was 73.32 F g at the scan rate of 50 m V s™ and PPy-

graphene-cellulose electrode has 91.5 F g™
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The variation in the specific capacitance of PPy-cellulose and PPy-graphene-
cellulose nanocomposite as a function of scan rate is shown in Figure 4-16. At the scan
rate of 10mVs™ the specific capacitance of PPy-cellulose nanocomposite is 572 F g™ and
that of PPy-graphene-cellulose is 630 F g"'. At 50 m V s the specific capacitance of
PPy-cellulose nanocomposite is 73.32 F g”'whereas PPy-graphene-cellulose gives 91.5 F
g The specific capacitance of the nanocomposite goes higher at low scan rates because
the a-C atoms of the PPy ring have been almost oxidized to form C-C bonds in the
process of polymerization. So some a-C at the end of polymer chain and B-C atoms of the
PPy chains could be oxidized / deoxidized. When the scan rate is low, these atoms are not
only oxidized/deoxidized, but also the doping ions have enough time to inject/eject from

the PPy particles freely[117]. Figure 4-16(inset) shows the specific capacitance of the

nanocomposite with varying graphene concentration. At a scan rate of

—=&— PPy-graphene
® PPy

600 - I
.
il S
1 854 e
& -«
g ‘ g
L 450 \ 2 y
@ | g
2 1 D
vl | 5 v
S 300] 'f\ & -
@ i - 50mVis
g \ -
O | 7
£ 150 | } ; i :
8 L Graghene concentration{wt¥)
=1 e —
@ T
04 TT——3
T T T T T T 1
-100 0 100 200 300 400 500 600

Scan Rate (mV/s)

Figure 4-16: Variation of specific capacitance of PPy-cellulose and PPy-graphene-cellulose nanocomposite
as a function of scan rate. (Inset: Specific capacitance change as function of graphene concentration at scan
rate of 50 mVs™)[110]
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50 m V s™ nanocomposite without graphene (0 g) has specific capacitance of
73.32 F g, nanocomposite with 1 mg graphene has 76.49 F g” and with 3mg of
graphene the specific capacitance was 91.5 F g™'. An increasing specific capacitance trend

is observed with the increase in graphene concentration in the nanocomposite.
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Figure 4-17: Supercapacitor reading using multimeter recorded over 4 days. [110]

Multimeter was used to measure electrical potential of the nanocomposite
devices. The self-discharge rate of the devices was investigated by measuring the open
circuit voltages for several days. Figure 4-17 illustrates the full potential of the PPy-
graphene- cellulose device was approximately 3.5 times that of the PPy- cellulose device.
It is apparent that device containing PPy- cellulose electrodes started to discharge after
about two days, whereas the device containing PPy-graphene-cellulose electrode began

discharging after about three days.
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CHAPTERS. ANOVELTEMPLATE-LESS HYBRID
NANOCOMPOSITE ELECTRODE FOR

SUPERCAPACITOR

A detailed description of fabrication of a unique template-less free standing
electrode film made from polypyrrole- CNT and graphene nanocomposite has been

presented below.

5.1 Nanocomposite electrode fabrication

5.2 Materials and methods

5.2.1 Pyrrole solution:

To prepare the sample, 200ml of deionized water was measured and added to it
6.982ml of Py with 2.84 g of sodium sulfate (Na,SO,). Stir the solution for 30min with

no heat, until the solution is clear and homogenous.

5.2.2 Pyrrole-graphene-CNT (PCG) solution:

To compare the effect of graphene and CNT in the overall nanocomposite matrix
of PPy and unique solution of PPy containing graphene and CNT was prepared. To

further observe the effect of the graphene and CNT concentration on the overall energy
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storage different solutions were prepared by measuring individual samples of graphene

and CNT and mixing it with PPy solution.

5.2.3 Graphene and carbon nanotube:

Graphene was synthesized from graphene oxide in its reduced form called
reduced graphene oxide (r-GO). Graphene solution was prepared by measuring known
amount of graphene oxide powder mixed in water to make solution of 0.01 wt%. The

solution is sonciated for at least 2 hr with little heat applied.

Graphene can be reduced from as prepared graphene oxide as follows:

1) GO (100mg) was loaded in 100ml water followed by the sonication in water bath
until the solution becomes clear with no visible particulate matter.

2) Hydrazine hydrate 1ml was then added and the solution was heated at 100°C for
24 h.

The resultant product will be black solid which is reduced graphene oxide filtered.

In order to utilize the ballistic conductivity of the graphene as a component of the
electrode, it is very important to have the total SSA as high as possible. But one of the
major challenges with using graphene is that it tends to agglomerate and hence yields

very low SSA.

Carbon nanotubes were purchased from Cheaptubes Inc. They were used as it is

without any further treatment.
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5.2.4 Polymerization of Pyrrole and nanocomposite solutions

A novel hybrid electrode from PPy - graphene - CNT has been fabricated using

electropolymerization method. The final product is a free standing film that can be used

as an electrode for the supercapacitor application. Potentiostat deposition technique was

used to fabricate PPy and PPy-graphene-CNT nanocomposite film on the graphite

electrode. Pyrrole is known to polymerize under potential of 800 m V.

Table 5-1: Cyclic voltammetry parameters for depositing pyrrole and pyrrole-CNT-graphene

nanocomposite free standing films

CV parameters Pyrrole (Py) Pyrrole-graphene-CNT
(PCG)

Vinax (mV) 900 900

Vinin (mV) 800 800

Scan rate (mVs-1) 20 10

Cycles 100 100

Using three electrode setup where the working electrode (WE) is either

graphite/gold/Pt, reference electrode (RE) is Ag/AgCl and counter electrode (CE) is

platinum (Pt) in pyrrole solution. Potential is swept from 900 m V to 800 m V at a scan

rateof I0m Vs
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Figure 5-1: Polymerization of pyrrole using three electrode setup CV with Pt (WE), graphite rod (CE) and
Ag/ AgCl (RE)

5.2.5 Fabrication of Freestanding Nanocomposite Film

After setting up the cyclic voltammetry setup as described in the above section
and running the potentiostat for 100 cycles the pyrrole monomer starts to get polymerize

forming a long chain of conductive polypyrrole.
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Figure 5-2: Polymerization of pyrrole (Py) to conductive polymeric chain of polypyrrole (PPy)

During polymerization of pyrrole, electroneutrality of the polymer matrix is
maintained by incorporation of anions (called dopants) from the reaction solution,

corresponding to one anion for every 3-4 monomer units, making upto 30-40% of the
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final weight of the polymer depending on the type of the dopant anion. A simple model

of pyrrole polymerization is shown in Figure 5-2.

Here A’ is the counterion incorporated into the polymer during polymerization in
order to achieve electroneutrality[118]. A counter ion stabilizes the charge on the
polymer but is not very mobile within the dry material. Thus these polymers are truly
electronic and ionic conductors[119]. This long chain of polypyrrole gets deposited on
the graphite which is negatively charged. Now this film can be easily peeled off after the
100 cycles has finished and these freestanding films can be used as an electrode for

supercapacitor applications.

Figure 5-3: Optical images of PPy film formation on graphite substrate. A free standing film can be peeled
off to be used as an electrode. A) Control PPy film, B & C) PPy-graphene-CNT film.
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5.2.6 Electrolyte comparison

The supercapacitor cell voltage is directly dependent on the electrolyte stability at
high potentials window. As the energy density is directly proportional to the square of
voltage applied, having a stable electrolyte at higher operating voltage is essential. The
performance of electrodes was studied using different electrolytes such as ascorbic acid
(AA), sodium sulfate (SS) and sulfuric acid (SA). AA electrolyte was prepared using
10mM Ascorbic Acid+50mM Phosphate Buffer Saline (PBS). The AA which is also
known as Vitamin C is an example of weak electrolytes but it occurs naturally and is very
biosafe. On the other hand the SS is an example of strong electrolyte which is aqueous in
nature. It can be prepared by adding weighted amount of sodium sulfate salts in the
deionized water. As it is neutral salt, its pH is very near to 7. And SA is also a strong

electrolyte with the pH of 1M of H,SO4 close to 0.

5.3 Scanning electron microscopy

After the nanocomposite electrode films were fabricated, a detailed SEM was

performed to observe the morphological structure of the complete electrode.

5.3.1 Polypyrrole

As seen in the Figure 5-4, a typical “cauliflower” structure of the PPy which has
nucleated to form various grains. The average diameter of each individual grain size is
approximately 6pm. At the surface of the PPy film such grains binds together and that is
where they form the pores. The average size of these pores in the PPy structure is

~300nm in diameter.
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Figure 5-4: SEM micrographs of control PPy electrodes at various magnifications

5.3.2 Ciross section of Polypyrrole films

The cross sectional micrograph images of PPy reveal the thickness of the
nanocomposite films after 100 cycles of deposition. The average thickness of the PPy
film 1s ~70 pm. Very interesting flakes of several individual layers of PPy can be seen in
the cross sectional image using SEM. The approximate distance between two layers is
120 nm and the thickness of the each individual layers is ~ 130 -250 nm, suggesting
extremely small pores formation in the PPy structure. This small pores formation
basically leads to the high specific surface area of the electrode material which allows it

to store higher charges on its surface.
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Figure 5-5: Cross- sectional SEM micrographs of PPy

5.3.3 Scanning electron microscopy of Polypyrrole after 100

cycles of cyclic voltammetry in sodium sulfate electrolyte

As seen in the Figure 5-6, several needle like structures are observed on the
surface of the PPy film after performing the cyclic voltammetry for approximately 100
cycles. This suggests the effect of electrochemical activity occurring on the surface of
polypyrrole and perhaps the degradation of the PPy film after 100 cycles. It is seen that
several needle like structures emerges on the PPy surface and they also can be seen
overall at the pores as well. These needles like structures could be the results of SS salt
which might have agglomerated on the surface after about 100 cycles. The approximate

length of this needle like structures is about 1000 nm with the width of 300nm.

77



Figure 5-6: Needle like structures seen in the SEM micrograph of the controlled PPy film after performing
cyclic voltammetry in 1M Na,SO, (SS) electrolyte, suggesting the degradation of the polymer film over the
time.

5.3.4 Scanning electron microscopy of Polypyrrole-graphene-
CNT nanocomposite electrode after 100 cycles of cyclic voltammetry in

sodium sulfate electrolyte

Cyclic voltammetry was also performed on the PCGO0.01 sample for 100 cycles to
see the effect of the polymer degradation in Na,SO4 electrolyte. As it is seen in the
Figure 5-7, after the cyclic voltammetry done Na,SO, electrolyte there is a clear visible
nanocubes instead of needles as observed in the PPy nanocomposite. The average size of

the nanocubes is ~80nm.
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Figure 5-7: SEM images of post CV done for 100 cycles to observe the degradation in the samples of
PCG0.01

5.3.5 Polypyrrole-graphene nanocomposite electrode (PG)

Further to investigate the effect of addition of graphene in the matrix of PPy, a
measured quantity of graphene was added to the already prepared Py solution making it

to 0.1 wt% concentration of the overall solution.

A very interesting and unique nanocomposite structure of PG 0.1wt% can be
observed using SEM. As seen above the typical “cauliflower” like structure is not seen as
pronounced as observed in the PPy control film sample. On the contrary it is seen a very
unique hybrid layered nanostructure is fabricated upon the inclusion of graphene. It can

be clearly observed that few individual layers of graphene have been coated with the
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polymerized PPy film making it a stacked hybrid structure. The thickness of each and
individual layers of these stacks of graphene coated with PPy are approximately 20nm.
The distance between two layers is in the range of 300-500 nm suggesting macroporous

materials formation (pore size = 50-1000nm).

Figure 5-8: High resolution SEM micrograph of PPy-graphene (PG 0.1 wt %) concentration at different
magnification showing a very unique nanocomposite structure.

5.3.6 Polypyrrole-graphene-CNT nanocomposite electrode

PCG)

It is evident from the Figure 5-9, that the PCG nanocomposite also forms a very

unique structure with a layered morphology containing graphene and CNTs.
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Figure 5-9: SEM micrograph of polypyrrole-graphene-CNT nanocomposite electrode film.

5.4 Energy- dispersive X-ray spectroscopy (EDS)

EDS Quantitative Results
% Atk

TZ

Figure 5-10: Elemental EDS characterization representing the composition of control PPy film
before performing the CV.
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EDS is very useful technique to analyze the elemental structure of the
nanocomposite. This technique relies on an interaction between the sample and some

source of X-ray excitation.

5.5 Electrochemical Analysis of the nanocomposite electrodes in

different electrolytes

Table 5-2: List of the different nanocomposite supercapacitor electrodes with varying
concentration of graphene and CNT in the overall pyrrole matrix.

Nanocomposite composition

Polypyrrole control (PPy)

Polypyrrole with 0.01 wt% CNT-graphene

(PCG0.01)

Polypyrrole with 0.05 wt% CNT-graphene

(PCG0.05)

Polypyrrole with 0.1 wt% CNT-graphene

(PCGO.1)

The electrochemical response of control PPy and related nanocomposite was
performed using cyclic voltammetry (CV) technique. All the different nanocomposite
electrode films were tested using different electrolytes such as sulfuric acid (SA), sodium
sulfate (SS) and ascorbic acid (AA) also known as vitamin C. The working electrode

(WE) was taken as the PPy and nanocomposite electrodes which is tabulated below.
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Using the CV technique initial deposition of the nanocomposite electrodes was
performed on the graphite rod where the films of these electrodes were deposited. The
deposition took place on the surface of the graphite rod with the diameter of 3mm. The
area of all the nanocomposite film was maintained at 7.06858 mm®. All the CV tests were

performed at different scan rates such as 5, 50, 100 and 500 m V st

Table 5-3: Weight of individually deposited nanocomposite freestanding film for electrochemical

analysis.
Weight of PCGO0.01 PCGO0.05 PCGO.1
PPy
nanocomposite
electrode
deposited (mg)
AA 2 3 2.1 2.8
SS 2 23 2.1 2.8
SA 1.6 2.2 1.7 1.5

The weight of the deposited PPy and PCG film was calculated by subtracting the
weight of bare graphite electrode with the weight of graphite with deposited film on it.

Approximately the total deposited nanocomposite film weighs in the range of 1.5-3 mg as

tabulated below.
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Figure 5-11: Cyclic voltammetry comparison of the control PPy nanocomposite in various
electrolytes (SA, SS, AA). A typical capacitive curve is obtained by the PPy nanocomposite in SA
electrolytes representing higher charge storing capability.

The specific capacitance of the electrodes have been calculated using following:

v+ (5.1)

1
C=—+ 1(V)dv
mVs J,_

Where C is the specific capacitance (F g'l), m is the mass of the active electrode
material (g), [/’= V. -V.] the potential difference and s is the scan rate (m V s™). The total
charge transferred during the cycle can be calculated by integrating the area under the

curve of CV.
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Table 5-4: Specific capacitance values of individual nanocomposite films in sulfuric acid (SA)
electrolyte as measured by cyclic voltammetry.

Scan rate PPy control | PCGO0.01 PCGO0.05 PCGO.1 Sulfuric Acid
(SA)

5 281 305 384 453.33

50 115.5 154 283.33 257.46

100 90.62 120 156.667 284.66

500 86 111.355 107.267 69.32

Table 5-5: Specific capacitance values of individual nanocomposite films in sodium sulfate (SS)
electrolyte as measured by cyclic voltammetry.

Scan rate PPy control | PCGO0.01 PCGO0.05 PCGO.1 Sodium
Sulfate
(SS)

5 226.8 264.261 485.9 253.57

50 116.8 65.42 105.71 37.08

100 63.2 25 55.62 22

500 21.04 7 15.9 6.44
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Table 5-6: Specific capacitance values of individual nanocomposite films in ascorbic acid (AA)
electrolyte as measured by cyclic voltammetry.

Scan rate PPy control | PCGO0.01 PCGO0.05 Ascorbic
Acid (AA)

5 219.09 319.165 450.56

50 104.9 97.645 97.48

100 38.16 50.581 62.81

500 24.09 19.69 41.359

As shown in Figure 5-12, it was observed that SA has the highest amount of the
specific capacitance which is later followed by the SS and AA electrolytes. This shown
that the type of the electrolytes plays a significant role in the charge storage mechanism
in the supercapacitor electrodes. This can be better observed in the Figure 5-13, where
the specific capacitance of the electrodes is calculated from the CV curve in various
electrolytes such as SA, SS and AA. In all the electrolytes we observe a common trend of
highest amount of specific capacitance with the increase in the concentration of graphene
and CNT respectively. This trend suggests that the strong electrolytes which are highly
acidic in nature gives rise to higher ion mobility which in turn increases the charge
storage capabilities. Also from above images a very obvious trend of increase in the
specific capacitance is observed with the decrease in the scan rate. At a very low scan

rate the total time for the electrolytic ions to get adsorbed increases drastically hence
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allowing more concentration of ions getting in the highly porous structure of the

nanocomposite enabling higher amount of specific capacitance.
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Figure 5-12: Specific capacitance verses the scan rate. Overall observation of higher specific capacitance in
SA followed by the SS and least in AA.

Also it can be seen in the case of SA electrolyte that there is a continuous increase
in the specific capacitance of the electrodes with the increase in the concentration of
graphene and CNT. The control sample of PPy (0 wt %) has the specific capacitance of ~
281 F g at the scan rate of 5 m V s and it increases with the concentration of PCG to
maximum of ~450 F g”'. This highly indicates that the unique nanocomposite structure
which has been fabricated with the inclusion of graphene and CNT in the polypyrrole

matrix plays a significant role in overall charge storage mechanism.
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For the PPy control nanocomposite film in H,SOj electrolyte, the highest
capacitance observed was 281 F g™ at the scan rate of 5 m V s. Not only did the H,SO,4
electrolyte yield a high capacitance, but also there was a low drop in capacitance as the

scan rate increased.
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Figure 5-13: Specific capacitance measurements of individual electrodes such as control PPy and different
concentrations of PCGs in various electrolytes (SA, SS and AA).
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The graph in Figure 5-13, displays a consistent trend in the amount of specific
capacitance and the type of nanocomposite film. Overall, the PPY film had the lower
specific capacitance when compared to the PCG composite films. Furthermore, as the
concentration increased for the PCG composite films, the specific capacitance did as
well. This trend displays that the higher the concentration of PCG, the higher the specific

capacitance.

5.6 Power density and Energy density comparison of the

electrodes
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Figure 5-14: A superimposed graph of PCG containing nanocomposite at various scan rates on a Ragone
plot which compares the electrodes of supercapacitors from various reference and commercially available
supercapacitors. Reproduced from [120], Scientific reports, 2013
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Analyzing the cyclic voltammetry curve we can calculate the power density (P, in
Wkg') and the energy density of the electrode material by using the following

expressions
1 V+
P=— 1vd
mV fo v

Here, V is the initial voltage during discharge; m is the total mass of both

electrodes

1 V+
E=— | 1
3600mvj0 vdv

Here v is the scan rate (Vs™)

Here shown above the specific energy and power density values are very much
consistent with the other materials recently reported and the also with various commercial

supercapacitors.
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CHAPTER 6. SUPERCAPACITOR DEVICE ASSEMBLY

The supercapacitor test cells were assembled using the CR2032 battery coin cells
as shown in the. The test cell consisted of a metal cap, a metal case with the polymer seal,
a spring, two stainless steel spacers, two current collectors coated with the active
conductive materials and a membrane separator. The capacitor stack of electrodes and
separator was positioned between two spacers. Two symmetric conductive electrodes
were electrically separated by a hydrophilic membrane which is uniquely made from
polycaprolactone (PCL) nanofibers having extremely small diameter and very high
specific surface area. This separator membrane was soaked with SA electrolyte acting as

electrolyte reservoir as well as it permits the ionic exchange across the two electrodes.

Spring Separator Current collector

4 .
e
-—
| | =
— = =
Metal cap Metal spacer Metal case  Electrode

Figure 6-1: Supercapacitor test assembly cell device. Left image adapted from [121], image on the right is
of the actual supercapacitor device.

-
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6.1 Fabrication of PCL based nanofibrous separator membrane

The electrospinning setup comprised of a dual syringe pump (KDS 200 series, KDS
scientific), a high voltage power supply (Model ES30P, Gamma High Voltage Research)
and a metallic (aluminum) collector placed at an appropriate distance from the tip of the
needle. The variables that are important in electrospinning of nanofibers are, the distance
between the needle and the collector (d), viscosity of the polymer solution, flow rate ()
of the polymer solution from the needle tip through the syringe and electric field strength

applied which is voltage per distance (kV/cm) between the needle and the collector.

High Voltage Supply

[ 10% PCL-0.01wt% graphene(Aligned)
55 0% PCL(Random)

3

(%)
Distribution (%)

2 400 800 800 1000 1200 1400
eter {nm) Fiber Diameler (nm)

Figure 6-2: A) Typical electrospinning setup having high voltage power supply and syringe pump, B) SEM
image of the PCL nanofibers showing nanofibrous structure with average diameter in the range of 600 nm,
C) SEM image of electrospun nanofibers completely oriented in one direction using rotating collector.

92



10 wt% PCL solutions (Sigma Aldrich, 70k-90k Mw) was prepared using 10g of
PCL pallets in 100ml acetone solvent and stirring at 60°C until a clear solution was
achieved. Polymeric nanocomposite solution was also prepared by adding different
concentrations of graphene in 10 wt% PCL solutions. Scanning electron microscope
(SEM) was utilized to characterize the morphology of the fibers after sputter coating

(CRC 50 Sputter Coater) gold on the sample for 25s.

6.1.1 Model for formation of aligned nanofibers on the rotating

collector

Understanding of the fiber formation from a single drop of polymeric solution is a non-
trivial event. The fundamental equations for fiber formation in melt spinning and various
strategies used for alignment of nanofibers in the past few years can be used to
understand coaxial alignment of fibers using axially rotating collector (ARC) collector. A
mathematical model for alignment of nanofibers on ARC collector using the
approximations discussed previously (A.Ziabicki, 1976) and comparing the theory of

fiber alignment on rotating drum collector[122], [123].

Figure 6-3: Schematic showing various forces acting on a polymer drop at the tip of needle leading to
subsequent stretching
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As shown in Figure 6-3, neglecting gravitational force “F” acting on the drop, the
surface tension ‘c’ is compensated by force of electric potential across the needle and
collector. The droplet is deformed by electric field into conical shape subsequently
emerging out as a jet. At this point electric field overcomes the surface tension of the

drop.

6.1.1.1 Interaction of Tensile Force Introduced By Rotating Disc
The tension force produced by the rotating disc collector (F.4) and the force due to
gravity (Fg) are balanced by the rheological force (o) which arises due to the friction
between polymer molecules, the aecrodynamic force (F,;) which is drag exerted by the air
flow in the chamber on the fiber jet, the inertial force (Fj;) and the surface tension of fiber
jet (os). Fir is a combination of radial forces on charge (R) and cohesive forces among
charges (C).

Frd+Fgr:G+Far+F1r+Gs (61)

Above model is important for stability of fiber jet formation[122].
Force on a given point on the rotating disc will be centripetal force exerted on that
point during rotation in circular path and can be written as,

m V2 (62)

Frqg =ma, =

An axial stress generated in the fiber jet is given by equation

(Ve Yy 6.3)
o =3u( ] ) [124], [125]

94



Since, fiber jet is subjected to the force of electric field, the surface tension build up in

fiber along its cross sectional area will be
o, == (6.4)

Gravitational force acting on the fiber jet of mass m,

Fye = myg (6.5)

Considering a fiber loops in the median region of setup, equation (6.1) will govern the
generation of tensile force in fiber jet and loops. As the fiber loop comes in the nearest
region of the collector, the force of rotation of the collector will take up a charge and will
generate significant tensile force by the cooperation of electric field strength. Fiber will
now deposit starting from its tip, gradually sticking its lateral surface along the
circumference of collector. At this point the radius of fiber loop will be stabilized since
collector will strongly attract charges within the fiber. Difference between collector
velocity (Vi) and fiber velocity (V) will gradually decrease and may approximately be
zero. We can assume [ to be constant at the time of deposition. Considering no further
elongation at this point we can make area of cross section (A4), length (/), and volume (V)
of'a depositing fiber to be constant. Hence we get

vi+r«E (6.6)

Equation (6) can be used to explain the phenomenon of normalized fiber deposition as,

1) The direct proportionality between collector velocity V and Electric field strength E
shows that V; will cooperate with E to add up a force to maintain the constant orientation

of fiber.
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2) r indicates that the fiber loop will now keep on depositing along the radius of the
collector. In this case loop radius can be treated as a Vector quantity T, being affected by

collector velocity (Vi) and electric field (E) in the space.

3) The interaction between the electric field and the charge in a polymer jet (fiber)
turns the fiber in erratic loops, randomly depositing it on the stationary collector. In order
to align fiber coaxially along its circumference, the circular collector should rotate with
sufficient rpm high enough and having diameter (radius) large enough to be proportionate
to the electric field in the space.

If we consider an electric field E and elongation viscosity p to be constant at the point
of deposition, radius to be unaffected, and considerable change in fiber velocity then the

equation (6.6) will be,

Vi v — vp (6.7)
Or vE— v, o —vp (6.8)
Or ve(vy — 1) < —vf (6.9)

Negative sign indicates vy < v,

Above equation explains that collector velocity will be imparted to the fiber velocity
and bring it up to the speed of collector rotation for normalized deposition. In case of Vi
< Vy, the equation (6.7) will be

Vi X v — 1y (6.10)
ie., ve(ve + 1) x vp (6.11)
Equation (6.11) is still the as equation (6.9) but its positive sign indicates that it is not

significantly affected by the collector velocity and therefore factors like elongation
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viscosity, inertial forces may remain in effect up to appreciable extent. At this point, fiber
orientation may vary and wouldn’t be depositing itself along the circumference. For
instance we will take Equation (6.6) in consideration assuming that (vt - vf) is
appreciable quantity as
vi+ro(v,—v)+E (6.12)
Or vi+r <« AV+E (6.13)
Where, AV =(vt - vf) , V¢ will affect the radius of fiber loop and proportionally
maintain fiber velocity vy or AV. Because of this over all interaction fiber loop will be

acted upon by proportional amount of electric field strength. The entire interaction will

result in the phenomenon of normalized deposition.
6.1.2 Finite Element based simulation model

A computer simulation model was studied for the syringe and the disc collector
in order to understand the electric field patterns that are generated in the surrounding
medium (air) between the needle and the collector during the electrospinning of the
nanofibers. Figure 6-4 shows the electric field in the form of an isosurface, where we
can clearly see the electric field lines targeting the grounded aluminum collector at its
periphery. The needle is modeled as a high-strength alloy steel cylinder with 40 mm
length and 0.8 mm diameter. Similarly, the aluminum disc collector is modeled as a 300
mm diameter disc having a thickness of 1mm. Material properties are assigned as per
standard values for relative permittivity and electric conductivity for the needle, disc and
the surrounding air. It is known that air is a very good insulator, however, at high

voltages such as in case of electrospinning (~15 kV), the medium between the needle and
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the collector ionizes thereby slightly increasing the conductivity and hence to
accommodate this aspect, an initial electric conductivity of 1x10™* S/m for air is
considered. Furthermore, a tetrahedral meshing algorithm was used for finite element
analysis and 3D as well as 2D plot groups in COMSOL multiphysics were utilized for the
analysis of the resulting electric field. It was found that the aluminum collector is
primarily impacted at its periphery by the emanating electric field lines from the needle
tip at 15kV (Figure 6-4 (A) and (B)). It was realized that the accumulation of nanofibers

would be higher at the periphery mainly due to this effect.
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Figure 6-4: Electric Field modeling and analysis showing the electric field pattern at the collector surface.
(a) Distance between the needle (positive terminal) and the collector (ground) showing the electric field
lines. The length and thickness of the arrows is proportional to the intensity of the field (maximum of 122.7
V/m), (b) a 3-D view of the model showing the electric field predominantly over the periphery of the disc
collector anticipating a larger accumulation of nanofibers over the periphery, (c) line graph plot showing
the highest intensity of the electric field at the periphery of the 30cm diameter collector. The difference in
field strength (~1000V/m) between the two edges is due to the error in positioning the arc across the disc
collector

The resultant plot of electric field (V/m) with respect to the arc length across the
disc in the y-z plane demonstrated that there is a significant difference in the electric field

intensity at the periphery compared to the disc (~10,000 V/m). The little difference in the
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electric field between the two peripheral sides of the disc is due to a slight mismatch in

the two ends of the arc length across the air box.

6.2 Electrical measurements of the supercapacitor device

The supercapacitor stack was fabricated as shown in the Figure 6-5 which is
described in detail in the section 0. In order to compare the performance of the
supercapacitor device, the voltage comparison was done of conventional alkaline 1.5 V

battery and stacks of supercapacitor as shown in Figure 6-5.

Figure 6-5: A) Supercapacitor device assembled and ready to be tested. B) Measurement of the output
voltage from a conventional alkaline 1.5 V battery, C) Output voltage of supercapacitors stacked in three
cells made from CR2032 stainless steel coins. The overall output voltage of the device is approximately 1.5
v
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The output voltage of the conventional alkaline battery is 1.5 V and that of the
assembled stacks of supercapacitor devices together is 1.5 V prior to charging of the
supercapacitor cells. These supercapacitor cells were charged using a power supply of
5V/ 3A for only 10 s after which the device voltage was ramped up to ~ 2.5 V. This
demonstrates supercapacitor capability to be charged only in few seconds as compared to
minutes or hours in the case of the conventional batteries. This also suggests the high
performance of the stacks of supercapacitor using the nanostructures electrode material
which has very minimal weight as compared to the conventional battery which densely

packed with toxic electrode materials.

Lighting up of green LED

%
N —

Figure 6-6: A) Charging of the supercapacitor device using external power supply with constant 5V / 3A.
The supercapacitor device needs to be charged only for 10 s giving the output voltage of ~2.5 V. B &C)
Demonstrates the lighting up of green LED (2.2V) using the supercapacitor device after charging.
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Further to demonstrate the actual operation of the supercapacitor device, a green
LED was used in series connected to the positive and negative terminals of the
supercapacitor device as shown in Figure 6-6. The supercapacitor device was charged
using external power supply for 10 s and the output voltage was ramped up to 2.5V from
1.5 V. After this a 2.2 V green LED bulb was connected to the supercapacitor device
which was able to light up. This demonstrates that ionic charges stored in the

supercapacitor device while charging were utilized to light up a bulb.

6.2.1 Circuit Implementation

To further demonstrate the performance of the supercapacitor stack a

sophisticated circuit was implemented using 2 switches as shown in Figure 6-7.

N
SW 1 \
I
I
SC
sw 2\
LED
e
V%

Figure 6-7: A) Experimental circuit implementation for demonstration of supercapacitor performance, B)
Circuit diagram illustrating the same circuit design.
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Here as show above two switches are used across the stack of supercapacitors.
SW1 connects the power source to the supercapacitor and charges it for 30 s. SW2 when
turned ON connects the supercapacitors to the LED and discharges emitting the light.
Using this circuit a thorough comparison has been done using conventional capacitors
and the fabricated supercapacitors. Table 6-1 demonstrates the test cases for the

implemented circuit.

Table 6-1: Test cases for the implemented circuit

Case SW 1 SW 2 SC

(charging/discharging)

1 0 0 Not charging

2 1 0 Charging

3 0 1 Discharging to load
(LED)

It is observed that the conventional supercapacitor would charge in few
milliseconds however it would light up the LED for only few milliseconds. On the
contrary to this a supercapacitor stack would take about 30 s to charge up to 3 V and it
would light up the LED for a good 3 min indicating the power and energy density of
these nanostructured electrodes and their capability to store the charges for a longer

period of time.
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SW 1 (ON) [ Capacitor charging | SW 1 (ON) Charging supercapacitor

Conventional capacitor Supercapacitor

Figure 6-8: Comparison of a conventional capacitor with stacks of supercapacitor using the implemented
circuit.

A supercapacitor device self discharge performance was also done as shown in

the Figure 6-9.
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Figure 6-9: Discharge profile of the supercapacitor stack with and without the presence of load (LED) with
respect to time (min)
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CHAPTER 7. APPLICATION SPECIFIC MODELING OF

THE SUPERCAPACITOR

7.1 Mathematical model for theoretical specific capacitance of

the polypyrrole electrode in sulfuric acid

The performance of the supercapacitor device of PPy and PCG nanocomposite
was characterized using cyclic voltammetry. For the CV method, the overall specific

capacitance can be obtained from,

_dq dqdt  dt [ i (7.1

TdE dtdE 'dE dEjdt v

Here, i (A) is the instantaneous current in the cyclic voltammetry curves, dE/dt
(Vs™) is the scan rate (v, Vs™) and C is the capacitance (F) can be calculated by average

current (i) divided by the scan rate :

i 1 k2 (7.2)

C=37 @m=snv), [EE

Here E; and E, are the switching potentials in the cyclic voltammetry,
f;lz i (E)dE is the voltammetric charge (q) obtained by the integration of positive and

negative sweep in the CV curves.
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The specific capacitance can be calculated by dividing the active mass (m) in

grams of the electrode to the overall capacitance value.
c C
sp= —
P=n

7.1.1 Estimate of maximum value of specific capacitance

Several assumptions need to be made in order to estimate the theoretical value of

the nanocomposite electrodes which are as follows [49]:

1) The polypyrrole nanocomposite film is solid and the entire surface is applied in
charge storage mechanism
2) The diffusion process of the counter- anions (SO,™") is fast enough and has no
effect on the faradaic reaction of PPy
3) The PPy film has high conductivity under various conditions
Based on the assumptions it can be considered that the redox reaction takes place
in the PPy film instantaneously at the same time everywhere. The redox potential of the

PPy film is Ep, =0.45 V and E,=-0.123 V, hence AE = 0.573 V
Now the charge stored in the PPy nanocomposite due to the faradaic reaction is;
Qp = 1nF (7.3)

Here, n is the number of moles of repeated units in Py, F is the Faraday constant,

9.64853 X 10* C mol™. The capacitance can be calculated from Qp as:
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_Qp (7.4)

Cp=13g

Here, AE is the potential window for PPy electrode. Hence the specific

capacitance (Csp) can be calculated as follows:

Csp = @= Qp (7.5)
p m AE Xm

Now for PPy the with 1 mole of Pyrrole repeating units, the faradaic charge stored
Qp is;
Qp =1x1x9.64853 x 10* = 94685.3 C (7.6)

The potential window of PPy, AE = 0.573 V and with 1 mole of repeat units of

the Py is 67.09 g.

Therefore,

Qp 964853
AE xm 0.573 X 67.09

Csp = = 2509.85F/g

Approximately we can consider the specific capacitance of single PPy electrode
system as 2500 F g”'. Considering this the specific capacitance of a symmetrically

stacked supercapacitor will be:

Csp of single electrode 2500

Ccell = >

= 1250F /g
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Hence the theoretical limit of the PPy nanocomposite electrode based

supercapacitor would be ~ 1250 F g™

7.2 Supercapacitor in hybrid electric vehicles (HEV)

application

One of the very unique applications of supercapacitors can be thought of using it
in hybrid vehicles. The configuration of the hybrid vehicles can be done in several ways
keeping in mind the efficiency of the primary fuel to wheel torque. The motive behind
introducing supercapacitors in hybrid vehicles is to reduce the overall output stress on the

battery pack and also to utilize the peak power requirements in electrical systems.

Table 7-1: Technical data, Toyota Prius, 2008
Mass (m) 1330 Kg

Maximum power of | 50 kW

engine Py, max

Power for battery, rated | 21 kW
(Pv)
Battery volts, Vi 201.60 Vv

The maximum power available through the electrical drive train systems is only +
50kW. Further it is well known that amount of power requirement during acceleration

and braking of the car is more than the limited amount available of 50kW. The braking

107



and acceleration of car typically lasts for 3-5 s and the total energy required during those
3-5 s is approximately 70 Wh. Typically the excessive braking power will be met by the
friction brakes, and the ICE and battery will provide the excess energy needed during

acceleration.

The total voltage needed by the battery to meet these excessive power

requirement is ~201.06 V.

A typical stack of 3 supercapacitor cells provides voltage approximately 2.5V.

The number of such 3 supercapacitors stacked packs needed are:

n= 201.06 — 804
2.5

Therefore to provide 201.06V of voltage we need 80 such 3 supercapacitor cell
packs. Considering the weight and the size factor of these cells it is highly feasible to use

80 such supercapacitors cell packs.

7.3 Mathematical model for power backup using

supercapacitors to prevent data loss

Mostly the transit data or data in the volatile memory are compromised in cases of
sudden power failure. In order to protect such data many systems uses battery based
power backup systems that supplies short term power enough for the RAID controller to

write volatile data to nonvolatile memory.
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From the sustainability point of view a lots of research is done in order to replace
battery based storage systems. Supercapacitors are finding a very unique application in
these advanced flash memory storage systems which can last longer with higher
performance and environmentally sustainable. Even though supercapacitors have lower
energy density as compared to the conventional batteries, the reduce requirements in

flash memory have made them a perfect option for memory backup applications

7.3.1 Backup power application

A supercapacitor stack can be incorporated in to a backup system that has the
capacity to complete the data transfer out of volatile memory. By using the
approximations previously discussed by Jim Drew [126] an estimation of the
supercapacitor size and the amount of the electrode materials can be made. A DC/DC
converter takes the output of the supercapacitor stack and provides a constant voltage to
the data recovery electronics [126]. The data transfer must be completed before the

voltage across the supercapacitor drops to the minimum input operating voltage (V,y) of

the DC/DC converter.

The minimum capacitance (Cpiy) required by the supercapacitor can be calculated
using backup time (Ty,) to transfer the data into the flash memory. The initial and the

final stack voltage (Vo)) and (Vewy))-

2 X Pin X Thu
Vc(0)? — Vc(uv)?

Cmin =

So the Cpin 1s the effective capacitance of the one supercapacitor.
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Considering that it takes approximately 45 s to store the data in flash memory and

the input power to the DC/DC converter is 20W and the Uy, is 2.7V

Assume,

The minimum voltage needed on the supercapacitor stack

Ve(uv) =Vurv x 1.1

Ve(uy) =2.7%1.1=2.97 V=~3 V

Hence the minimum capacitance required for the supercapacitor stack is:

Cmin — 2 X Pin X Thu
mim = Vc(0)2 — Ve(uv)?
. 2X20x45
Cmin = w =128 F

Assuming the average specific capacitance of the electrode in a single capacitor to

be 300 Fg™'. The specific capacitance of one supercapacitor device can be calculated

1 1 1 1 1 2

Ceq C1 * 2~ 300 7300 300

Ceq=150F ¢!

Hence, should we use about 1 g of nanocomposite materials in one supercapacitor

device we can achieve the above required capacitance value.
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7.4 Microelectrode supercapacitor

Based on the detailed electrochemical characterization of the freestanding
electrode film which has shown a very superior performance in terms of the

supercapacitor for energy storage application.

Figure 7-1: Photograph of a capacitive microelectrode demonstrating the capability of precisely depositing
electrically conductive electrode with higher performance.

It can further be shown that these conductive electrode nanocomposite films can
be precisely deposited on an existing circuit such as microcomb electrodes as shown in
Figure 7-1. Using this technique we can precisely pattern the electrical circuit and

thereby creating a new opportunity in making flexible circuits.
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CONCLUSIONS

This work demonstrates the use of the sustainable and abundantly available
cellulose extracted from c. aegagropila algae coated with polypyrrole and graphene as an
electrode for supercapacitor application. The nanocomposite was fabricated using in situ
polymerization of Py monomer mixed with graphene. The introduction of high specific
surface area graphene nanoplateletes enables the nanocomposite to achieve high specific
capacitance of 91.5 Fg™'. The nanocomposite exhibits better electrochemical performance
with graphene. Also a novel hybrid nanocomposite has been developed using graphene-
carbon nanotubes (CNTs) coated with electrically conductive polypyrrole (PPy). The
nanocomposite fabricated by electropolymerization technique was used as an electrode
for a supercapacitor device. The electrodes were tested in various electrolytes such as
ascorbic acid, sodium sulfate and sulfuric acid. It is found that sulfuric acid electrolyte
gave consistently higher specific capacitance in all the scan rates. The specific
capacitance of polypyrrole-graphene-CNT nanocomposite as calculated from cyclic
voltammetry curve is 450Fg™ at the scan rate 5SmVs™ with highest concentration of
graphene-CNT of 0.1 wt%. The power density and energy density of these electrodes is
compared in Ragone plot with existing commercial supercapacitors and various
supercapacitors electrodes reported by other research groups. A unique highly porous
nanofibrous scaffold has been fabricated using electrospinning setup which was used as a
separator which acts as electrolyte reservoir and as ionic exchange membrane. It was
observed that due to extremely high specific surface area of these nanostructured fibers

the ionic diffusion happens extremely efficient giving rise to higher charge storage
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capabilities. A thorough morphological and electrochemical characterization has been
performed to achieve fundamental understanding of these electrodes. Mathematical
model predicting the theoretical limit of the polypyrrole nanocomposite has been
proposed. The performance of the fabricated supercapacitor device has been analyzed
using a multimeter and compared with a conventional alkaline (1.5V) battery and a
conventional capacitor. Lighting up of 2.2 V light emitting diode has been demonstrated
using the fabricated supercapacitor. Application specific modeling has also been
introduced. These applications include the use of the fabricated supercapacitor in hybrid
electric vehicles (HEV), power back-up in memory storage and as microelectrodes in
flexible electronics. A fundamental understanding of the advanced supercapacitor have
been achieved through carefully designed experiments and characterizing the

nanocomposite using some of the state-of-the-art techniques.
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