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ABSTRACT

In recent years, electrical double layer capacitor (EDLCs) has become one of the

most popular energy storage devices. This can be attributed to its high capacity, long

life cycle and fast charge/discharge rates. Hameiw has some drawbackanainly

it stores less amount of energy than batteries. Hence, there is a need to optimize the
EDLC to increase its capacity and decrease its equivalent series resistance (ESR),
resulting in a supercapacitor that is able to ohaggickly and will hold a large

amount of energy for a long time.

This thesis presents a design, build and setup process of a supercapacitor pilot plant
in the University of Nottingham Malaysia Campus for manufacturing and
optimization of EDLCs. Two packag were considered, cylindrical and coin type
packages. In addition, the design of a manufacturing process flow, with details on
steps for fabrication, which will meet specific standards (BS EN 6232106, BS

EN 623912-1: 2006, BS EN 62392-1: 2006 andDOD-C-29501/3 NOT 1) for
quality and throughput for both the packaging types is discussed. Following this,
significant factors of the fabrication process were identified and optimized by

adopting the Taguchi design of experiment (DOE) methodology.

Resuls of the optimization process show that the most significant factors that affect
the EDLC capacitance are PVDF % (polyvinylidene diflouride) and mixing time; the
optimum values are determined to be 5% and 3 hours respectively. In the case of

ESR optimizatn, the most significant factors are PVDF % and carbon black %. The



optimum values are 5% for both. Using these optimized values, a final prototype

EDLC was fabricated. The capacitance value obtained for the cell was 54.70mF.

The final EDLC prototypes wergested according to the international standards
(ISO) and compared with the supercapacitors available in the market. Results
indicated that the electrochemical performance of the prototypes has a good
resemblance to the performance of the supercapacit@itable in the market. A
selected prototype samples were sent for benchmark testing to companies in mobile
applications in Korea and the Netherlands to confirm that the prototypes meet the

required standards.

Finally the research work sets the basisifbegrating genetic algorithms with the
Taguchi technique for future research in improving the optimization process for

robust EDLC fabrication.
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1.1 Introduction

This project deals with establishing a manufacturing process for EDLC owta pil
plant basis. There is no current literature on establishing pilot plants for this device,
however[1, 5, 6, 812] havedescribed various methods of making supercapacitor
based on trial and error method, withahie use of any optimization for the
manufacturing process. Many researchers have replafbedatoryscale processes

[1, 11, 1317] but there is currently no literature on pilot plant manufacturing of

EDLC capacites.

Supercapacitors or electrochemical dotlblger capacitors (EDLCs), as a kind of
energy storage devices, have high energy density, great power density alhfi long
cycle [18]. EDLCs are power sources that store energy within the electrochemical
double layer formed at the solid (active material) and the solution (electrolyte)
interface[19]. Supercapacitors have the highest available capacitance values per unit
volume and the greatesenergy densityf all capacitors.ts capacitance valuegre

up to 10,000 times that efectrolytic capacitorfl8]. Supercapacitors bridge the gap
between capacitors amechargeable batteriel terms of specific energy, as well as

in terms of specific power, this gap covers several orders of magnitude. However,
batteriesstill have about ten timebe capacity of supercapacitg20]. On the other

hand the supercageitors have more than tetimesthe specific power, whichmakes

it one of the best options in energy storage devices.

This thesis proposes the use of Design of Experiment (DOE) approa#tetaine
the most significant factors of the fabrication process. DOE allows multiple

parameters to be evaluated with a limited number of experiments. With the use of the


https://en.wikipedia.org/wiki/Energy_density
https://en.wikipedia.org/wiki/Electrolytic_capacitor
https://en.wikipedia.org/wiki/Rechargeable_battery
https://en.wikipedia.org/wiki/Battery_%28electricity%29

Taguchi methodlogy, in this thesis, the number of required experiments was
reduced from (3 = 27 experiments to only 9 experiments whitethe same time

producing a more robust product.

The Taguchi technique is an experimental design method usindin®ffjuality
control” because it is a method of ensuring good performance in the design stage of
products or processes. The Taguchi technique was developed by Genichi Taguchi to
improve the quality of manufactured gootst it can also be applied to other fields
such & biotechnology[21]. With DOE using the Taguchi approach, one can
economically achieve product/process design optimization in the manufacturing
industry. The objective of using the Taguchi technique is to analyse the outcome of
the experiment anthen use it as a reference for future experiments. Furthermore,
several parameters are set, and samples are made within a limited range, which is
alteredfor each iteration, instead of following the conventional approach of making
lots of samples to testaeh parameter. Once the parametet affects most the
fabricationprocessf supercapacitdnave been determined, the levels at which these
parameters shubd be varied must be evaluated. This method was applied to some of

the fabricating process factavthe different supercapacitor packaging.

1.2 Problem Statement

Energy storage is one of the most important achievemetitg iangineering fields,
and it isdone by using devices or physical media to store energy for latesucte,
as kinetic energy (monmum) or potential energy (chemical, electrical,

temperature).



In the case of electrical energy storage,drgtis the main and the most wigeised
storage deviceSecondarybatteriesstore aconsiderable amount of energy, but it
takes a long time to charge. Capacittigrge much faster, but they canrstbre
large amount of energythere was a need for a storage device that can fill the gap
betweerthe batteries and the capaciteupercapacitorshargequickly and will hold

a large amount of energy for a long time.

The objective of this researdls to build and setup a supercapacitor pilot plant for
manufacturing of EDC for a volume of up to 1Ounit/hour for cylindrical

supercapacitor and coin supercapacitor packages.

One of the foremost issues in establishing the supercapacitor pilot plant is designing
a process which is able to fulfil the stated quality and througrgguuirements of
specific capacitance andquivalent series resistand&SR). That is done by
designng the manufacturing proce$®w, which details the steps of making the

supercapacitor for different packaging (cylindrical and coin).

Another research ssue isto identify and optimize the significariactors of the
fabrication procesby adopting Taguchi DOE methodology. The Taguchi method is
preferred here becausé its ability to minimize the number of experimemteeded
andprovide enough optimizatioinformation whichwill provide aconsiderableost

and time saving.


http://cleantechnica.com/?cat=228
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1.3 Research Objectives

The issues as stated previously are related to the following research objectives:

1. To design and build the pilot plant for supercapacitor.

2. To design a fabricatioprocess flow for the coin packaging supercapacitor.

3. To design a fabrication process flow for the cylindrical packaging

supercapacitor.

4. To useDesign of Experiment to find the most significant process factors.

5. To optimize the fabricating process using Tagunethod.

6. To test the prototypes according thet international standard®8S EN
623911:2006 BS EN 623942-1: 2006, BS EN 62392-1: 2006 and DOb

C-29501/3 NOT )

1.4 Research Scope

The projectproposs a design, setting up of supercapacitor pilot plamd using
DOE to try and find the most significant manufacturing processesptimization;
thoseultimate goalsshould beachievable within the allocated tinsend resources

The projectwasdivided intosections as follows:

1 Aims and Objectives
9 Literature Review

1 Design the manufacturing process flow.
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1 Design of Experimentsingthe Taguchi methad

1 Build the first prototypes.

1 Data analysis

1 Optimize the manufacturing process.

1 Fabricate the final product (cylindrical and coin supercapacitor).

1 Test the fiml supercapacitor to the international standards.

1.5 Contribution of the Thesis

This thesis proposes systematic method to optimize the supercapacitor fabrication
process using the DOE by adapting the Taguchi technique, unlike the trial and error
method reorted in the literature and used in the industry now a days. By utilizing
the DOE the number of experiments is reduced to minimum, which in turns saves

time, resources and expenses.

This project sets the basics lines for integrating the genetic algsrithth Taguchi
technique, for future research in improving the optimization process for EDLC

fabrication.

Hence, this project proposes a way supercapacitor fabrication is optimized in the

scientific research and manufacturing fields.



1.6 Thesis Outline

This section briefly outlines the contents of every chapter:

1 Chapter one Introduction- The first chaptergives an introductiorto the
readers on what the project is basically about, its objectives, planning and
also includes brief descriptions of evehapter in thighesis

1 Chapter two: Literature Review- This chapter discusses sonoé the
previous studigswvhich serve as essential referentethis project.

1 Chapter three: Methodology - This chapter briefly shows how the
experimental and neexperimetal procedures were carried out in order to
obtain the valuable dathat will be analyzd and discussed in the chapter
four.

1 Chapter four: Results- This part consists of all the data obtairfeliowing
the methodologyn the previous chapter. Thosetalare interpreted in terms
of tables, graphs and necessary discussions.

1 Chapter five: Conclusion The final chaptesummarizeghe project as a
whole beforedrawingconclusionson whether the objectives have been met

or not. Severapossiblefuturework improvementsre listed
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2.1 Introduction

Batteries and electrochemical capacitors (ECs) are among the leading efficient
electrical energy storage (EES) technologies today. Batvicesare based on
electrochenstry; in the case of thdatteries the energyis stored in chemical
compounds capable of generatitige charge, while ECs store energiysically.

ECs have higher energy density than conventional dielectric capacitors and higher
power density than battes. Other advantages of ECs include fast charging rate and

long life cycle (up to 500,000 cyclep2].

Electrochemical capacitor is also known as supercapacitor, ultracapacitor or
electrical douke layer capacitor. The first patent on supercapacitorfiemsin 1957

by Becker of General Electric Corporatig23] for the capacitor based on porous
carbon material with highurface area. The first attempt to market the supercapacitor
was made in 1969, by SOHIO, using high surface area carbon materials with
tetraalkylammonium salt electrolyf@4]. Inthe 906s, supercapacito
attention in the context of hybrid electric vehicles. Commercial productions of
electrochemical supercapacitors in the current markets are based on the high surface
area porous carbon materials as well as based de nuial dioxide systems. For
example, Matsushita Electric Industrial (Panasonic, Japan) developed Gold
capacitors and Pinnacle Research (USA) especially made high performance
supercapacitors for military applicatiorj48]. Table2-1 shows a comparison of the

properties and performance between battery and supercapasjtor



Table 2-1 Comparison between battery and supercapacitor

Function

Charge time

Cycle life

Cell voltage

Specific energy (Wh/kg)

Specific power (W/kg)

Cost perWh

Service life (in vehicle)

Charge temperature

Discharge temperature

Supercapacitor

(general)

17 10 seconds

1 million or 30,000F

2.3102.75V

5 (typical)

Up to 10,000

$20 (typical)

10 to 15 years

140 to 65°C

140 to 65°C

Lithium -ion

(general)

10i 60 minutes

500 and higher

3.6t0 3.7V

1001 200

1,000 to 3,000

$0.50%1.00 (large systerr

5to 10 years

0to 45°C

120 to 60°C

There has been great interest in developing and refining madmeeff energy

storage devices. One such device, the supercapacitor, has matured significantly over

the last decade and emerged with the potential to facilitate major advances in energy

storage.

Rather than operating as a staidne energy storage devicipercapacitors work

well as lowmaintenance memory backup to bridge short power interruptions.
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Supercapacitors have also made critical inroads into electric powertrains. The virtue
of ultrarapid charging and delivery of high current on demand makes the
supercapacitor an ideal candidate as a pea#d enhancer for hybrid vehicles, as

well as fuel cell application&5]

Supercapacitor initial charge can be achieved very fast, and the topping charge will
take extra time in the range of 10 seconds. Provision must be made to limit the initial
current inrush when charging an empty supercapacitor. TfeF@apacitor cannot go

into overcharge and does not require-tilbrge detection; the current simply stops

flowing when the capacitor is ful25].

The supercapacitohas a virtually unlimited number of cycles. Unlike the
electrochemical battery, which has a defimadnber oflife cycles there is little
wear and tear by cycling a supercapacidor does age affect the device, as it would
for a battery. Under normal conditiortee capacity of @upercapacitor fades from
the original 100% to 80 % in 10 years. Applying higher voltages than specified
shortens the life of supercapacitor. The supexciéqris able to functiorwell at hot

and cold temperaturg5].

Batteries are typically lowpower devices compared to capacitors, which have power
densities as high as 106 W/kg, but low energy densities. From this point of view,
supercapacitors combine the properties of high power density and higher energy
density, and also have long life cycldge to the absence of chemical reactions. A
comprehensive review of the historical background, properties, and principles of

capacitors has been given by Conyh§j.
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Recently the supercapacitor has emerged with the potential to enable major advances
in the energy storage devices. The supercapacitors energy density is greater than
those of conventional capacitonghile the power density is greater than those of
batteries All these unique featurenake the supercapacitors to become an attractive

power solution for an increasing numbereokrgy storagapplicationg26].

The Ragone plot below compares the performance of a range of electrochemical
devices. It shws that supercapacitors can deliver very high power but the storage
capacity is ery limited. On the other hand fueklts can store large amounts of
energy but have a relatively low power outpkigure2-1 shows the Ragone plot of
energy storage devices. The plot shows thatstheercapacito(Ultracapacitorffill

in the gap between batteries and conventional capaf2fojs

1000
° Fuel cells
= 100 Conventional
E batteries 1 hour 1 second
z 10
Wy
S| 1onours -
=]
=
o 0.03 second
2 -
L

G
0.01
10 100 1000 10000

Power density (W/kg)

Figure 2-1 Ragone plot of energy storage devicg27]
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2.2 Supercapacitor Classes

Basal upon current R&D trends, supercapacitors can be divided into three general
classes: electrochemical doulidger capacitors, pseudocapacitors, and hybrid

capacitors Figure 2-2 showsthe different classes of supapacitors. Each class is

characterized by its unique mechanism for storing charges.

These are, respectively, néiaradaic, Faradaic, and a combination of the two.
Faradaic processes, such as oxidatemfuction reactions, involve the transfer of
chargebetween electrode and electrolyte. A flearadaic mechanism, by contrast,
does notinvolve anychemicalredox processRather, charges are distributed on

surfaces by physical processes that do not involve the making or breaking of

chemical bonsd.

Double-layer Capacitors
Charge storage:
Electrostatically (Helmholtz Layer)

Pseudocapacitors

Charge storage:
Electrochemically (Faradaic charge transfer)

Activated Carbon
Carbons Aerogels

ETTEEL Metall Oxides
Polymers

Carbon Nanotubes (CNT),
Graphene, Carbid-derived carbon (CDC)

Hybrid Capacitors
Asymmetric electrodes
Charge storage: Electrostatically and Electrochemically

Asymmetric
Pseudo/EDLC

Composite

Figure 2-2 Supercapacitor classef26]




2.2.1 Electrical Double Layer Capacitors (EDLC)

Electrical double layer results from strong interactions between the ions/molecules in
the solution and the electrode surfacethmetatsolution interface, there is a thin
layer of charge on the metal surface, which results from an excess or deficiency of
electrons. On the other hand, in the vicinity of the electrode surface, there is an
opposite charge in solution due to an escef either cations or anions. Thus the
electrical double layer is made up of the whole array of charged species and oriented

dipoles existing at the metablution interfacg28].

Figure2-3 provides a schematic diagram of a typical EDLC.

Positive Negative
Electrode  Electrode
0

Current
Collector

Current
Collector

.....

ey Nty

Resistance T ita ;7; z /ﬁ
i ‘*Douhle]alya'

1+ '_/:\ - = &

| }}/ﬁ’ . i

L o ¢ i

g ey

| I
Applied Voltage

Figure 2-3 EDLC construction [28]
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Carbonbase material with high surface area like, activated cadsbpn aerogels

and carbon nano tubes (CNT) are used to fabricate the double layer supercapacitors.

2.2.1.1Activated Carbon

Activated carbon is the most commonly used electrode material UCEbecause

it is less expensive and possesses a higher surface area than othetbasgbon
materials. Activated carbons utilize a complex porous structure composed of
differently sized micropores (< 2 nm), mesopores@nm), and macropores (>50

nm) to achieve their high surface areas. Even though the capacitance is directly
proportional to surface area, research evidence suggests that, for activated carbons,
not all of the high surface area contributes to the capacitance of the supercapacitor
[29-31] . This is believed to be caused by electrolyte ions that are too big to diffuse
into the smaller micropores in the activated carbon, thus preventing utilizing some of
the surface area for charge stord82, 33] Research also suggests an empirical
relationship between the distribution of pore sizes, the energy density, and the power
density of the device. Larger pore sizes correlate with higher power densities and
smaller pore sizes corrééawith higher energy densities. As a result, the pore size
distribution of activated carbon electrodes is a major area of research in EDLC
design[29-33]. Many researchers have focused on determining the optional gze

for different electrolyte (ion size) and improving the control of the pore size

distribution during fabrication of the electrode material.

Carbon materials generally have high surface area, 1000 ~ 20g0High surface

area and porosities cae lchieved by carbonization, physical or chemical activation

15



[34-36]. Generally activated carbon is in powder form, so some processing is
necessary to transform the powder into solid compact electrodes. Thesalsnetho
include permanent pressU@?] and addng binders such as polytetrafluoroethylene
(PTFE), [37, 38] poly vinylidene fluoride hexafluoropropylene (PVDF|39]
methylcellulose, and aqueous dispersions of polystyrene, styrene/butadiene
copolymer and ethylene/acrylic acid copolynidf0]. Theoretically, the ecific
capacitance of carbon materials should increase with surface area. However, several
activated carbon materials with differgoérameterssurface area, pore size, pore
size distribution and pore volumeyere studied andhose parameters were
correlated with the electrochemical capacitancelowever, it was found that the
hypothesis is not necessarily true in practical cafgk, 37] It was reported by
authors of [30] that the porous texture of the carbon determines the ionic
condctivity, which is related to the mobility of ions inside the pores. The rate of
electrochemical accessibility is determined by the mobility of ions inside the pores,
which is different from that in bulk electrolytes. Therefore, a resistor network was
suggested to be considered in the equivalent circuit model instead of one resistor due

to the uneven resistance throughout the whole materials.

A new activated carbon with high specific capacitance and low cost was prepared
using cotton stalk as a raw materiarhe prepared activated carbon achieved a

specific surface area of 1,48 /g and specific capacitance of 184 [15].

16



2.2.1.2Carbon Aerogels

Carbon aerogelhave been used as an electrode enal for EDLCs. Carbon
aerogels are formed from a continuous network of conductive carborpaaites

with interspersed mesopores. Due to the continuous structure and their ability to
bond chemically to the current collector, carbon aerogels do naiireethe
application of an additional adhesive binding agent like in the case of activated
carbon. As a binderless electrode, carbon aerogels have been shown to have a lower
ESR than activated carbof9, 41, 42] Their low ESR yields higher power, and

this is the primary area in supercapacitor research involving carbon aerogels.
order to improve the capacitance of carbon materials, functional groups are
introduced into the carbon materials because the funttijpoaps are related to the
pseudocapacitance, which is a very effective method of increasing the capacitance

[43, 44]

Carbon aerogels derived from organicig@l process were prepared byans of
ambient drying techniquelThe Brunauer EmmetiTeller (BET) surface areas of
obtained carbon aerogels were in the rangei B000m?g. Electrochemical
performances of the carbon aerogels electrodes were studied by cyclic voltammetry,
galvanostatic charge/discharge measurements and electrochemical impedance
measurement. The measurements showed that the electrodes can achieve a specific

cgpacitance of 183.6/g[45].

Activated carbon aerogelith high specific surface ardesbeen prepared via GO
and potassium hydroxidéKOH) activation processes. The prepared aerogel, which

possessspore volume oR.73cm’g and specific surface area of 21h¥g, exhibits

17



high specific capacitances of 2bfy and 198-/g at the current densities of Ay

and 20A/g respectively in M KOH aqueous solutiof#6].

2.2.1.3Carbon Nano Tubes (CNT)

Recently here is an increasing interest in the use of carbon nano tubes CNT as an
EDLC electrode materigR9, 4749]. Electrodes made from CNT are grown as an
entangled mat of carbon nano tubes, with an open andssigleenetwork of
mesoporesUnlike other carboitrased electrodes, the mesopores in CNT electrodes
are interconnected, allowing a continuous charge distribution that uses almost all of
the available surface area. Thus, the surface area is utilized more dfficeent
achieve capacitances comparable to those in activated daalsed supercapacitors,

even though CNT electrodes have a modest surface area compared to activated

carbon electrodd®9, 50]

Because the electrolyte ions can more easily shffinto the mesoporous network,
CNT electrodes also have a lower ESR than activated c@®Borb1] In addition,

several fabrication techniques have been developed to reduce the ESR even further.
Especially, carbon nano tubes can be grown directly onto the current collectors,
subjeted to heatreatment, or cast into colloidal suspension thin fi[@% 51, 52]

The efficiency of the entangled mat structure allows energy densities to be
comparable to other activated cardmsed materials artthe reduced ESR allows
higher power densities to be achievédgure 2-4 shows SEM image of CNT

structure.
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Figure 2-4 SEM image of entangled mat of carbon nano tues[53].

A standup structure of CNTs were directly grown on the (CF) carbon fiber paper by
microwave plasm&nhanced chemical vapor depositidid4]. Electrochemical
measurements demonstrate that the capacitance of the electrode is arobfylal76

a charging/dischiging current density of 0.5mA/dnThe staneup structure of
CNT/CF has a high capacitance, attributable to its large surface area, high electrical

conductivity and direct growth with low enerpss[54].

2.2.2 Pseudocapacitors

In the case of EDLCs, the charge is stored electrostatically, while pseudocapacitors
store charge faradaically through the transfercbérge between electrode and
electrolyte. This is accomplished through electrosorption, reduokmation
reactions, and intercalation proces§t8, 55, 56] These Faradaic processes may

allow pseudocapacitor® achieve greater capacitances and energy densities than
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EDLCs[57-59]. The two materials that are used for electrodes in pseudocapacitors
are metal oxides and conducting polymesce the pseudocapacitanceasafiaic

in origin, and quite different from the classical electrostatic capacitance observed in
the double layer, the charge will transfer across the double layer, similar to

discharging and charging in a battery.

2.2.2.1Metal Oxide Supercapacitor

Because of therelatively higher conductivity, metal oxides have been explored as a
possible electrode material for pseudocapacifb®s 20, 5961]. The majority of
relevant researcfocuses orruthenium oxide. This is becau®ther metal oxides
have yet to obtain comparable capacitances. The capacitance of ruthenium oxide is
achieved through the insertion and removal, or intercalation, of protons into its
amorphous structure. In its hydrous form, the capacitance exceeds tabon

based and conducting polymer mater{@é8, 61] Furthermore, the ESR of hydrous
ruthenium oxide is lower than that of othdectrode materials. As a result of low
ESR, ruthenium oxide pseudogacitors may be able to achieve higher energy and
power densities than EDLCs or conducting polymer pseudocapacitors. However,
despite this potential, the success of ruthenium oxide has been limited by its high
cost. Thus, a major area of research is theeldpment of new fabrication methods
and novel composite materials, with the aims to reduce the production cost of

ruthenium oxidd12, 20, 59]

Copper oxide (CuO) nanoparticles have been synthesized through cheoical

assisted precipitation followed by thermal treatrfntSymmetric supercapacitors
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have been assembled in real talectrode configurations and their electrochemical
performances have been investigated using various electrochemical methods
including cyclic voltammetry, electrochemical impedance spectroscopy, and
chronopotentiometric charge/discharge cycles. It showed specific capacitance of
245F/g at current density of 0A/g. Conducting charge/discharge measurements
for 1000 cycles and in flerent current densities, it has been found that the
composite material is a promising candidate for supercapacitor application, in terms

of cycle ability and rate capabilify].

2.2.2.2Conducting Polymers

Conducting polymers is considered to have relftiveigh capacitance and
conductivity, while with a low ESR and fabrication cost if compared to capobsad
electrode materialg31]. In particular, the nipype polymer configuration, with one
negatively charged (dopeal) and one positively charged-@oped) it found to have
the greatest energy and power densities. However, a lack of efficielupena
conducting polymer materials has prevented these pseudocapacitors from reaching
their potential [30, 58] Additionally, it is believed the mechanical stress on
conducting polymers durg reductioroxidation reactions limits the stability of these
pseudocapacitors through many chadgeharge cyclef20, 30, 60] This reduced
life cycle stability has limited the development of conducting polymer

pseudocapacitors.

G-PEDOT nanocomposite was synthesized using a chemicabatosa

polymerization techniqueThe electrochemical charge/discharge characteristics of
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G-PEDOT nanocomposites were investigated in different electrolytic media, and the
specificdischarge capacitance was estimated to be 374 F/g. This has revealed that
the GPEDOT nanocomposite could be a transformable and viable electrode material

for supercapacitor applicatiofs2].

In another study a hybrid asymmetric supercapacitor is constructed by employing
two different nanostructured conducting polymers of polypyrrole (PPy) and self
doped polyaniline (SDPA). The maximal working potential window of 1.3V is
associated with nre than 97/g of total electrode materials. The cell maintains
approximately 70% of its initial capacitance after 1000 cycles with ESR below
1. 6 g°/Moneover, the proposed supercapacitor exhibits high capacitance retention
of 89% at a higher current density 40mAfcnindicating good electrochemical

stability and prinary charge/discharge rate capabil&3].

2.2.3 Hybrid Capacitors

The hybrid supercapacitors attempt to exploit the advantages and mitigate the
disadvantages of EDLCs and pseudocapacitors to get better performance
characteristics. Using both Faradaic and-Ramadaic processes to starkarge,

hybrid capacitors have achieved energy and power densities greater than EDLCs
without sacrificing the in cycling stability and affordability. Research has focused on
three different types of hybrid capacitors, distinguished by their electrode

configuration: composite, asymmetric, and batimye.
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2.2.3.1CompositesSupercapacitor

Composite electrodes used cardmased materials with either conducting polymer or
metal oxide materials and incorporate both physical and chemical charge storage
mechanisms tagher in a single electrode. The carlliased materials facilitate a
capacitive doubléayer of charge and also provide a hgjirfacearea backbone that
increases the contact between the deposited pseudocapacitive materials and
electrolyte. The pseudocaptive materials are able to further increase the

capacitance of the composite electrode through faradaic reg@réb]

Composite electrodes constructed from CNT and polypyrrole, a conducting polymer,
have been particularly successful. Several experiments have demonstrated that this
electrode is able to achieve higher capacitances than eithereaCNT or pure
polypyrrole polymetbased electrodg4-66]. This is attributed to the accessibility of

the entangled mat structure, which allows a uniform coating of polypyrrole and a
threedimensional distribution of charge. Moreawy the structural integrity of the
entangled mat has been shown to limit the mechanical stress caused by the insertion
and removal of ions in the deposited polypyrrole. Therefore, unlike conducting
polymers, these composites have been able to achievdirrgcstability comparable

to that of EDLCH64, 65}

Polypyrrole (PPy)/carbon aerogel (CA) composite materials vpeepared by
chemical oxidation polymerization, used as active electrode material for
supercapacitor. The results based on cyclic voltammograms show that the composite
material has a high specific capacitance of 433F/g, the specific capacitance was

stabilized after 500 cyclel67].
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2.2.3.2Asymmetric Supercapacitor

Asymmetric hybrids combine Faradaic and +karadaic processes by coupling an
EDLC electrode with a pseudocapacitor electrode. In particular, the coupling of an
activated carbn negative electrode with a conducting polymer positive electrode has
received a great deal of attentif@®, 68, 69] While conducting polymer electrodes
generally have higher capacitances and lower resistahees dactivated carbon
electrodes, they also have lower maximum operating voltages and less cycling
stability. Asymmetric hybrid capacitors that couple these two electrodes mitigate the
extent of this trade off to achieve higher energy and power densitiemjfared to
EDLCs. Also, they have better cycling stability than the conventional

pseudocapacitofS0, 68, 69]

A composite material consisting of graphene oxide exfoliated with microwave
radiation, and manganaosiMnO is synthesized for supercapacitor electrgdés
Asymmetric supercapacitor was constructed with the composite containing 90%
MnOi 10% mw rGO (w/w). CV and EIS were sed to characterize the
supercapacitor, from the resulting analysiEhe device exhibited a specific
capacitance of 51.6/g and excellent capacity retention of 82% after 15,000 cycles

[70].

2.2.3.3Battery-Type

Batterytype hybrids supercapacitors couple two electrodes, a supercapacitor
electrode with a battery electrode. This configuration reflects the demand for higher
energy supercapacitors and higher power batteries, combiniag etrergy

characteristics of batteries with the powéfe cycle, and recharging times of
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supercapacitors. Research has focused primarily on using nickel hydroxide, lead
dioxide, and LTO (L4TisO;2) as one electrode and activated carbon as the [Gther

74]. Although there is less experimental data on battery type hybrids than on other
types of supercapacitors, the data that is available suggests that these hybrids may be
able to bridge the gap between supercapacaad batteries. Despite the promising
results, the general consensus is that more research will be necessary to determine

the full potential of batteryype hybridq72, 73]

2.3 Taguchi Method

A part from the materiaJshe process of fabricating the supercapacitor from the
material previously mentioned is conducted here. In particalamvestigation is

conductedn how to optimallyoptimize theprocess using activated carbon.

Design of experiments (DoE) methods were integrated by Dr. Genichi Taguchi into
the product and process development making, one of his key ideas to be the concept
of robust design. This inWes designing products and processes with suitable

parameters and settinfy&b].

For the optimization of the production process BoE and ANOVA m#hodologies

were used. D@ provides methods of experimental design for performing analysing
test series in a systematic and efficient way. The application has been proven to be
very helpful when investigating a process that involves many parameters. As a
scientific approach to experimentatio DOE incorporates statistical principles to
ensure an objective investigation and finally drawing conclusions that are convincing

from the experimental study6].
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Essentially, a D@ project has three phases: i) Design ii) Experiment and iii)

Analysis.

Using DOE one can determine the optimal levels of processes or design parameters.
But finding these optimal levels is not always easy task. Industrial experiments do
not always go as planned because asystematic approach is often taken by the
expermenters. Thus, the following is a step by step plan that helps to conduct the

experiment, analyse results and implement solufibnis

- Recognition and FormulationrRecognizing the problem i@n important step,

not understanding the problem makes it more difficult to solve.

- Quality Characteristics The selection of quality charactdits to measure the

experimentabutput. These outputs can be variable or attribute in nature.

- Selecting Parameterdt is the most important step of the experimental design
procedure. If the wrongattors are selected or the important factofshe

experimentre ignored, then the results may be inaccurate.

- Classifying FactorsAfter selecting the design and process parameters, the next

step is to classify them into control, noise and signal factor

1. Control factors are those factors that can be controlled by the experimenter.

2. Noise factors are those factors that cannot be controlled, and they are difficult

or are too expensive to control in the production environment.
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3. Signal factors are those thaffect the target performance of the
characteristic, but generally have no influence on variability in the

performance characteristic of the product or process.

Determining levelsA level is the value that a factor holds in an experiment. The
number oflevels depends on the nature of the design and process parameter and

whether or not the chosen parameter is qualitative or quantitative.

The levels need to be in an operational range of the product or process. Taguchi
recommends the use of three levelsdhlinearity is expected in the main effect

of control factor that affect quality characteristic.

Interactions: Interaction between two design and process parameters exists
when the effect of one parameter on the quality characteristic is different at
different levels of the other parameter. The designer should determine which

interaction should be studied.

Orthogonal Array(OA). OAs are a set of tables of numbers created by Taguchi
that allow experimenters to study the effect of a large humber of ta@mtdo
noise factors on the quality characteristic in a minimum number of trials.

Taguchi proposed the use of OAs for planning the optimization experiments.

Conducting PhaseConducting the experiment and recording the results. To
ensure the validity of #nexperiment, the following points should be considered

prior to conducting the experiment:

A Location: an appropriate location that is unaffected by external sources of

noise.
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A Resource availability. Making sure the necessary equipment, operation and
materals are available before starting.

A Costbenefit analysis Verifying the experiment is necessary and justify that
the benefits to be gained from the experiment will exceed the cost of the
experiment.

A Data sheets Use uncoded data sheets for running th@eament and coded
data sheets for analysing the data.

A Randomize the trials Randomization is critical to ensure that bias is evaded
during data gathering.

A Replicate the experiment Replication is a process of running the
experimental trials more than @

- Analysis PhaseAfter conducting the experiment, the results are analysed and
interpreted. If the experiment was planned and designed properly and conducted
in accordance with the data sheet, then statistical analysis will provide sound

and valid conalsions.

- Implementation To validate the conclusions from the experiment, a

confirmatory experiment should be performed.

The design phase is decisive as it is where the level of information attainable is

determined by the analysis of the experiment te§rb]

For a particular combination of levels of the control factors, if the variation in the
response is small, the combination is termed rol@ugisequently, orthogonal arrays
are used to construct a fractional factorial design with treatment combinations as
combinations of levels of both control and noise factors. Furthermore, the orthogonal
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arrays employ statistical methods of average and asalyvariance (ANOVA) to
analyse results based on the deviation from the target. This will then allow the
selection of the design conditions that is most consistent and yield reduced variation
[75]. OA are a special set of Latin squares, constructed by Taguchi to lay out the
product design experiments. By using this table, an orthogonal array of standard
procedure can be used for a number of expeiiahesituations. Common-2vel

factors OA as shown ihable2-2 [78].

Table 2-2 An orthogonal array of L8

Trial Factors
numberl A |B|C|D|E|F|G
1 oOj0(0|j0|0O|0O]|O
2 oj0(0|1(1]|1/|1
3 Oj{1(1/0(0|1/|1
4 oOj(1(1/1/1|0/|0
5 1/0({1|{0]1|0]|1
6 1/0(1|1(0[|1|0
7 1(1/0|0|1(1]|0
8 1(1/0|1/0(0]|1

The array is designated by the symbol L8, involving sevlava factors, zeros and

ones. The array has a size of 8 rows and 7 columns. The number (zeros/ones) in the
row indicate the factor levels (be it a fluid viscosity, chemical compositions, voltage
levels, etc.) and each row represents a trial condition. Thiealesolumns represent

the experimental factors to be studied. Each of the assigned columns contain four
levels of zeros (0), and four levels of ones (1), these conditions, can combine in four
possible ways, such as (0,0), (0,1), (1,0), (1,1,), with Z&ipte combinations of

levels. The columns are said to be orthogonal or balanced, since the combination of
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the levels occurred at the same number of times, when two or more columns, of an

array are formed. Thus, all seven columns of an L array are orthldgogach other.

The OA facilitates the experimental design process by assigning factors to the
appropriate columns. In this case, referrind &ble 2-2, there are at most seven 2
level factors, these are arbitrarily assignactdrs A, B, C, D, E, F, and G to columns

1, 2,3,4,5, 6, 7 and 8 respectively, for an L8 array. Ffrable2-2, eight trials of
experiments are needed, with the level of each factor for eachutnias indicated

on the arrayThe experimental descriptions are reflected through the conditieh lev
For example, 0 may indicate ththe factor is not applied, and 1 represents the factor
that is fully applied. The factors may be variation in chemical concentration, material
purity, and mechanical pressure and so on. The experimenter may use different
designators for the columns, but the eight 4nials will cover all combinations,
independent of column definition. In this way, the OA assures consistency of the
design carried out b different experimenters. The OA also ensures that factors
influencing the end product's quality are properly investigated and controlled during

the initial design stagé8].

2.4 Pilot Plant in this research

Generally, pilot plants are used to reduce thesradsociated with building full

process plants. The pilot plants are important in two Wé8k

1. They are gbstantially less expensive to build thanfghle plants. The investor
does not put as much capital at risk on a project that may be inefficient or

unfeasible. Further, design changes can be made more cheaply at the pilot scale
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and obstacles in the pm&s can be worked out before the large plant is

constructed.

2. They provide valuable data for design of the-gdale plant, such as scientific
data about reactions, material properties, and corrosiveness. Designers use data

from the pilot plant to refinente design of the production scale facility.

If a process is well defined and the engineering parameters are known, pilot plants
are not used. Pilot plant is relative term in the sense that pilot plants are typically
smaller than full scale production planthey built in a range of sizes. Some pilot
plants are built in laboratories using the availdbl®ratory equipment. Others are
constructed of fabricated metal on dedicated concrete slabs and cost millions of

dollars.

After data is collected from opdian of the supercapacitor pilot plant, a larger
production scale facility may be built. The engineers will continue to operate the
supercapacitor pilot plant in order to test ideas for new products or different
operating conditions. Alternatively, theyawy be operated as another production
facility. Figure2-5 shows the glove box in our pilot planT.he glove box provides a
clean and moisture free (0.001 ppm) environment for the assembly and the sealing
processesf the EDLC fabricationMore details on the pilot plant will be provided

in sections 3.5.6.
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Figure 2-5 Glove box
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3. Met hodol ogy

33



3.1 Introduction

This chapter describes the methodoldggttwas followed teestablish anaptimize

the manufacture of supercapacitor prototypes appropriate for various packages.

The packages that were produced are of the coin and cylindes Hypese were
chosen in order to ensure that the common optimizedegs parameters found in
the step stateth Chapter Wo could be used with minor alteration for both the
packages. In other words the basic process was tested for the two different packages.
According to the literaturg11, 80]the significant parameters and individual process
limits were identified, and were used to fabricate the first prototypes. Process limits
are based on the capability of the equipment and the target tesygacand ESR.
Equipment capabilities were determth either experimentally or through
manufacturer specifications. The fabricating pssceas optimized using Taguchi
technique and optimized outpig confirmedthrough various measurements and
testing. he prototypesdescribed in this chapter are carboanotubes (CNT)
supercapacitors andtivatedcarbon (AC) supercapacitors, both materials were used
with different prototypes packaging. The optimization method and the testing

methods are described inghahapter.

Figure 3-1 below illustrate the methodology steps that were followed during this

research, to achieve the deliverables:

1. Methodology to optimizéhe manufacturing process using the Taguchi Technique.

2. Optimizedprocess for coin type supercapacitor.

3. Optimized process for cylindrical supercapacitor.
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Methodology Steps

A

Investigate the efficacy of using
economically feasible activated
carbon for supercanacitor

v

Cheapest material and method to
manufacture supercapacitors for mobile afnd
consumer applicatiofis.

Manufacturingand optimizing of fully
working supercapacitor prototype

v

Establish base line for manufacturing proce
of supercapacitor (iespective of packages,

using prototype design).

Establishing a manufacturing process basg
on whatés availabl e t
step procedurdg].

A 4

Optimize baseline manufacturing
process.

v

There is currently no reported effort that describes t
optimization of a supercapacitor manufacturing
procesgb, 6] Taguchi Technique

Modify and optimize baseline
process for coin supercapacitor.

The material under investigation is activated carbon, wh
is suitable for coin type packadgp[7] .

v

Modify and optimize baseline
process for cyhdrical
supercapacitor.

v

This package can use the baseline coin manufactur
process with minor modifations, hence it was picked
for this effort[3]

Characterize and test different
prototypes

Deliverables

To understand the process mechanisms that leads to h

capacitance and lower ESR. Benchmark our capacitoys

1)

with those on the market via CV and charge discharg
characteristics.

1. Methodology to optimize supercapacitor manufactur
process using the Taguchi Technique.

2. Optimized process for Coin type supercapacitor.

3. Optimized process foryindrical supercapacitor.

Figure 3-1 Methodology steps
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3.2 Fabrication of the first supercapacitor prototypes

The first supercapacitor prototypavere fabricated following the state of the
mentioned in the literatujd 1, 14, 17, 883] and patent§l, 5, 6, 16, 84, 85][Table

3-1 shows the starting parameters obtained from literature and they were used to
fabricate the first prototypes. The percenta@®S, CNT, CB and bindershown

below were obtained from the ranges discussed by the corresponding refarehces
were sed as a starting point for the fabrication proc&be following confirmation

experiments were carried out to verify the baseline process parameters.

Table 3-1 Starting values of the parameters

Parameter Peacentage/Reference

CNT % | 80%[80], 85% [81].

AC % 90% [14], 75% [11], 75-90% [86], 88-92% [10], 85-90% [9], 80% [13].

Binder % | 109%[80], 10% [14], 5% [11], 5.5-12% [10], 5-8% [9], 10% [13].

Carbon Black
10% [80], 15% [81], 20% [11], 0.1[86], 2-10% [85], 9% [13].
CB %

3.2.1 Supercapacitor using Carbon Nano Tubes

Carbon Nanotubes (CNT) were first reported and characterized by [Bifjaand

Endo([88]. It consists of high ratio cylinders of carbatoms and it can be classified
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as:a) Single walled (SWCNT)b) Multi-walled (MWCNT). Due to its high surface

area it has been used extensively in supercapacitor research.

3.2.1.1Supercapacitor with CNT Model Cap-1

A prototype supercapacitor cell was fabricatesthg multiwalled carbon nanotubes
(MWNTSs) as an active material, which theoretically have higher surface area than
the singlewalled nanotubegfSWNTSs), PVDF as binder, aqueous KCI (1M) as
electrolyte. Titanium foil used as current collector, two flaispt sheets used as the
casing for the cell, epoxy resin was used to seal the two plastic casing together. The
cell was tested using the Autolab potentiostat, a cyclic voltammetry CV test was run
to observe the cell behavior. An almost ideal CV graph b&ined and the
capacitance of cell was measured to 0.061Figure 3-2 shows the picture of the

fabricated cell.

Figure 3-2 CNT supercapacitor prototype model Ca-1
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Tables-2 shows the materials used for the fabrication process:

Table 3-2 M aterials used for fabrication of model Capl

Material Description
Activate material CNT (0.5 @)
Binder PVdF (50 mg)
Electrolyte KCI (1M)
Titanium foil 4cm x 4cm x 0.00127cm
Plastic sheets 7cm x 7cm x 0.3cm
Separator Filter paperbx5¢cm

The preparation started with mixing the CNT with the polymer PVDF binder, which
will bind the CNT powder together andill help adherehte CNT to the current
collector. Isopropanolwas used as a mixing agent and solvent to form slurry. The
slurry was then coated on the current collectors and dried in the vacuurfooven
hour at 80C to remove the ispropanol. Then the two electrodes were sandwiched
together separated by the filter paper, which acted as electronic isolator but ion
permeable medium. The next step wamjectthe electrolyte KCL to the assembled
cell, and seal it from the elemenssutolab potentiostatvasused to run the cyclic
voltammetry test and chargischarge test whiclwere then used to measure

capacitance and ESR.

The CV curve of the deviceshows capacitor behaviour, which is in idealse,

resembles aquare shape.

Figure3-3 shows the CV curve of&p-1 prototype.
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Figure 4: Test of cyclic voltammetry on dummy cell (WE(a))
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Figure 3-3 Cyclic voltammetry for the supercapacitor cell (Cap-1 at 10mV/s)

3.2.1.2 Supercapacitor with CNT Model Cap-2
The secad supercapacitor was made using the same process for the first cell, except
the coatedlayer of CNT on the current collector was madce thicker, by coating

with morelayers of the CNT. The capacitance for this cell was measured to be 0.21

F. Figure3-4 shows the fabricated cell.
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Figure 3-4 CNT supercapacitor cell Cap2

3.2.2 Supercapacitor prototypes using Activated Carbon

The next prototypes were fabricatedngsActivated Carbon (AC) as it isheaper
and more widly availablein the market A new configuratiorhas beerused for
fabricating these prototypesas the flat configuration that have beadaptedfor
CNT electrodedabrication is found not suitable, sinteey ae not robust, hartb

seal,size is too big and not economical.

The activated carbonLAJU PAC) was used for the first prototype, which was
purchased fronfLaju group- Malaysig andit had the specificationshownin Table

3-3.

Table 3-3 LAJU PAC specification

Laju / 11-
<1000 | <3% < 15% 40 40 <45um
AC 13
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3.2.2.1 Supercapacitor with AC Model Cap-3

This supercapacitor was fabricated using a 0.9 g coconutlsedtl activated
cabon (90%) mixed with 0.1 g ofgby vinylidene fluoride (PVDF) polymer powder
(10%). Then, isopropanol was addedttie mixture as a solvent and mixing agent.
The mixing was done using an ultrasonic bath for 30 mindtsr that, the slurry
was dried for 30 minutest 80C in oven until all the isopropanol is evaporated. The

powder was then used to make the supemtapaelectrodes.

The supercapacitor casing and current collector are made from a stainless steel
material. The cell is a butteshaped capacitor. The weight of the active material
used to fabricate the electrode is measured at 1mg on each current rcolleeto
activatedcarbon was pressed using a die3 tones for 2 minutes to shape it and to
stick it to the current collector. The two electrodes are electrically separated using a
filter paper and the cell was filled with few drops of electrolyte KCL (1 ™he cell

then was sealed using epoxy to prevent the electrolyte from evaporgtgure 3-5

shows a picture of the fabricated supercapacitith 15mm diameter

Figure 3-5 Supercapacitor cell Cap3
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3.2.2.2Supercapacitor with AC model Cap4

In this part, three supercapacitoveere fabricatedusing coconut shebased
activated carbon with different PVDF binder concentrations using 1 M potassium
chloride (KCI) as electilyte. The objective is to find the optimum value of binder
that gives the highest specific capacitan€gure 3-6 shows the three fabricated

cells.

Figure 3-6 Supercapacitors picture: Cap-4.1, Cap4.2 and Gap-4.3

The cells were fabricated via following steps:

1) 0.9 g of coconustheltbased activated carbo\¢) is weighed using an
electronic balance.

2) 0.1 g of PVDF powder is weigld and then mixed with the AC powerd

3) The first and second steps were repeated for the other two cells.

4) Isopropanol was added to the three samples as mixing and solvent agent.

5) Then the samples were sonicated using ultrasonic for one hour.

6) The samples were heated (water b&tAC) for 2 hairs to remove the

solvent.
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Electrode Fabrication procedures:

1)

2)

3)

4)

5)

6)

Stainless steel mesh was used as the current collectors for the supercapacitors

cells. It was cut with the following dimensions, as showRigure3-7 below.

]

ra staimless

steel

2eom

2om

Figure 3-7 Electrode dimensions

The stainless steel electrodes are washed with isopropanol to ensure that the
surface is clean from any oils or grease. Then, each electrode is weighed and
their masss recorded.

A thin layer of the coconut AC with 10% PVDF is coated onto the electrodes,
then the electrodes were dried in vacuum oven for 2 hours, and then weighted
again, to know the amount of AC on each electrode.

A filter paper is used to separatach pair of electrodes and it was laminated
using a laminating plastic and laminating machine.

The laminated supercapacitors cells then filled with electrolyte 1 M KCI.

Steps 4, 5 and 6 were repeated for 15% and 20% PVDF binder.
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3.2.2.3Supercapacitor with AC Model Cap-5
Two supercapacitor cells was fabricated using coconut-baskd activated carbon

aqueous, KCI (1 M) as electrolyte, stainless steel mesh as current collector.

The fabrication of this cell was done the following steps:

A. Preparing the activat carbon:

1) Coconut shelbased activated carbon (AC) is weighed and added to PVDF and

isopropanol was added to the mix as mixing agent.

Below are the prepared samples:

a) Capacitor Cap.1: Coconut AC with 10% PVDF

b) Capacitor Cafp.2: Coconut AC witil5% PVDF

2) Samples we then placed in the ultrasonic bath for mixing, and themtdd to
remove the isopropanoWhen the samplewas fully dry it was mixed in powder

form.

3) A diewasthen used to press the powder to disk shape AC. Pressure used was 3

tones, using hydraulic press.

A two pressed AC diskwerethen attached to stainless steel mesh current collector,
and separated by the filter paper as electrical isolating matendlthe electrodes

were placedn the casing.

4) Electrolyte (KCL) addedo the assembled cell, and the cell then sealed using

epoxy resinFigure3-8 shows the assembled supercapacitor cell.
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Figure 3-8 Capacitor Cap-5

5) The supercapéor cells were tested using the Autolab.

The Cap5.2 supercapacitor cell shows very good resemblance of an ideal

supercapacitor, at scan rate of 5 mV/s.

3.3 Fabrication Processes of Optimized Prototypeaising activated

carbon

The former packages (Cdpto Ca-5) showed some weaknesses, either at the
fabrication process or sealing process, the size and durability was an isSMewioo.
packaging m#éhods were needed. ylindrical and coin shape packagingere
proposedithe new pac&gng offer a better sealing arginaller size, as they have

been used in the industry for typical capacitors and batteries.

3.3.1 Cylindrical Supercapacitor Fabrication Process

The fabrication process was performed according to the process flowchart for the
cylindrical supercapacitor, shown Figure 3-9. Some of the critical processes are

the AC percentage, binder percentage and mixing time.
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and PVdF 5%
Ultrasonic mixing 30 minutes
Mechanical mixing 2-3 hours
Coating the slurry on
the Aluminium current] 100-150um
collector
Dry the current 128°C for 1
collector on vacuum
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oven
Cut the current
collector to the desired
dimensions
Dry the current 1206°C for 1
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separator machine
Dry the electrodes to| 120°C for 2
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Add the electrolyte an¢ Done inside

seal

the glove box

Test the final prototypeé

Autolab,
Gamry and
temperature
cycle oven

Figure 3-9 Process flowchart for cylindrical supercapacitor fabrication
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(1) Mixing:

The mixing process involves weighing the raw materials by using an analytical
balance and then mixing the ingredients usingechanicabverhead stirrefThe
mixing process was performed in two stages which are dry and wet mixing. The
dry mixing involves the mixing of the powdered activated carbon and powdered
carbon black. The wet mixing is done by adding solvents to the grevtd form

a slurry,the slurry of the activate materials is made by mixing activated carbon
(85%), binder (PVDF, 5%), carbon black (10%) and solvents, using the

Overhead StirreModel (MSP-1) shown inFigure 3-10.

Figure 3-10 Overhead Stirrer Model (MSP-1)

The mixing process has to be done with the right mixing speed and mixing time, to
achieve the right viscosity. The right viscosity will insure the bestmgaésults of

the slurry on the electrodes.
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(2) Coating:
Aluminum folil is coated with the active material slurry tonfothe electrodes for the
supecapacitor, doctor blade was usedctmtthe slurry on the aluminum foillhe

coating thickness was 150 um, the coatingnachines shown inFigure3-11.

Figure 3-11 The coating process

The doctor blade used in the coating process is showigure 3-12. The blade of

the wet film applicatorhastwo built-in metric micrometre heads for adjusting the
knife blade so that clearances of the blade can be accurately set-&ammOin 10
micron increments

The applicator consists of:

A A s pogized aluminianm frame to guide the knife blade. The frame has two
end sections which serve as hand grips for the operator when drawing down wet
films.

A A stainless steel knife blade with a

end sections whbh allows vertical adjustments of the blade.
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A Two springs a-bldde antd eop plateoThesenexert lam upfvaed
pressure on the blade and maintain it in contact against the two micrometre spindles
to retain gap settings of the blade.

A T woisiop magle micrometre heads that can easily be set to give film thickness
from 0-8 mm in increments of 10 microns. The accuracy of the micrometre heads is

+ 2 microns.

Film
Applicator

Traverse
Pusher

Figure 3-12 The dr. blade used forthe coating process

(3) Drying:

The coated foil was dried in vacuum oven mdd@V-11) to remove all the solvents
used in the mixing process, which wil |l
completely.Figure 3-13 shows the vacuum oven used for the drying process. The

drying process wasonductedat 120°C for one hour, to remove the solvents.
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Figure 3-13 The drying vacuum oven

After drying the electrodes, thedectrodes were roll pressed to make sure the active
material @here well to the aluminum foil. Thell pressmachineis shown inFigure

3-14.
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Figure 3-14 The roll pressingmachine

(4) Slitting:
Thealuminum foil coated with the active material is cut to the desired dimensions to

form the electrodes. The slitting processhewn inFigure3-15.
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Figure 3-15 The slitting process

(5) Stitching:
Leads are attached to the current collectors using ultrasonic bonding to form contacts
with the cathode and anode foil layetdirasonic welding machine was wus&

attach thdeads to the current cotitors. The welder used is shown kigure3-16.

A GENERATOR CABINET ‘

l 1. CURRENT i .
]
i TEST BUTTON ‘

2. TRIGGER ADJUST

5. HORN DOWN BUTTON l

3. WELD TIME 6. POWER BUTTON |

HORN 4 HOLD TIME
)
ANVIL

| EXTRAHORN

Figure 3-16 The ultrasonic welding machine
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(6) Winding:

Separator paper layers are coiled between the electrodes, |&ggrarating the
conductive layers, as shown figure 3-17. Then the cellis wetted with an
electrolyte under vacuunbefore the assembly process. The winding machine used
was custom made for the fabricatingupe&capacitor prototypewith required

dimensions.

Figure 3-17 The winding process

(7) Assembly:

After wetting, the celivasinserted into the case, a rubber seal is puherdads and

the cell is sealedThis process has to be done in glove box under controlled
environment;moisture level has to be around 0.001 ppm in the case of organic

electrolyte Figure3-18 shows the assembly process of the cell.
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Figure 3-18 The assembly process of the cell

The glove box (KKO11AS) used in the assembly process showigime 3-19. The
glove box provides the isolation from the environment (moisturecanthminant)

as it can affect the durability of the capacitor.
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Figure 3-19 The glove box

The final cylindrical supeapacitor prototype with theaBz company trade mark

(EnerStora) is shown iRigure3-20.

Figure 3-20 The final product of supercapacitor
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3.3.2 Coin Supercapacitor Fabrication Process

The fabrication process was performed according to the process didavioh the
coin supercapacitor manufactuas shown in Figure 3-21. Some of the critical
processes are the AC percentage, binder percentage and mixingreireealuated

accordingly
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. Weighting: Activated
Material AC: 90%, CB:
Weighting carbon, Cdron black| ., .
+ and PTEE 6%, PTFE: 4%
Dry
Ming Ultrasonic mixing 10 minutes
m NO
i Yes a
- Isopropanol :
Mixing Mechanical mixing water 1:1
15 minutes
+¢ = >
Yes
Calendaring Calendaring to the |  10-20 runs
required thickness 1-0.5mm
# >
Yes
Punching Punching out disks 1d(_}15mm
iameter
>
Drying the punched| 120°C for 1-6
disks hours
>
Assemble the active Use
Assembly material on the top | conductive
and bottom casket| epoxy glue
OK NO )
Yes
Encap. Add the electrolyte
and seal
OK NO >
Yes Autolab,
Testing Test the final Gamry and
prototype temperature
cycle oven
OK = > y
Yes
Store Reject

Figure 3-21 Process flowchart for the coin supecapacitor manufacturing
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(1) Mixing:

The mixing process involves weighing the raw materials using an analytical
balance and mixing the raw materials using a mechaowhead stirrerThe
mixing process is dividethto two stages: a) dry mixing b) wet mixing. The dry
mixing was done by mixing of the activated carbon powder and carbon black
powde for a certain amount and time. This is followsdaddng solvent to the
mixed powders. fie solvent consists of isopromdrand deionized water with
ratio of 1:1. Lastly, the binder polytetrafluoroethylene (PTFE) is added to the
paste, the mixing process is continued until the paste becas@sgh.Figure

3-22 shows the mixing mache and the final active material dough.

Figure 3-22 a) mixing the powders b) the dough

(2) Dough Calendering:

Activated material dough is rolled to form a shektlesired thicknesshis was
done by usinghe calendering machine as shownFigure 3-23. The machine
hasa heating element to heat the dowdilringthe rolling process, the dough was

rolled down in steps until the desired thickness is reached.
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Figure 3-23 Calendering machine during calendering process

Theactive material aftethie calendering processin sheet formwith a thickness of

0.7 mm Figure3-24 shows he dough sheet.

Figure 3-24 Dough sheet

(3) Punching:
Disks with specific diameter we punched out of the active material sheet, and
then dried in vacuum oven to remove the solvah&JC. The punched diskare

shown inFigure3-25.
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Figure 3-25 Punching process

The carbon sheet was punched using a 16 mm diameter circular shaped puncher.
The carbon electrodes were théeated in the vacuum oven under -pre

determined temperature and time to dry the punched disks.

(4) Adhesion

A conductive adhesivécarbon black andPVDF) is used to glue the punched
electrodes to the metal case and cap of the capacitor. This was dorgdoee

the contact between the electrode and the current collector, which will result in

lower ESR Figure3-26 shows the case and the cap with the active material disks

attached.

Figure 3-26 Active material disks glued to the case and the cap

(5) Electrolyte Filling:
Liquid electrolyte was added to the case and cap. The rerflueating under

vacuum)of the solvents (isopropanol and deionized water) will make it refasie
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the electrolyte ions to penetrate through the activated carbon pores which will
lead to achieve more capacitance. The presence of solvents is expected to give

unnecessary high resistance ESR and cause electrodes deterioration.

(6) Assembly and Sealing

The final process in manufacturing the supercapadtdne assembly and then
sealing.The case and cap are assembled with a separator paper between them to
electrically isolate but allowing ion transfer between the electrdtigare 3-27

shows the cases, caps and separators ready for the assembly process.

Figure 3-27 The cases, caps and separators

Then, the set was sealed using the crimper and the hydraedisgp 1 ton of

pressure, the crimper and the presssamvn inFigure3-28.

4

(@) (b)
61



Figure 3-28 a) the aimper b) the hydraulic press
(7) Testing:
All of the coin cells were subjected to electrical testing, that included the CV,
chargedischarge and ESR testing. The Autolab AUT83475 and the Gamry 600
were used to perform the testing. Both testing equipsrametshown inFigure

3-20.

Figure 3-29 Testing equipment a) Gamry b) Autolab

The final disk shaped supercapacis shown inFigure3-30, the casing mdel used

for this supercapacitor is CR2016.

Figure 3-30 Final coin supercapacitor
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The specifications of the CR2016 casmodel are:
- Case (SS304)

- Cap (SS304) & Gasket (PP)

- Plate (SS304, 1.0t)

- Spring (SS304)

Figure3-31 shows the CR2016 casing used for packaging the supercapacitor.

Figure 3-31 CR2016 casing

The dimensions of the CR2016 are shownigire 3-32.

Dimensions(mm)

@170 \
*--—o

L
E
(=3

@

-
‘ 162

|

¥,

@200 .

Figure 3-32 CR2016 dimensions
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3.4 Electrolyte

Two different electrolytes where used in thisearch ajqueouselectrolyte and
organic electrolyte. The aqueous electrolytes used were the KCI| aB®j\Naince
they are in solid state, certain amounts of KCL was diluted in deionized water to

achieve the desired concentration. Twasdone followingtheformula

EHT™H AT T "H'HD "1 HU T TETR ET T "HPHE THH "HEm T 1 Eq3.1

The organic electrolyte used was 1 M TEABF4 in PC in acetonitrile solution. The

specifications of the ettrolyte are shown iRigure3-33.

Date : 28TH. SEP. 2009 Product : PuriEL(Battery Electrolyte)
1M TEABF4 in PC

Quantity : 1kg Maker : TECHNOSEMICHEM CO.LTD.

Lot No. : TS9-1459 Shipment Date : 30TH. SEP. 2009'

Item Unit Specification Test Results

PC wt% 81.7 +1.0 817

TEABF4 wt% 183 £ 0.5 183

Moisture ppm - 18.8

HF ppm < 50 Pass

Color APHA < 50 Pass

Density (20°C) g/av’ - 1.196

Na ppm <5 Pass

K ppm <5 Pass

Ca ppm <5 Pass

Pb ppm <5 Pass

Fe ppm <5 Pass

cl ppm <5 Pass

S04 ppm < 10 Pass

Figure 3-33 Organic electrolyte specifications
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3.5 Testing Processes

3.5.1 Cyclic Voltammetry

Cyclic voltammetry (CV) providesameaswd a s uper c arpsponset or 6 s

with regard to a changing voltage, and is therefore a means of evaluating
capacitance. The procedure for obtaining a voltammogram is simple and required to
apply seriesof changing voltages with a constant sweep rat¢dt) and record the

charging currentfThe capacitanc€ can then be calculated using

k
F o1 Eq3.2

wherel is the current andis the sweep rate in V[89]. Often the voltammetry will
be graphed agapacitance vs. voltage instead of current vs. voltége.ideal
capacitor with no r@stance would display a rectangular shape ninsgt real EDLC
voltammograms take the shape of a parallelogram witular peaks as shown in

Figure3-34.

Figure 3-34 Voltammogram
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Faster sweep rates correspond to charging and discharging at higher power levels.
Multiple plots obtained at increasing sweep rates are therefore often displayed on the
same graph to demonstrate the impact of power levels on the charging
characteristicsFrom such plots it is evident that capacitance decreases at higher
frequencies.

Voltammetry can also provide an indication of the degree of reversibility of an
electrode reaction. A voltammogram that depicts a mimaige represents a
reversible reaction, but an irreversible process will have two separate charge and
discharge profiles, the ends of whido not meet. Reversibility is an important

factor in the search for new materigg§].

3.5.2 Constant-current charging

A method of evalwuating a supercapacitoro
constardcurrent charging. Charging or discharging the cell at constant current results
in a voltage response. The current integhdit, is therefore a measure of charge
delivery, and power is then determined by the protucy, and energy by @ x V

[80]. If the EDLC is assumed to be a capacitance in series with an ESR, the ESR can
be determined by the ratio of voltageadlge to current change. This procedure is
only accurate at low currents, however, and there is a significant departure from
predicted behaviour at higher currefge].

The galvanostatic chargischarge test is uséd measure the capacitance and the
ESR of the supercapacitor. Theacpedischarge graph of potential vene is shown

in Figure3-35. The peak is enlarged to observe the cufresistance (IR) drop due

to low electronic conductivity of the electrolyte ugea].
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Figure 3-35 Charge-discharge graph

The equivalent series resistance, ESR value can be determined by using the

following:
L o
il Al £5E Eq3.3

3.5.3 Impedance spectroscopy

| mpedance spectroscopy i s a power f ul
performance in the frequency domain. Special equipment isregloiai apply a small

AC voltage and measure the changes in magnitude and phase over a range of
frequencies. The impedance can then be plotted on a Nyquist diagrahown in

Figure3-36.
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Figure 3-36 Nyquist diagram [20]

An ideal capacitor is represented by a vertical straight line shifted on the real axis by
its ESR. At low frequencies a supercapacitor approaches a near vertical straight line

shifted on the real agiby the ESR.

3.5.4 Constant-power cycling

Cyclic voltammetry, constargurrent charging and impedance measurements are
generally better suited to lepower measurements. During higbwer operation
they do not provide useful data for modelling, mainly duénéofact that most of the
parameters to be determined are vokdgpendent, but changes in voltage are used

to determine them. Constapbwer cycling, however, can provide useful time
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constant information at particular power levels which can be used toagva
different componentfA1]. The procedure for power cycling involves charging the
EDLC at a fixed power level until a chosen voltage is reached, at which point the

current is reverskand discharging takes place.

3.5.5 Taguchi Technique

The Taguchi technique is an experimental design method usingin®ffjuality
control" because it is a method of ensuring good performance in the design stage of
products or processen our case we havesed this approacto optimize the
supercapacitor.The Taguchi technique was developed by Genichi Taguchi to
improve the quality of manufactured goods, but it can also be applied to
biotechnology[21]. Design of Experiments (DOE) using the Taguchi approach, one
can economically achieve product/process design optimization in the manufacturing
industry. The objective of using the glechi technique is to analyze the outcome of

the experiment and then use it as a reference for future experiments. Furthermore,
several parameters are set, and samples are made within a limited range, which is
altered for each iteration, instead of follogithe conventional approach of making

lots of samples to test each parameter. Once the parameter affecting a process have
been determined, the levels at which these parameters should be varied must be

evaluated.

This research addresses the implementatadn Taguchi's technique in the
optimization of supercapacitananufacturing procesBesign of experiments (DOE)
can be used to determine the optimal levels for processes or design parameters.

However, finding these optimal levels is not always an easy. teslustrial
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experiments do not always go as planned because a nonsystematic approach is often

taken by the experimenters. Thus, the following is a-Btegtep plan for conducting

the experiment, analyzing the results and implementing the sol{@®hs

Recognition and Formulation: Recognizing the peablis an important step,

not understanding the problem makes it more difficult to solve.

Quality Characteristics: The selection of quality characteristics to measure the

experiment's output. These outputs can be variable or attribute in nature.

SelectingParameters: It ithe most important step of the experimental design

procedure. If the wrong factors are selected or important factors are ignored,

then the results may be inaccurate.

Classifying Factors: After selecting the design and process parantéeers,

next step is to classify them into control, noise and signal factors:

a) Control factors are those factors that can be controlled by the experimenter.

b) Noise factors are those factors that cannot be controlled, and they are
difficult or are too expesive to control in the production environment.

c) Signal factors are those that affect the target performance of the
characteristic, but generally have no influence on variability in the

performance characteristic of the product or process.

V- Determininglevels: A level is the value that a factor holds in an experiment. The

number of levels depends on the nature of the design and process parameter and
whether or not the chosen parameter is qualitative or quantitative.

The levels need to be in anaeyptional range of the product or process. Taguchi
recommends the use of three levels if nonlinearity is expected in the main effect

of control factor on the quality characteristic.
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VI- Interactions: Interaction between two design and process parameté&svran
the effect of one parameter on the quality characteristic is different at different
levels of the other parametdihe interactionthatshould be studiedeeds to be
determined Orthogonal Array: (OA) are a set of tables of numbers created by
Tagudi that allow experimenters to study the effect of a large number of control
and noise factors on the quality characteristic in a minimum number of trials.
Taguchi proposed the use of OAs for planning the optimization experiments.
Conducting Phase: Condugg the experiment and recording the results. To
ensure the validity of the experiment, the following points should be considered
prior to conducting the experiment:

A Location: an appropriate location that is unaffected by external sources of noise.

A Resource availability: Making sure the necessary equipment, operation and
materials are available before starting.

A Costbenefit analysis Verifying the experiment is necessary and justify that the
benefits to be gained from the experiment will exceed the cbsthe®
experiment.

A Data sheetsUse uncoded data sheets for running the experiment and coded data
sheets for analyzing the data.

A Randomize the trials Randomization is critical to ensure that bias is evaded
during data gathering.

A Replicate the experiment Replication is a process of running the experimental

trials more than once.
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VII- Analysis PhaseAfter conducting the experiment, analyze and interpret the
results. If the experiment was planned and designed properly and conducted in
accordance with the dasheet, then statistical analysis will provide sound and
valid conclusions.

VIII - Implementation: To validate the adosions from the experiment, a
confirmatory experiment should be performed.

In this study, the capacitance (F) and the ESR of the supercaaeitihe desirable

quality characteristicsThere are other characteristics that can be measured, but the

above quality characteristicare considered the most important criterion in this

experiment.

The experimental procedure was carried out in a céetre@invironment in which the
experimental conditions remained constant. This ensha¢shere is no effect on the
results from external factors and that the only conditions varied during the
experiment are the three control factowghich are binder peemtage (PVDF),
mixing duration and carbon black (CB) percentdgeparticular, room temperature
remained constant at 2ZZ andremained stable during all of the experimeiitise
same quantities and types of materials were used for all célle fabricabn

process and testing equipment also remained the same.

Taguchi advocates the use of orthogonal array (OA) designs to assign the factors
chosen for the experimef@3]. Orthogonal eays allow one to compute the main
effects via a minimum number of experimental trj@]. OA are simple and useful
tools for planning industrial experiments. Using amogonal array, an experimental

plan can easily be constructed by assigning factors to columns of the orthogonal
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array and then matching the different column symbols with the different factor levels
[95]. Because there ar3 factors with 3 levels eachn Ly orthogonal aay was
chosen. This means that 9 experimental trials with different combinations of the
factors should be conducted to study the main effects. In general, the Taguchi design

is preferred because it redsdbe number of experiments significarj@g].

3.5.6 The Pilot Plant

The supercapacitor pilotignt will aid in designing the high volume maaafuring

plant by enabling the optimization of the process using optimization techniques and
determining the Bill of Material (B.O.M.) ardost of goods solCOGS) in order to

set an appropriate price point for different products.

The pilot plant will aso allow testing of the prototypes to the industry standaras

IEEE standards for our discrete products including the supercapacitor bank.

The pilot plant was designed based on the fabrication process steps of the
supercapacitor, and the fabricationeel in the pilot plant was divided to the
following fabrication process stages:

1- The weighing stage: this area is dedicated to handling of the raw materials
(AC, CB and Binders), where thanalytical balanceused to weigh the
required amounts of raw matdria

2- The mixing stage: at this area of the fabrication line, the raw materials are
mixed together with the solvents, the mixing process is done using overhead

mixing machine mentioned earlier.
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3- Coating and dry stage: this part of the fabrication line iscdgeld to the
coating of the active material on the current colleaging are dr. blade, and
drying the electrodes inside the vacuum oven.

4- Slitting and stitching stage: at this stage the electrodes are cut to the required
dimensions and the terminals as#tched to the electrodes. The winding
process of the electrodes and the separator is done at this stage, before the
assembly and the sealing process.

5- Assembly and sealing stage: at is stage the electrodes are assembled with the
casing and the electrobytis added before the sealing process. This is done
inside the glove box in the case of organic electrolyte.

Figure 3-37 shows the fabrication setup for the pilot plant, illustrating the different

stages of the fabrication process

Vacuum Environment
Fume Hood
Oven oven

tester

Weighing

and mixing

Ultrasonic

Welder

Figure 3-37 Pilot plant fabrication line setup
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Figure 3-38 and Figure 3-39 showthe pilot plant rooms and the different stations in

each room.

Fume Hood

Figure 3-39 Pilot plant room 2
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4. Resul t s
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4.1 Introduction

In this chapter, theexperimentalresults of all the fabricated supercapacitor
prototypes are presented, with listing of all the main parameters of eacuchklhas
materials used, date of fabrication, CV testing, chaigeharge testing, capacitance
measurementsElectrical Impedance Spectroscopkl$) and Equivalent Series

ResistanceHSR).

In the first trial to fabricate a supercapacitor carbon nano tubes (@8F€)used as
an active materialln the second trial, a few prototypes were faliedausing AC

(activated carbon). The coconut AC wasight locally.

Table 4-1 shows the different supercapacitor prototypes that were fabricated and
tested inthe pilot plant. It shows a comparison betweertapacitance, ESR,

packagingactive materiahnd advantages and disadvantagfesach prototype

Table 4-1 Different supercapacitor prototypes fabricated

Capacitancq ESR | Packaging e
Prototype 5 material Remarks
(F) (YY) type
Cap-1 0.0617 17.9 Flat CNT Bulky T CNT expensive
Cap-2 0.21 15 Flat CNT Bulky i CNT expensive
Cap-3 0.354 145 Disk (coﬁgnut) Packing not practical
Cap-4.3 1.275 22 Flat (cof:‘gnut) Packaging not practical
Cap-5.1 0.28 14.3 Disk (coﬁgnut) Packaging not practical
B-7 333 | 336 | Coin Msppo | Practical packging, high
capacitance, low ESR
AC Practical packaging, very
CY-3 27.02 1.44 | Cylindrical high capacitance, very loy
(coconut) ESR
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4.2 EDLC prototypes using Carbon Nano Tubes

In the first attempt to fabricate a supapacitor in the pilot plant, twsimple
prototypes were made using CNT as an active material, titanium sheet as current

collectors and plastic sheets as packaging material.

4.3 EDLC prototype with flat panel geometry fromCNT (Cap-1)

A supercapacitor cell was fabricateding CNT as active materiaRVDF as a
binder, aqueous KCI (1M) as electrolyte, titanium foil as a current collector, two flat
plastic sheets as the casing for the cell and epoxy resin to seal thEabél4-2

shows the materials used for fabricating Qap

Table 4-2 M aterials used for the fabrication

Material Description
Activate material CNT (0.5 9)
Binder PVDF (50 mg)
Electrolyte KCI (1M)
Titanium foil 4cm x 4cm x 0.00127cn
Plastic sheets 7cm x 7cm x Becm
Separator Filter paper5cm x 5¢cm)

The cell was tested using the Autolab potentiostat, a cyclic voltammetry CV test was
run to observe the cell behavior. An almost ideal CV Graph was obtained and the
capacitance of the cell was 0.0617 Figure 4-1 showsa picture of the fabricated

cell. Manufacturing date wa&®f March 2008.
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Figure 4-1 CNT supercapacitor Cap-1

Table4-3 showsthe measured parameters of this CBEile specific capacitancis 40
F/ g and t he g&tBiRkRwas the firtstfabritateq cell, the capacitance was
acceptable buthe ESR was in the high randemprovementgo lower the ESR and

increase the capacitan the following prototypes areeeded.

Table 4-3 The measured parameters of the Cajd

Capl 0.0617 40 17.9

Figure 4-2 shows the CV measurements for this sup@aetor cell The
measurement was doneaascan rate of 10mV/and voltage window of ¥olt and

the CV curve confirms capacitor behaviour, which is ideally a square shape curve.
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Figure 4-2 Cyclic voltammetry curve for Cap-1 (at scan rate ofL0mV/s)

4.3.1 EDLC prototype with flat panel geometry fromCNT (Cap-2)

The second prototype supercapacitor was fabricated using the same process used for
the first prototype, except the coated layer of CNT on the curreectmilwas made
thicker, by coating thidker layerof the CNT slurry. The capacitance for this cell is

0.21 F, which is improved by a factor of dmpared to the first prototyp®n the

other hand the ESR was still high. Fabricating date Tsofarch 2008.Table4-4

shows the materials used for the fabrication process:
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Table 4-4 M aterials used for the fabrication

Activate material CNT (05 q)
Binder PVDF (50 mg)
Electrolyte KCI (1M)
Titanium foil 4cm x 4cm x 0.00127cn

Plastic sheets 7cm x 7cm x 0.3cm

Separator Filter paper

The voltage ating for this cell is 1 V, the capacitance is 0.21 F and the specific

capacitance is 42 F/§igure4-3 shows the fabricated cell.

Figure 4-3 Supercapacitor cell Cap2

Table 4-5 lists the parameters for the supercapacitot €&lp2, including the

capacitance and the specific capacitance.

81



Table 4-5 The parameters list of the Cap2

Capacitor No.| Capacitancg Specific capacitanc

(F) (F/9)
Cap2 0.21 42

Figure4-4 shows the CV for the cell aa scan rateof 10 mV/s and voltage window

of 1 V. The CV curve shows a typical supercapacitor behavior.

CV for CNT Supercapacitor #2
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Figure 4-4 Cyclic voltammetry for Cap-2 super@pacitor at 10 mV/s
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4.4 Supercapacitor prototypes using Coconut shelbased Activated
Carbon

4.4.1 Disk-shape prototype using AQ(Cap-3)

Figure4-5 shows a picture of the fabricated supercapacitor. Fabrication date"is 27

of March 2008.

Figure 4-5 Picture of the supercapacitor cell Cap3

Degassing was used to remove the air in the pressed powder, which was done by
placing tlke electrodes in the vacuum ovaefore degassingthe capacitance was
measured and found to be 0.24 F and t he
capacitance was increased to 0.354 F at 5 mV/s scan rate, andighé afeeach

electrode was 1 mg.hHE increase in capacitance attributed to removing the #iei

electrodes, which allowed more electrolyte penetrafi@ile 4-6 lists the different
capacitances obtained at different scansratee lower the scan rates the higtesx

capacitance.
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Table 4-6 Capacitancesof Cap-3 obtain at different scan rates

Capacitance| Scan Rate
(3] (mV/s)
0.207 50
0.268 20
0.3196 10
0.354 5

The specific capacitance was calculated using the following steps:

The area of the supercapacitor

= 4 8 x0 Eq4.1

YR Q6O RORG O Qo $26re  x BAaQ Eq 4.2

The specific capacitance is 70.8 F/g for the first -disape prototype design. The

cell had some design problems, like thecetede active material did ndtave
enough mechdcal strength to hold togethérhis caused the gercapacitor to lose

a lot of potential capacitance after few days. Furthermore, the sealing (silicon epoxy)
was not proper, and the electrolyte leaked out and the cell dried out during the testing

process.

Table4-7 belowshowsthe materials used to fabricate this prototype:

84



Table 4-7 M aterials used for fabrication

Material Description

Coconut shelbased Activated Carbo
Activate material

90%

Binder 10% PVDF
Electrolyte KCI (1M)
Dimensions 1.13 cm (Diameter)

Separator Filter paper

Current Collector Configuratiol .
Circular

Current Collector Material .
stainless steel mesh

Voltage Rating 1V

Capacitance 0.354 F at 5 mV/s

Specific Capacitance 70.8 Fig

Table 4-8 lists the parameters for the supercapacitor cell-Eamcluding the

capacitance, the specific capacitance and the ESR.
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Table 4-8 Cap-3 specifications

Capacitance e . ESR
Capacitor No. Specmc( I(__:/'o:;;acntance
(F) (a)
Cap3 0.354 70.8 14.5

Figure 4-6 shows tle CV measurements for the CapClearlyit shows the capacitor
typical behavior, and the cell was tested at scan rate 10 mV/s and arange of 0 Vto 1

V window.

CV for Activated Carbon Supercapacitor #3
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Figure 4-6 Cyclic voltammetry for Cap-3 supercapacitor §can rate10 mV/s)

The electrochemical impedance spectrosc@ls) testing was done for this cell at
range of frequency 0.01 Hz 10 KHz. The capacitancéehavior can be seen in

Figure4-7, where, the semicircle and the straight line represent a capacitor behavior.
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EIS for Supercapacitor #3

d

—

. =P

/

1.E-01 -

Figure 4-7 EIS testing for Cap-3 supercapacitor

Figure4-8 shows the chasjdischarge curve for the C&p This curve was used to

measure the capacitance and ESR for the cell, using the drop in at the beginning of

1.E+02 -
1.E+01
=
=
2
N
1.'E+00 e T
1.EpO0 3.E

+oo\vn'foo 7.Ex00

Z'/ohm

the discharge cycle the ESR was calculated.

Knowing the clarging current and the voltage drop' the ESR can be calculated

9.E

usingthe following equatiomnwherethe drop is equal to:

I n this case

attributed to the problem of the AC partidie particle contact and the electrical

ESR

wa s

14.

+00

5

1.E

+01

q,

contact between the current collector and the active mai@rial

87

wh i

Eq 4.3

c h

S

r

a



Charge-discharge curve cap#

Voltage {V)

660 670 680 690 700 710 720 730 740

Figure 4-8 Charge-discharge curve for Cap3

4.4.2 Flat -shape supercapacitor prototypgCap-4)

In this part, three supercapacitor cells were fabricated using coconubabedl
activated carbon whit different PVDFbinder concentrations and 1 M potassium
chloride (KCL) as electrolyte. The objective of this part is to find the optimum value

of binder that will provide the highest specific capacitafi@hle 4-9 lists the three

cells parameters and the percentages of each material used to fabricate each cell.

Fabrication date is 30of June 2008.

Table 4-9 Compositional percentages of AC & PVDF

Prototvoe AC weigh PVDF powder PVDF Concentration
P weigh () 0
@ (%)
Cap-4.1 0.9 0.1 10
Cap-4.2 0.85 0.15 15
Cap-4.3 0.8 0.2 20
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Table 4-10 shows the fabricated cells specific capacitance and the ESR. It can be
seenthat the more bindeused the higher the ESR, whicbuld beattributed to the
fact that the binder is considered elsctrical isolating materialThe capeitance

measured at scan ratn¥/s and the ESR measured at 20 mA charging current.

Table 4-10 Capacitance and ESR measurements

Equivalent Series Resistances Specific

0, -

AUBISD (ESR, Y) Capacitance (F/g)
10 10.1 40
15 11 19.9
20 22 44

The largest specific capacitance, 44 F/g is obtained using a sample of esloalhut
basedactivated carbon with 20% PVDF concentration. The amount of sample
fabricated on each electrode should be constant and same for each supercapacitor for

a better comparison purpose.

Specific capac#énce for the 10% PVDF prototype

z¢ T TWAQ Eq4.4
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For 15% PVDF,

z¢ p @&@AdQ Eq 4.5

For 20% PVDF,

z¢ 1 TAQ Eq 4.6

Following are the parameters and the measuresraome on the three prototypes.
The parameters are the capacitance, the specific capacitance and ESR, the testing

done are the CV, EIS and the chadigcharge.

- Prototype of Cap-4.1
Table4-11 shows the measured parameters of this Eedure4-9, Figure4-10 and

Figure4-11showthe CV, EIS and the chargischarge curve respectively.

Table 4-11 Cap-4.1 parameters

Capacitancg Specific capacitanc{ ESR

Prototype
(F) (Flg) (a
4.1 0.975 19.9 11

The CV test was done to observe the behavior of the cell, i'oandow of 1 V and 5
mV/s scan rate. The CV curve shape is close to a perfect ideal supercapacitor

behavior, which should look like a square.
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CV for Activated Carbon Supercapacitor #4.1
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Figure 4-9 Cyclic voltammetry for Cap-4.1 supercapacitor (5mVs)

The EIS plot shows the characteristics of supercapacitor, which dispaysein

the highfrequency and a linear curve in the Ksgquency region. Theurvein the
high-frequency region is related to the reaction kinetics at the electrode and
eledrolyte interfaces. The linear curve at the {requency region can be attributed

to the diffusion controlled process in the electrolyte. The internal resistance of the

cell can be obtained from the hifflequency interception of real axis.
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EIS for Activated Carbon Supercapacitor #4.1

5.E+03
5.E+03 /
N /
/ A\ /
3.E+03 / \ /
3403 / \/

' / \/
2.E+03
2.E+03
1.E+03 /
5.E+02

0.E+00 v v v .y
1.E+03 6.E+03 1.E+04 2.E+04 2.E+04 3.E+04

-Z"/lohm

Z'lohm

Figure 4-10 EIS measurements for Cap4.1

Chargédischarge measurements were conducted to determine the capacitance and

the ESR of the cell at different number of life cycles.

Charge-Discharge #4.1

1.2

Y 4
NN/
TN/ N\ /
TN\
N\

. 150
Time(s)

200 250

Figure 4-11 Charge-discharge measurements for Cajg.1
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- Prototype of Cap-4.2
Table4-12 shows the measured parameters of this Egjure4-12, Figure4-13 and

Figure4-14 showthe CV, EIS and the charge discharge curve respectively.

Table 4-12 Cap-4.2 parameters.

Capacitancg Spedfic capacitance ESR

Prototype
(F) (Flg) (a
4.2 1.04 40 10

The CV test was done to observe the behavior of the cell,Joltagewindow of 1

V and 10 mV/s scan rate. The CV curve shapa ¢kse resemblance to a perfect
ideal supercapacitor behavior. The capaoitthis cell is higher than thg€ap-4.1),

the improvement can be noticed in the CV curve, which resembles the square shape

of ided supercapacitor.
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CV for Activated Carbon Supercapacitor #4.2
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Figure 4-12 Cyclic voltammetry for Cap-4.2 at 10nV/s

The EIS plot shows the characteristics of supercapacitor, the ESR for this cell is

almost the same valas forCap-4.1

EIS for Activated Carbon Supercapacitor #4.2
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Figure 4-13 EIS measurements for Cap4.2

94



Chargédischarge measurements were congldidb determine the capacitance and

the ESR of the cell at different number of life cycles.

Charge-Discharge curve

Vo!gtge(\g
) ~

80 85 90 95 100 105 110 115 120
Time(s)

Figure 4-14 Charge-discharge measurements for Ca.2

- Prototype of Cap-4.3

Table4-13 shows the measured parameters of thiskiglire4-15 and Figure 4-16

showthe CV and EIS curves respectively. Fabrication t86™" of June 2008.

Table 4-13 Cap-4.3 parameters

Capacitancg Specific capacitanc{ ESR

Prototype
(F) (F/g) (a
4.3 1.275 44 22
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The CV test was done to observe the behavior of the cell, for a window of 1 V and
10 mV/s scan rate. The CVurwe shape isa close resemblance tonadeal

supercapacitor behavior. The capacity had improved compared #.Zap

CV for Activated Carbon Supercapacitor #4.3
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E—
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-1.E-02
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Figure 4-15 Cyclic voltammetry for Cap-4.3 at 10 mV/s

The EIS plot shows the charadstics of supercapacitor, the ESR for this cell is
higher comparedo Cap4.2. That could be due to the thicker layer of the active

material.
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EIS for Activated Carbon Supercapacitor Cap4.3
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Figure 4-16 EIS measurements for Cap4.3

4.4.3 Disk-shape supercapeitor Prototype Cap-5
Two supercapacitor cellwerefabricated using coconut shddased activated carbon,
aqueous KCI (1M) as electrolyte, stainless steel mesh as current collégtoe

4-17 shows the assembled supapacitor cell.

Figure 4-17 Supercapacitor Cap-5
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Table4-14 shows the results of testing under potential window of 1 V & scan rate of
5 mV/s. Fabrication date 2nd @uly 2008.

Table4-14Cap-5 pr ot otypes parameter s
Capacitance Specific capacitance ESR
prototype
(F) (Flg) (a)
5.1 0.28 56 14.3
5.2 0.118 40 17.9

Figure 4-18, shows the CV measurements for the Gab cell. The CV curve

resembles the idéaupercapacitor behavior. The capacitance for this prototype is
0.28 F.

CV for Activated Carbon Supercapacitor #5.1

V(mV)

Figure 4-18 Cyclic voltammetry for the Cap-5.1
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Figure4-19 shows the EIS curve for the G&pl supercapacitor cell, which shows

the supercapacitor behavior.

EIS for #5.1
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Figure 4-19 EIS measurements for Caps.1 supercapacitor

Figure 4-20, shows the chargdischarge curve for the C&pl supercapacitor cell,
which used to measure the ESR and the capacitance for this cell. The ESR for this

prototype is 14.9.
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Figure 4-20 Charge-discharge measurements for Cayb.1
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Figure 4-21 shows the CV measurements for the Gap supercapacitor cell. It

shows very good resemblance of the ideal supercapacitor behaviorateavas 5

mV/s.

CV for Activated Carbon Supercapacitor #5.2
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Figure 4-21 Cyclic voltammetry for Cap-5.2

Figure4-22 shows the EIS curve for the G&® supercapacitor cell. From this curve
the capacitance wemaeasured to confirm the chardescharge curve capacitance

measurement.
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EIS #5.2
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Figure 4-22 EIS measurements for Cagb.2

Figure 4-23 shows the chargdischarge curve for th€ap5.2 supercapacitor cell,

which used to measure the ESR and the capacitance for this cell.
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Figure 4-23 Charge-discharge measurements for Cayb.2
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4.5 Cylindrical Supercapacitor Prototypes

Few cylindrical sipercapacitor prototypes were fabricated using different AC
(coconut,MSP-20) and different conductive agent (carbon bla€ETJEN blach,

the fabricated prototypes were labeled-C¥ CY-18.

Table4-15 lists the mataals and the amounts used for fabricatibhe percentages

of the materialsisedwereas follows (AC 80%, CB 10%, PVDF 10%).

Table 4-15 M aterials used for the cylindrical prototypes

Activated Carbon Conductive agent Binder
prototype
Type Amount (g) Type Amount (g) | Type | Amount (g)
Cy-1 Coconut (AC) 4 Carbon Black 0.5 PVDF 10
CY-2 Coconut (AC) 4 Carbon Black 0.5 PVDF 10
CY-3 Coconut (AC) 4 Carbon Black 0.5 PVDF 10
CY-4 MSP-20 4 KETJEN BLACK 0.5 PVDF 10
CY-5 MSP-20 4 KETJEN BLACK 0.5 PVDF 10
CY-6to CY-11 MSP-20 4 KETJEN BLACK 0.5 PVDF 10
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Table 4-16 Capacity measurements for C¥1 to CY-11

Capacitance (F)
Prototype No. of cycles
1 5 10 | 50 | 100 | 300 350 | 1000 | 2550
Cy-1 15.87| - | 18.18| - | 18.18] 16.67| 16.12 | 13.79| 14.18
CY-2 719 | - - 8111091 12 - 15 -
CY-3 29.41| - 30 - | 30.67 - 28.57 | 27.02 -
CY-4 Not working
CY-5 - 6.1 - - - - - - -
CY-6 Not working
CY-7 Not working
CY-8 Not working
CY-9 129 | - 10 - 8.75 - 9.1 9 -
CY-10 Not working
Cy-11 522 | - 5.2 - - - 5.27 5.3 -

Table4-17 showsthe ESR for the fabricated prototypes (@Yo CY-11).

Table 4-17 ESR measurements for C¥1 to CY-11

ESR (q)

Prototype No. of cycles

1 5 10 | 50 | 100 [ 300 | 350 | 500 [ 1000| 2550
Cy-1 3.14 3.22( - 0.66 | 0.5445] 0.92 1.31| 0.54
CY-2 3.65 - 3.29( 293 | 2.72 - 2 -
CY-3 3.35 - - 0.964 - 1.46 1.44 -
Cy-4 Not working
CY-5 - 146 - - - - - - -
CY-6 Not working
CY-7 Not working
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CY-8 Not working

CY-9 1.81 1.05 1.921 2
CY-10 Not working
Cy-11 1.54 15| 15

4.5.1 Cylindrical Prototype CY -1

Chargédischarge measurements were conducted to determine the capacitance and
the ESR of each cell aifferent number of life cyclegzigure 4-24 shows the first
cycles of chargiedischarge curveCV testwasrun to observe the behavior of the

cells.

Initial Charge -Discharge curve CY-1
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Figure 4-24 Charge-discharge curve CY-1

Using the slope of the chargiescharge cwe the capacitance was measured using

6 ® anQ Eq 4.7
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The voltage drop on ghchargedischarge curve is used to measure the ESRg

wE 0 0'DAEMOY Eq 4.8

Knowing the charging current and the voltage drop the ESR can be calculated using

YOYY U ¢ a 0O@iern Eq 4.9

Figure 4.27shows a portion of charging e and its measured slope, the capacity

wascalculated and found to be 15.87 F.

C = i/slope = 0.2/0.0126 = 15.87 F

ESR = 3.14Y
Capacitance measurements CY.
1.2
1 /
=08
()
20.6 /
o© y =0.0126x 0.0529
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0 T T T T 1
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Figure 4-251nitial capacitance measurements of CYL at 0.2 mA
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The CV test was also donedeterminghe behavior of the cell, for a window of 2 V
and 20 mV/s scan rate. The shape is not a perfechbtsmece for a supercapacitor
behavior, which should loolkke a square, but because ithe first life cycle of the

supercapacitor the shape is imperféggure4-26 shows the CV curve.

Initial CV for CY -1

Current (A)
o

_—
0,0 /0.5 1 ﬁ 2
[ —

Voltage (v)

Figure 4-26 I nitial CV for CY -1 at 20mv/s

Figure 4.29 shows the EIS Nyquist plot for the supercapacitor prototypg, @

EIS plot shows the characteristics of supercapacitor, which displays a semicircle in
the highfrequency ad a linear curve in the lofvequency region. The semicircle in

the highfrequency region is related to the reaction kinetics at the electrode and
electrolyte interfaces. The linear curve at the-fosguency region can be attributed

to the diffusion conblled process in the electrolyte. The internal resistance of the

cell can be obtained from the hifflequency interception of real axis.
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EIS for CY-1
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Figure 4-27 EIS for supercapacitor prototype CY-1

After cycling thesupercapacitor for 10 cycles tbapacitance was measured again;
the new capacitance is 18.18 F. The improved capacity can be attributed to more
penetration of the electrolyte inside the actidatarbon, which leads to utilizatiarf

more activated carlmosurface aredarigure 4-28 shows the chargdischarge curve

after 10 cycles.

Charge-Discharge curve C¥1 after 10 cycles
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Figure 4-28 Charge-discharge curve at 0.2mA after 10 cycles
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The slope of the chargeiwe was used to measure the capacitance of the prototype,

usingEq 4.7 Figure4-29 shows the charging curve slope for the cellCY

C = i/slope =0.2/0.011 = 18.18 F

R(ESR = voltagedrop/ | =(1- 0.356)/0.2=3.22W

Capacitance measurements CYL

1 /
>o08
(O]
20.6 /
S04 / y = 0.011% 4.6935
>V R2 = 0.9952
0.2

O T T T T T 1
420 440 460 480 500 520 540
time (s)

Figure 4-29 Capacitance measurements of CY at 0.2 mA after 10 cycles

After 100 cycls the supercageitor still maintain the same capcity of 18.18 F
C = i/slope =0.2/0.011 = 18.18 F

ESR = 3.22 Y

After 350 life cycles the capacity of the supercapacitor starts to stabilize aadebe
more like a supercapacitdfigure 4-30 shows the chargdischarge curvevhere it

can be seen that the supercajoatasa good charging behavior.
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Charge-Discharge after 350 cycles
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Figure 4-30 Charge-discharge after 350 cycles

Figure4-31 shows the charging curve thaasused to calculate the capacitance of

the cell.

Capacitance measurements CY.
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Figure 4-31 Capacitance measurements CM after 350 cycles
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C = i/slope =0.2/0.0124 = 16.12 F

ESR = 0.92 Y

The CV curve of the cell is shown Figure4-32 and it resembles a supercapacitor

behavior, it is close to perfect square shape.

CV for CY -1 after 350 cycles
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Voltage (v)

Figure 4-32CV for CY-1 after 350 cycles

After cycling the prototype for 1000 cyslethe capacity was measuregam. The
new value for the capacitance is 13.79Fkgure 4-33 shows the chargdischarge
curve andFigure 4-34 shows the curve used to calculate the capacity of the

supercapacitor.
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Charge-Discharge curve CY-1 after 1000cycle

C = i/slope =0.2/0.0145=13.79 F
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Figure 4-33 Charge-discharge curve CY-1 after 1000 cycls
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Figure 4-34 Capacitance measurements CM after 1000 cycls
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The CV curve of the cell is shown Figure 4-35. The curve is close to a perfect

squareanthence the cell s behaviour resembl es

CV for CY -1 after 1000 cycle
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Figure 4-35CV for CY -1 after 1000 cycle

The prototype was cyetl for 2550 cycles and retestdeigure 4-36 shows the
chargedischarge curve after 2550 cycles and a good charging and discharging

patternscan be seen
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Charge-Discharge curve for CY-1 after 2550 cycles
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Figure 4-36 Charge-discharge curve CY-1 after 2550 cycles

Figure4-37 shows the slope curve used to calculate the capacitance of the prototype

cell. The calculated capacitance is 14.18 F.

Capacitance measurements CM after 2550 cycles
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Figure 4-37 Capacitance measurements CM after 2550 cycles
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C = i/slope =0.2/0.0135=14.81 F

ESR = 0.54 Y

Figure4-38 showsa near perfect CV curve, after 2550 @g;lthe scan rate used was

10 mVs.
CV for CY -1 after 2550 cycles
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Figure 4-38 CV curve for CY-1 after 2550 cycles

4.5.2 Cylindr ical prototypesCY-2to CY-11

For the detailed measurements (CV, EIS and chadispharge) of the prototgs

CY-2 to CY-11, refer to the Apendix A.

4.6 Comparison between C¥1 to CY-11

Table 4-18 shows the different prototypes fabrated.It can be seenCY-3 hasthe

highest capacitance (27.02 F) compared to the rest of the pr&otypkits ESR is
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l ow (1.44 YY),

which is

considered

process.
Table 4-18 Comparison between C¥1 to CY-11
Prototype | Capacitance (F)] ES R CV curve Remarks
Medium capacitance
CY-1 13.79 1.31 c—2
low ESR
Medium capacitance
CY-2 15 2 P
Medium ESR
High capacitance
CY-3 27.02 1.44 P
Low ESR
CY-4 No data No data / No data
CY-5 No data No data | =" No data
CY-6 No data No data / No data
CY-7 No data Nodata| ——— No data
CY-8 No data No data No data No data
Low capacitance
Medium ESR
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CY-10 No data No data No data No data

Low capacitance

CY-11 5.3 1.5 —

Medium ESR

CY-1 had medium capacitance (13.79 F)
prototypes have either low capacitance or the prototypes failed, which can be due to

poor contact between the current collector and the terminal or failed sealing.

The CV curve cangive a good indication about the health condition of the

supercapacitor, as seen for @¥o CY-7, where the CV curve is very narrow.

4.7 Coin Supercapacitor prototypes

The coin supercapacitor prototypes wialgricatedusing the CR2016 lithium battery
packaging and aqueous electrolyte was used for all ¢ben supercapacitor

prototypesFigure4-39 shows a picture of the coin supercapacitor prototype.
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Figure 4-39 Coin supercapacitor prototype

Chargédischarge measurements were conducted to determine the capacitance and
ESR of each cell atifferent number of life cycle€CV tess were run to observe the

behavior of the cells.

4.7.1 Coin prototype B-1

The first coin prottype B-1 was tested using the chargitscharge method with 50
mA constant current. The first test was done at 10 cy€Eligsire 4-40 shows the

chargedischarge curve for 8.
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Charge-discharge curve for B1 after 10 cycles
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Figure 4-40 Charge-discharge for prototype B-1 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance ofihe B
prototype. Figure4-41 shows the curve used to megsthe slope whicks then used

to calculate the capacitance.

capacitance for B1

0.6
y =-0.0168x + 4.9129

0.5 \\ Rz = 0.995
0.4

0.3 \

0.2 \

0.1 \

Voltage (v)

-0.1

Figure 4-41 Capacitance for prototype B1
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The B1 prototype was tested using CV method to obsesueetiaviorFigure 4-42
shows the CV curve which closely resembles the ideal supercapacitor squaee shap

curve.

CV curve for B-1 after 10 cycles
0.04
0.03

0.02 il 7
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0|/ /
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/
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Current (A)

~——

-0.04

Figure 4-42 CV curve for prototype B-1 after 10 cycles

The B1 coin prototype was cycled for 100 cycles and tested again to observe the
changes to the capacitance and the ESR vakigsre 4-43 shows the charge

discharge curve after 100 cycles.
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charge-discharge curve for B1 after 100 cycles
1.2
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)
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Figure 4-43 Charge-discharge curve for B1 after 100 cycles

The new value for the capacitance was increased 853 from 2.97 F, on the other
hand the ESR was decreased to 7.96 Ohms from 9.68,@hah¢his could be due to
poor contact between the active material and the current collEgiare4-44 shows

the curve usetb measure the capacitance of thé Brototype.
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Capacitance for B-1
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The CV curve after 100 cycles reassembles the ideal supercapacitor Kigore.

4-45 shows the CV curve after 100 cycles.
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CV curve for B-1 after 100 cycles
4.00E-02

3.00E-02 — e 7
2.00E-02

1.00E-02 / /
0.00E+00 / /
-1.00E-020 [ o2 0.4 0.6 08 / 1

[
-2.00E-02
/

-3.00E-02
-4.00E-02

Current (A)

Voltage (v)

Figure 4-45CV curve for B-1 after 100 cycles

4.7.2 Coin prototypes B-2 to B-18

For the detailed measurements (CV, EIS and chdiggharge) of the protgpes B2

to B-18, refer to Apendix B.

4.8 Comparison between different coin prototypes

Table4-19 shows the list of capacitances and ESR for the coin prototyfesoE3-

18 at 10 and 100 cycles. The highest capacitance obtained was 3.333 F féf the B
prototype after cycling the prototype for 100 cycles, aral ldwest capacitance
obtained wa4.034 F for the B prototype after 100 cycles. The lowest ESR is 3.36
q f or -7 prétaypeBBYy comparing the highest capacitance the lowest ESR in
Table 4-19, it was concluded thatB-7 prototype is the best supercapacitor coin

prototype.
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Table 4-19 Capacitances and ESR of the coin prototypes-B to B-18

Prototype Capa(lgi)tance ESR ( CV curve Remarks
D High capacitace
B-1 3.125 7.96
Medium ESR
Medium
B-2 2778 | 1292 | o~/ capacitance
High ESR
Low capacitance
B-3 1.199 17.96 =
High ESR
Low capacitance
B-4 1.219 16.38 e
High ESR
Medium
B-5 2.478 | 12.78 i capacitance
High ESR
Low capacitance
B-6 1.538 28.13
/ High ESR
High capacitance
B-7 3.333 3.36 P——
Low ESR
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1.162

29.1

Low capacitance

High ESR

B-9

1.034

28.77

Low capacitance

High ESR

B-10

3.158

5.6

High capacitance

Medium ESR

B-11

2777

5.08

Medium
capacitance

Medium ESR

B-12

2.941

6.72

Medium
capacitance

Medium BR

B-13

2.487

11.46

Medium
capacitance

High ESR

B-14

2.76

12.2

Medium
capacitance

High ESR

B-15

2.824

Medium
capacitance

medium ESR
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Medium
capacitance

\

B-16 2.659 10.28
High ESR

Medium
capacitance

B-17 2.617 10.68

\

High ESR

Medium

B-18 2.673 1284 | ———=>  capaciance

High ESR

4.9 Optimizing Supercapacitor using Taguchi Technique

In this part by use of the Taguchi methodology to optimize the coin supercapacitor
the number of experiments has been reduced for three factors at three levels from
(3%) = 27 experiments to only 9 set of experiments. In terms of materials, the core
materials that have been used in the fabrication are: activated carbon (AC) as the
active material, carbon black (CB) as the conducting agent and PVDF polymer as the
binder matdel. A total of nine experiments were conducted, where the percentage
composition of PVDF and CB were varied for different mixing times in order to find
the most significant process parameter affecting the capacitance and the ESR. 1 M
lithium perchlorate (iCIO,4) in acetonitrile was used as the electrolyte. Coin shape

supercapacitors with a diameter of 13 mm have been fabricated. The cell
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capacitances were found to range from 24.%1.23 mF.The capacitive properties
of the fabricated cells were evaluateyl cyclic voltammetry (CV), EIS and charge

discharge measurements using an Autolab potentiostat (PGSTAT302N).

The chosen control factors and levels which are selecgeeghownn Table4-20.

Table 4-20 Control factors and levels of the experiment

Factor Labelled | Level 1 | Level 2 | Level 3
PVDF % A 2 3 5
Mixing time (Hours) B 1 2 3
Carbon Black % C 5 10 15

The experimental procedures were carried out in a cordreifgironment, where the
experiment conditions remained constant. This enshegghere is no effect on the
resultsfrom external factors and the only conditions during the experinvaith
varied in their values are the three control factorsparticdar, room temperature
remained constant at 22 and the environment humidity keptstable during all
experimentsSame quantities and type of matermaksreused for all cells Also the

fabricating process and the testing equipments remained the same.

Tables-21 showsthe 9 trials and the measured aapance and ESR for each cell.

126



Table 4-21 Experimental layout

Quality Characteristics

A B C
Exp. Mixing time Capacitance [ ESR

CB
0 -
PVDF % tours) " () (¥
1 1 1 1 33.57 336
2 1 2 2 35.32 530
3 1 3 3 38.36 516
4 2 1 2 41.91 524
5 2 2 3 24.91 685
6 2 3 1 51.23 329
7 3 1 3 43.86 146
8 3 2 1 44.76 337
9 3 3 2 50.75 286

The traditional method of calculatinbe average effects of factors to determine the
desirable factor levels is to look at the simple average of the results. Although
calculating the average is simpler, it does not capture the variability of data within
the group. A better way to compare thepulation behavior is to use the mean
squared deviation (MSD) of the results. For convenience of linearity and to
accommodate wideanging of data, a log transformation of MSD (S/N) is
recommended for analysis of experimental results, Sigrabise rat (S/N), is the

ratio of the power of the signals to the power of the noise. A high S/N ratio will
mean that there is high sensitivity with the least error of measurement. In Taguchi
analysis using S/N ratios, a higher value is always desirable regartitbesquality

characteristi¢98]. In this case, as the objective was to maximize the capacitance of
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the supercapacitor, it is therefore to seleet 8iN ratio related to larg¢he-better
quality characteristicEq 4.1Q as for the ESR the objective is to minimize it, so the

S/N ratio selected is the smatle-betterEq 4.11

-1 GoQépnn I C — — E — R Eq 4.10

mh

-1 0oQépm I Cw w TE Eq 4.11

where,

n=number of values at each trial condition
yi= each observed value.

The S/N ratio is treated as a response (output) of the experiment, which is a measure

of variation when uncontrolled noise factors are present in the s{@2m

To maximize the signéab-noise ratio, (which in effect means, to reduce quality

loss caused by variability about the nominal value), two things need to be done:

1- Select values for the control factors which minimize variability. In this way we
mini m ze the effect of the noise factors,
2- Select values for the control factors which change the mean value of the quality
characteristic to correspond to the nominal value.

The analysis will therefore be in two parts:

1 Find which control factors have the greatest effect on variability. Select values f

these control factors accordingly.
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1 Find which control factor has the greatest effect on the mean, other than those
already set to minimize the variability. Select a value for this control factor to bring
the predicted value of the quality characteristicnear as possible to the nominal
value.

Table 4-22 and Table 4-23 showthe average S/N ratio values for capacitance and

ESR respectively.

Table 4-22 Response table for S/N ratio (Capacitance)

A B C

Level 1

3.102

3.181

3.229

Level 2

3.068

3.012

3.231

Level 3

3.328

3.316

3.028

Table 4-23 Response table for S/N ratio (ESR)

A B C
Levell | -5.342| -5.134 | -5.047
Level2 | -5.453| -5.459 | -5.327
Level3 | -4.858 | -5.182 | -5.401

Figure4-46 andFigure4-47 illustrate the main effects plot of the control factors for

the experiment (using the luas fromTable4-22 andTable4-23 respectively).
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average S/N ratio (Capacitance)
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Figure 4-47 Response graph for S/N ratio (ESR)
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Table4-22 andFigure4-46 show that the most significant factors for capacitance is
control factor A (PVDF %), dllowed by factor B (mixing time). Factor C is less
significant.

Since, the objective of this work is to optimize the capacitance, we need to maximize
the S/N ratio in order to minimize variability. Thus, both factors A and B need to be

set to level 3.

Similarly, Table4-23 andFigure4-47show that the most significant facsdor ESR
are factor A (PVDF %), followed by factor C#érbon Black % The effect of factor

B (mixing time) is of less gnificance, the optimum levels are A3 and C1.

The experiment enabled the behavior of the system to be understood by the
engineering team in a short period of time and resulted in significantly improved
performance (with the opportunity to design furthgpeximents for possible greater

improvements)

The results indicated that binder percentage and mixing hiawegreater effect on

the capacitance, whereas for the ESR, binder and carbon black percentages wer
found to be more significanin order to stdy the effect of variables in a minimum
number of trials, the Taguchi approach for experimental design was af®pt€de

project illustrated the techniques that can be used in order tohgaes$t outcome at
minimum cost. It was clearly demonstrated that the Taguchi methodology of DOE is
applicable and adaptable in supercapacitor optimization purposes.

At the end of the experiment, a final confirmation experiment was performed, and

the supecapacitor cell was manufactured using the optimised factors: PVDF
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percentage (5%), mixing time (3H) and carbon black percentage (5%). The

capacitance of the cell is 54.70 mF.

4.10 Optimization of process factors using Taguchi technique and

Genetic Algorithm

In collaboration with Genetic Algorithm (GA) research gr@¢Mpttingham Malaysia
campus) aproposed approadhat deals with the optimization of various responses
problems in Taguchi method using Genetic Algorithm (@8)a measure @fuality
assurancef the products and the processAsbrief description oftie work done

will be given here. &r the full text paper please refer Agppendix C. Taguchi

method is always applied in singlesponse problems and with the aid of the
employment of past experiees and engineering judgments, at times is used to
tackle the optimization of various responses problems. This hybrid approach
maintains the robustness of the products and processes even in the requirement of
measuring multiple responses of the productd processes. In thisvork, an
extensive methodology in application of the proposed approach on process
fabrication supercapacitor is presented. This approach utilizes the information
acquired from the signdab-noise ratio (SNR) and GA method ainmsmaximzing

the weighted SNR (WSNR). Experimental result shows that this proposed approach
has thepotential and power to solve multiple response problems. A comparison of

the result between the proposed approach and the result from Overall Evaluation
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Criteria OEC) is concluded based on the improvement in dB of the SNR and the
standard deviation. Finally, the variance analysis plays an important role in
identifying the most statistically significant factors in the process. The main
contribution of this approacks to effectively and efficiently tackle the multiple
response problems such as fabrication process of supercapacitor where the
capacitance and equivalent series resistance (ESR) are equally important.
Additionally, the proposed approach achieves the e@sirobustness for

environmental condition and component variation.
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5. Concl usi on
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5.1 Conclusion

Thisthess was set out tdesign and implement a production line for supercapacitors
and then toexplore the concept of usingtatistcal tchniquesto optimize the

fabrication process of super@agtor. The research objectives are reviewed and the
results are analysed in order teagtablish the links between the results here and the

significance of those results to the research topic.

The first research objective of the thesigsto design and build the pilot plant for
fabrication of supercapacitor. The pilot plant was designed and built from scratch, to
handle two lines of fabrication packages, coin and cykadlrpackaging. Itis
equipped with the necessamquipmentsfor the fabrication process;all the
equipmentaised are presented in cha@ef his pilot plant design was implemented

in the department and was used to subsequently make all the prototypes. This

satisfies the firstesearch objective of the thesis.

The second research objective of this thegis to design a fabrication process
flowchart for the cylindrical packaging supercapacitor. A detailed step by step
manufacturing process flowchasas designed and implementdor the cylirdrical
packaging supercapacitdrhe process flowchart identifies the type, and the amount
of materials used, starting from the raw materials and endlitigthe tested final
prototype. It also illustrates each of the steps (mixing, dryingnd coating
parameters (time, temperature, coating thickndsglure 5-1lillustrates the process
flowchart for the cylindricapackaging With this cylindrical supercapacitors could
be made and the infrastructure to improve trec@ss was also implemented. This

concludes the second objective is achieved.
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The third research objective of this thesigs to design a fabrication process
flowchart for the coin packaging supercapacitor. As in the second objective a
detailed step by step manufacturing process diast was designed and
implemented for the coin packaging supercapacitor. This process flowchart identifies
the type, and the amount of materialsed, starting from the raw materials (AC,
binders and CB) and ending with the fita$ted prototypdt alsoillustrates each of

the steps (dry mixing, vacuum dryinggunching and parameters njaterials
percentagescalendaring thicknessracuum drying time). Figure 5-2 shows the

process flowchart for the coin EDLEiencethe third objetive is achieved.

The forth objectivewas to use Taguchi method tentify the most significant
process factors of the supercapacitor manufacturing protleespoject illustrated

that the techniquean beappliedto achieve the best outcome at minimoost(less

time and materials needeith) supercapacitor fabricatiomhe analysis of theesults
obtained using Taguchmethod showed that this method is one of most reliable,
effective,andbeneficial A most economical wako optimize an experimental dgs

and the appropriate conditions to obtain an extremely-tigtity productcan be
found using this methodologyrhis method carmlso be applied tocoptimize other
important design characteristics and attribute quality characteristics, which will also
yield interesting resultaVith regard to the EDLC, the results indicated that binder
percentage, mixing time and conducting agent percentage are some of the significant
factors that carbe optimised properlyThe output of the experimeiridicated that

the binder grcentage and the mixing time @he most crucial factors that optimize

capacitance (maximize) and ESR (minimize) of the supercapacitor prototypes.
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The fifth objectivewasto optimize the fabricating process using Taguchi method.
After identifying the most significant process factors, the levels of those factors were
varied and retested, to find the best level of each factor (percentages, temperature,

time) that will increas the capacitance and decrease the ESR.

The experiments showed that, the meggnificant factor for capacitance is control
factor A (PVDF %). The effect of factoB (Mixing time) is crucial as well but
factor C seems to be of a less significaridee ogimum levels for factoA is 5%
andfor factorB is 3 hours. iemost significant fact@for ESR are factor A (PVDF
%), followed by factor CQarbon Black % The effect of factor Bniixing time) is

of less significance, the optimum levels are(8%)andC1 (5%).

Using those new factors values, a confirmation experiment was conducted to confirm
the new factors levels are the optimum values for capacitance and\E®BR.end of
the experiment, a final confirmation experiment was performedE&®IL cell was
manufactured using the optimised factors: PVDF percentage (5%), mixing time (3H)

and carbon black percentage (5%). The capacitance of the cell is 54.70 mF.

The final objective of the thesis is to test the supercapacitor prototypes to the
internationalstandards (ISO) and to compare it witle supercapacitors available on

the market. The currently available supercapacitors were tested and their
performance (capacitance and ESR) were compared to the fabricated prototypes. The
results indicated that, tredectrochemical performance of the prototypes are in good
resemblance to the supercapacitors available on the market, a cyclic voltammetry
(CV) and chargealischarge analysis were conducted to compare the behaviour of
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each prototypeA selected prototypsamples were sent to companies in mobile
applications in Korea and the Netherlands for benchmark testing to confirm that the

prototypes meet the 1ISO standards.

5.2 Future work

There could bemore studies to be conducted on timisation of other various
processes factors, such as the percentages of raw materials (binder, AC, CB), mixing
process (time, temperature, mixing speed), coating process (thickness, coating speed,
slurry viscosity) and drying process (temperature, time, vacuum). This will
consequety improve the overall fabrication process resulting in time and resources
savings. This effort can also be used to increase product robustness in terms of
improving the standard variation of the eventual capacitance of the packaged

product.

A separate effrt on improving or increasing the breakdown voltage of the
electrolyte and also studies orcieasing pseudoapacitance througthe addition
of Adopantso in an optimized way can ass

many times.

Finally, an eféctive approach that deals with the integration of Taguchi method with
a Genetic Algorithm (GA) is another area that is feasible for future analysis. This
approach allows us to better optimize the process of increasing both product
robustness and pseudgpacitance at the same time without compromising one for

the other.
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The main contribution of this approach is to effectively and efficiently handle multi
response problem involved in the fabrication of supercapacitors, in order to enhance
the capacitance dnESR of the EDLC. The integration was used to optimize a
weighted signato-noise ratio (WSNR) which is essential in identifying the most
robust process factors. Consequently, the GA is used to enhance the WSNR value
and thus maximize the strength of signal over noise. Experimental result shows
that the proposed approach has the potential and ability to solve multi response

problem for this domain.
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7.1 Cylindrical supercapacitor CY-2

The second prototype cylindrical supercapadidr2 was fabricated and tested,
the same way as the first prototype -CYFigure 7-1 shows the initial charge
discharge measurements using Autolab, the constant chaligtizarging

current was 200 mA.
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Figure 7-1 Charge-discharge curve for CY-2 at 200 mA

The capacitance of this prototyje calculatedusing the slope of the charge
discharge curve which is shown kigure 7-2. The initial capacitance of this
prototype is 7.19 F, which is lower than the capacitance of prototyp#, @\¥s

could be due the supercapacitor not cycled yet to make sure the electrolyte wet

the entire electrodes surface and reach inside the pofdes activated carbon.
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Initial Capacitance Measurements C¥2
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Figure 7-2 Initial capacitance of the CY¥-2

C = i/slope =0.2/0.0278 =7.19 F

ESR = 3.65 Y

Figure7-3 confirms the prototype have a supercapacitor EIS characteristics, with
the semicircle at high frequencies and the straight line at lower frequencies

range.
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Figure 7-3 EIS for CY -2
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After cycling the prototype for 50 cycles, the capacitance was measured again
using the chargdischarge curveFigure 7-4 shows the chargdischarge curve

for the CY-2 after50 cycles.

Charge-discharge CY¥-2 after 50 cycles
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Figure 7-4 Charge-discharge for CY-2 after 50 cycles

Figure 7-5 shows the part of the chargdischarge curve that used to calculate
the capacitancef the CY2 prototype after 50 cycles. After, cycling the CY2
prototype its capacitance increased by almost 1 F to ,8tHid~could be due to

the penetration of the electrolyte deep inside the AC, which results in more

surface area being utilized
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Capacitance Measurements C*¥2
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Figure 7-5 Capacitance of C¥-2 after 50 cycles

C = i/slope =0.2/0.0247 =8.1 F

ESR = 3.29 Y

The prototype was cycled for 100 cycles and the capacitance was measured using
the slope of the chargdischarge curvekigure 7-6 shows the chargdischarge

curve for C¥-2 after 100 cycles.
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Charge-discharge CY¥-2 after 100 cycles
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Figure 7-6 Charge-discharge curve for CY-2 after 100 cycles

Figure 7-7 shows the curve used to calculate the capacitance of th@ CY

prototype, the capacitance measuredi®1 F, increased from 8.1 F.
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Figure 7-7 Capacitance measurement of CY2
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C = i/slope = 0.5/0.0258 = 10.91 F

ESR = 2.93 Y

The prototype was further cycled for 300 cycles and then its capacitance was

measurediigure7-8 shows the chargdischarge curve after 300 cycles.

Charge-discharge CY¥-2 after 300 cycles
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Figure 7-8 Charge-discharge curve for CY-2 after 300 cycles

Figure 7-9 shows the curve used to calculate the capacitance of th@ CY

prototype after 300 cycles, the capacitance measured is 12 F.
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Capacitance Measurements C¥2
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Figure 7-9 Capacitance measurement for CY2 after 300 cycles

C = i/slope =0.5/0.0417 =12 F

ESR = 2.72 Y

Cylindrical prototype CY -3

The third prototype cylindrical supercapacitor B¥vas fabricated and tested the
same way as the first two prototypdsgure 7-10 shows the initial charge
discharge measements using Autolab, the constant chargisgharging

current was 200 mA.
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Initial Charge -discharge CY-3
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Figure 7-101Initial charge-discharge test for CY-3

Figure7-11 shows the curve used talculate the initial capacitance of the-GY

prototype, the capacitance measured is 29.41 F.
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Figure 7-11 Initial capacitance measurement for CY3
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C = i/slope =0.2/0.0068 = 29.41 F

ESR = 3.35 Y

The CV test was also done to observe the behavior of the cell, for a voltage
window of 2 V and scan rate of 20 mV/s, the curve shape resembles a
supercapacitor which ideally should lolke a square, but because it first
life cycle ofthe supercapacitor the shape is imperfeigure 7-12 shows the CV

curve.

Intial CV for CY -3

ool

o)
|-\
M

[}
E @
o B

Current (A)
(e}

Voltage (v)

Figure 7-12 Initial CV curve for CY -3

The CY-3 prototype was cycled for 100 cycles d@hdn the capacitance and ESR

were measured using the chadjscharge curverigure7-13 shows the charge

discharge curve after 100 cycles.
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Charge-discharge CY-3 after 100 cycles
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Figure 7-13 Charge-discharge curve for CY-3 after 100 cycles

Figure7-14 shows the curve used to calculate the initial capacitance of theé CY

prototype after 100 cycles, the capacitance measured increased to 30.67 F from

2941 F.
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Figure 7-14 Capacitance measurement for CY3
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C = i/slope = 0.5/0.0163 = 30.67 F

ESR = 0.964 Y

The CY-3 prototype was cycled for 350 cycles, and the capacitance was

measuredFigure7-15 shows the chargdischarge curve after 350 cycles.
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Figure 7-15 Charge-discharge curve for CY-3 after 350 cycles

Figure 7-16 shows the curve used to calculate the capacitance of th8 CY

prototype after 350 cycles, the capacitance measured decreased to 28.57 F from

30.% F.
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Capacitance Measurements CX3
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Figure 7-16 Capacitance measurement for CY3

C = i/slope = 0.3/0.0105 = 28.57 F

ESR = 1.46 Y

The CY-3 prototype was cycled for 1000 Cycles, and the capacitance was

measuredrigure7-17 shows the chargdischarge curve after 1000 cycles.
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Charge-discharge CY¥-3 after 1000 cycles
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Figure 7-17 Charge-discharge curve for CY-3 after 1000 cycles

Figure 7-18 shows the curve used to calculate the capacitance of th8 CY

prototype after1000 cycles, the capacitance measured decreased to 27.02 F from

2857 F.
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Figure 7-18 Capacitance measurement for CY3
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7.3

C = i/slope =0.3/0.0111 =27.02 F

ESR = 1.44 Y

Cylindrical prototype CY -4

This prototype had a defect during the manufacturing process, could be a short
between the electrodes or a bad contact between the electrodes and current
collectors. Preventive steps will be taken in the followingtqtypes fabrication

to avoid such failures, chargigscharge test was run on the prototype and the

result curve shown irFigure 7-19, it doesnot glibchange pr op e

characteristics.
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Figure 7-19 Initial charge-discharge curve for CY-4
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The CV test was also run to observe the behavior of the cell and to confirm it

doesnot show t he cRgpr@a7Z20 Shows the IC¥ cuave, t er i s

which shows a very narrow curve.
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Figure 7-20CV curve for CY-4

7.4 Cylindrical prototype CY -5

This prototype was tested using chadigcharge method, the initial test result is

shownin Figure7-21, and the CY5 was tested using a 50 mA constant current.
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Initial charge-discharge for CY-5
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Figure 7-21 Initial charge-discharge curve for CY-5

The chargalischarge curve was used nteasure the capacitance of the-8Y

prototype, as shown iRigure7-22. The measured capacitance was 6.1 F.
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Figure 7-22 Initial capacitance measurement for CY5
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C = i/slope =0.05/0.0082 =6.1 F

ESR = 14.5 Y

After the CY-5 was cycled for 100 cycles, it was tested again the test shows the
prototype has failed. This could be due a dried electrolyte or short circuit

between the electroddsigure7-23 showsthe chargelischarge curve.
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Figure 7-23 Charge-discharge for CY-5 after 100 cycles
EIS test was conducted to confirm the prototype had failed during testing

process, Figure 7-24 s hows t he EI'S curve whi ch d

supercapacitor behavior.
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Figure 7-24 EIS curve for CY-5 after 100 cycles

CV test was conducted to confirm the prototype had faféglre 7-25 shows

the CV curve which shows a very narrow curve.

CV curve for CY-5 after 100 cycles
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Figure 7-25CV for CY -5 after 100 cycles
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7.5 Cylindrical prototype CY -6

The chargealischarge test of the Y-6 prototype is showing a capacitor behavior

but with very small capacitance, the curve shows a rapid charging and
discharging hinting the capacity of this prototype is very small compared to the

previous prototypestigure7-26 shows the chargdischarge curve.

Initial Charge -discharge for CY-6
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Figure 7-26 Initial charge-discharge curve for CY-6

The narrow curve of the CV test confirms the-6Y doesnot

Figure 7-27 shows the CV curve. This prototype was abandoned and no further

testing was done.
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Initial CV for CY -6
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Figure 7-27 Initial CV for CY -6

7.6 Cylindrical prototype CY -7

Figure 7-28 shows the initial chargdischarge curve, the curve show abnormal

capacitor behavior. This could be due to fault during the manufacturing process.

Initial charge-discharge curve for CY-7

Voltage (v)

Time (s)

Figure 7-28 Initial charge-discharge curve br CY-7
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7.7 Cylindrical prototype CY -8

The CY-8 prototype had faulty sealing cap, so it was excluded from the testing

process.

7.8 Cylindrical prototype CY -9
The CY-9 prototype was tested to find its capacitance and ESR, etisgjearge
curve test was conductedth 200 mA constant currenkigure 7-29 shows the

initial chargedischarge curve.

Initial Charge -discharge for CY-9
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06 /[ /L /
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Time (s)
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-0.2

Figure 7-291nitial charge-discharge curve for CY-9

Figure 7-30 Show the curve used to calculate the capacitance for th® CY

prototype, the initial capacitance is 12.9 F.
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Capacitnace for CY-9
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Figure 7-30 Capacitance measurement for CY9

C = ilslope =0.2/0.5 =129 F
ESR = 1.81 Y

The CV test was conducted to observe the behavior of the CY9 protbtgpes

7-31shows the CV curve, which resembles the ideal supercapacitor behavior.
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Initial CV curve for CY -9
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Figure 7-31Initial CV for CY -9

After cycling the prototype for 100 cycles its capacitance was measured again,
Figure 7-32 shows the chargdischarge curve, which was used to calculate the

capadance and ESR.
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Figure 7-33 shows the curve used to calculate the capacitance for the9 CY

prototype, the alculated capacitance was decreased from 12.9 Fto 8.75 F.

Figure 7-32 Charge-discharge for CY-9 after 100 cycles

Capacitance for CY-9
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Figure 7-33 Capacitance measurement for CY9
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C = i/slope =0.3/0.0343 =8.75 F

ESR = 1.05 Y

The prototype was cycled further for 500 cycles eetdstedFigure 7-34 shows

the chargealischarge curve after 500 cycles.

Charge-discharge for CY-9 after 500 cycles
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Figure 7-34 Charge-discharge for CY-9 after 500 cycles

Figure 7-35 shows the curve used to calculate the capacitance after 500 cycles.

The capacitance had increased from 8.75 F to 9.1 F.
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Capacitnace for CY-9
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Figure 7-35 Capacitance measurement for CY9

C = i/slope =0.0.033=9.1F

ESR = 1.92 Y

7.9 Cylindrical prototype CY -10

This prototype had a failure during the manufacturing process, so it was excluded

from the testing process.

7.10Cylindrical prototype CY -11
The CY-11 prototype was tested to find its capacitance, ehdisgharge curve
test was conducted with 300 mA constant curreigfure 7-36 shows the charge

discharge curve.
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Charge-discharge for CY-11 after 100 cycles
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Figure 7-36 Charge-discharge curve for CY-11 after 100 cycles

Figure 7-37 shows the curve used to calculate the capacitance after 100 cycles.

The capacitance is 5.22 F.
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Capacitnace for CY-11 after 100 cycles
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Figure 7-37 Capacitance measurement

C = islope =0.3/0.0574 =5.22 F

ESR = 1.54 Y

The prototype was cycled further for 500 cycles and reteBtgdre 7-38 shows

the chargealischarge curve after 500 cycles.
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Charge-discharge for CY-11 after 500 cycles
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Figure 7-38 Charge-discharge curve for CY-11 after 500 cycles

Figure 7-39 shows the curve used to calculate the capacitance after 500 cycles.

The capacitance is 5.27 F.

Capacitance of C¥11

\ y =-0.0569x + 5.2432
R2 =0.9846

Voltage (V)
o
N

Time (s)

Figure 7-39 Capacitance measuremenof CY-11
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C = i/slope = 0.3/0.0569 =5.27 F

ESR = 1.5 Y
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8. Appendi x B
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8.1 Coin prototype B-2
The second supercapacitor coin prototyp® Bvas tested using the charge
discharge test with 50 mA constant current. The first test was done at 10 cycles.

Figure8-1 shows the chargdischarge curve for 8.

chargedischarge curve for B after 10 cycles

12

08 / / / /
0.6 /
0.4

0.2 \ \ \ \ \
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) 20 40 60 80 100

Voltage (v)

-0.2

Time (s)

Figure 8-1 Charge-discharge curve for prototype B2 after 10 cycles

Portion of the chargdischarge curve is used to calculate theac#ance of the
B-2 prototype Figure8-2 shows the curve used to measure the slope which then

used to calculate the capacitance.
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Capacitance of B2
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The B2 prototype was tested using CV to observe it behakigyre 8-3 shows

the CV curve which resembles the ideal supercapacitor square shagpe cu
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CV for B-2 after 10 cycles
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Figure 8-3 CV curve for B-2 after 10 cycles

The B2 supercapacitor coin prototype was cycled for 100 cycles and tested
again to observe the changes to the capacitance and the ESR Figjues3-4

shows the chargdischarge curve after 100 cycles.
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Charge-discharge for B-2 after 100 cycles
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Figure 8-4 Charge-discharge curve for B2 after 100 cycles

The new value for the capacitance was increased/#82- from 2.155 F, and
the ESR was decreased to 12.92 Ohms from 13.84 Qhimgould be due to the
electrolyte penetrating deeper into the active mateFRmure 8-5 shows the

curve used to measure the capad&of the B2 prototype.
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Capacitance for B2
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-6 showsthe CV curve after 100 cycles.
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CV curve for B-2 after 100 cycles
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Figure 8-6 CV curve for B-2 after 100 cycles

8.2 Coin prototype B-3

In the case of BB prototype the initial chargg i schar ge test di dr
expected shape, we got squared shape curve as shéwguia8-7, which could
be due to the prototype having a high ESR or the capacitance is small. The

prototype was tested with 50 mA constant current.
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Charge-discharge curve for B3 after 10 cycles

1.2
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Figure 8-7 Charge-discharge curve for prototype B3 after 10 cycles

The prototype was tested using CV, the curve show a narrow area, which
indicates a small capacitan¢ggure8-8 shows the current is small compared to

the earlier prototypes that can be due to higRES
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CV curve for B-3 prototype after 10 cycles
3.00E-02

—7

0.00E+00 / /
-0.1 0.1 0.3 MJ 0.9 1.1
-1.00E-02
(—

-3.00E-62

2.00E

D
No

m
(o}
N

Current (A)

Voltage (v)

Figure 8-8 CV curve for the B-3 prototype after 10 cycles

The prototype was cycled for another 100 cycles and tested again. The charge
discharge curve ifigure8-9 shows some improvements, but the ERS value still

high.

Charge-discharge curve for B3 after 100 cycles
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Figure 8-9 Chargei discharge curve for B3 after 100 cycles
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Portion of the chargdischarge curve is used to calculate the capacitance of the
B-3 prototype,Figure 8-10 shows the curve used to measure the slope which

then used to calculate the capacitance

Capacitance of B3
0.06
y =-0.0417x + 0.8533
0.05 R2 = 0.9938
0.04 \
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Figure 8-10 Capacitance of B3 after 100 cycles
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The capacitance for this prototype is smaller than the previous prototypes, and
the ESR is higher, this could be duehe bad contact at the electrodes, between

the active material and the currentlector.

The CV curve after 100 cycles shows a bit of improvement compared to the first

CV test,Figure8-11 showsthe CV curve after 100 cycles.
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CV curve for B-3 after 100 cycles
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Figure 8-11 CV curve for B-3 after 100 cycles

8.3 Coin prototype B-4

The forth coin prototype B was tested using the chamgjecharge with 50 mA
constant current. The first test was done at 10 cyé€legire 8-12 shows the

chargedischarge curve for 8.
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Charge-discharge curve for B4 after 10 cycles
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Figure 8-12 Charge-discharge for prototype B-4 after 10 cycles

Portion of the chargdischarge curve was used to calculate the capacitance of

the B4 prototype Figure8-13 shows the curve used to measure the slope which

was used to calculate the capacitance.
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Capacitance of B4
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Figure 8-13 Capacitance for prototype B4
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The B4 prototype was tested using CV to observe it behaWmure 8-14

showsthe CV curve.
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CV for B-4 after 10 cycles
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Figure 8-14 CV curve for B-4 after 10 cycles

The B-4 coin prototype was cycled for 100 cycles and tested again to observe the
changes to the capacitance and the ESR valtigsre 8-15 shows the charge

discharge curve after 1@ycles.

Charge-discharge for B-4 after 100 cycles
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Figure 8-15 Charge-discharge curve for B4 after 100 cycles
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The new value for the capacitance was increased to 1.219 F from 1.091 F,
similarly the ESR was increased to 16.38 Ohms from 15.66 OFigusre 8-16

shows the curve used to measure the capacitance of-therdtotype.
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-17 showsthe CV curve after 100 cycles.
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CV for prototype B-4 after 100 cycles
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Figure 8-17 CV for B-4 after 100cycles

8.4 Coin prototype B-5
The coin prototype B was tested using the chargischarge test with 50 mA
constant current. The first test was done at 10 cyélegire 8-18 shows the

chargedischarge curve for 48.

Charge-discharge curve for B5 after 10 cycles
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Figure 8-18 Charge-discharge for prototype B-5 after 10 cycles
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Portion of the chargdischarge curve was used to calculate the capacitance of
the B-5 prototype Figure8-19 shows the curve used to measure the slope which

was used to calculate the capacitance.
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The B5 prototype vas tested using CV to observe it behavieigure 8-20
shows the CV curve which closely resembles the ideal supercapacitor square

shape.
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CV for B-5 prototype after 10 cycles
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Figure 8-20 CV for prototy pe B-5 after 10 cycles

The B5 coin prototype was cycled for 100 cycles and tested again to observe the
changes to the capacitance and the ESR valtigsre 8-21 shows the charge

discharge curve after 100 cycles.

Charge-discharge curve for B5 after 100 cycles
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Figure 8-21 Charge-discharge for B-5 after 100 cycles
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The new value for the capacitance was increased to 2.487 F from 2.173 F,
similarly the ESR was increased to 12.78 Ohms from 11.02 OFigusre 8-22

shows the curve used to measure the capacitance of-therdtotype.
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-23showsthe CV curve after 100 cycles.
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CV curve for B-5 after 100 cycles
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Figure 8-23 CV curve for B-5 after 100 cycles

8.5 Coin Prototype B-6

The coin prototype B was tested using the chargiischarge with 30 mA
constant current. The first test was done at 10 cyélegire 8-24 shows the

chargedischarge curve for 8.
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Charge-discharge for B-6 after 10 cycles
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Figure 8-24 Charge-discharge for Prototype B6 after 10 cycles

Portion of the chargdischarge curve was used to calculate the capacitance of
the B-6 praotype, Figure8-25 shows the curve used to measure the slope which

was used to calculate the capacitance.
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Figure 8-25 Capacitance for B6
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The B-6 prototype was tested using CV test to observe its beh&igure 8-26

showsthe CV curve.

CV curve for B-6 after 10 cycles

5.00E-63

0.00E+00 //
-0.1 W 0.7 0.9 1.1
-5.00E-03 V

-1.00E-02

Current (A)

Voltage (v)

Figure 8-26 CV for B-6 after 10cycles

The B-6 coin prototype was cycled for 100 cycles and tested again to observe the
changes to the capacitance and the ESR valtigsre 8-27 shows the charge

discharge curve after 100 cycles.
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charge-discharge curve for B6 after 100 cycles
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Figure 8-27 Charge-discharge for B-6 after 100 cycles

The new value for the capacitance was decreased to 1.538 F from 1.63 F, but the
ESR was increased to 28.133 Ohms from 22.25 OMingsire 8-28 shows the

curve used to measure the capacitance of tGeBtotype.
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Capacitance of B6
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Figure 8-28 Capacitance of B6

The CV curve after 100 cyes show a narrow curve that can be due to the small
capacity or the high ESR for this prototygagure 8-29 shows the CV curve

after 100 cycles.
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Figure 8-29 CV curve for B-6 after 100 cycles
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8.6 Coin prototype B-7
The coin prototype B was tested using the chargkscharge with 30 mA and
60 mA constant current. The first test was done at 10 cy€igstre 8-30 shows

the charg-discharge curve for B.

Charge-discharge for B-7 after 10 cycles
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Figure 8-30 Charge-discharge for B-7 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance of the

B-7 prototype Figure8-31 shows the curve used to measure the slope which was

used to calculate the capacitance.

209



Capacitance of B7
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The B-7 prototype was tested using CV test to observe it behdvigure 8-32
shows the CV curve which closely resembles the ideal supercapacitor square

shapecurve.
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CV curve for B-7 after 10 cycles
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Figure 8-32 CV curve for B-7 after 10 cycles

The B-7 coin prototype was cycled for 100 cycles and tested again to observe the
changes to the capacitance and the ESR valtigsre 8-33 shows the charge

discharge curve after 100 cycles.
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Figure 8-33 Charge-discharge for B-7 after 100 cycles
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The new value for the capacitance was increased to 3.33 F from,2a88 Ehe
ESR was decreased to 3.367 Ohms from 3.43 Olihes increase in the
capacitance can be attributed to the electrolyte wetting and penetrating deeper
into the active materialFigure 8-34 shows the curve ued to measure the

capacitance of the-B prototype.
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-35showsthe CV curve after 100 cycles.
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CV curve for B-7 after 100 cycles
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Figure 8-35CV curve for B-7 after 100 cycles

8.7 Coin prototype B-8
The 8th coin prototype B was tested using the chamjscharge with 30 mA
constant current. The first test was done at 10 cyélggire 8-36 shows the

chargedischarge curve for 8.
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Charge-discharge for B-8 after 10 cycles
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Figure 8-36 Charge-discharge for B-8 after 10 cycles

Portion of the chargdischarge curve was used to calculate the capacitance of
the B-8 prototype Figure8-37 shows the curve used to measure the slope which

then used to calculate the capacitance.
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Figure 8-37 Capacitance of B8
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The B-8 prototype was tested using CV test to observe it behdvigure 8-38

showsthe CV curve, the narrow curve could be due the high ESR value.

CV curve for B-8 after 10 cycles
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Figure 8-38 CV for B-8 after 10 cycles

The B-8 coin prototype was cycled for 100 cycles and tested again to observe the
changes to the capacitance and the ESR valtigsre 8-39 shows the charge

dischargecurve after 100 cycles.
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Charge-discharge for B-8 after 100 cycles
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Figure 8-39 Charge-discharge for B-8 after 100 cycles

The new value for the capacitance was decreased to 1.162 F from 1.35 F, and the
ESR was increased to 29.1 Ohms from 26.1 Offgsire 8-40 shows the curve

used to measure the capacitance of tf&eBototype.
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Figure 8-40 Capacitance of B8
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After 100 cycles the CV curve show an even narrower curve due to the increase

of the ESR valuerigure8-41 showsthe CV curve after 100 cycles.

CV for B-8 after 100 cycles
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Figure 8-41 CV curve for B-8 after 100 cycles

8.8 Coin Prototype B-9

The 9" coin prototype B9 was tested using the chargtischarge with 30 mA
constant current. The first test was done at 10 cyéliegire 8-42 shows the

chargedischarge curve for B.
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Charge-discharge for B-9 after 10 cycles
1.2
1
0.8
S f ( { ( 4
o 0.6
g
§ 0.4
\ \ \ \ \
0.2
0 \
0.2 ) 20 40 60 80 100 120
' Time (s)

Figure 8-42 Charge-discharge for B-9 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance of the
B-9 prototype Figure8-43 shows the curve used to measure the slope which was

used to calculate the capacitance.
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Figure 8-43 Capacitance for B9
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The B-9 prototype was tested using CV to observe it behaWmure 8-44

showsthe CV curve which is narrow because of the high ESR value.

CV curve for B-9 after 10 cycles
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Figure 8-44 CV curve for B-9 after 10 cycles

The B9 coin prototype was cycled for 100 cycles and tested again to observe the
changes to the capacitance and the ESR valiggte 8-45 shows the charge

discharge curve after 100 cycles.
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Charge-discharge for B-9 after 100 cycles
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Figure 8-45 Charge-discharge for B-9 after 100 cycles

The new value for the capacitance was decreased to 1.034 F from 1.19 F, and the
ESR was increased to 28.77 Ohms from 23.06 Qtimesdecreased capacitance

can be due to the bad contact resistance between the active material and the
current collector as the increase in ESR shéugure 8-46 shows the curve used

to measure the capacitance of th8 Brototype
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The CV curve after 100 cycles became even narrower due to the increase of the

ESR valueFigure8-47 shows the CV curve after 100 cycles.

221



CV curve for B-9 after 100 cycles

0.005 //
/

obbs | 01 _~%3 _~T5 o071 09 11
001 V//

Current (A)

Voltage (v)

Figure 8-47 CV curve for B-9 after 100 cycles

8.9 Coin prototype B-10

The 1d coin prototype BLO was tested using the chamjecharge with 30 mA
and 60 nA constant current. The first test was done at 10 cy€éliggire 8-48

shows the chargdischarge curve for-B0.
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Figure 8-48 Charge-discharge for B-10 after 10 cycles
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Portion of the chargdischarge curve is used to calculate the capacitance of the
B-10 prototype Figure 8-49 shows the curve used to measure the slope which

was used to callate the capacitance.
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The B-10 prototype was tested using CV to observe it behatigyre 8-50
shows the CV curve which ideally should resembles the ideal supercapacitor

squareshape curve.
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CV curve for B-10 after 10 cycles
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Figure 8-50CV curve for B-10 after 10 cycles

The B-10 coin prototype was cycled for 100 cycles and tested again to observe
the changes to the capacitance and the ESR vdhigste 8-51 shows the

chargedischarge curve after 100 cycles.
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Figure 8-51 Charge-discharge for B-10 after 100 cycles
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The new value for the capacitance was increased to 3.158 Rféant, and the
ESR was decreased to 5.6 Ohms from 19.85 ORigare 8-52 shows the curve

used to measure the capacitance of tH®Rrototype.

Capacitance of B10 after 100 cycles
1.20E-01
1 00E-O1 y =-0.0199x + 5.2322
\ R2=1
8.00E-02
s N
o 6.00E-02
2 N
S 4.00E-02
> \
2.00E-02 \
O-OOE+OO T T T T T \ T 1
258 2590 260 261 262 263 264 265
-2.00E-02 :
Time (s)
Figure 8-52 Capacitance of B-10 after 100 cycles
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-53showsthe CV curve after 100 cycles.
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CV curve for B-10 after 10 cycles
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Figure 8-53 CV curve for B-10 after 100 cycles

8.10Coin prototype B-11

The 11" coin prototype BL1 was tested using the chajecharge with 50 mA
constant current. The first test was done at 10 cyélegire 8-54 shows the

chargedischarge curve for81.
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Charge-discharge for B-11 after 10 cycles
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Figure 8-54 Charge-discharge for B-11 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance of the
B-11 prototye, Figure 8-55 shows the curve used to measure the slope which

was used to calculate the capacitance.
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Figure 8-55 Capacitance of B11
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The B-11 coin prototype was cycled for 100 cycles and tested again to observe
the changes to the capacitance and the ESR vafigste 8-56 shows the

chargedischarge curve after 100 cgsl

Charge-discharge for B-11 after 100 cycles
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Figure 8-56 Charge-discharge for B-11 after 100 cycles

The new value for the capacitance was decreased to 2.777 F from 3.01 F, and the
ESR was increased to 5.08 Ohms from 3.76 Olfigsire8-57 shows the curve

used to measure the capacitance of tHel Bprototype.
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Capacitance of B11
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The CV curve after 100 cycles reassembles the ideal supercapacitor curve.

Figure8-58 showsthe CV curve after 100 cycles.
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CV curve for B-11 after 100 cycles
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Figure 8-58 CV curve for B-11 after 100 cycles

8.11 Coin prototype B-12

The 12" coin prototype BL2 was tested using the chajecharge with 50 mA
constant current. The first test was done at 10 cyéleggire 8-59 shows the

chargedischarge curve for82.
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Charge-discharge for B-12 after 10 cycles
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Figure 8-59 Charge-discharge for B-12 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance of the
B-12 probtype, Figure 8-60 shows the curve used to measure the slope which

was used to calculate the capacitance.
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Figure 8-60 Capacitance of B12
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The B12 coin prototype was cycled for 100 cycles and tested again to observe
the changes to the capacitance and the ESR vafigste 8-61 shows the

chargedischarge curve after 1@ycles.
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Figure 8-61 Charge-discharge for B-12 after 100 cycles

The new value for the capacitance was increased to 2.941 F from 2.73 F,
similarly the ESR was increased to 6.72 Ohms from 6.38 ORigare 8-62
shows the curve used to measure the capacitance of-tti2 [Bototype.
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Capacitance of B12
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-63showsthe CV curve after 100 cycles.
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CV curve for B-12 after 100 cycles
3.00E-02

1.00E-02 / /
0.00E+00

) /).2 0.4 0.6 /0.8 1 1.2
-1.00E-02

-2.00E-02 / /
[ —

Voltage (v)

Current (A)

-3.00E-02

Figure 8-63 CV curve for B-12 after 100 cycles

8.12 Coin prototype B-13

The 13 coin prototype BL3 was tested using the chajecharge with 50 mA
constant current. The first test was done at 10 cyélegire 8-64 shows the

chargedischarge curve for83.
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Charge-discharge for B-13 after 10 cycles
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Figure 8-64 Charge-discharge for B-13 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance of the
B-13 probtype, Figure 8-65 shows the curve used to measure the slope which

was used to calculate the capacitance.
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Figure 8-65 Capacitance of B13
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The B13 coin prototype was cycled for 100 cycles and tested again to observe
the changes to the capacitance and the ESR vafigste 8-66 shows the

chargedischarge curve after 100 dgs
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Figure 8-66 Charge-discharge for B-13 after 100 cycles

The new value for the capacitance was decreased to 2.478 F from 2.5 F, and the
ESR was increased to 11.46 Ohms from 11.04 Ofmiggire 8-67 shows the

curve used to measure the capacitance of b8 Brototype.
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Capacitance of B13
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-68 showsthe CV curve after 100 cycles.

237



CV curve for B-13 after 100 cycles
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Figure 8-68 CV curve for B-13 after 100 cycles

8.13 Coin prototype B-14

The 14" coin prototype BL4 was tested using the chamjecharge with 50 mA
constant current. The first test was done at 10 cyé€legire 8-69 shows the

chargedischarge curve for B4.
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Charage-discharge for B-14 after 10 cycles
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Figure 8-69 Charge-discharge for B-14 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance of the
B-14 pototype, Figure 8-70 shows the curve used to measure the slope which

was used to calculate the capacitance.
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Figure 8-70 Capacitance for B14

239



T8t v 0
n&pwc& X

oy P& O T

o T8t v

vg m

The B-14 prototype was tested using CV to observe it behafigure 8-71
shows the CV curve which closely resembles the ideal supercapacitor square

shape curve.
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Figure 8-71 CV curve for B-14 after 10 cycles

The B-14 coin prototype was cycled for 100 cycles and tested again to observe
the changes to the capacitance and the ESR vdligste 8-72 shows the

chargedischarge curve after 100 cycles
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Charge-discharge for B-14 after 100 cycles
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Figure 8-72 Charge-discharge for B-14 after 100 cycles

The new value for the capacitance was increased to 2.76 F from 2.717 F,
similarly the ESR wasncreased to 12.2 Ohms from 5.4 Ohrkggure 8-73

shows the curve used to measure the capacitance of-the @ototype.
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Figure 8-73 Capacitance for B14
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve.

8-74 showsthe CV curve after 100 cycles.
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Figure 8-74 CV curve for B-14 after 100 cycles

8.14 Coin Prototype B-15

The 18" coin prototype BL5 was tested using the chamdjscharge with 50 mA
constant current. The first test was done at 10 cyéliegire 8-75 shows the

chargedischarge curve for 85.
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Charge-discharge for B-15 after 10 cycles
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Figure 8-75 Charge-discharge for B-15 after 10 cycles

Portion of the chargdischarge curve is used to calculate the capacitance of the
B-15 prototype Figure 8-76 shows the curve used to measure the slope which

was used to calculate the capacitance.
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Figure 8-76 Capacitance of B15
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The B15 coin prototype was cycled for 100 cycles and tested again to observe
the changes to the capacitance and the ESR vafigste 8-77 shows the

chargedischarge curve after 100 cycles.
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Figure 8-77 Charge-discharge after 100 cycles

The new value for the capacitance was decreased to 2.824 F from 2.857 F,
similarly the ESR was decreased to 6 Ohms from 6.16 Ofignste 8-78 shows

the curve used to measure the capacitance of-itfe Bototype.
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The CV curve after 100 cycles reassembles the ideal supercapacitoFoguve,

8-79showsthe CV curve after 100 cycles.
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