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Abstract

Porous electrode skey componenin electrochemical doubl&ayer capacitors (EDLS),
also called supercapacit@ which provides effective charge storage sitesd ion transport
channelsalong theelectric doubldayerinterface between solid electrode surface and liquid
electrolyte. In particular, themicro-structure of an electrode iextremely important to
optimizethe iorés trangort channel and subsequgnhcreasingthe ion storage capacity on
porouselectrodesThis research focuses three types of porous carbon materialstivated
carbon (AC), graphene and singlalled carbon nanotube (SWCNWith varying surface
area and internal porosity as dlede materialsDepending on the type of carbon materials
three differentfabrication methods, castoating, electrophotretic deposition (EPD) and
vacuum filtration deposition, were developed to exploit the unique properties of electrodes.
Their structual, electrochemical, thermodynamic properties were characterized, and the
temperaturdfequencydependent capacitive and resistive behaviors were correlated to the
microstructures, BET surface area, pore size and pore size distribution (PSD) of the
electrales. Undewariousoperating temperatusédbetween-30 °C and 60°C and frequency
operationstheseelectrochemicaparameters werguantified using cyclic voltammetry (CV),
constant currentharging/dischargingCCD) measurements and electrochemical impeda
spectroscopy (EIS)he differencein theirtemperaturérequencydependent characteristjc
includingtheir current response to high scan rates, capacitance retention, resistance yariation
and degradation of energy and power densitiese addresse by investigatingion kinetics

and transport intthe micro-, or mesepores of the electrodes.



An equivalent circuit model for an EDLC deviaas proposed through analyzing the EIS
measurements his model wasleveloped based on the Grahame theory,ethé effectsof
charge diffusion and the ioadsorptionat the doubldayer interface and bulk medigere
investigated.This circuit model,upon its validation against the EIS datags successfully
applied to characterize practical EDLC devicEzperimental resultswere obtained from
different EDLC cells consistg of activated carbonbased electrodes and twdistinct
electrolytes,aqueous (b50,) and organic (BNBF4/PC). The model predicd the useful
parameterssuch as chargeansfer diffusion,adrptionand bulk media impedancehich
help interpret electrochemicaprocesse at the electrode/electrolyte interface. The
guantitative dependence of impedaoncethe applied electrode potentighsanalyzed fothe
two electrolyes during charging/diselnging and itscorrelation with the internal resistance
(referred ESR)was derived. Thear temperatureependent electrochemical propertigere
alsoinvestigated using a spéied characterization procedyrand the capacitanceinternal
resistancend errgy/power densities of the two capacitase quantified. Thetemperatire
dependency otheir impedancesvas analyzed through simulations of the EIS data by the
proposed equivalent circuit modelThe simulatedmpedancesverethen utilizedto address

the performance discrepancibstweerthetwo electrolytes.
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Chapter 1 Introduction

1.1 Energy Storage Systems

Today, electric energy use grows dramatically due to rapidly increasing demand in
emerging economies andtmman life However, the finite amounts of natural resources, the
high cost of fossil fiel and environmental awarenesm® driving efforts to find alternative
solutions to the worl@ energy needs. Eventually, all sustainable energy systems will have to
be based on limited use of fossil fuels and greater use of renewable energy. On thenother
the production oélectricityis highly centralized and often occurs a long distance away from
end consumers. This delocalizetéctricity production and thalifficulty of stabilizing the
power network have caused a supggmand imbalancgl]. Accordingly, it isextremely
importantto generatetransmit convert and store energy manageabland smart wayFor
instance, kectrical enegy storage (EES) is a systematic approach currently under
development, and it enables electricity to be produced froannmiitent energy sources and
be stored foutilization whenit is needed. In fact, the storage of electric energy has recently
becomea necessity owing to the emergence of applications sublybail electric vehicles
and many other types of portable electrical devicé® ffemendous growth of electric
hybrid electric vehicles haalso promoted the urgent and increasing demandatbanced
energystoragetechnologieq 2-7]. Therefore,significant advancemeni enablingefficient
and sustainable energy usequires an urgentdevelopment of srage methodsto meet
growing energy demasdnd to balance supply and consumptiamle avoiding resource

depletion and longerm damage to the environment



Largescak research efforthave been madm various locations around the world to
develop a ariety of electrical energy storage devicAs a result, many possible techniques
have been introduced for energy storage systems and desticesadlywheelq 8], fuel cells
[9], batteries[10, 11], electrochemical capacitors amwnventionalcapacitors[12, 13].
Among these devise batteries, electrochemical capacitors (ECalled electrochemical
doublelayer capacitorsor ultracapacitory and conventionalcapacitors are the three main
electrochemical energy storagetechnologies thanks to their practical power/energy
capabilites, portability with light weight, high efficiency and low cdsachhoweveroffers
different characteristics and applications with inherent advantages, including in performance,
cost and reliability. ® better understand tinadifferences, a Ragone ploan be drawn to
illustrate their respective performanc@&se Ragone plois often used to graph devicés
characteristigpower density(W/kg) in relation toits energy densitfWh/kg) as shownin

Figurel.l. Thediagonal lineslemonstratéhe energy charge/discharge times.
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Figurel.1 Ragone plot for electrochemical energy storage dsvicel cells, batteries,
convational capacitors and electrochemical capacitb4p
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From a general point of view, batteriést example Li-batteriesand leaeacid batteries
can have high energy densitiesging from 10 to 100 Wh/kg, btheir power densitieare
relatively low, under0.01 kW/kg. Because of the low power density, batteries are not
suitable for high powedemandapplications, such as regenerative braking or load leveling
systems.Additionally, most batteries need a long charging«i(0.3~3 hrs) and have a
limited lifetime of up to a thousand cycles. On the other h&k can deliven higher
power density (15 kVKg) than batterieandpossess largerstored energyhan convetional
capacitors They exhibit fast charging and disoiging with extremelyhigh cycle stability
(100,000 cycles)Table1.1 shows a detailed comparison of the properties aedormance
of batteries, conveional capacitors and electrochemical capacitb®, which confirmsthat
ECs are particularly suitable for applications where high power is needed for a few seconds.
Otherwise, hey canact asa complement to batteries in applicationswhich high energy
and high power delivery have to be achieugowever, ECsareclearly limitedby the energy
density (below 10 Wh/kg), which prevents them from becoming a primary energy source in a

variety of applications.

Tablel1l.1 Comparison of conventional cafitac, electrochemical capacitand battery

. Conventional Electrochemical
Factors Batteries

Capacitors Capacitors
Specific Power (W/kg) 50 ~ 200 10,000 1000 ~ 2000
Specific Energy (Wh/kg) 20 ~ 100 <0.1 1~10
Charge Time 0.3~3h 10°~10°s 1~30s
Discharge Time 1~5h 10°~10°s 1~30s
Cycle Life (cycle) 500 ~ 2000 > 500,000 > 100,000
Charge/Discharge Efficiency (%) 70 ~ 85 % ~100 % 90 ~ 95 %
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To resolve this issueelated toECG limitations many researcherfiave committed to
improving the performanceof ECsincluding increasingenergy and power densitieShe
advancements made in namaterial research anthnoescaled structures, including carbo
based materials, nanowires, metal oxides and polymer compaséesilized topursuethe
devicedevelopment trendleading toimproved performancesNano carbonmaterials or
nanostructured materials are novel energy materials since their reducedstimseand the
uniqueness of surface propertiase able toprovide a high volume fraction of interfaces
which favour increased reaction ratésr those developments,is necessary tgain better
understanohg aboutnanocarbonelectrodes/electrolytesterfaceghrough characterizingll
EC& componentproperties and verifgg their performance in advanced energy storage
applications Also of interest is to reduce the manufacturing costs and to deve®p
optimized component that will satisfy the fulinge requirements for various applications. In
this regard, exploringcarbon materials to develop novel solutions for advanced ECs is
accompaniedy a systematic approach involving fabrication methods, characterization and
reliable evaluation for theipeformance Furthermorgit is important to note that the
characteristic power performance ateptableeliability of existing EC deviceshould be
preserved to maintain thefunction, rather than jussimply developng alternative to the

average battry.

1.2 Electrochemical Capacitors (ECs) andtheir Applications, Challenges
Electrochemical capacitorare energy devices that store and relealeetric energy

through nanoscopiion separation at the electrochemical interface betveeaziectrode and



a liquid electrolyte[16, 17]. In recent yeard:Cs have attracted increasing attention, mainly
due to their high power density, long légcle andability to bridge the power/energy gap
between batteries/fuel cells (which have high energy density) and conventional capacitors
(which have high power dsity) asdescribedn Figure1.l. In comparison to fundamental
operating mechanismsatteries and fuel cellgroducetheir stored energy through chemical
reactions whereas ECgenerate bwtilizing electrostaticseparation between electrolyte ions
and highsurface area electrodgk7, 18]. Unlike batteries or fuel cellsyegligible chemical
charge transfer reactions and phase changes are involved in charging and discharging, so that
the chargalischargeprocesswill not necessarily be limgd by chemical kinetics inthe
electrode.For that reasgnthe charging and discharging rates are much faster than the
electrochemical redox reactions inside battemegntuallyleadng to higher power density
in ECs.Theyhavebeen already shown widnnearlyunlimited cycleability, andwith a high
cycle efficiency.Moreover ECscannot only function effectively at extremely high and low
temperatures (typical operating temperature ranges fi@dhto 703 ), but also contaimo
hazardous or toxic matelsa and their waste materials are easily dispafedompared to
batteries

Thanks to these merits in Efevices the US Department of Energy (DoE) recognittesl
promising aspects of ECs in the early nineties for use in hylaatrie vehicles (HEV), iad
recommendedhe importance of EC research ahd developmenbf energy storage devices
in future technologie$19]. It was also suggestd that EC an play an important role in
complementing batteries or fuel cells in their energy storage funchgnsoviding backup

power suppes and allowing the recovery of brake energy to improve energy efficiency.



addition small devices are widely used for power buffer applications or for memoryulpack
in toys, cameras, video recorders, mobile phones and sd 26#7].

However, several major problems hanestrided the development oECs to be the
primary power ®urcein various applicationsin particular, the energy density is not high
enoudn, and more effective design of ECss required tooptimize their structures and
componenimaterials for the improvement of a deigeeliabilities Moreover, thepractical
issuesin engineering an EC include manufacturoagteffective energy stage sgtemsat
large scales

Threemain challenges fadevelopingeCsaresummarizeds

1 Low energy density
As discussed befor&Cs suffer from limited energy densityp(to aboub Wh/kg)
compared to batteriem@rmally 50 Wh'kg). For instancecommercially aailable
ECs can provide energy densities of onlyZ8BWHkg, which limits the use of ECs
to a few seconds, typically within the range of3D s.

1 High selfdischarge (Internal resistance)
Another challenge that needs to be met for ECs to fulfill theamgse is in
improving their tendency to setfischarge. In practical use of EC devices, there is
a decline in voltage on an open circuit due to an internal resistagitelischarge
is intrinsic to all electrochemical energy storage systems, includitigries and
capacitors.However, it occurs at higher rate for ECs because ECs have no
mechanism to thermodynamically and kinetically stabilize voltage unlike batteries.

As a result, the voltage of ECs can be easily disturbed by sempaarizing



process fom the internal resistance. This sei$chargecharacteristictends to
more detrimentalin ECs than batteries, and leads to lower power and energy
density. Therefore, the selfiischarge behavior of ECs is anreliability factor in
energystorageand needo be solved.

1 High cost
The costs of raw materials continue to be major challenges for EC
commercialization. The main cost of an EC arises from its electrode matanidls
when EC use organic electrolytes, their cost is far from negligiblethermore
the manufacturing cost is also determined by fabrication methods for real products.
Therefore, the development ohanufacturingis required to design not only
optimized EG@s structure but also scalable, eeffective fabrication methods.

In order b ovecome these challenges, one of mastmmon approacks is the
development of newnanestructured carbormaterials for EC electrodes. Carbbased
electrodes, such as activated carbzarbon nanotube and grapheaee desirable becausé
their low cost undr scalable mass productidnigh surface area, good corrosimsistance
and high thermal stability.Currently the mostpopular material is activated carbon, which
has high surface area for energy charge storage as well as lowvbest used in the
fabrication of ECs However in spite of th& large specific surface areas, the charges
physically stored on the carbon particles in porous electrode layers are lnyiteeir poor
wettability to electrolyic ions(i.e. electrolyic ionG accessibility) Thestudy described ithe
literature[23] suggest the importance of the relationship between electimlytosrside and

the pore sizeof carbon mateals Higher performance afanastructuredelectrodes may be



obtainable if carborelectrodescan be assembled in a mantiesit enable®ptimization of
their surface areaothatit is properlyaccessible to thelectrolytc ions The first progress in
this area was to formulatgorous carbon electrodedth an optimalpore structure through
various carbon manipulations[24-28]. Alternatively, the fabrication methodof éectrodes
may also affectheir porosity, whichinfluenceshow easily the electrolyte ions can veanto

and out of the electrod#uring the charge/discharge proc¢®8, 30]. More researchis still
neededo develop optimize@lectrode architectures) order tofadlitate ECsasa desirable
energy storage technology for many applications. Meanwthite selection of appropriate
electrolytes is fundamentgl important in achieving the desired power/energy densities
becausdhese are stronglselevantto a cels opeating voltage, its internal resistance and
thermalreliabilities. These propertiegrincipally depend on an electrolyiproperties, such
as its breakdown voltage and conductivitherefore, it isessentialto find strategies for
selecting ideal electrgles with respect to their stability in operation voltages, temperatures

and electrical conductivity.

1.3 Research Objectives

The researchgoals are tcestablishquditative understanding ofharge mechanissnn
nanostructured ECs by characterizing eacltomponenés electrochemical and thermal
behavior and todevelopa technique for fabricating advanced EC devices thigdesirable
performance in a variety of applicationshis work has beendesigned to analyze both
cartbhonb ased el ect r od ereperiiesBbth @ahbe ergineerbdytdeadize ihe

optimized EC structuref®r reliable and costffective energy storage systemsichrequire



an optimized combinationby taking full advantageof each componeét characteristics
Furthermore, electricircuit modeling ofcarborbased EC deviceshould bedeveloped and
simulatedwith experimental impedance daféhis empirical modelings usefulin providing
sufficient information on physical processes @aanoestructured electrode/electrolyte
interfaces.Eventually, this modeling will beiseful for the optimum utilization of aanc
structured carborelectrode withdifferent electrolytes and help in the simulation of
fabricated devicewithoutexperimental data for the design stage.

This research is a pamf a joint project with General Motors Cg.investigaing
fundamental properties of ECs and their compormgrtimization for high-energy density
applicationgn hybrid electric vehicle (HEVS) or electric vehicle (EVs), and characteriag
the existingeC devices for costeffective hybrid energy storage system (HESS)

The first objective of this research ts identify critical properties of nanetructured
electrodesand characteretheir performanceMore specifically, this approach is focused on
charaterizing fundamental properties of three representatbagbonbased electrodes
activated carbon, carbon nanotubes and graphvatie simultaneous tailoregarameterof
their pore structure and specific surface arHais work providesnot only fundamersl
characteristice®f nanastructured carboerlectrodesut also the crucial parameters to design
the suitableelectrodés structuregor enhanced electrochemical/thermal behavior in practical
ECG applications In particular, this researchis intended toevaluate each elemeis
performancesover a range of practical parametdos the usage of EC devices. The
guantitative difference in a cél performance such as its capacitance retention, the

degradation of energy/power densities, the variation ofriateesistance (or setfischarge)



and the temperature dependenanetaken into account for practicaleisn EC devices. At
the same time,t is expeced to fabricate advanced naswuctured electrodes, and
eventually,to lead to the developmentof new fabrication techniques with cesfficient
production.

As the seconabjective different electrolytessuch as agqueowsdorganicones areto be
characterized to investigatke effect oftheir electrochemical and thermptoperties oran
EC devicés performancesThe potential window ofelectrolytes their conductivity, ion size
thermal reliability and potential dependencyare considered as critical characteristic
parameters ancbmpaed

The third objective is talevelop anequivalent electrical aiuit model based on the
theoreticaldescription of doubkayer interfaces, which can be valuabledetermining the
critical electrochemicaleactionsat the interface between electrodes and electrolytes. T
effect of eachengineeredcomponent including electrodes and electrolytesn EGs
performancecan be simulated froraquivalentcircuit models by means of electrochemical
impedancespectroscopy (EIS) analysiShis simulation with the proposed circuit modsl|
particularly aimed to provie@ meaningful information for the electrodé kinetics (ion
adsorption, charge transfer) and electrolytidsdransportatior{diffusion) under a variety of

real operating conditions.
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Chapter 2 Background and Literature Review

2.1 Principlesof Electrochemical Capaitors

A wide variety of capacitorstypes are currenthavailable which can be classified
according tother usage of specific dielectric materiatenstituentsor according to their
physical stateas shown irFigure2.1. Each type haspecificcharacteristicand applications
ranging from smalkized capacitors for electronic® largepowered capacitors for high
voltage systemdo highenergy electrochemical capacitors (EEJLsare a special kind of
capacior that canstore and release electrical energy based on the electrostatic interactions
betweenthe ions in the electrolyte andthe high-surfaceareaelectrodes This interaction
occursnear the surfaces of the electrodes in whatcatked electrochemicadoublelayer
capacitors (EDL®), or supercapacitordlthoughthese capacitorgre governed by the same
basic principles athe conventionatapacitorstheyincorporateelectrodes that havegaeater
effective surface area along with th@croscopic proprties of dielectrics at the molecular
level (thinner thickness dhe layers at thenanaescale), leading to a significant increase in
capacitance. Howevefor many applicationsEC capacitances are still not large enotmh
operateas independent energyorage devicesesultingin alow energy densityTo resolve
this issue ofinsufficient capacitance, another class of capacitors, called psapdaitors,
has been developedhe principles governingelectrochemical capacitoesebasedprimarily
on two types of capacitive behavior: (1) one associated with EDafid (2) another

associated with pseudmpacitance.
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Figure2.1 Classification of common types of capacitors

2.1.1 Electrochemical Double-Layer Capacitor (EDLC)

The concepbf the EDLC was first described and modeled by Hatimholtzin the 19th
century. He statal that two layers of opposite chasgéorm at the electrode/electrolyte
interface and are separated by an atomic dist§8&k In principle, he positivéy or
negatively charged surface is balanced by an accumulation of coamgerom the solution
which form a doublelayer of positivenegative charges that ideally remains electrostatic,
with no electronfansfer betweethe layers throughout the procedss illustratedin Figure
2.2, according to his modelhe capacitancis dependenbn the specific surface ea (SSA)
of the electrodes, the type of electrolytiielectric constants)and the effective thickness of
the double layemwhich isreferredto as theHelmholtz layer The estimated capacitance of an
EDLC, or Helmholtzlayer capacitancés determinegccordng to thefollowing:

uu!

# T Y]
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where C is the capacitance of the EDioGhe Helmholtzmodel r is the relative dielectric
constantof the electrolyter is the dieletric constant of the vacuum, d is the effective

thickness of the double layer, and A is 8A of the electrode
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Figure2.2 Schematic diagram of a charged EDLC

At the same timethe accumulation of the electrolyte ionsaafsrms a diffuson layer in
which the ions (anions or cations) alistributedaccording taheinterfagal potential on the
electrolyte sideandtend to diffuse into the liquid phase until the counter potential set up by
their departure restricts thigrtdency.The Helmholtz modefails to provide amadequate
explanaion of this feature othediffuse layer andthis concept waexpane&dupon byGouy
and Chapmd32], Stern[33] thencombinedit with the Helmholtz model According tothis
theory, the ions on the solution sidetbe EDLC are subjectedo the effects of thermal
fluctuation[34] rather tharremainingstatic ina compact layerasin the Helmholtzmodel.

The capacitance contribution from the net chargébeuliffusion layercan be considereah
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additional capacitor in series and that is governed by the combined application of
Bol t z neaengy distribution equatidi85 and Poissofs equatior36]. The capacitance

of the diffuse layecanthereforebe defined as

4 U&ﬁa‘m U& %
CA2 4 c2 4 6

where Gix is the capacitance of the diffusion layer, z is the charge of the electrolyte ion, F is
the Faraday constant,is the concenation of the electrolyte E is the potential, E is the
electrode potential & zero charge, R is the molar gas constant, and T is the temperature.
After Gouy and Chapman propostnir theory Sterncombinedthe Helmholtz model with

the refined GowChapman model antecognizedhat two regions of ion distribution exist at

the electrode/electrolyte interface: the inner region cabedcompact or Helmholtz layer
which is related t@an adsorption procesand theregion beyond this inner layer, which
related toa diffusion processTherefore, the overaEDLC capacitance, & is actually a
series oftwo capacitances: ; the Helmholtz layer capacitance, ang:he diffusion layer
capacitanceThe total capacitance can be expressed as follows:

p PP
# # #
As can be seen from E@l) to (3), the G is determinedmainly based onthe two
components, the electe and the electrolytewhose properties are important for
determining the electrochemical behavior of an EDLC and its capacitemeehievea large
capacitance, EDLCs have been developaded on the adaptation of high S$arbon

powder or porous carbomaterials acording toEqg. (1). Howeverwhen porous carbon

electrodes are employedEDLC behavior can m®me more complex because ion
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transportatiorcan bedrasticallyaffected by a number of parametetse mass transfer path
onto an electrode, the sgaconstraitinside the pore, the electric field across the electrode,
the nature othe electrolyteions, the ohmic resistance tife electrolyte and the wetting
behavior of theelectrolyte with respect tpore surface. The ilization of suitable electrde
materials adaptefibr an appropriate type of electrolyte solutiorthereforeconsideredo be

a critical factorgoverning the direction dEDLC technologicadevelopment[17]. Effective
control of pore structure (i.e.ion accessibility corresponds idectly to good EDLC
performance in terms of bothe rate ofpower delivery and energy storage capacity. At the
same timeEDLC development caalsobe achiewed through an enhancathderstanding of
the electrochemical behavior at the interface betwiberporoussurfaceof theelectrode and

theelectrolytic ions.

2.1.2 PseudeCapacitors

The energystoragesystemof a pseudecapacitor is much more complex thérat of an
EDLC. The distinction beginat the electrode surfacavhere a completely different charge
storage mechams appliesasimple illustration ofwhich is provided irFigure2.3.

The primary difference betweeran EDLC and a pseudecapacitor $ that the EDLC
utilizes a norFaradiic procesqelectrostéically) to store engyy, while the pseudoapacitor
adheres tohe conventionaFaradiic processhatinvolvesfast and reversible redox reactions
between the electrolyte and eleeictive species such as conducting polymérs.
polypyrrole, polyailine)[37, 38] and metal oxidege.g. MnQ, RuG) [39, 40]. The redox

reactions correspond in a formal general way toeketrontransfer process between an
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oxidized species, ©(e.g. H+, Li+ or metal ion redox regent) and a reduced species, Red (e.g.

adsobed H,ametal ion inareduced state):

I 1T A 2AA (4)

Electrochemical
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I
I |

Electrical Double .
. Pseudo-capacitors
Layer capacitor

Non-Faradaic : Faradaic, redox reactions :
No transfer of charge Charge transfer through surface

dpONAJT
dpONAJT

ATOTORTH

ATON9TH

Figure2.3 Schematic of different types of capacitive charge storage mechanisms

In principle, pseud@apacitance is gevned by thermodynamieccording to whictihe
extent ofa reaction (q)that stems from Faradaic chattgansfer processes &continuous
function ofthe applied potential (V), schat a derivative, dg/dV, arises, whishequivalent
to a capacitance. Ehcapacitance cahusbe describeds follows:

ﬂ
hY6

Pseudecapacitance is similar to an EDIfocessin that the stored charge is proportional to

the applied poterdl. However,it should benoted that such a process isFaradic reaction
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involving chemical changes difie state ofthe reactant speciethatresults from theelectron
transfer between © and Red. Tese Faradic processescan produce aremarkabé
enhancment of the capacitance values and energy denditpwever pseudecapacitors
exhibit somewhatower power density than EDGlbecausd-aradic processes are normally
slower than notFaradic ones. It has also beeabsened that like batteriescapacitorsoften

lack stability during cycling41].

2.1.3 Electrochemistry in ECs

This sectionexplains froma thermodynamicperspective and kinetic treatment in the
doublelayer interface, whiclenables a detailetlustraton of the structure of the double
layer along with their related implications for electrode kineticsThis background is
important forinterpretng the thermal behavior of ECs as well as ithterfacial processes

(e.g, charge transfegdsorptionand diffusionreactions) across the douiégyer.

2.1.3.1 Thermodynamic Considerations

Doublelayer charging is an interdal phenomenopand information about doublayer
structure can be obtained by following the approaiployed byGibbs. Thechange irfree
energy in a region betweempure electrode and pure electrolyte phase can be usefully
represented by Gibbsee energy, G, andreference systemn(dicatedwith a superscript R)
where the free energy dependentn the usual values: temperature, pressure and the molar
guantities of althe components, as follows:

C o APOR (6)
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However, anactualdoublelayer system (defined with superscript, S) has a tendency to
maximize the interfacial areso thatthe real system depends on the interfacial are@ha.
free energy ishusdefinedasthe electrodeglectrolyteandtheinterfacial regiorin which

' 4R A (")
With consideration oftheir derivativs, and only experiments performed a constant
temperature rad pressure, the overathangein energycan be expressed in tliellowing

form:

A A

Q Q 0 — Q9 B—d B —d (8)

Here, ® TH is the surface tensiom,, and the partial derivativeh TH are the
electrochemical potentigl{ of various species, i. When equilibrium applies, the
electrochemical potential is constant throughout the system for any given spdwes.
equation can then be-expressed as

Q Q@ B*d (9)
After Euleis theorem and the Gibiduhem equatiomare appliedthe equation can stated
as what igalledthe electrocapillary equatiof?2]:

> A QO BpQ (20)
This equatiorexpresses relationthat involvesseveral measureable propertissch as the
surface charge densitf, and the excessurface concentrationsgp 1 n
which account fotheaccumulation of ions dhedoublelayer interface.
Here,when Eq.10 is differentiatedat a constant electrochemical potential, the differential

capacitance is defined #®following:
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¥ — — (11)

From this equation, it isealizedthat the differential capacitance can be obtained from the
electrocapillay curves (surface tensioplotted versuspotential) which are measurable
guantities.The measurement of surface tension is generally carrieblased orestimaions

the surface tension of mercuejectrolyte interfaces-dowever,because of the difficultpf
measuring the surface tension af solid electrode the differential capacitance is
characterized by other techniques such as electrochemical impedance spectroscopy (EIS)

measuremest

2.1.3.2 Kinetic Considerations

Kinetic theory describes the eviahn of mass flow throughout system, including both
the equilibrium state andhe dynamic state, whereas thermodynamaddressesonly
equilibrium. A kinetic picture ofa system carthereforeprovide an accurate description of
the interfacial reactionsan the doublelayer region.In this section, the mechanisms of
electrode reactianare explainedwvith respect tathe simplestcase of an electron transfer
without chemical transformation. In the general case, an electrode reaction can be described

as similar tahat provided in Eq(4):
I T A 2AA (12)

This mechanism is usually composedtloé charge transfer, adsorption/desorptiand

mass transport parts shownFigure2 4.
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Figure2.4 Schenatic of electrode reactions

A polarizedelectrode can causecurrent to flow via electrochemical reactions that occur
at the surface ofelectrode or it can change the interface statttgoughkinetic restrictions
such as adsorption or diffusion of the species tosthiéace of theelectrode. These effects
are explained below.

0 Rate of electrodereactionsand current flow

For any type of electrode reaction, the Arrhentggiationrelates the activation energ¢y
arateconstantk:

E 1AYT (13)
where G is Gibbdree energy of activation (known as the activation ener§y)y 8.314
J/mol/K (gas constant)T is the absolute temperature in KelyiandA is the coefficient of

reactions or frequency factor when the interpretatio@ of based on the energy barrier. In a
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fashionsimilar the waythe kinetics of electrode reactioase describedhe free energy can

be related to the electrode potential. A typical free energy profile along a reaction coordinate
has been showm Figure2.5. The heavierdashed line in the figuradicatesthe effectof a
positive potential, E V. A shift in the potential to value E changes the relative energy of the
electron on the electrode byFV, wheren is the number of electrorxchangedandF is

the Faradic constantejualto 96,500 G, which enableshe anodic (Ox) and cathodic (Red)
activation energiet be expresseds follows:

y ¥ 1T &6 (14)

y oy p 11&6 (15)

U is called the transfer efficientand rangefrom zero to unity.

(1-0)nFE

Free Energy

Reaction coordinate

Figure2.5 The effects of a potential change on the free energies of activation for electrode
reactions

Based orthe Arrhenius formthe rate constagitks and kg canalsobe defined:

E 1 AY T (16)
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E 1 AY T (17)
Inseting the activation energies (14) and (15) gives

E 1 AY T A T (18)

E 1 AY T A 7 (19)
The equilibrium condition at the interfacan then be considered, where the first two factors
aredesignated b¥ , E andareequal to the rate constant, at BV

E EA 7 (20)

E EA 7 (21)
Insation of these relations into the net current yields the complete cyoogettial

characteristicwhich iscalled the BultetVolmer equatiorj41]:

EE E 1T&E # A T % A 7 (22)
Foraparticular casgt # #, so that

E EA T A 7 (23)
whereE 1 &FE #, which isdefined as the exchange current. This equation can bearsed

consideration ofelectrode reactionshat require description ofthe charge transferand

adsorpton processelsut involveno mass transport effects.

0 Charge-transfer and adsorption impedance
The darge transfer process involves tunneling over the ddapés regionthat separates
the electroactive species from the interfaEgre 2.4), and is controlled byhe Faradaic

current which refers tahe rate of electron transfer near gugface otlectrode in the double
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layer.This charge transfer behavisrthusreflected by the relation between the potential and
the currentas defined irEq. (23).
When theoverpotentialco 6 , is very small and the electrochemical system is at

equilibrium, the net current can be writtas
E E—— (24)
This expressionestablishes thathe net current is linearly related tbe overpotential.

Corsequently the ratio & 6 FEhasdimensions of resistance aisloften called the

charge transfer resistance:
2 — (25)

This parameter can be dwated directly in some wagndit serves as a convenient index of
thekinetics on thesurface oklectrode. Foexample if no electrontransferexists the charge
transfer resistance becomes very large, and the electrode is polanatbleoorly defined
potential.

The adsorption processsually originates from the kinetics of specifically adsorbed or
desorbed species in the double layEhe adsorbed pecies typically do not exchange
electrons directly with the electrode and do not produEaradaic current, but they change
the density and capacity of thsurface chargecreatinga purdy AC current path and
resulting in adsorption impedancehis proess isalso generated from the formation af
charge associated withe specificadsorption or desorption of chargspgeciesso thatthe

adsorption processausesn additional pseudocapacitive effect.
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A derivativeof adsorptiom impedance is connectedtiwthe amount of adsorbed specigs
(in units of mol/cnf), and the adsorption capacitanceddCand adsorption resistance.{R

are therexpresse43] as follows
# — (26)
2 —_— (27)

where A isthe surface area of the electrodadE is the rate constant for the adsorption
driven kinetics.With respect totheir relationkip, it is recognized that the adsorption
capacitance often increasand the resistance decreases due to Hueelerationof the
adsorptionkinetics rate constant artle associatethcrease in the amount of the adsorbed
species withelevatedemperature However, it is known thathiese effects exceed the direct
decrease in Lsandthe increase in Ryswith the temperaturesdicatedin Eq. (26) andEq.

(27).

2.1.4 Critical Parameters in EC Design and Performance

With the goal ofdesignng an EC fora specific gplication that requirea high level of
energy density or high power density or bothany researchers haweade significant
progresswith respect to botlihe theoretical and practical development ofsEd have
publisheda large number of research deg and technical report3he reportedresults
reveal thaEC performances predominantlcharacterized bthe following factors:

0 Specific capacitanceand equivalent seriesresistance
As discussed in the previous section, the capacit@@ces dependet on the mechanism

throughwhich electrochemicatapacitors storenergy For a typical parallel plate capacitor,
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the capacitancewhich is measured in farads (F), is directly proportional toStB4 of the
electrodeand the relative permittivity ofthe electrolyte and inversely proportional to the
effective thickness athe double layer amdentifiedin Eqg. (1). The density of the electrode
material will also significantly affect capacitor performang¢esuch parameters aresualy
expressed as gravimetrenergy (Wh/kg) and power (W/kg) densitidge most important
metric of an electrode materia$ thereforeits specific capacitancparametersuch ashe
gravimetric (F/g)or volumetriccapacitancéF/cc) of the device.

The main indicator of E@ower @pability is based on théirect current resistance or
equivalent series resistance (ESR)lower ESR can obviously supply peak powers more
efficiently, leading to increased overall system efficiency and cycle stabilifyracticalEC
devices, a numbalf factorscontribute taresistancethe electronic resistance of the electrode
material, theinterfacial resistance between the electrode and the cucddiaictor, the
resistance ofthe ions moving through the separgt@nd theintrinsic resistanceof the
electrolyte

0 Energy and power density

Two primary attributes of an EC are its energy and power density. The electrical energy

stored in a charged capacitor is established between the thiatascommodat charges +Q

andi Q at a voltage difference, Whe stored engy (E) isthereforecalculatedrom
% -1 61 06 -#6 (28)
Maximum energy density is achieved when V and C are at maxieuwets but this value is

applicable only in the case of ideal EDLCthat have noequivalent series resistanoe

parallel leakage resistanckhis value thusreflectsthe theoretical maximum energy density
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[17]. In practice, the cell voltage usually falls appreciably with the extertheofcharge
corsumed, and amtegral QdV is required because V drepuringthedischarge.

Power (P)generallyrefers tothe rate of energy delivery per urof time, orit can
correspondo aspecificrate of discharge inta givenload resistancat a particular cuent.
Power density can be defined e current (I) multiplied by thedifferential potential (V),
but the internal resistance afcapacitor limitsits maximum power. The potential normally
decreaseswith increasing | owing to an ohmic IR drop caused thg internal series
resistance of the cell gror by the effects okinetic polarization.However, Miller has
shown how maximum power delivery can balculatedwith use ofa simple series RC
circuit [44]. When maximum power delivery as described in Eq. {g9onsideredthe
maximum discharging currentdy is V; (initial potential)/2R so thatthe maximum potential

canthenbe defined as ¥2. The maximum power densities crereforebe expresseds
0 ) 6 )2 ) 6 —6 TO——m— - (29)

From these equations, it can be seen that V, C amatdRthree important variabléisat
determineEC energy and power densitiddaximum energy density is proportional to its
capacitanceind operating voltage windguneaning that increasing the capacitaandthe
EC voltage within thestability of theeledrolyte isan effectivemethod ofimproving energy
density.Such an enhancemetdn be achieved bycreasg the specific capacitance tife
electrode materials as well &y selectingappropriateelectrolytes. Eqg. (29lso indicates
that the larger th€&eSR, the lower power density will béf the goal is to improve EC
performance by increasinge power densitythe major focus should weducingthe ESR

0 Self-discharge
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In contrasto their discharged statehargedbatteriesare in a stateharacteried by ahigh
level of free energywhich means thaha specific thermodynamicforce providesa stable
voltage inacharged statdJnlike batteries, electrostatically charged ECs have no mechanism
that thermodynamically dkinetically stabilizetheir voltags. As a resultthe charge status
can be easily disturbedausng to their selfdischargeTo date, very little work has been
conductedwith the objective oluncoveringthe self-dischargemechanismn ECs but it is
known thatan electrastatically determmed potential difference can leasilydisturbed bya
depolarizing process set up, efgom an impurity orfrom internalredoxreactiong45-48].
Theseltdischagecreatesa decline in voltagso thatthe charges lost, casing the capacitor
to approachmalfunctioring condition EC selfdischarge behaviotherefore constitutes an
unreliability factor in energy storagend makesthe selfdischarge characteristic an EC
important in evaluating its performancg.study revealedthat ECs are characterized by
low duration andy a high seldischarging rate of 1@ 40% per day49].

0 Temperature dependene

The dependence of EC performamretemperaturean be of practicalignificance in the
operation of a variety of applications. For examgléeir cycle life performance for a wide
range of temperature is considered, ECs ctwhdtion effectively in specificenvironments
such as in vehles or for coldstarting in northern climate3ypical opeaating temperatures
rangefrom -40 °C to 70°C. However under high power operating conditionsgemmal heat
generationraises the temperature of the devicavhich strongly influences cycle life
performance. @pacitancedegradationsare alsoinfluenced by temperature A practical

evaluation othe effects ofemperature opower availability, capacitan@ddegradation of
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materials with respect tocycle life is thereforenecessary. Tése factorswill play an
important role in technology development and device testing f@riety of applications, in
which reliable energy storage requiredfor the operation oproprietary electronic devices

under all temperature conditions.

2.2 Materials and Components ofECs

As discussedpreviously a key challengewith respect toECs is their limited energy
density, which has hindered their wider application in the field of energy storage. To
overcome this challenge, a major focus d@ Eesearch and developmeshould be to
discover newelectrodematerialswhose properties offdrigh capacitance aneliability. For
the design of E electrode materialpreferred materigbroperties include: (13 largerSSA
which translates into greaternumber ofactive sites(2) suitable poresize distributionan
appropriatepore network, andn effectivepore length for facilitatinga high rate of ion
diffusion of ions at a high ratg3) a low internal electrical resistance for efficient charge
transport in electrode ard (4) better electrochemical and mechanical stability for good
cycling performanceEC electrode materialsanbe categorized into fougeneraltypes: (1)
carbonbased materialg2) conducting polymerg3) metal oxides, such as RuO2, MnO2
and (4) compate materials.A second keycomponentis related tothe properties othe
electrolytes which determine the performance of EC devices in three ways: (1) the
conductance atfhe electrolytess responsible for thESRof the device(2) the effectivaoin
size determines thaccessibilityof the electrolyteon the surface ofhe electrodes, which

influences specific capacitance (3) the limitation of operating voltage due to their
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decomposition which resultsin redu@d energy and power densifijhe reminder Dthis
section discusses the types of carbon materials usde@ ielectrodes, especially EDCLSs,

the fabricatiormethod of electrodes, and the kinds of electrolytes.

2.2.1 Carbon Materials asElectrodes in EDLCs

A number offorms of carbon matels have reaatly been used fostoring thecharge in
EDLC electrodesactivated carbgrcarbon nanotulseand graphenelhe advantages dfiese
carbon materials include low cost, easf processingjarge surface areagood electronic
conductivity, strongchemical staltity, anda wide range ofoperating temperatuseCarbon
materialsnormally store chargeprimarily in an electrochemical doublayer formed at the
interface between theurface of theslectrode and the eleotyte, rather thamn the bulk of
the materia as with conducting polymers or metal oxideAccording to Eqg. (1), the
capacitance ofan EC is observablydepen@nt on the SSAof the electrode materials.
However, theexperimentallymeasured capacitance aVariety of materialsfails toincrease
linealy with an increasingSSA because not albf the surface area is electrochemically
accessibleo the electrolytic iong 26, 50]. In other words, specific capacitance is sometimes
not directly proportional to th&SA becauseelectrode pores that ateo small (usually
micro-poresunder 2nm)ffer poorlyaccessible porosity fahe electrolytic ions, resulting in
lower capacitanceOneresearchr [51] hassuggestd an empiricalrelationship between the
distribution of pore size, the energy density, #r@lpower density of device.A larger pore
size correlate with higher power densitiesnd a smaller pore size correlaevith higher

energy densitiedmportant factorsn EC performancencludetherefore the SSAporesize
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distribution, pore shape and structure, electrical conductauity surface functionalitst the

interface betweetheelectrodes antheelectrolyteq 24, 52-56).

2.2.1.1 Activated Carbon

The term ativated carbonAC), also referred t@as engineered carboancompassea
variety of materialsfrom amorphous carbon to ordered graphitee properties ofhese
materialsare determinetdased on thejprocessinghroughhigh temperatureazbonization in
an inert gas (generally,,Nr Ar) in conjunction with the choice of precursor mateft,
58]. Following the carbonization dhe precursor materials, further enhancement by way of
activation may be requiredh orderto open existing pores blocked by residual amorphous
carbons and in the process, to create new otes increasing the overall porosity.
CommerciallyavailableACs generallyhavea largesurface areaesulting from theactivation
processandare commonly used in existing EC produdibe re-activation of commercial
ACs hasalsobeencarried outas a means amproving EDLC performance, antlas been
reported to have a beneficial eff¢80]. Another method is based owettability asa factor
for increasng the accessible surface of ACwhich can be improved through surface
functionalzation, thusenhancing the affinity between the electrolyte #meicarbon surface
[60]. These @inctionalzation processegan also provide a meawn$ incorporaing pseude
capacitive mechanisms during cycling; however their concentration must be optimized
orderto avoid degradatioaf mechanical stability (aging) and loss of intrinsic conductiwity

the electrod¢61, 62]
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On the other handiesearci26] hasrevealed that availablAC materiab havea large
SSA (1100m?/g to 2570m?/g) but unfortunatelyalso exhibitpooly accessible porosity for
electrolyte ions, esulting in limited capacitancaround100 F/g for AC with 2130m%g but
only 63 F/g for AC with 2570m?g. Anotherstudy[27] hasrepored capacitance values
150 F/g and 300 F/g with the use of aqueous and organic electro)ytespectively. The
difference in capacitance observed through the useaoéd electrolytes is due to the
relatiorship between pore and ion sizerganic electrolytes are larger than their aqueous
counterparts and thus cannot penetrate the pore volume to an equivalenfiexterange
of micro-pores) These research resulead tothe conclusionthat an empiricalrelaionship
existsbetween the distribution of pore size getformancs, and suggeshatthe corrol of
pore size is criticalor optimizing ion transport channels amor increasng the chargestored

on electrode§63, 64].

2.2.1.2 Carbon Nanotube

Carbon nanotubes (CNTs) possess unique prepettiat promotéheir use as an EDLC
electrode materia Their high degree ofelectrical conductivity effective mechanical ad
thermal stability, and highlyaccessible network of pores hawetivaed considerable
researclwith respecto thedevelopnent ofhigh-power EC454]. As shownn Figure2.6 (a),
based on differences in geometric structure and in electrical and mechanical properties,
CNTs can be classified into two types, singlalled nanotubes (SWCNTs) and niwitalled
nanotubes (MWCNTY)65, 66]. CNTs ideallyprovide4 types of spacdbat areaccessibléo

electrolyte ionsas shown irFigure2.6 (b).
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(b)

1:Outside surface

Carbon nanotube
bundle 2: Inside surface

3. Bundle space

4 Interlayer space
of wall

Figure2.6 lllustration of CNTs: (a)representation of 8WCNT (left) anda MWCNT (right)
[65]; and (b)schematic diagram dENT spaces availabl®r electrolyte ionstoragg 66)

However, most CNTs are known to be bundiegetherdue to the van Waals force and
theso-called bundle spaces amotig tubes (ndicated by 8 in Figure2.6 (b)) arerealy the
only exposureto the electrolyte, whichindersthe formation othe EDLC. De-bundling of
the CNTs isthereforerequiredso thatall of the tube surface areavailable for electrolyte
ions In onestudy [67], the SSA of individual carbon nanotubes and bundlescafbon
nanotubesvere calculated as a function dfie tube dianeter, the number ofalls and the
number of carbon nanotubes in a bundle. B8A of an individual tube witha 1 nm
diameter can be as high as 131%gybut is only400 nf/g for bundles witha 7 nm diameter
(comprised of 1 nm SWCNT). These resultsindicae that significant potential for
improvement with respect t6NT surface arethrough optimization othe morphology of
the CNT filmusedas an electrode.

The reported specific capacitance values ofGha s range from 20 F/g to 300 F/g, and
arereliant an their production, treatment methods and the type of electri8@&1]. EC
electrodes prepared from MUWT were firstreported by Niuet al[69]. Their specific

capacitance, poweand energy densitwalueswere 113 F/g, 8 kW/kg and 0.56 Wh/kg,
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respectively, whema 38 wt% HSO, aqueous solign was used abe electrolyte A study by

An et al.[71] demonstradthatthe specific capacitance achievable using an electrode based
on heat treated SWCNTSs as the active layer is around 180 F/g in 7 M KOHaditite BET
surface arewas357 nf/g. They alsdfound that increasing treatment temperatuesulted in

a corresponding increase 85A a decrease in average pore diameter, aankghcrease in
specific capacitanceédrganic electrolytes havalsobeen emplogd for the development of
CNT supercapacitor§72-74]. Emmeneggeet al. [73] showed that the averagpecific
capacitancean react66 F/gwith 1M EuNBF, mixed in acetonitrileLiu et al[74] reported

that the specific capacitance of ®NTs in an organic electrolyte (TBARJFis around80

Flg.

Due to their relative ease of fabricat, randomly networked CNTs wetiee first type of
CNT electrodego produceelevated power capabilitiegith a moderateSSA however the
small surface area stikads to lower energy densityAs with all othe nanostructures, CNTs
have aendency to agglomerate, resulting in an entangled arrangemernaitbgular pore
structure.This effect can alter te SSA of the CNT network andthe ion mobility in the
electrolytes,with a consequent negative effect parformanceAs a resultessentialgoals
now include either thelevelopnent of an appropriatgprocessingtechnologythat enable
CNTsto be coateavith effectivestructural geometries (e.@Jarge surface areanduniform
pores with optimized ion accessible patbis)he creation of enhanced processing treatments,
such as functionalization atignedCNT growth.

Severalresearchgroups arecurrently dewelopinga variety ofdeposition techniquethat

will increase the adsorption sit@gailableto theions in CNT networks. A typical procedure
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for preparing carbotased electrodes usually involves easting usinga slurry mixture of

carbons, conductivagents (such as carbon black) and a polymerebindowever, this

method is iefficient for CNT materials because of theigglomerationAs listed inTable

2.1, s=veral fabrication techniques have beecenly developed for CNT materials arithve

demonstrated higher specific capacitan@sctrophoretic deposition (EPDY5], vacuum

filtration[76], ink jet printing[77, 78], and eletrostatic spray depositidi79, 80].

Table 21 Examples of CNT electrodes usingfdient deposition method

Fabrication method CNT type CapacitanceR/g) | Reference
Vacuumfiltration DWCNT 67 [76]

Ink jet SWCNT 74 [78]

Spay deposition SWCNT/MWCNT | 90-150 [79, 80|
Layer by Layer mwgm$ﬁgg H 150 [81]
Electrophoretic deposition| MWCNT 85 [75]

Drawingmeaningful conclusias about etctrode fabrication methods basedaocomparison

of thesestudiesis difficult because theesearcheremployed different CNT sources as well

as disparatesolution processing and characterization protocHiswever, the deposition

method obviosly affects the porosity of the electeydvhich is dependewin how easily the

electrolyte ions can move into and out of the electrode during the atliaoi@rgeprocess.

Recent researchas alsalemonstrated that aligning CNTs through pyrolysis metleodble

bulk CNT materials to retain their intrinsic properttesproducea more mesoporous and
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more accessiblesurface[82]. Several studis havedemonstratedhat the impoved rate
capability ofaligned CNTscompared taandomlyentangledCNTs [83-85]. The effective
arrangement obtained by Ghet al.[84] can provide a greateapacitance of 365 F/g for an
aligned ONT array electrode i 1M H,SO, electrolyte as well asreducel resistances
compared to thaih entangled networksAn additionalimportantproperty that affects the
capacitance behaviaf CNT electrodess the wettingcapability of the electrode matersl
For instance, chemidal treated CNE exhibitimproved electron transfer kinetics and create
greatersurface arealn this regard CNT electrodes functionalized withitric acid [86],
fluorine [87], or ammonia plasm&88] have been testedvith respect to their effect on
capacitance performance. Howevére pseudeFaradaic reactionnduced by the surface

functional groups leato unstable capacitance and increasauent leakaggg6].

2.2.1.3 Graphene

Grapheng a twodimensional mgle layer of carbon atoms, @istinctly different from
ACs and CNTsThe comparisonin Figure 2.7 shows that graphenes characterized by
unigue morphologyhat isdescribed by a single layereelPlattice stucture of carbon atoms
so that itsaccessible surface area of graphénalistinct from that of any other carbon
materialsused in EDLCs. While other materials selon a fixed porous structuréor
transporing and adsoring electrolyteions,a graphene lagr well-dispersed withira solution
providesa theoreticallyavailable surface area of 268¢°/g. Such an SSAwould ideally
remain completely accessible tfte electrolyte ionsandis much larger than thassociated

with AC or CNTSs. Other outstandingchamcteristis of graphene are its higavel ofiintrinsic
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carrier mobility (200,000 cAVS), high degree ofthermal conductivity (~5000 YhK),
high Youngds modulus (~1.0 Tva8we)~97a8%)d89hi gh opt

Theseexceptionafeatures make graphea@romisingcarboncandidatdor EC electrodes

©
9. .92.9
o & o

Figure2.7 Comparison of carbon maitals for useasEC electrods: (a) activated carbon, (b)
carbon nanotube, (c) grapied 90|

In several studies, graphene pasduceda highspecificcapacitance ranginfjom 100 to
250 F/g, and recent work hashieved nably high energy densityalues with a variety of
electrolyted91-96]. Vivekchand et al[92] prepared gaphene in three different way4) by
thermal exfoliation of graphite oxide (GQQR) from ananediamondheatedat 16% 3 in a
helium atmosphereand (3)throughdecomposition of camphor over nickel nanoparticles.
Graphene samples prepared through the first two prochasesbeen observed é&xhibit a
high specific capacitance in aqueougSBy: up to 117F/g, with an appreciably high energy
densiy value.Chemially modified graphene (CM&)asalsobeenutilized asan electrode
materialfor energy storage deviceStoller anchis co-workers[93] achieved a sigtantially
high BET surface area (75@n%g) for CMG aggregatesand demonstrated specific
capacitance values of 1¥3g and 99F/g in aqueous (KOH) and organic (TEABIR AN)

electrolytes, respectivelyJsing another approachumctionalized graphene shedfsGS)
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were preparethrougha low-temperature thermal exfoliation proced{i®&]. A first type of
FGS was obtained by thermal exfoliation of GCadbw temperature in airA secondtype
was prepared byarbonizingthe firsttype of FGS at a higher temperature if. Nhe specific
capacitance value of the firstpe of FGS was 230 F/g, compared to 100 &gainedin an
aqueous electrolyte (KOH). However, the secayde of FGS demonstratedhigher
capacitance retentiprwith a high current densityas result of itfavorable conductive
behavior.

Owing to unique structure and desired electrical and mechanical propgréipeene has
a strong potential foeffective use in advandé&=Cs.However, a fewemaining obstackestill
stand in the way ohdustry developmengirst, like other materialsgraphene is also likely
to form irreversible agglomerates or to restack to form graphite, velaigbesa reduction in
electrolyteion acessibility. Second falricating a graphene electrode without a binder
challenging andisuallyresults in dower specific capacitancé final consideration is that
the development dd production process requirédse creation of more casfffective mehhods

that would also retain thatrinsic properties ofhegraphene.

2.2.2 Electrode Fabrication Methods

For the design of EC structureBgtmost importanEC componenis the electrodeThe
development oEC electrods has generallyoriginatedfrom efforts to optimize the structure
of the interface reaction betwedhe electrodes anthe electrolyte ando adviserelatively
low cost in fabricationmethod. Significant progresswith respect totechniquesfor

fabricatingnanostructurel electrodes has beachieved which hasgreatly improved their
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performance.To date, a variety oimethods have been introduced fi@abricating EC
electrodes, including casbating, electraleposition[97, 98] andvacuumfiltration [99, 10Q.
In the castcoating technique, electrodeare fabricated frommonducting particles of carbon
powder (e.g., AG along withafluorine-containing polymer (PTFE) binding agemhich are
mixed together by means of a solvenptoducea paste or slurry material. This tedure is
already well known ands used in the production @ommercialECs.For CNT materials as
mentioned insection2.2.1.2 different deposition methods have bevelopedn orderto
address the agglomerationaarbon materialsA promising fabricatn technique focarbon
based electrodes &ectrophoretiddeposition(EPD). Another method is vacuufiltration,
which forms a thin film as an electrod&hese three commoalectrodefabrication methods

are described in detail in the following subsection

2.2.2.1 Cast-Coating

A thin film can be obtained by casbating or drogcoating colloidal materials (slurry)
directly onto substrates. Active materials (carlpanwder3 can be mixed with conductive
additives (carbon black, etc.) aadinder toproduceslurries,which can therbe pastedon or
penetratedinto flat or porous substratess depictedin Figure 2.8. In this processthe
attainable storage capacity and the interresistance of an electrode asegnificantly
dependenbn its microstructureand the electrical contact betwette active materials is of
great importanceAccording tothe literature integratingconductive nanoparticle powders

such asarbon black or carbon nanotubkas beershownto increasegravimetric capacity
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Figure2.8 Description of castoating using slurry

Conductive powder shows negligible seHfpacitance, but electrically isolated regi@me
avoided in themicrostructure of theelectrode[101]. Other research has shown that the
solvent catent is an important variable that contrptge size and ultimately the capacitance

of an electrod¢102.

2.2.2.2 Electrophoretic Deposition(EPD)

Electrodeposition, specifically electrophoretic depositionERs the preferrednethod
of fabricatingthin film electrodes due to the low capital investment cwstslved, therigid
control of film thicknessthe uniformity of the final productthefast processing rate arie
suitability of this methodor large-scale productio103 104]. An additionalattraction lies
in its simplicity and feasibility for manufacturing hargereous composite coating®n
complex substrateshapes.EPD is fundamenty a combination of electrophoresis and
deposition processetn the first stepan electrical charge is developedthe surface via

chargel species when dispersed in a polar selv@he individual chargednanaeparticles
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suspenddin the solutionare forced to move toward appositely chargeelectrodeunder
anexternalelectric field.This motion which is referred to as electrophoregs]lustrated in
Figure 2.9. In this processthe plane that separates the tightund liquid layer from the
remainderof the liquid is called theslip plane.The electric potential at the slip plane is
known as the zetaotential which is an importanparameter fodetermining the stabilityral
transport of a nanparticle suspension. The zeta potential(\VV), around a particle can be
described a®llows [109:

1

B 6 = o~
TARWP QW

where Q is the charge on the partiaés the radius otheparticle,r is the relative dielectric
constant othe solvent andk is a system constant calculatbdsed on the concentration and
temperature of the solutiom the second step, timancparticlesaredeposited andollected

onthesurface of thelectrodewhere theyorm athin film.

Slip plane

Figure2.9 Schenatic diagram otlectrophoras [106]

The literaturescontains report$107-111] of the use othe EPDfor the fabrication of

nanostructures, and it is now well known thhis techniqueis very convenientfor
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manipulating nanestructured materials, including nasized metal particles, carbon
narotubes (CNT), nanowires and nanorods. For CNT, the first repoiGaoyet al.[108
published the first reported investigation of the us&D for singlewalled CNTs that had
been sonicated in eitheretihanol or dimethiylformamide as means mEpaing steble
suspensions. Aftea 10min deposition time, thin CNT fileX~1 em thickness) were obtained
using a DC field of 20//cm. In relatedresearch, Det al. havefabricated CNT films using
EPD andhavedescrited the properties of such thin film electrodes for supercapafitbds
Thomas et alproduced uniform deposits of multialled CNTs on stainlessteel substrates.
They controlled he thicknss of the coatingy varying thevoltage and deposition time
duringthe EPD[109. Detailed investigatios havealsobeencarried outn orderto examine
the correlations betwedhe electrochemical properties tife depositedCNT films and EPD
processing parametersuch asparticle mobility, depositiontemperaturg and processing
time. Previous studieqd75, 98 revealed that the&ePD deposition rateis dependent on
electrophoretic mobilityu (m?%Vs); field strength, E(Vm); processing temperaturand
processingtime. More importantly, as discusseuteviously electrophoretic mobilityis
determined by the properties tifie suspendd particles such asther surfacecharges
(indicated by thezeta potentiallas well as the properties dlfie suspensios themselves,
including the viscosity of the liquicdand the concentrationof the solutim. The siccessful
production ofCNT films by EPD processingequires a well dispersed colloidal suspension
Forinstancean acidtreatment hasften beenapplied which has been obtained byxing a
specific oxidizing agent (e.g.HNO3/H,SOy, O3, KMNO4 or H,O,) into CNT suspensions.

The presence ofiydrophilic oxygercontaining functionalgroups on the surface of acid
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oxidized CNTs generates eithenegativeor positive surface chargeand helps disperse
individual CNTswithin the suspensiomhe surface drges of the CNTsalsovary with the
oxidationlevels (indicated by theconcentratiorof surface oxygeron the CNTsin the form
of COOH, GOH or C=0) andthe pH valuesof the suspensionStudies[112 113 have
shown that the nanotubes are negatively chargetiafpH value is greater thanaBd that
more negative chargeme homogemrously accumulated on the surfacé CNTs if the pH
valueincreaseslt can be concluded thaarying the pH value of the suspensirangeshe
surface charge state of ad¢r@ated CNTs andorsequentlyaffectsthe transport properties of

theCNTsas well agthe EPDdeposition rate

2.2.2.3 Vacuum Filtration Method

Compared with other methods, the vacuiiitnation method isregardedas the simplest
process for the fabrication of thin, transparent, optichliynogereous conducting film,
usually composed of CNTs or graphere. shownin Figure 2.10, this method involves
drawinga surfactanbased suspension througallulose ceramic oranother filter that has a
pore size intie micrometer range. A vacuumather pressure differential is creatadbrder
to force the suspension through the filtand thesurfactantis then washed awawith
purified waterso that &ilm of pure CNTs or graphengan be formedVacuum filtration is
usually faster than simple gravifitration which is usedor removingan insduble solid
material from a solutionHowever, the limitations aothis method ar¢he lack of control of
variations in thethickness,the difficulty of separating thehin film from the filters, size

restrictionsandthe challenges associated with tiading of the processed filmid 14.
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In severalstudies, the vacuum filtratiotechniquehas beemmployedfor producingnance
strucured electrodefilms that providea high degree otonductivty and transparency. Wang
et al. [99] fabricated graphene films based on a cellsl@ster filter membrane for the
vacuum fitration of agraphene aqueous colloidhe resuing graphene filmsoffered
excellentelectrical conductivity with superiaransparencyf well over 80 % as well as
sheet resistance lower thémat of spin-coated films.A filtration method waslso usedor
preparingthin CNT networkswhosecharactestics werethen studied.Cooper et al[76]
reported that freestanding, thin aopeindableslectrodes for supercapacitors canfdiaricated
by filtering dispersed niti-walled CNTsin the form of a film, and that suchfigm exhibited
nonFaradic double layer behavioAnother study[115 demonstrad that singlevalled
CNTs posttreated with nitric acid ofabricatedwith anacid pretreatnent providesuperior

performanceompared tdhose mde with highpurity CNTs without any acid treatment.

4 Suspension with carbon
materials

- — <4
Vaccum

— CNT/Graphene film

Figure2.10 Schenatic of the preparation of electrodes using vacuum filtration
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2.2.3Electrolytes in ECs

BecauseEC performance is dependent not only on the electrode matbtitialsocon the
propertiesof the electrolyte an understanishg of electrolyte propertiess essential for
improving EC performancewith respect tosuchfactorsas energy density, power density,
efficiency,and reliabilityfor high-temperature operatioifhe previous setion discussed the
development oftwo types of ECs, EDLCs and pseudocapacitors, explained the
requirements oboth typeswith respect to avider potential window (operating voltage, V)
and lower ESRinternal resistancey) in orderto achieve highenergy angowerdensities
An additioral factor is thatcapacitance islso affected by the effective sizef the ions
which determires the accessibility of thelectrolyte on the surface ttie electrodesFor
commercializedeC devices.eledrolyte choices include organicand inorganic (aqueous).
Based on their inherent propertieacktype offers specifibenefits and disadvantagesth
respect to electrolyte conductivity, ion sizeand electrochemical tability (voltage
limitations) all of which must ultimately be taken into accoumthen a capacitor celis

designedor adesired application.

2.2.3.1 Inorganic (Aqueous) Electrolytes

The advantages of aqueous electrayee their higher conductance.q, 800 n5cm for
H,SO, comparedwith 5 mScm to 60 mScm for nonaqueous electrolytg$§116 and the fact
that the purification and drying processes during production arestasgent. Ajueous

electrolytesalso have smaller solvatemns and higher dielectric constants, both of which
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promote capacitancas expressed irEq. (1). Thecost of aqueous electrolytes is usually
much lower than that of suitable organic electrolyf@sspite these advantagesmjueous
electrolyteshave the drawback of beinignited to appications for industrial capacitors
becauseof their thermodynamic electrochemicaldecomposition, whichresults in a
restrictive,relatively narrow potential randé17]. With aqueous electrolytes generalthe
unit cell voltage of the EC is typically constrainedt8V to 1.0V in orderto avoid the loss
of the eletrolyte, thus significantly reducing the energy density availatdenpared to
organic electrolytesHowever, one of théenefitsof aqueous electrolytes that especially
on carbon materialghey enablethe existence of a pseudocapacitance based oredo
reaction of the hydratefiinctionalgroups at the surface tfe carbon materials. Thisffect
can, for example, double the value of the capacitance on a carbon matamsqneous
electrolyterelativeto theresults with thesame material ianorganic electrolyte.

When electrolytesthat contain strong acids oralkaline ions are used, dditional
consideration must be given to the current collector/electrolyte chdloese ions are
preferred because diieir increased ion conductivity, but cormsican be a problemwith
stainless steel current collectors. From tpierspective ECs that employ aqueous
electrolytes would be attractive, but strategmesst be foundnhot only for increasing the
operating voltage but alstor acquiringinexpensiveand light current collectorghat are

resistant to acidic corrosion.

2.2.3.2 Organic (Non-aqueous) Electrolytes
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The advantage of an organic electrolyte is the higher achievable voltage it creates.
According to the equation oénergydensity (Eq. (28)), the square fothe cell voltage
determines the maximum stored energy. Organic electrolytes produce a cell voltage above 2
V with the possibility of shorterm increases to 2.7,Which gives rise to energy densities
Six to nine times thseprovided with araqueous solion. However, the solvated ion size of
organicelectrolytes is supposedly larger than thathefprotons in inorganic electrolytes, and
generally leads to a smaller capacitar@gganic electrolytes also have a significantly higher
internalresistancehan aqueous electrolytes, whildwerstheir power densityNevertheless,
organic electrolytes are preferreder theagueousversion forcommercializedeC devices
sincethe reduction in power is compensated for by the higihergylevel and wider cell
voltage. Table 22 indicatesthe difference in resistivity and voltage limitationamong a
variety oftypes ofelectrolytesused in ECsDue to their greater operating potential (up @ 2.

V), either organic acetomite (AN) or propylene carbonat@C) are currently used as the

electrolyte in the majority of commercial ECs.

Table 22 Properties of aqueous, organic and ion liquid electrolytes

Density Conductivity Resistivity Cell voltage
Electrolyte (g/cm) (mS/cm) (q cm) V)
H.SOy 1.2 750 (30 wt.%) 1.35 1
KOH 1.29 540 (30 wt.%) 1.9 1
Propylene 14.5
carbonate 1.2 (1M Et4,NBFy) 52 2.53
- 59.9
Acetonitrile 0.78 (1M Et;NBFJ) 18 2.53
125 (25 4

46



Further conglerations related to the use afganicelectrolytes include the requirement
for additional procedures to ensure quality with respectdnductivity and resistivity.
Solvents are nededfor apurification procesghatremoves any residual water contenthich
can lead to the corrosion of the current collectors at high operating patenithl respect to
commercialization organic electrolytesre generallyassociated withea number of safety
issuegelated to transpting toxic, flammable materials. Aldugh propylene carbonaggves
rise to fewersafety concernthan acetonitrile, it is considered an environmentally unfriendly
solution andits resistivity is greaer than that of acetonitril&nfortunately efforts to find a
nontoxic replacement organgtectrolytethat yieldsgood ion conductivity havehus farbeen

unsuccessful.

2.3 Characterization Techniques forEC devices
2.3.1 Nano-structures Characterization

2.3.1.1 SpecificSurfaceArea

Initial consideration of surface area with respect todB@racterization ishat, based on
Eq. (1), a large SSA directly results in a greater capacitance. In general, the surface area of
the electrode, i.e., the total npfanar surface area of the carbon, is measured using a
technique known as the BET method, named for Brun&memett, and Teller, who in 1983
described analytically the adsorption of a gas on a solid suffat®@. The resulting
measurement is known as the BET surface areaifisgeio units of nf/g.

The underlying concept is an extension of the Langmuir theory, which postulates the

mechanisms for monolayer molecular adsorption and multilayer adsorption based on the
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following hypotheses: (a) gas molecules physically adsorbsaticgiin infinite layers; (b) no
interaction takes place between the adsorption layers; and (c) the Langmuir theory can be
applied to each layer individuallyn lthis modelthe gas molecules physically adsorb on a

solid ininfinite layers, and forces ace in the condensation the gases are also responsible

for the binding energythat occursin multi-molecular adsorptionThe phenomenon of

adsorptiorbased on the BET equation can thus be expressed as
op

A po
0

-

>{o

P
~ 0 .
o P
where P and Py are the equilibrium and the saturation pressure of the adsoruaties

temperature of adsorption, respectivelys the adsorbed gas quantity: addis quantity of
the monolayer adsorbed gas. E2fl)(is an adsorption isotherm and can be plottedle=ar
1-dxis and P/Rom ¢he xaxis, based on

relationshipbetweenl/n [(R, / P) T
experimental results. This type of plot is called a BET plot. The linear relationship of the
eqguation is maintained only in the range of 0.05 < P< ©.35. The value of the slojbeand

the yintercepta of the line araleterminedn order to calculate the quantity of the monolayer

adsorbed gas in nm and the BET constaattcording to
P E o @ o
B P % ¢
The specific BET surface areggs can therefore be evaluated by the following equation:
o0

“Y : .3
i 6
where N, is the monolayer quantity of adsorbate gag;i®N Avogadro's numbelS is the
adsorption cross section of the adsorbing species; m is the mass of the adaothets
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the molar volume of the adsorbent, which is 22,414/mwlar for a gas at atmosphier
pressurelf the pores are viewed as cylinders, then the pore voMiisen $7¢ 0, and the
pore surface area, B equal ton$ ,8The average pore width iBusequal to 4 V/Sased on

theBET mode) where D is the diameter of the pore, L is the lerdtthe pore andV is Ny,

2.3.1.2 Pore Size andDistribution

Nanostructuredcarbonelectrodesre usually designed to incorporate both migooes (<
2 nm)andmesepores (2 nm to 50 nm) and are considered critical for the development of
energy storage and for the resultant power performance of the eleEoodgample the
capadive and resistive behawvio of EDLCsis strondy correlated witithe pore distribution
and pore size of the carbon material. Inlitezature[119, 12(, researchrssuggest thathe
storage capacitygf an electrode is strongly relatémlits interfacialdoublelayer processes,
e.g, ion adsorption and transport on the surface of an electrodéy aadtructural features
including surfacearea porosity and pae size distribution (PSD).

The efficiency of electrical energgoragein particular is governed by the rate at which
ions from an electrolyte solution can be delivered to and adsorbed avdilebleelectrode
surface area (i.eaccessible pore siggOnestudyalsorevealed that large cati@mdanion
sizeslimit the effectivenes®f a conventionalAC surface areaontainingmicro-pores (<
2nm) since the ions either virtualigil to fit into the pores obecomadliffusion-limited atthe
requiredscan ratesNevertheless, A@nicro-pores are essential fproviding alargersurface
area andjreaterenergy storage capacity. ¢ontrast the presence of megmres can
accelerateon transporto the electrode, thus improving power performance at largerdu
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densitiesWhenhigh levels of mes@orosityare createavithin the electrode materialspth
ion accessibilityandthe averageoefficientof theion diffusion within pores can be
enhanced121, 127 , butthis condition also results mlow volumetric capacitance aad
reductionin energy density due &xcessivgore volumesThe characterization dhfe
structureof anelectrode ighereforecrucialfor achievinghigh specific power/energy
densitieswith fastcharging/discharging rat@s carbon materials, whiatreates reducedn
diffusion barriersandincreasd accessible surface area withappropriatedegreeof
porosity.

A number ofmethodghat employ a variety ahodels have been proposed tloe
calculation of the PSD of microporous materialgy., in order oincreasing complexitythe
BarrettJoynerHalenda (BJH) method 23, the HorvathKawazoe (HK) methofil24, 125,
the density functional theofst 26, and molecular simulation method$e HK method is
based on slishapd pore geometry and usthe relationship calculated froamodified
YoungLaplace equation, especially for migoores.With respect tanesoporousnaterials
the BJH method Isd on the Kelvin equatigrovides a convenient wag calculate the
PSD.The Kelvin equation used theBJH method predictthe pressure at whican
adsorptivesubstancevill spontaneously condense in a cylindrical pore of a given $ize.
pore size ishen calculated from the Kelvin equation and the statistical thickness equation
selectedHowever, tle BJH method severelynderestimatethe size obmalktto-medium
mesopores.Forthe work presented in this thesiss@mbination othe HK method for the>

2 nm region and the BJH method tbe 2 nm to 50 nm regidmas therefore beeselected
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for calculating the PSD becausese choiceare in good agreement with the known

characteristicsf the relevant carbon sampld7, 12§].

2.3.2 Electrochemical Characterization

2.3.2.1 Cyclic Voltammetry

Cyclic voltammetry(CV) is an electrochemical analysis technigueerebythe currenof
anelectrochemical ceik plottedagainst its voltage at a fixed magnitude of rate of chamge
the voltage (scaning rate). This techniqueas not only theusualway of measuringmaterial
capacitance but is alsthe methodmost oftenemploya in the inveSgation of faradaic
reactions In theay, an EDLC does not involve faradaic reaction. In practice, however,
EDLC behaviar includes &radaic componentiue tothe redox reaction otheion kinetics
at the electrode/electrolyte interfaceand CV can provide insighinto these processeé.
pure capacitor of constant capacitance has a rectar@Vlaot; for example at voltages
high enough to initiate a redox reaction, the current increases in an exponential fashion.
the sameway, the shape of the voltammetry plot manifests the complexity of the
electrochemical processes at play in the EDLC.

In a cyclic voltamnogram, the eletrode potential rises linearly versus time as shown in
Figure 2.11 (a). This ramping usually refers to the potential scanning, m®t€V/s). The
potential is applied between the working electrode and the reference electrode, and the
current is measured between the working electrode and the counter electrode. These data are
then plotted as current versus potentfal.ideal EDLCbasedon CV analysis is represented

by a rectangle within a voltammogram plloat hasa constant currenasillustrated inFigure
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2.11 (b). The following equation is a simple descriptionté relation between the cant

andthevoltage
#A6 # 30
) e o1
where | i's the «capacdistthewen rath af thg charging vollage e nt |,

Under conditionsin which the resulting vabhmmogramhas a mirror image of potential
sweeps, this CV graph can be a useful criteriorefablishingeversibility in doubldayer
capacitive or pseudocapacitive charge and discharge procdssatso constitutesa
fundamentatharacteristiof pureEDLC behaviar in the absence of redox processether
materials however might not exhibit constant currettecauseof their material resistances,

or they mightdisplay potential specifitaradaic reactionthat appear gseaks in the response
currentdue to reversible redox processes typicaligervablen metal oxides and conductive
polymers. Characteristic profiles tifese capacitive mechanisau® similar tahe CV graph
shownin Figure2.11 (c). As the waveform indicates, the forward scan produces a current
peak at the point at which thmaterialscan be oxidized (or reduced depending on the
direction of the initial scan) within the potential window scanned. The current increases as
the potential reachethe oxidation potential of the electrolyte, but then falls off as the
concentration of the electrolyte close to the surface of the electrode is depldteredox
couple is reversible, when the applied potential is reversed, it will then reach #mtigdot

that produces a current of polarity that is reversed from that of the forward scan. This
reduction peak will usually have a shape similar to that of the oxidation peak. In this way,
information can be obtained about the redox potential and eleetmicdl reaction rates of

the compounds.
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Figure2.11 Schematic explanation of a cyclic voltammogréohin the absence of a redox
processand(c) with anactive redox reaction
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Determining the capacitance, GpM CV measurements requires the integration of the

current responsetimthe CV graphsso that C cathen be calculatedsfollows:

. EXAG6

Y6 0 ov

#

2.3.2.2 Constant Current Charge/Discharge

The measurementf the CCD also called galvanostatic charge/dischadiféers from CV
becauseghe controlled parameter is the current flowing through the working electrode rather
thanthe potential. When a constant current density(A), is applied, a potential difference
over time across the celis linearly created The capacitanceanthen be described bythe

following:

e

# g

§c| &

whereYN (DA @nd can be used to determine tadue ofthe capacitance according to

the following:
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whereYJV6 is the inverse slope of the response curve obtained from the charge or discharge
measurementsY6 has a value within the liing potential difference for electrolyte
decomposition; and the currentjs removed from the integral because tasmstantFigure

2.12 showstypical CCD data for an ideal EDLC celn ideally polarized eldoode that
exhibits a reversible capacitance is described by a constant linear potential increase and
decrease during charging and discharg@therwise, a dynamic changethe slope of the
potentialoccuss because an equivalesériesresistance ESR), or selfdischarge causesan
exponentiallyshaped chargand dischargevoltage curve. Eventually, thisdistorted curve
represents the voltage drop (IR drapkra cycle, asillustrated inFigure2.13, and theESR

can becalculatedas

oYY onl fq o
B 7

The overall internal resistance in a celjenerallyrepresented by this calculated ESR values.
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Figure2.12 Typical CCD testesultsfor ideal EDLCs
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Figure2.13 IR dropin CCD meaurementlue to an equivalent series resistance (ESR)

2.3.2.3 Electrochemicall mpedanceSpectroscopy (EIS)and Circuit Modeling

Previous setions explained how capacitance can be characterized thg response
functions of the current to a variety of time-dependat changesin potential, or
complementarily, changes potential across a capacitance in response to a charging current.
Another responsé&unction that characterizeelectrochemical EC behavior is the alternating
current generated in response to an adtiéng voltageas it changewith the frequency.The
frequencyresponse characteristics of E@pacitancendresistancare generallydependent
on (1) the intrinsic nature of the electrode material; (2) the-pi@aeedistribution of the high
surfacearea naterial used in the fabrication of the electrodes; and (3) the engineering
parameterappliedin the preparation of thelectrodes, e.g., theonfigurationof the active

electrode material and the nature thie particleparticle conéct. The method called

electrochemicalimpedance spectroscopy (EIS) not only enables capacitarfce t

values to be determined as a function of frequencylsoprovidesquantitative information
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aboutthe real ohmic component ( 2). The EIS method is especially valuable because it
usually enablea separate evaluation of tfiequencyindependenohmicresistancef a cell
andthefrequencydependentesistance.

Impedance datéor a typical ECis usually presented as a traditional Nyquist diagram of
the smallsignal impedance around a bi&uchEIS data is also used in electrical circuit
analyss, and equivalent circuit models can be ufmdthe interpretation adimple EIS data.
Figure 2.14 shows a typical Nyquistdiagramof an EDLC as well asexamples ofits

equivalent circuimodeling

(@) (b) (c)

CPE(Cai) CPE(Ca)

Rs | Rs
Z o |

imag

Re w RF w Cr
R, Z

Real

Figure2.14 EIS data samplega) Nyquist plot of a typical EDLC. (b) example of equivalent
circuit model for a pure EDLC. (c) example of equivalent circuit model for an BDaC
includesa pseudacapacitance (Cp)

Table 23 Circuit elements used in the electric circuit models

Equivalent Elemen| Resistor | Capacitor | Warburg® | Constant Phase Eleme@RE)"

P P P
Impedance R —_—. | T —
P Qo lw QU w
&7 pfig, and G is the Warburg coeff
9 # #ADAAE&JdI AA generlally less than
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The elements used in the following equivalent circuits are present@ahle 23, and
mathematicaéquations for impedance are given for each element.

As previously mentioned,EC systems cannot be characterized by expressing simple
impedance behaviour as a function of frequenicye to the porosity and/or cqbex
electrochemical reactiord the electrode material$\s a result, as shown Figure2.14 (a),
at high frequenes, the Nyquistcurveconsists of a semicircléollowed by a 458 inclination
at modest frequeres and a verticaline at low frequenies The first intersection point on
the real axis of the Nyquist spectrum in the Higdguency region is representedaaseries
resistancé€Rs), whichis introduced in order to facilitate consideration of the taste of the
electrolyteand thecontact resistance dhe interface betweemorous electrodeand the
current collectorEspeciallyin the case o& porous or rougklectrode surfageanarc can
replace thesemicircle,a possibility attributable to these of the constant phase element
(CPE) inthe high/middle frequency regiofil29. In addition, the electrical double layer in
the pores of the electrode is constructed because afidhementf the chargdelectrolytic
ions) as it dffuses toward the Helmholtz plane inside the pores. The semicircle is developed
by the moving chargeclose to the Helmholtz plane and is represented by an interfacial
resistanceor chargetransfer resistance, called the faradaic resistange (/®nsequetly, in
the lowfrequency region, the sesmfinite diffusion of ions can become significant for the
determination othe diffusion impedanceof a porouslectrode. Tls impedance, created by
the ion diffusion that occurs in a porous structure, is knasvwwWarburg impedand@V) and
usually appears as a straight limith a slope of 45° A high frequencies, the Warburg

impedance is small sinaie diffusing reactants doot havefar to move.However, n a
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sufficiently low frequency range, the constantlycidasing frequency provides sufficient
time for the chargéransfer complexes present in the diffusion layer to overcome the
activation energy and move closer to the Helmholtz pldimes movementleads toan
increase irthe Warburg impedandd3Q. The charges ultimately occupy all of the available
surfaces insidéhe micropores of the electrodes and contribute to the electrical dlayble
capacitance (&. Therefore, the nearly vertical behaviour at low frequencies represents

behaviour dominated by the capacitance in which the impedance can be reduced liara fami

term:: ¢ . The phase angle of the impedance approaches 90°, with-aaréaal slope.

The aboveEC impedanceharacteristicean be represented by a relatively small number of
electrical components when an equivalent cirmwiel is needed to describe ingpedance
behaviour of an electrode. Such a circuit model is shaviiigure2.14 (b) as an examplef

the case o& pureEDLC in whicha capacitofs in parallel witha Warburg impedanc@éw)
associated witla Faradic resistancéRg) in order to account fothe accessibility otheions

within porous structures and faurfacefunctionalities or polarizationresistance If the
contributions of thereduction and oxidation (redox) reactions tbe surface functional
groups that occur at the surface of theelectrode cannot be neglectedhe role of
pseudocapacitance {&hould be considerdd31, 137, as described ifigure2.14 (c). This

model structure is useful to provide thgagtitative information on parameter variations with
ease interpretation and simple simulatibilowever, limitations exist when these simplified
circuit models, developed mainly to describe the electrochemical processes occurring at the
interfacial layer, were used to explain the observed resistive and capacitive behaviors of

practical EDLCs during experiment&s a result, the simulation results of these simplified
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circuit models deviated from experimentakasurementsn a practical device acrossits
frequency range, especially at low frequencies. Worthwhile to mention, a recent model
applied the multiple RC branches to account for the distribution of pores with a particular
geometric structures for porous electrofie33. Theseexamples however, fail to clarify

many of the details related to the definition of the transport of electradyig their
electrochemical kinetics; and, in particultre physical interpretan of equivalent EDLC
circuits. Moreover, in aeal ECsystem, multiplephysical processes occur simultaneously:
e.g., specific ion adsorption into pore sites and bulk electrolyte processes. An advanced
equivalent circuit should therefore be correctlyabbshed basedn a better understanding of
each physical process anshould include RC circuit branches to reflect the key

electrochemical reactions EC devices.

2.3.3Thermal Characterization

The effects of temperature can be of major importance with respethe practical
evaluation of degradation, energy efficiency, lifetime, and the optimization of EC design for
a variety of operating environmenBecause the aging of ECs can also be accelerated by
elevated temperaturesonventional accelerated agitests are performed under a variety of
temperature Many researchers have devoted considerable effort to the investigation of the
temperaturaependent characteristicsCs in which organic and solid electrolytes are used
[134-13§. Liu et al.[135 and Iwama et a[13§ characterized commercial supercapasit
equipped with organic electrolytes for ldemperature operationglastak et al.[139

investigated the performance of Afased EDLCs with sml electrolytes over a wider
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temperature range: 30 °CGo 120 °C. Although these reports provide valuable data and
analyses that demonstrate the effects of temperature on supercapacitor performance, some
limitations still exist. For example, little consrd¢ion has been given to the thermal effect on
electrolytic ion characteristics, such as ionic diffusion and interfacial reaction rates.
Publications include few studi¢$39 140 whose goal was to develop an understanding of

the temperatureependent kinetic and diffusionlaéhaviorsof carbonbased supercapacitors
involving organic electrolytesdowever,to simpify the analysis, the reaction rate is usually
assumed to be dependent only on the local difference in electrostatic potential between the
electrode and the electrolyte, without consideration of the tempepsndent movement

of the ions into the poresor havemanystudies[137, 141] addressed the effect of porosity

on the capacitive/resistive behaviour of carbtecteodes, especially with respect to their
temperaturaependent characteristicSuch studies have been limited to the systematic
verification of temperaturdependent electrochemical behaviour at doidjer interfaces

and have neglected the effectspofosity on ion kinetics and diffusion reactiohsdividual

studies have also been focused on a specific individual electrolyte and have involved the
implementation of different characterization methods, making a systematic comparison
nearly impossible.

The thermal characterization of ECs is sensitive to the measurement reathbtn/ed
Constant current discharging (CCD) is the most common test method fevaheationof
capacitancelegradation, resistance variati@amd cycleability, which is the sanbestused to
evaluatebatteriesThe resultingcapacitance degradation raisothereforeshown as the ratio

of the measured capacitance at each temperature to the capacitance at room tenfperature.
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further consideration is thabnstant power (CP) disclyang is preferable for EC cyclde
testsrather than CCD measuremdigcausgein practicaluse, thedischargingcurrent of ECs

varies with a decrease in their voltage for constant power ldadsne study [147]
researchers investigatedEDLC temperaturaependent capacitance degramtat and
impedance trends under calendar life and power cycling tests. Another test method, EIS
measurements, can be used to characterize capacitive and rémbtveorwith respect to

both frequency andemperaturechangs. Raik et al.[143 examinedthe measured and
simulatedcapacitanceand ESR of a&ommercializedsupercapcitor (Maxwell BCAP0010)

using separate frequencites differenttemperaturesas shown inFigure 215. From these

EIS measurements, it was found tleapacitances influenced by temperatuggimariy in

the intermediate frequency range between 0.1 Hz and 10 Hz, while the ESR increases with a

lower temperature in the lefrequency range.

30004 a  C(-20°C) & Rpar_20°C
s C(0°C) s Rpat -10°C
o, & R-part_0°C
2500 s C(20°C) s Repant 20°C
o s C(60°C) Repart_40°C
‘5’ 2000+ Csim (-20°C) & Repart_60°C
[&] — Csim (Oc) = R-part-sim_-20°C
% ) e R-part-sim_-10°C
£ 1500 == Calm G065 ——R-part-sim_0°C
% —— Csim (60°C) R-part-sim_20°C
% 1000 R-part-sim_40°C
S} R-part-sim_60°C
500+

0 i j : B v e e
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
Frequency (Hz) Frequency (Hz)

Figure 215 Capacitance and resistance frequency dependence of BCAPO0O010 for different
temperaturefl43
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2.3.4 Test Cell Configuration

Measurement metlas for determininghe performance of a materiased in an EC are
not well standardized, with numerous techniques currently being emplolgeh results in
wide variations in the reported results. For this reastrervEC performance msvaluated,
the masurement method should be identifiaddthe test methodologieselectedshould be
cambleof represenhg practical cellsA typical ECtestcell is comprised of two electrodes
that are isolated from electrical contact by a porous sepaastdiustraedin Figure2.16 (a).
Because the performance of suctest cell configuration closely matesthat of a real EC
device two-electrode cells areecommendedor evaluatingEC performanceso that the
results arecomparable to those with actual devicksa symmetrical tweelectrode cell, the
potential differences applied to each electrode are equal and analboéthe values shown
on the measurement§herefore,for each electrode in a twelectrode systenthe specific

capacitance ias follows

#
#&T(;TI,— ow

where m is the total mass of the active materials in both electrodes.

In electrochemidaresearch, however, the common practice is to use-tieetrode cells,
which consist of a working electrode, a reference electrode, and a counter elemtrode,
shown inFigure 2.16 (b). This type oftest cell cafiguration is valuable for analyzing the
Faradaic reactions and maximum potential applied to a single elecinitte.the three
electrodeconfiguration, only one electrode, calldd working electrode, contains the active
materials being analyzed, atiee voltage potential applied to the working electrode remains
intact with respect to the reference electradee applied voltage and charge transfer across
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one electrode arthereforedifferent fromthose ina two-electrode cell configuration. e
working electrode of a threelectrode cell has twice the potential range of a-éeatrode

ong which resulsin a doubling of the calculated capacitance.

(@) (b)
Working Electrode Counter Electrode
(SWCNT) (Platinum)
Electrode v
Separator
Electrolyte |
Electrolyte
Reference Electrode (IM H,S0,)
- (Ag/AgCl) .

Figure2.16 Schematic diagram &C test cells(a) two-electrode cell and (b)hreeelectrode
cell

The charging rate, voltage ranges, and methods used for calculating metrics also affect
reported result§144]. The measurement proceduselected should closely match currently
established and accepted procedures used for packaged leellsll capacitance (C) is best
determined from constant current chadygecharge(CCD) curves using equatio(87). As
describedn section 2.2.2,CCD capacitance measurement is performed with the constant
current charging and discharging at a constant curadethatcorresponds to the ratio of the
charge capacity being consumed witaimhour.The CCD measuremerg alsothe accepted
methodfor deermining the capacitance of packaged ECs used in ind0$teysame voltage
range should be used for testing so that it matches the range used for commercial cells. It
should also reflect the electrochemical windoithe electrolyte, which ranges from Oty

approximately 1 V for aqueous electrolytes and from 0 V to\2# 2.7 V for organic
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electrolytes. Another important factor is the necessity for the capacitance to be calculated
using the typical operating voltage range for the application for wheklévice will be used.

Most currently commercializedEC devices are operated in the range ofh¥ to

approximately-6
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Chapter 3 Fabrication of Nano-Carbon Electrodes

3.1 Fabrication and Characterization of SWCNT Electrodes

Owing to its advantagef excellent electrical conductivityemarkable chemicatability,
large surface area amghiquestructuresa variety of carbon nanostructures including single
walled (SWCNTs) and mukivalled carbon nanotubes (MWCNTSs) have drawn much
attention[145, 146. Meanwhile, n order to fabricate higherformanceCNT electrodes with
more accessiblepores, much research efforhas been committed to produce CNT based
electrodes with uniformly distributed and better accessible pore stryddirdst9. It has
become really esseal to develop an appropriate processing technology which is able to coat
CNTs with right structuragjeometrieqe.g., large surface area, uniform pores) and suitable
for mass productionVith these considerationsne ofpromising fabricatiortechniqus for
producing CNTcoated electrode is the electrophoretic deposition (EPD) method, which is
effective to controporosity, surface area and density of porous fi[ih33.

The objective of the work presented in this thesis wascharacterize the ettrochemical
properties of EPEprocessed CNT coatings from suspension with different pH values. It was
expected that the ioreccessibilityin CNT electrodes changes with the surfagerphology
and porous structure$he asproduced electrodes from various pilues would therefore
exhibit distinguishableelectrochemicalproperties. The secondoal was to develop an
equivalent circuitmodel for such SWCNT coated electrodes through oreasthe cyclic
voltammetry and electrochemical impedances of diffeceatings. This model is useful for
later studies on characterizingf electrochemical properties of supercapacitors and

recognizingcomplex electrochemical reactions in SWCNT elearod
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3.1.1Experimental
3.1.1.1. Preparation for Functionalized SWCNT Suspension

The SWCNT powder used in this work as supplied byNanaC Inc.with a purity 0f97%.
The asreceived samplewere first acid functionalized using a mixturerofric (HNO3) and
sulphuric(H,SO4) acids with a ratio of 3:1(SigmaAldrich). 10 mL of this mixture was then
added to 250 mg of the SWCNT powder &agbt for 30 minutes to complete the carboxyl
functionalization proces§l5(. During this process theCOOH functional groups were
added to the dects and end sites of SWCNTEhis negatively polarizes the SWCNTs and
allows them to disperse well in pure water without the use of additional surfajadits
The use of surfactants has been shown negatively affect the performance of CNT electrodes
due to the remains ddurfactantson the CNDs surface.After the functionalization the
mixture was diluted with denized water and washed through a filter to removerésedual
acidic solutionfrom SWCNTSs. This process was repeated until the filtered SWCNT reached
a pH of 7, hen more dionizedwater was added and an aqueous suspension was produced
with a concentrationfaapproximately 0.5 mGWCNTIml H,O. In order to vary pH values
of the derived SWCNT suspension, the pH valueasvadjusted by adding 1M sodium
hydroxide NaOH) or nitric acid solution (HCI) at roonemperature 32 °C). These
suspensiopwerethen placedr a Branson 5210 Ultrasonic cleaner fohndirs. Finally the
suspensionwerecentrifuged at 4006om for 15minutesto removeundesirablegarticles and
agglomerated SWCNT bundlds. each step of thitration, centrifugation and decantation,

the pH vale wasclosely monitored using BHH-830 meter and radjustedif necessary
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Finally, three suspensions with thel values of4, 7 and 10, respectivelwereprepared and

used inthe EPD processing.

thed sSWC

A >

SWCNT Mixing sulfuric / nitric acid Aqueous SWCNT
POWdel‘ :delllg Di_“ratel‘ 81151)61151011
Adjust pH

Figure 31 Images of functinalization processing for SWCNTs

3.1.1.2. Fabrication of SWCNT Electrodes using EPD and Measurements

The details on EPD processing of SWCNT suspensions can beifotivedliteraturg 107,
109 and here a brief description is provided. BWCNT coatedelectrodes were fabricated
with a working distance of 1 cm betwetmo current collectorgnade in the stainless steel
(SST, 70%Fe, 19%Cr, and 11% Ni: wt %, Alfa Aesd D was carried out under a range of
processingconditions includingthe deposition timebetween 3 and30 minutes, room
temperatures and three pH valuAsDC power supply of 40/ was used.Through the
previows researcii97], it was determined that an EPD working voltage of 40a¢ optimal
for the fabrication of SWCNT electrodes. Voltages less than 30 V producedniform
coating and were slow to process, while above 50 V started to produce hydrogen bubbles on
the electrodes from the hydrolysis of®and disrupted the SWCNT a&iing. During EPD

processing, the negatively charged SWCNTs move towards the positive electrode and
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uniformly coated the surfacEigure 32 showsa schematic diagram of EPD SWCNT coating
processin this work twotypes of SWCNT electrode was created. All electrodes were made
with a rectangular areaf 10 mmx10 mmx0.1 mm.The electrodesverefinally dried on the

hot plate for 3Gninutesat 90°C to remove moisture and solidify the SWCNT network.

+ -
SST Electrodes (— Insulating
P Nylon Spacer
2 P Glass Vessel
N e —
y (At
SWOCNT o T
Sugpension ‘:) - ( Functionalized
5 SWCNT=

Deposited SWCNTs

Figure 32 Schematic diagram of EPD SWCNT coating process

The surface morphology of the ERDocessedBWCNT film was characterized kgy/field
emission scanning electramicroscope KEO 1530 FESEM) for visualiang the micro-
porosity The eleatochemicalpropertiesof theseelectrodes werevaluatedusingthe cyclic
voltammetry (CV)measured by a Gamry Reference 3000 Potentiostat within a potential
range of-0.2 to 0.8V at the scan rate of 20 mV/Electrochemicalmpedancespectroscopy
(EIS) was performed on the santeotentiostat usinghe EIS 300 softwarelhe frequency
rangewas seffrom 0.1Hz to 100 kHzAIll CV curves and EIS data were measurethree
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electrode cell to verifyhe faradaic reactions and resistance elements inside a dewlede
Thecellincludes thevorking (SWCNT coated)counter(platinum)and referencAg/AgCl)
electrodesAn aqueous 1 M bBOy solutionwas used as the electrolyte in the @tlroom
temperatureln order to determine the surface area and -pae dstributions Nitrogen
adsorptionmeasurementat 77K were performed using a Micrometitic Flowsorb surface area
analyzer This analyzerquantifes the BrunaueEmmettTeller (BET-N,) surfaceareaand
BarrettJoynerHalenda (BJHpore sizedlistribution More specifically, the specific surface
(Sset) was derived from the BEfheorywhen the relative pressure/Py) of nitrogen was set

up to 0.3.The pore size distributiowasdetermined by the same adsorption procedure from
the gas adsorption isotherms. Itshheen well received that from theerature, for samples
possessing a pore size range of 2 nme50thenBJH method is quite accurate. The total
volume of pores () was obtained by summing up thdsorption pore volume up to the
saturation pressure/Py = 0.99. The pore surface area was then calculated by the measured

BJH pore size.

3.1.2Results and Discussion
3.1.2.1 Influence of pH Values of the Suspension to EPD

The effect of different pH values on the SWCNT suspension is visible and shown in
Figure 33. As mentioned earlier, all three suspensions were prepared from the same sample
with the concentration 00.5 mg SWCNTs per Iml of water. Then an extra amount of
NaOH or HCI was added in order to reach different pH wlnethe suspensiont was

expected thathie higher pH value produced more negatively charged SWCNTs in the
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suspensionand consequently SWCNTSs are dispetsathogenouslyn higher pH conditions
Finally these samples were processed using the ultrasieaicec and larger agglomerates
were filtered out. This sample preparation procedure resulted in different appearances and

concentrations of SWCNTSs in three suspensions.

= =_ —
' PHIT P /0

pH4
|
Figure 33 Photographs of SWCNT suspensions at pHAHdb ), respectively

In general, the suspension with a lower pH value (such as pH = 4) contains less charged
individual tubes and more nanotube agglomeraed the total quantity of CNTs in this
suspension is small. In contrast, the suspension with leehigH value (e.g., pH = 10)
contains less agglomerates and more individual nanotmbig) to higher surface charges
(Zeta potential) The observationn Figure 33, in agreement with the previossudies[152
153, reveals the higher pH values facilitate the better dispersion of SWCNTSs, which can be
attributed toan easierionizaion of the carboxylic(COOH) groupin these suspensions with
largepH valuesWhen the pH value is increased by adding hydroxide-j@idfer toFigure
3.4), the more carboxylate {COO-) groups were obtainedn the surface, the heavier

charging of individual tubes was achieved, which led to the more effective dispersion of

70



SWCNTs. Consequently after filtering the higher pH suspension has the greater

concentration of dispersed SWCNTSs in it.
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Figure 34 Schematic explanations for highly charged SWCNT by increasing pH values

In addition, he previousstudies[112 150 suggested that, thelectrophoretic mobility
and surface chargeof acidtreated CNTs increaseith the increasingpH value These
parameters, together with the quantity of available SWCNTSs in the suspension, undoubtedly
affect the degpsition rate of the EPD process.

Using the suspensions with different pH valu&)NCNT coated electrodes were
fabricated bythe EPD procesat room temperature and with controlled processing times. The
optical images of these-gsoduced electrodes showttat for the same processing time, the
electrodes processed at higher ydues are mucbarkerthan other electrodest lower pH
values and they also hava greater coverage and better uniformity. The microstructures of
these electrodes were further ewaed usingFE-SEM. Figure 35 showsthe FE-SEM
images of SWCNT networks obtainfdm suspensions wittlifferentpH values andor two
processing times, 3min and 30mmnespectivelyThe inseréd figureshows a lgh-resolution
SEM image of individual tubes obtained from a shorter processing time (30 seconds). In

general, increasing the processing time produces thicker SWCNT films on the substrate and
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deposit more material as the electrq@&, 154]. For the processing time of 3 minutas

described irFigure 35 (a), the pH4 suspensionrpduced less material on the substrate while

more individual SWCNTs were deposited in the J¥Hsuspension.

(c) pH 4 pH 7 pH 10
[Irregular thin deposition layer]  [Irregularthick deposition layer] [Well ordered deposition layer]
= S M e—

! ' | l !

Figure 35 FE-SEM images of SWCNT electrodes processed from suspensions with different
pH values and with the EPD period of (a) 3min, (b) 30min, respectively. (audigative
illustration of the deposition mechanisms with varying pH values

In addition, for this short processing time of 3 nilme difference in surface morphology
from various pH suspensiomgs insignificant due to a limit amount of nanotubes déposi
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on the substrate. The SEM imagé&sm Figure 35 (a) for pH 4 and pH 1(however, still

show the distinguishable appearance of these microstruétunesd from EPD. On the pH 4
image, there arebviously manyflakelet structures which were formed from teposition

of nanotube bundles, due to-sofficient dispersion oindividual nanotubes under low pH
conditions. On the pH 10 imagkpwever, the nanotubes and bundles are clearly observed
directly on the eletrode, which confirms a better deposition resulted frarsatisfying
dispersion of individual tubes with a higher pH vahae.the processing time of 30 minutes
(Figure 35 (b)), micro-structures of CNT bundles pgared on all three samples but the pH

10 suspension producedore individual tubes and a smoother surface morpholéigyre

3.5 (c) explairs the deposition mechanism of SWCNTs in these suspensions with different
pH valuesFor the pH4 suspension, more agglomerates exist and the deposition happens by
carrying with larger bundles, which causes the formation of irregular microstructures on the
substrate. Moreover, the less material available in the suspension rnesaltslower
deposition rate and brings about less deposited material. For tHi® gdspension, more
individual tubes exist in the suspension and their surface charging levels are higher. This
situation results in a larger deposition rate and a well edddeposition film is produced.

For the pH7 suspension, the situation becomes a bit complicated due to the availability of
bigger agglomerates in the suspension and the faster deposition rate of such structures. More
micro-structures were observed on t@ating and the morphology became less organized.
The similar finding was reported IBPD processag of SiO; films [155. Well dispersed
particleswere found in the higher pH value suspensimmd moreuniform films with the low

surface roughnesgsereproducedIn contrast, unstable suspensianth low pH valuescould
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not produce thick films due to sedimentatiolVith a moderate pH values particle
agglomerates EPD processingielded ahigh surface roghness.
It is important to quantify the effects of the pH value on the EPD deposition rate. In

literature[99], the kineticsoEPD pr ocessing was described by H

t1
=n f /BA
w A C dt (40)

where the depositionrate () is expressed as a function of tkencentration ofcharged
particles inthe suspension €), the electrical fieldstrength E), the electrophoretic mobility
(1), theareafor deposition A) anda constant. The electrophotéec mobility, which depends

on boththe properties of particles and the liquid, can be calculated by

_C&
m 5 (41

where U iscomet ante| efstheviiaec u uing up edr, miGbutfacey i t y, 6
chargeof the particles, and is the viscosity othe liquid. Egiation @1) shows the strong

dependence of thelectrophoretic mobility on the surface charge of suspending SWCNTS.

The suspension with a higher pH value contains CNTs with more surface charges and hence
exhibits a betterelectrophoretic mobility. In addition, the concentration of charged nanotubes

is higher in this suspension. Both factors, accordingyt@tion(40), will accelerate the EPD

deposition rate in suspensions with high pH values.

3.1.2.2 Electrochemical Characterization of SWCNT Electrodes
Cyclic voltammetry () graphsof these SWCNT coated electrodes derived from

different pH suspensiorage shown irFigure 36. Note that the scale of the y axisfigure 6
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(a) is close tohalf of that of (b). These figures shaivat the bumped regions are less

significant for electrodes produced from lower pH values, due to less surfaggnch(and

less carboxylate groups) of the SWCNTSs. Up to 30 minutes, thEOpddispension produced

the largest area enclosed by the CV curvésr thepH 7 andpH 10 casesthe bumped

regions, which are attributed to tipseudefaradaic reactiongausedby the carboxylate

groups[132 156, have been largarorresponohg to the following reactins:
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From the CV graphsreported inFigure 36 the specific apacitances werealculated in
regard tothe geometric aredl cnf) of the electrode The results arshown inFigure 37.
The SWCNT coated electrodederived from thepH 10 suspension exhibithe highest
capacitane (mFcny) for all processing times ranging from 0 to 30 minut@e value of
specificcapacitancenicreases much faster for the g8 suspension, compared to two other
suspensions. The pH curves show the lowest speciftapacitances with less pseudo
Faradaic effects ifrigure 35 (a). The behaviors of different electrodes were expected from
the distinct EPD rates and the different amounts of deposited material on the electrodes from

various suspensions.
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Figure 37 The dependence of the capacitance (evaluated by CV) on the EPD processing
times for varying pH values

As mentioned earlier, there is a strong correlation between the specific surface areas of
carbon nanostructures atttkir specific capacitance¥he BET measurementgere carried

76



out in orderto assess this relationshipor SWCNT electrode with various pH valuel, a
measurements were dofwe different pHsampleswith thesameEPD processing time &0
minutes Table 31 summarieghe BET specific surface arggoore volumeand average pore
diametes obtained for three pH values.itWincreasingthe pH valug the specific surface
areaof SWCNT networkincreases whereas the averagepore diameter decreaseBhe
electrodederived from theoH 10 suspensioshowsthe highest BET surface area (828/gh

and the smallest pore size (2.7 nm).

Table 31 BET surface areas, pore volumes and average poretdiesyof SWCNT
electrodes processed with different pH conditions

Sample BET Surface arei Porevolume Average pore diamete

(PH) (m*/g) (cm/g) (nm)
pH 4 601 0.32 4.2
pH 7 642 0.425 3.9
pH 10 820 0.629 2.7

Figure 38 plots the increasing trends of the specific capacitance and the surface areas for
three pH casesndthese wo parameters do not show a linear interdependence. This implies

the essential role of pore accessibilities in ion transportation andesfa6hg
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Figure 38 Specific capacitance (&) and BET surface area of SWCNT electrodes fabricated
with different pH values

In order to investigate thrmontribution of the poraccessibility taspecificcapacitance, the
pore volume (also shown inTable 31) and pore area of SWCNT networks on three
electrodes wereeasured fronmitrogenadsorptiorusingthe BJH methodThe data are plot
in Figure 39 against theverage pore diameter. As shown, the pore surfacesagegater for
the electrodes fabricated from the larger pH values. For the pore volume, there are distinctly
two regions which can be observedrigure 39 (b). For smaller pores with their diameters
less than /1m, the pH10 electrode has the largest number of such pores, while for larger
pores with their diameters greater than 4 nm, the @tectrode has the largest pore number.
In comparison withFigure 38 which showsthe pH 10 electrode has the largest specific
capacitance, it can be concluded tingtavailability of largempores in thewide sizerange (5

50 nm) do not significantly affect the specific capacitance, while the accessibility to smaller
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pores, correspoimy to the average pore diameter below 4 nm, is dominant in determining

the specific capacitance.
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Figure 39 Pore size distributions of SWCNT electrodes fabricated with different pH values:
(a) Pore area and (Ppre volume

This complicate dependence of the accessibility to small pores on the pH value of the EPD
suspensions result in a nbnear relationship between the specific capacitance and the
specific surface area. Note that the pore accessibility depeont only on the pore
distribution on the electrode but also on the type of electrolytes. In this ghaedgptimum

pore sizs for these EPD processed SWCNT electrodebetgeen 2 4nmandlead tothe

highest ion accessibility.More investigations arexpected for characterizing the optimum

pore size for other types efectrolytes such asganicor noraqueou®nes

3.1.2.3 Electrochemical Impedance and Equivalent Circuit Modeling
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Using the EIS 300 softwar@&amry Ins.) the Nyquist plotswere made forlte SWCNT
coated electrodefabricated from these suspensions with three pH vallsH,SO, was
used as the electrolyte and the measurements were performed P Bvprocessing tinge
of 3 minutesand 30minutes respectivelyFigure 310 (a) and (b)showthe Nyquist plots of

3 min electrodes itheentirerange oftestedirequengs rangingrom 0.1 Hz to10kHz.
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Figure 310 (a) Nyquist plots for the SGNT electrodes with different pH values at EPD
processing times, 3 min., and @)larged sections of the Nyquist plots at high frequency. (c)
Nyquist plots for the SWCNT electrodes with dig#at pH values at EPD processiimge of

30 min. (d)enlarged setions of the Nyquist plots at high frequency for (c)
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The zoomed figure emphasizes the high frequency zone. On these plots, the diameter of
semicircle is referred aseRvhile the high frequency intercept on thg.Zaxis represents the
sum of R. The pH4electrode shows an almost complete semicircle which reveals a less
porous electrode after the short EPD processing time of 3 mir@ethe other handyoth
pH 7 and pH10 electrodes show a part of arc followed by a straight line showing a sharp
increasein the imaginary part of the impedance at lower frequencies, which are
representative of ion diffusion dominant processes. Especially tHe mHectrode shows its
linear EIS performance over a wider range of frequenttiesalso noticed that the reladly
large values of Rexist for the lower pH value electrodes. This is attributed to the poorer
accessibility of ions to the pores on the electrodes fabricated from lower pH suspensions.
Figure 310 (c) and (d)show the Nyquist plots of 30 min electrodés.comparison withhe
similar observationsn Figure 310 (a) and (b),both the pH7 and pH10 electrodes show

very large capacitances at high frequencies.

Table 32 Proposed equivalent circuit models for SWCNT electrodes fabricated from
different pH values

Equivalent circuit for SWCNT electrodes

Model 1 o .o
R.E. AS W.E.
RF
=
Model2 s e
[




Using the measurellIS dataand adapting the equivaleaircuit model shown in Table
3.2, thevalues of G, Rs and R were fitted into théNyquist curvesAlso, the impedare of a

CPE can be represented as defined below:
— 7B 0<U<1 44) (

For a double layer capacitor, the constapindicates the capacitance and the expohkst

less tharl. Figure 311 (a) and (b)how thecomparisons between the Nyquist plots and the
plots of the derived equivalent circuit modelable 33 summaries the values of three
parameters determined from different eled&#s. Note that the Cvalues of the pH4
electrodes are extremely small due to very limited amount of surface charges on the electrode
(and less pseudBaradaic effect)The pH10 electrodes with 30 min processing time show

the largest & which shows thexistence of the pseudmpacitancelt can be seen th&r
decreaseas increasinghe pH valueof the suspensionsvhile Rsslightly increasesrThis can

be explained usinthe pore distributios shown inFigure 39. The SWCNTcoatedelectrode

from the high pH value exhibits alower R- becauseit possesses &aetter electrolytés

accessibilityto poresn therange of 2 4 nm.
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Figure 311 Correlation between Nyquiplotswith different pH values(a) pH 4, (b) pH 7,
(c)pH 10
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Table 33 Equivalent circuit parameters §Rs & Rg) obtained from the modeling results

3 min 30 min
Cr Rs Re U Cr Rs Re
pH 4 - 2.1 1351.3 0.861  1.6€ 2.2 177.3
pH7 9.6¢* 2.4 74.6 0.81 3.4¢° 2.4 5.5
pH10  2.9¢° 2.4 11.8 0.794  4.6¢€° 2.5 1.5

The contact resistand®s at the interface may increase due to more rstnoctures formed
on the electrode. These observations suggest dsahe pH valueincreases the sharp
increaseof the imaginary parof the impedance resistanappears at lower frequaes and
extends to the entire frequency range. In addittbe, SWCNT networkdabricated from
higher pHsuspensions show their larger specific capacitamtesh are attributed to more
effective pore volumedMoreover,pseudecapacitances (§ were found important on these
electrodes fabricated from higher pH suspensidxs.increased pH value, the surface

functiorglization group contributes more pseuclpaitance.

3.1.3Summary

SWCNT coated electrodes were fabricated from functionalized €hpensionsvith
various pH values using the electrophoretepositionmethod (EPD). EPD processing at
higher pH values yields SWCNT electrodes with increased surface radeaae effective
pore volumes, while both contributed to the increase in the specific capacitances of these
electrodes.The measurements of electrochemical impedance resistance revealed the rapid
increase of the imaginary part of the impedance resistaher the electrode was fabricated

with higher pH. The finding from the equivalent circuit model further confirmed that the
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higher pH treatment is desired not only to reduce the SWCNT electrode resistgnbat(R

also to introduce a complementary effectpeeudecapacitance. In addition, the optimized

pore size distribution through modifying pH values could enhance the performance of
SWCNT electrodes. Moreover, the decrease of the internal resistance was achieved when
desirable nangstructured electrodes ese fabricated from the EPD process. This
investigation of impedances of SWCNT electrodes fabricated from functionalized
suspensions with different pH values will help optimize their electrochemical properties for

designing high energyensitydevices.

84



3.2 Fabrication of Activated Carbon Electrodes

For the fabrication of EDL@yped cells using porous electrodes, activated carbon (AB
520, from MTI corp. in USA) with high specificsurface area (2000%g as a powder) was
used to produce active electrodan on a current collector. The activated carbased
paste was prepared by mixing activated carbon (AC), polytetrafluoroethylene (PTFE from
Aldrich) as a binding agent, and carbon black (from Alfa Aesar, with a surface area of 80
m?/g) as a conductive agein a mass ratio of 90:5:5 using the solventMBthyl-2-
pyrrolidone (NMP from MTI corp.), and then this paste was -coll&d on a stainless steel
(SST plate of Imm thickness from Alfa Aesar) current collector. After coating activated

carbonbased paste the electrode was placed into a vacuum oven ak9€r 12 h to

remove moisture and solidify the film. The specifications for a single electrode are
summarized inTable 34. A cointyped cell (2032 coin cellfrom MTI Corporation)with
identical tweelectrodes wathen built by assembling each AC electrode, separated by a 25
pm thick Celgard 2400 membran€o compare different electrolytes, rhole organic
(EuNBF4from Alfa Aesar) salts in propylene carbonates (PC from Sigidech) and lor

3 moleaqueous (K5Qy) electrolytes were prepared.

Table 34 Typical specifications for a single electrode made of activated carbon

Diameter of an electrode 9/16 " (14.28 mm)

Active a of area 1.6 cnf

Total mass of an electrode 0.1713 g

(including a curent collector)

AC film (Only) 0.012 g

AC film thickness 0.15 ~0.20 mm
2000 (+100m“/g

BET specific surface area (Activated carbon powder)
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3.3 Fabrication of Graphene and SWCNT Electrodes using Vacuum Filtration

The practicalevaluationof material performance IEC devicess only valid for electrodes
with thickness and weight similar to those of commercial electrods=sorimendeda
thickness of 100 to 20@m or a weight of about 10 mg/&n[157]. However, SWCNT
electrodes produced from EPD methaddescribed in section 3.possesshe thickness of
about 20um and the limited weight up ®mg/cnf. To overcome these limitationSWCNT
and graphenbased electrodes were prepared using the vacuum filtration deposition (VFD)
method. Commercial SWCNT (as received from N&mc.: 1.2 nm in diameter, 1.4 to 1.5
pm in length) and graphene nanoplatelets (as received from XG science: 1 to 50 um in width,
1to 20 nm in thickness, Grade C) were used for fabricating-aanotured electrode film on
a current collector. Carbon powders inraseived condition were mixed with the condensed
PTFE in water, as a binder, with a weight ratio of 4:1 wt. % in absetbtnol, as a solvent.
This suspension was subjected to intensive ultrasonification for 1 h in order to create a

homogeneous mixture.

_—  Glass funnel

— Graphene suspension

[ _—  SST foam

Paper membrane

Screen support (Stainless steel)

Vacuum Pump

Figure 312 Schematic of vacuum filtteon depositiorprocess
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As illustratedin Figure 312, the resulting suspension, with a concentration of 1 m/ml,
was then decanted and vacuum filtrated through stainless steel (SUS) foam from Nagamine
Manufacturing Co. Ltd., with a thickness of 1.0 + 0.2 mm, poragiB4 %, and an average
pore diameter of 166 m. The carbon film deposited on tF
was dried at 60 °C for 24 h in order to remove the ethanol solventcasdlidify the
electrode film.The final step was to assemble two pairs of each electrod20B2acoin cell
semr ated by a 25 em thick Cel gaoleEuNBFEM/,C me mbr
electrolytes.Table 35 summarizes the specifications for each unit. &dll these cells were
assembled in a glove box filled with iguAr gas. Since the chemieglectrical properties of
the organic electrolyte can be changed by water vapor, a special care was taken during

assembling to ensure the humidity in the glove box is less than 9 % RH.

Table 35 Typical specifications of a single electrodeade of graphene and SWCNT

Diameter / Thickness 15mm/ 1.2 mm
Current collector Average pore diamet 160
(SST foam) g P meter Hm
Porosity 85 %
Active area 1.6 cnf
Mass 12 ~15mg

Carbon electrode N
BET specific sface area 750 nfg™ (Graphene)

(measured with powders) 400~ 1,000 g™ (SWCNT)
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Chapter 4 Development of an Equivalent Circuit Model

4.1 Introduction

For energy storage systems, e.g. batteries, fuel cells, electrochemical capacitors (EDLCS)
or hybrid sysems in electric vehicles, wind and solar power generli68161] , it is very
important to obtain an accuratgcuit model which describes the operatdraractestics of
EDLCs, and subsequently to optimize the component sizes and design in different
applications. Meanwhile, equivalent circuits for EDLC modeling are valuable to predict their
dynamic behaviors within a power electronic circuit. Moreover, it prevideaningful
information to understanctitical reactions at the doublayer interfaces.

In this work, a new equivalent circuit model with multfi¢€ elementgfor accounting
for diffusion, adsorption and bulk media impedance, respectively) is progosadthe
observed physical and electrochemical phenoniEmia.is aimed to develop a more adequate
equivalentcircuit model by considering the effect of the electrolyte onGam@msportation
(ionic diffusion and migration)adsorptionlayer formation orelectrode surface, and bulk
processes in practical EDLC systems. It is expected that this circuit model can be used to
interpret resistive and capacitive behaviors of an EDLC devicegaantitativelyto verify

the contribution of individual processesdevices performance.

4.2 Circuit M odel Development
As discussedin Chapter 2 a few theoretical treatments of EDLS§tructureshave
schematically proposed to describe the properties of the diayleleat electrode/electrolyte

interfacesThe firstconcept of EDLC structures was introduced as the compact of Helmholtz
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layer [31], where all counteions were assumed to be attracted to the charged electrode
surface.This model is analogous to that@anventional dielectric capacitors with two metal
planar electrodesTherefore, the capacitance in Helmholtz model is simply expressed as
follows:
6 — 1P (49

whergf h are the free space permittivity and the relative permittivity of the electrolyte,
respectivelyThedistance of Helmholtz layed, can be obtained from the radius of solvated
ions (refer toFigure 41), while A is the surface area of the electrode.

Another theoretical description of the EDLC has been develbpgduoy and Chapman
[32, 34], which s considering into the diffuse part of the dodlalger. This model treats the
ions as point charges so that the @bomsovements in the electrolytes are driven by the
influences of diffusionThis ions transportation in EDLC determines the overall capaata
It is subjected to applied potential, thermal fields and types of ions in the electholifte.
Guoy-Chapman theory, the diffuse charge is determined by the Pdisdtamann equation.

This equation is given for a symmetrical electrode as follows:

T
N — i (46)

Therefore, the specific capacitance according to the diffuse I&ygr,can be evaluated as

o,
6 @ — —  HEe— 47

where¢ is the number of ions in the bulk electrolyi¢js the potential drop between the

electrode and the bulk electroly®, is the charge of the iok,is theBoltzmannconstantVUis

the dielectric constant in the electrolydadT is the temperature.
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Figure 41 Schematics of an electrochemical doubleer and the electrode/electrolyte
interfaces model

And later, the diffusionayer model was combined with the Helmholtz mdaelStern[33].
In that model, the overall capacitance in EDLCy, was considered as a series of

capacitanceCy andCgit,

— - — (48)

In further developments, Grahdd?] emphasised the presence of specific adsorption of
ions on the electrode surface, by modeling three distinguislyeds: the inner Helmholtz
plane (IHP), the outer Helmholtz plane (OHP) and the diffusion layerHigeee 41). The
IHP region is made of solvent moldes and/or adsorbed ions (cations or anions in
electrolytes) while the OHP region corresponds to the formation of hydrated ions (solvated

ions) layer.Subsequently, the diffusion layer develops outside the OHP. Gialiaeory led
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to a better understandj of how EDLCs are affected by the nature of their electrolytes; such
as ions size, polarizability and overall capacitadependency on the electrode potential.
Moreover, it is essential to clarify integral electrochemical processes at the -thydble
interface in order to present more realistiaracteristicef EDLC. Therefore, theheoretical
treatment of all elements in this research will be discussed based on GrahamThedel.
proposed circuit was followed by including initial development of theticeships between
electricalcomponents, such as douldgrer capacitances combined with ions diffusion and
specific adsorption in both IHP and OHP, the presence of resistances at interfacial double

layer and bulk process in electrolyte.

4.2.1 Electrochemicd Double Layer Capacitance at he Doublelayer Interface

An ideal EDLC is independent on the working frequency or applied voltage when its
capacitance and internal resistance are evaluated. In practice, however, dependence of the
capacitance and resist@anon frequencyand voltage is commonly observéti43. These
deviations from the ideal capacitive behavior EDLC are attributed mainly to ionic
chemical/physical adsorption and diffusionahpedance, incomplete polarization of the
porous electrode, and Faradaic charge transfer resistance tgugedlvoltage differential
across the electrode/electrolyte interft62 163. In particular the measured doublayer
parameter is ot an iceal capacitorbecause of the porositpf electrode materials,
inhomogeneous pores distribution, roughness andlinear current density. Due to non
ideal behaviorthe doublélayer capacitor is replaced by a constant phase ele(G&HE)

representation andot a pure capacitdid29. In many caseshe CPE is placed in parallel
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with an interfacial resistor in aircuit. Table 41 lists the common circuit elements, their
impedances, theomparson between a pure ca@ar and CPE, resistor and Varg
element (W). Each element is discussed with their concephmédance representation in

EDLC circuit modeling.

Table 41 Circuit elements used in the model and mathcahgquation for each impedance

Equivalent Impedance Note
element
Resistor (R) Z.=R Independent on frequency
1 A purecapacitor
/=—— Inversely liner dependency on frequency
_ 1.8 C: capacitanceyy: frequency(1/sec
Capacitor(C)
1 Constanphasedement(CPE)
ZCF,E = - Nor-liner dependency on frequency
Q(jw)? Q: CPEcoefficient Ut exponen{0 <U< 1)
Boundeddiffusion layer
1 Qw: Warburg coefficient
Warburg(Ww) Z, = . cotth [ iw B ICSV t[?le/zzpretlcallydeflned as follows;
1} w . . .
QW J where,U: Nernst diffusiom layer thickness
D: diffusion coefficient

Helmholtz (Cy) and diffusion (Cgir) capacitance

Grahan@s model presents the overall double layer capacitance which is composed of three
contributions: adsorption capacitance,dd; Helmholtz capeitance (G) and diffusion
capacitance (&). The latter two capacitances can be connected in series and expressed by
equation (8). Cy represents the compact Helmholtz layer formation form solvated ions
attracted electrostatically in the OHP layer whilgy results from the ions transportation,

caused by a gradient between the bulk and interfacial concentration of ele@grayteln
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fact, chargdransfer processes with the measureable resistance consume the eléctovigte
at the interface and delop a concentration gradient. imsupported systems, there is a
limited supply of ions from the electrolyte and the diffusion process occurs in a bulk solution
overlapping with the diffusion layefhese phenomena can be interpreted using the Warburg
element (W) for the bounded diffusion layer in series with the resistance of bulk solution
(Rou) [164. In EDLC, this diffusioncapacitances very important factor to influence the
final performance of EDCs in various applicationgl30 165. According to equation (3),
the diffusion capacitance is depending on thmber of ions and their charge (conductance)
in electrolytesWhen the frequency increases or low conductive ions are used, the number of
ions involved in diffusion process can be reduced, therefore resulting in a decrease of
capacitance.Otherwise, varios parallel diffusion mechanismscan be determined by
changing the potential difference, the electrode surface area and the bulk solution
concentration.
Adsorption capacitance(Cags)

In Grahamés theory, it was recognized that dehydrated ions in IHP regamuid reside on
the electrode surface with specific adsorption procestbs phenomenon results in
adsorption capacitance,,de In a certain system, thi€;3s can be regarded as another
capacitive element with some part of the electrochemical clieygfer process. This
phenomenon is called pseudocapacitamberefore, the overall capacitance in EDLC can be
represented by s and a series combination withy@nd G in parallel, resulting in an

equivalent circuitdepicted inFigure 42 (a). Generallyspeaking, for an adsorbed species
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formed by charge transfer in IHP, the capacitance is associated with a Faradaic charge (gF),

and the charge is dependent on the potential difference (V). This allgyis Bedefined as:
0 — (49
Therefore, it can be seen thajy{rorresponds to the variatidretween the differential
charge and voltagfl66. However, it isnecessary to differentiate with another pseudo

capacitance whicbriginates from Faradaic (oxidation/reduction reatjoprocessedue to

other sources such as metal oxide, conductive polyméhne dunctional group.

() VA \N
Rs w

(Rct+Rads)
(b) —

CPE buik

w ML Smn .

R, Rbuik

z anode / cathode at interfacial region

© o /N (CPEuu) .

| -
Rs

Rint
Figure 42 Equivalent circuits modeling of (a) interfacial processes at ddalss, (b)
consideratiorof bulk processes and (c) the completed circuit
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This pseudacapacitance is different from tleenployed here whose extent of faradaically
delivered charges & function of voltage, but a reversible process with the neglitgbleage
current[167]. In terms of circuit configurations, whenpseudeacapacitance is involved,
generally, there are a Faradkaakage resistance in parallethvpseudecapacitor. However,
in an ideal EDLC system where there are no Faradaic processesétafroxide types of
electrodes or conductive polymer, the leakigestance in parallel with Cadsy not be

present or the magnituaé leakage current maye negligible.

4.2.2 Resistance at the Doubldayer Interface Region

At the double layer interface, the electrochemical reactiarsuglly composed of charge
transfer, adsorption and mass trpast. Therefore, the interfacial resistance is associated
with (1) a chargdransfer resistance (R where the electrode/electrolyieterface is not
polarised in an ideal manner. This leads to current leakage, and (2) an adsorption resistance
(Rag9 representingthe impedance to the formation of,(Cresulting from knetics of
specifically adsorbed ions at interfacial layer.

Charge transfer resistor(Rc)
The chargdransfer resistance,.Ris mainly related to the gradients of potentials between

the electroactive species (in this stutlydrogen (H) and sulfate (S§ ) in the aqueous
electrolyte andTetraethylammonium (Et4N and Tetrafluoroborate (BF% in the organic

electrolyte) in electrolytes and the electrode surface, leading to the charge transfer
phenomena. This charge transfer reacisocontrolled by the iketics of the electrochemical

reactions and thédiffusion of ions near the electrode surface. Hence, it is a corpnaiple
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to connect R in parallel with double layer capacitante describe the interfacial leakage
resistance at double layer tlfereis an electrofiransfer reaction, Kbecomes smaller, other
wise, chargdransfer resistance becomes very large and electsopelarised with poorly
defined potential. Obviously this process dependent on concentration of electrolytes,
applied potenal, temperature and surface structures of the elecfi@.

Adsorption resistor (Rads)

The adsorption impedance depends on charges, associatedspeitific adsorption of
charged species (dehydrated ions or soluasiecules) in the inner Helmholtz as a portion of
the adsorptiondayer (Figure 41). The alsorbed species typically do not exchange electrons
directly with the electrode and do not produce a pure Faradaient, but they change the
surface charge density resulting in theerfacial current patfd3]. The equivalent circuit in
this systentan be represented by the combination of a resist@d (Mth a capacitor(Caq9
in series. Here, the resistancegdRs an integrapart of the physical phenomenon that gives
rise to the formatiorof C,gs with no charge transfer. Otherwise, as discussed before, the
adsorption processes can be treated like most charge traeafgion, such as pseudo
capacitance. In such systems with metal oxdeconductive polymer electrodesagRis
intimately associated witthe chargdransfer resistance {frsince Ggsis corresponding ta
Faradaic process, resulting in a parallembation of Rgswith Cygs to present pseudo
capacitive effects. However, in this study, eactrical double layer with no pure Faradaic
process is presenteitierefore, the total interfacial resistancgdRan be expressed as:

Y oY Y (50)
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4.2.3Bulk Solution Impedance

In many practical cases, the hiffequency impedanceesponse must be carefully
analyzed and separated from the measured itof@edance to identify the interfacial low
frequencyimpedance components. In a typical experimental situationbuhe electrolyte
processes dominantly at high frequencies etettrochemical kinetics at the electrode
electrolyte interfaces observed alower frequencies. This is because there is not enough
time to form the double layer at the very high frequency, sotlieae are no effects from
interfacial electrochemical reactionBherefore, the impedance analysis can treat bulk and
interfacial processes separately, on the basis of selective responses to sampling AC
frequencies. The bulk process is valid only at highflgQuencies, where the electric current
must overcome the bulimpedance. This may lead to the formation of a capacitance in
paralel with the bulk resistance. Hence, the expression foihitje frequency impedance
from bulk solution can be modeled the parallel combination of bulk resistance g and
capacitanc€Cyy). These bulk impedance elements are placed in paralletivétimterfacial
impedance as shown Figure 42 (b).

To develop an accurate equivalent circuit, three major aspetis physics of the EDLC
have been taken into account. Fitsised on the theory of the inteefal layer in EDLC, the
total capacitance was approximated as a combination of three sepafseitances;
adsorption layer (inner Helmholtz layer), the epact double layer (outer Helmholtz layer)
and diffusion layer in theelectrolyte. More specifichl, it was represented by the
combination of Helmholttayer capacitance (J in series with diffusionayer (W), and

adsorption capacitance {§ placed in parallelTherefore, the equivalent circuit of an EDLC
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was modeled by thrempacitive elements.nE second aspect is that the interfacial resistance
was defined by the combination of charge transfer resis{@&@geand adsorption resistance
(Rag9 in Helmholtz layer efer to Figure 42 (a)). Thirdly, the cicuit was modified by
considering the bulkmedia processes to present the impedance of the practical device in
whole frequency range. As a result, the complete equivalent dioc#DLCs is giveras in

Figure 42 (c) andthe resulting expression fidre total impedance of the cell becomes:

O Y (51)

where each impedance (Z) for elements dedined in Table 41. This equation was

employed to simulate the overall impedarmakie for a cell at sufficiently low frequencies.

4.3 Experimental

Activated carbon electrodes were prepared usingoceding with slurry, as described
previously in Chpter 3. To compare the electrochemical properties of tistinct
electrolytes,1 M organic (EiNBF; /PC) and 1M aqueous (k5Q,) electrolytes were
preparedThe electrochemical properties of a ctyped cell with identical activated carbon
electrodes antivo different electrolytes werevaluated using cyclic vieilmmetery (CV) and
constant currentharging/discharging (CCD) measurements by a Gamry Reference 3000
Potentiostat. Electrochemical impedance spectroscopy (ElIS)persrmed on the same
Potentiosat using EIS 300 software (Gaminc.). All EIS measurements were achieved by
applying a low sinusoidal amplitude AC voltage of 4 mV on a cell at a frequencyfrange

10 mHz to 100 kHz. To evaluate potential dependency, measurements were performed at
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various fixed DC voltages depending the type of electrolytes. Differential capacitance and
resistance versus frequency curves in Bode plots were obtainethking the real
components of the impedance at different operatingguencies. Through fitting
experimental EIS data with theroposed equivalent circuit, the calculated values for real and
imaginary components of the impedance were corrected for edaotent (capacitors and

resistors at frequency 10 mHz) and converted into total impedance of aicglegisation

(51).

4.4 Results and Discussion
4.2.1 Electrochemical Characteristics

Figure 43 shows the cyclic voltammetry curves of cotgped cellsmeasured in aqueous
(1 M HSOy) and organic (1 M BNBF4 PC) electrolyte, respectively. Since the two
electrodes were identicahd the ideal activated carbon is Aesradaic material, its current

response was symmetrical and similar to an ideal EDLC.

20

-@- Organic (Et4NBF4/PC)
-4 Aqueous (H2S04)

10

.

Current / mA

-10

-20
0 1 2 3
Voltage / V

Figure 43 Cyclic voltammetry for organiand aqueous electrolytes at the scan rate 2 mV
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Although theaqueous electrolyte shows some distortion from the ideal CV sthaysar 1
V due to the decomposition of the electrolyte, it cleaHgws that the organic electrolyte did
not have any disttion upto 2.7 V. The specific capacitance for a single electrode was
measured from CV measurements, which was about &8 Fhe organic electrolyte and
134 Hg in the aqueous electrolyte, respectively. In order to clarify the absence of Faradaic

proceses of redoxeactions, further CV measurements with different scan ratesoaeted

out asdescribed irFigure 44.
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Figure 44 Cyclic voltammery at various scan rgtés10 and 40 mMé: (a)organic (1 M

Eu4NBF4/PC) electrolyte up to 2.4 V, (lajjueous (1 M KHSQy) electrolyte up to 0.8 V,
respectively
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The parallelogranrike CV curveswere maintained in various scan rates, which is a major
characteristic of ndrFaradat process in an EDLCThis result indicates thaty both tested
cells, there was less pesudocapacitance causedrface reduction/oxidation or functional
groups on the surface tfe electrodeslhe cells were then subjected to ttestant current
chage-discharge test to evaluate their capacitive behaviors and equisalét resistances
(ESR or seHdischarge) by measuring the tRop at various charging voltages, as suggested
in the literature [162 169. For this purpose, the data from charging/discharging
measurements at constant current loads were analyhedcellswere charged from 0 V to
different rated voltages to investigatee potential influence on 3R. As a result, the

measured serigssistance is calculated as

oYY

g<<| K

(52

where V is the initial voltage (ohmic) drop at the beginninglie€harging process, and | is
constant charging/discharging ocemt. The overall internal resistance in a cell was
represented by thealculated ESR value&s shown inFigure 45, the organic electrolyte
(Figure 45 (a)) shows a higheroltage drop than aqueous electrolgfggure 45 (b)). Also,

for the same electrolyte, the ohmic drop decreasethe charging voltage increased. This
difference is much largeior the organic electrolyte thamé aqueous electrolyt&his is
because the aqueous electrolyte has a much higher condutitancerganic electrolyte
[17Q. The corresponding ohmic drop aB&R values calculated accordingetuation(52)

were collected iTable 42.
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Figure 45 Discharging processes at the constant current {1} and the deteination of
ohmic drops with different charging voltages for (a) Organic electrolyte,up to 1.2 vs. 2.4 V
and (b) Aqueous electrolyte, up to 0.2 9% V, respectively

Clearly, the current response of the organic electrolyte is largigcted by the applied
potential differential and shows an increaseapacitance and a decrease in ohmic drop with
voltages. Lessignificant changes were obsedvie the aqueous electrolyte. Timsplies that

both capacitance and internal resistance are dependent on the properties of the electrolyte,

such as its conductance andic mobility.
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Table 42 Measured values of ohmic drop @8R from the charging/discharging cycle at
the constant current (30-@te) for two electrolytes

Electrolytes Constant current vo | v Capacitance Ohmic ESR

(MmA mn- - Emax ot dischargingmpF) | Drop () | (q)

" Organic 0 | 12 281 0315 | 26.2
(1M 6.8

Et;NBF4/PC) 0 2.4 325 0.206 17.1

(IM H,SOy) ' 0 | 06 545 0.02 434

* This current value is corresponding to 3@ate (1/30 hour) at discharging from the nmaxm rated
voltages, 2.7 V of organic or 1.0 V of aqueous electrolyte.

Figure 46 presents the Nyquist plot for two cells with identical activated carbon
electrodes immersed in two different electrolytésM H,SQO, and E4NBF, in propylene
carbonate (PC). The first intersection point on the real axis at the highest frequency shows a
seriesresistance of cells @R that generally originates from solution resistance in the
electrolyte, separator and external circagistancesSince two tested systems have the same
components except for tiedectrolyte, R is mainly attributed to the resistance of electrolytes.
Therefore, the higher conductivity of the aqueous electrolyte leatse lower resistance.

The semicircle present at high frequenciés associated with the interfacial resistance
between electrode aradectrolyte. The organic electrolyte data, as compared to the aqueous,
displayed a larger semraircle, indicating a higher resistane its interfacial layer At
medium frequencies, a straight line wélslope of 45 appears and this impedance reflects
the ion diffusion phenomena in the porous structure. Subsequieotty cells behave like a

pure EDLCcapacitomwhich is characterized by the vertical lindat frequencies.
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Figure 46 Nyquist plots for cells in 1 M 80O, and 1 M EANBF4/PC electrolytes,
respectively. Measurement was performed at the applied voltage of 5 mV, with the frequency
range from 10 mHz to 100 kHz

The Bode plotsshown inFigure 47 describe the resistance and capacitance as function of
the frequency. IrFigure 47 (a), three distinguishablesistances, which are indepent of
frequency, exist on both curves and can be correlated to individual resistive components (R)
defined in Sectiod.2 Specifically, the resistance at the high frequency range shows mainly
the value of B while the Faradaic leakage or charge trangfsistance from bulk
electrolytes (Ruk) appears at the medium frequency range between 10 Hz and Theiz.
low frequency range between 10 mHz and 1 Hz includgsdused by interfacial processes,

and represents the summatiorRgf Ryuk and R
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Figure 47 Bode polt of (a) real impedance and (b) real capacitance vs. frequency for two
electrolytes

On the othehand,Figure 47 (b) demonstratethe frequerty dependence of the capacitance.
The capacitance reachigs maximum at the low frequency because the ions have sufficient
time to reach to the pores and then form the double @y¢ne electrode surface. The value
of capacitance at the lowdsequencyhence represents the overall capacitance at the double

layer interface (@). The rated capacitance is around 670forFaqueous K5O, electrolyte

105



and 470 mF for organic BNBF./PC electrolyte at 10 mHz, respectively. As the frequency
increases, theontibution of G decreases due to insufficient ion transport, e major
contribution changes to partial capacitance from leulk e c t r ol y tpgonseasedo c e s s (
as above 14 to 5 F at 5 kHar both electrolytes, respectivelZompared to the agueous
electrolyte, the organic electrolyte exhibits a larger resistance alotver capacitance
throughout the entire frequency range, duethite greater energy barrier against its ion
transport. This transpodccurs in both the bulk solution and diffusion layes ionic dif
fusion (driven by the concentration gradient) and ionic migrgtaren by the electric field).

In this study the relevant impedanwas observed at the low frequency range from 1 Hz to
100 Hz (sedan Figure 47 (a)), which confirms the diffusion dominant impedance tfo
organic electrolyte. Meanwhile, the ion transport impedanadosely associated with the

doublelayer formation process, whichksults in a less value ofdseeFigure 47 (b)).

4.2.2 Simulations with an Equivalent Circuit and Potential Dependency

The measured EIS data frodMyquist and Bode plots were cpared with simulated
parameters obtained from the equivalemtuit model which isgiven in Figure 42 (c).
Figure 48 describes thaneasured (symbols) and simulated (lines) impedance sgdectra
agueous and organic electrolytes in Nyquist plots. The expataindata closely matches the
model predicted data in both loand high frequency regions, which wetmsuccessfully

achievedusing the models shown kigure 42 (a).

106



30

4 Aqueous (1M H2504)
¢ Organic (1M Et4NBF4/PC)
25 | — Fitting with equivalent circuit

20

15

-Zimag / ohm

10

0 5 10 15 20
Zreal / ohm

Figure 48 Simulated impedances, Zreal and Zimag, with measured Nyquist plots for aqueous
and organic electrolytes

Using the equivalent circuitthe extracted parameters for different electrolytes are
summarizedn Table 43. In comparison with measured data from Bode plBigure 47),
the simulated values for resistance and capacitance alreasonable consistency with the
measured ones. In addition, tlsisnulation indicates that;Rcan be considered as the most
dominant parameter in determining the operating ohmic resistatested cellsThis means
Rint can be used to study the characteristics of ohmic leakage current or internal resistance of
EDLC cells. Forcapacitance valge the model predicted, 6k of tens of microfarad, in
agreement with experimental valudhe summation of ¢ and Cyysis around 640 mF in
agueous and 540 mF in organic electrolytespectively.These values are close to the
measured double layerapaitance, G, shownin Figure 47. Meanwhile the organic

electrolyteexhibits lower G and Ggscompared to the aqueous one.
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Table 43 Equivalent circuit parameters (Capacitance andsiexe) obtained from the
simulation results with two electrolytes

Aqueous Organic
Impedance values (IM H,SOy) (1M Et4NBF4/PC) Unit
Simulated | Measured | Simulated| Measured
Rs 0.184 0.2 1.306 1.2 ohm
Roulk 1512 1.6 7.508 6.9 ohm
Rint 5.899 6.7 10.2 7.1 ohm
2w 2.131 - 4,272 - ohm
Chulk 15 14 6 4.6 e F
Cy 340 - 248 - mF
Cads 302 - 262 - mF
Cui 642 610 510 470 mF

These values of capacitance can be considered in terms of types of eleatrdliga radius.

According to equatio45), larger sized ions of tharganic electrolyte posseksver Ggsand

Ch because its Helmholtz a y e r

aqueous

t hi

ckness,

electrolyteds one,

d,

| e awdth tireghedrycandl e s s

of

cl osest

experiments reported by Grahaifd]. Also,the lower conductivity of organidextrolytes

exhibits higher dfusion impedance (g, which corresponds to the fact that organic

electrolytes have the less ion movement and larger energy Wardéfusional processes,

resulting in the larger diffsion impedancéaround 4.31) than one (2.11 ) of the aqueous

electrolyte with ahigher conductivity.In order to further characterize the resistance and

capacitancedependency on the applied voltage level, additional EIS measurements was

performed for wvltage levels at 0.2 and 0.6 V on aqueelastrolytes, and at 1.2 and 2.4 V on

organic electrolytes, respectively.
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Figure 49 Measured and simulated impedances for the different applied voltage on (a)
organic édectrolyte, (b)agueous electrolyte, respectively. The insert is an enlarged view at

high frequencies

The applied voltages were respected to reflect the relptitential differential at electrode

electrolyte interfaceFigure 49 showsthe Nyquist plot for two electrolytes obtained at
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different voltagelevels. At the low voltage with the decreased DC potential adiess
interfacial double layer, the more rigéhifted vertical line irthe low frequency region ga
shown and the larger semicircle waresented, which means the overall resistance increases

at doubldayer interface.
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Figure 410 Measured and simulated differential capacitances and resistances dgmandin

the applied voltages for (ajganic electrolyte, (bdqueous electrolyte, respectively
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That is, the higher resistance at low potential catssiesger leakage current. This result was
in agreement with characteristics of the current response fesiaug applied voltages in
CCD measurements, introducing the differences of ohmic dr&gS&. The differences in
capacitance and resistance as functiofirefuency were describad Figure 410, which
again showexcellentagreements between measured and simulated data. It iswolehto
note that larger potential led to the lower resistance taadhigher capacitance over the
whole frequency range. In additiahjs effect is more significant in the organie@tolyte,
indicating the organic electrolyte showed a larger dependency on the apjutedtial
change when compared to the aqueous electrdtgiesimulation, the measured impedance
spectra were fitted by agquivalent circuit and the simulated paragngtare summarized
Table 44 and Table 45. Similar to experimental EIS results, the notad#e resistance
changes were observed. More details, comparethtr resisinces (Band Ryy), it can be
clearly seen that the interfacial resistancgX®s significantly reduced when the potential
increased. As discussed before,; B associated with charge transfer and kinetics of
adsorbed ions in the formation of outener Helmholtz layers.Therefore, the higher
potential leads to morelectron transfer and ions adsorption at the interfacial layer, rasults
a smaller R:. Also, the Helmholtz capacitance (Cdecreasesvhile the adsorption (9
increases, and thefdision impedanceés reduced. This is mainly caused by the acceleration
of adsorptiorreactions and diffusion rate caused by a larger differential poteitiebdrding

to the GouyChapman model of diffusion doubkeyers, the capacitance is proportioratte
differential potetial as described in equatio#?). Consequently, at high potent@dnditions,

adsorption and diffusion capacitances contribute rntetlee overall capacitance.
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Table 44 Calculated parameters (Capacitamnd Resistance) obtained from the simulation

results with different applied voltages on aqueous electrolyte (2SO

Simulated ;
impedance value: 02V 06V Unit
Rs 3.08E01 2.85E01 ohm
e Qoun | ___.921E05 | _._._._873B0S | Sl __._
oo G ]____855E01 _ | ____ 869E01 _ _ | ___________
Cbulk 16 17 eF
Rouik 2.67 2.45 ohm
oo Qu_ | _3aeB0L__ [ _ 3s1E0L | s
B ___. ] S 485 _ _ | _ 3815 _ _ _ [ ___. s
Zw 3.16 2.85 ohm
e Q. | 6801 | 47sE0r | s
______ G ____]._._969E01 _ | ____897EOL _ _ | ___________
Ch 346 281 mF
Rint 1.93 0.279 ohm
S Qacs_____. I 161E02 _o_._._Leeeor | S*s._._._
______ e _ | ___47E01_ _ | ___535B01 _ _ | ___________
Cads 224 315 mF

Table 45 Calculated parameters (Capacitance and Resistance) obtained from the
simulation results with different applied voltages on organic electrolyte (3NBEL/PC)

Simulated i
impedance value: 12v 24V Unit
Rs 2.05 1.63 ohm
. Qouk _____ | . ADE0S I 379R0S . .S
e G| _7.94E01 _ | _._._80rEO0L _ | o ___. _
Chuik 3.9 3.6 eF
Roulk 13.2 9.79 Ohnl
e Q| ___9.67E02 _ ] _._._833E01 _ _ | __ s
el B _ .l . 6.14 ___ __| I 111 L. st _
Zw 10.34 1.2 ohm
.l Qu _ ___] __._.939E02_ . I S45E02 I - S
e G _ | ___456E01 _ | .. _909E01 _ __ | o ___. _
Cu 121 25 mF
Rint 38 24.2 ohm
o Qs __._.547BO2 | 305B02 _ s
co_Uee | _8B8EOL__ | _._._&27B0L _ _ | . _
Cads 109 262 mF
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This tendency is similar for both electrolytes, busiseen irlable 45 that larger difference
in Zy areseen in the organic electrolyte when compared tatheous one(sekable 44),
which means the diffusion of organic electrolytensre affected by the potential differences
resulting in the largedeviation of %y.

In order to validate the equivalent circuit mqdteieseimpedance characteristics were
correlated with distributed current leakage or ESR in practical cellsgure 411, thetotal

impedancebtained from the simulation is compared with the ESR from @@Bsuvements.

(a) (b)
V7Z2Z} Impedance from EIS modeling at 10 mHz ZZZ2 impedance from EIS modeling at 10 mHz
40 ESR from CCD measurement - 0.40 40 1 ESR from CCD measurement - 0.040
®  Ohmic voltage drop ®  Ohmic voltage drop
4035 4 0.035
30 304
£ —0.30 = 4 0.030
< > 5 z
< S 5 5
g 2041 4025 g g 204 40.025 g
s TIXIILLS £ z S
] PRRRK = < L >
- FORRRRRRS > = ©
% OS] 1020 > g . Joo20 =
S
& 104 & 10
—40.15 4 0.015
o , 0:10 0 0.010
1.2V 24V 02V

Figure 411 Correlation between EIS modeling and CCD measurement; ESR difference from
the applied voltages for (ajganic electrolyte, (bdgeuous electrolyte, respectively

From equation H1), the totd impedance was calculated by simulating each resistor and
capacitor at 10 mHz. Althougthe equivalent resistance from EIS measurements is usually
lower than other measurement techniq[&s?], this value gives amformativeindication of
internal resistance for EDLC devices. Ndtee value from modeling is not exactly same as
the experimentaESR, but the similar potential dependency has been shown beBi&en

modeling and CCD measurement.
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As for the discussion based on mbpeediction, o major considerations were made in
the development dhe equivalent circuit model for an EDLC. First, the circuit modeling was
developed based on theoretical descriptions of ELBuctures and effects of
electrochemical reactions coupledith diffusion and adsorption phenomena in the
electrochemical doublyer. Secondly, this circuit was designed to provide the meaningful
information on each physical process in practical EDd€vices. The dominant resistive
elements in both interfaciandbulk processes have been found by improving the fitness to
the EIS data. Importantly, the interfacial resistance.(Rlescribes thextents of electron
transfer reactions and kinetic of adsorbed ion$orming the double layer. For capacitive
elemetts, the doubldayer capacitance ) is represented by a combination of Warburg
impedance, W, and the compact Helmholtz capacitgy, i€ parallel with adsorption
capacitor, Ggs The values of & and C,ys have been analyzed to understand the diffusion
behavior andadsorption process which depends on the ions sizes and conductivity of
electrolytes. Also, the bulk capacitance, takes intoaccount the bulk processes for a
practical EDLC cell. It was founthat the defined parameters in the proposecutti are
critical to demonstrate their characteristics, such as internal resistantes potential
dependency. Therefore, the proposed circuit mamseful to characterize the EDitgped
capacitors which araypically composed of porous carbbased eaictrodes with ionic
electrolytes. Furthermore, the simulated impedances of resigiegments provides
informative values to predict the energy/povaansity and thermal behavior of EDLCs,

because these factors anainly dominated by internal resistan¢2g1].
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4.5 Summary

This work presents an improved equivalent circuit model itovestigate the
electrochemical and dynamic behaviors BfLEEs with porous carbotbased electrodes using
different electrolytesThe characteristics of EDLC cells with two types of electrolytes,
namely, aqueous 1 MJ80,and organic 1 M BNBF,/PC, werestudied by analyzing CV
and CCD measurements. At the sameetithe impedance behaviors of these EDLCs were
utilized to evaluatehe validity of circuit modeling. The simulation results showed thist
new circuit model was able to characterize EDLCs with batjueous and organic
electrolytes. Moreover, the propaiseircuit model provided a reasonable interpretation on
physical processesccurring within the EDLC cell, through introducing a more clarified
view of their electrochemical and transport phenomena. In addition, the EIS analysis on the
potential dependencsupported th@roposed elements in the model and the ESR correlation
betweerEIS and CCD measurements was derived. It was suggestadishatcuit model is

able to simulate sufficiently the potent@pendent characteristics of double layer capacitors
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Chapter 5 Characterization of Electrochemical and Thermal
Behaviors with Porous Carbon Electrodes

5.1 Introduction

As a promising eneggstorage deviceEDLCs baedon porous carbon materiatave
been widely investigated andeveloped for electric vehigl space and military vehicle
applications due to their highower/energy densities, high efficiency, long lifetiraad fast
current responses during charging/dischargitiy/, 172 173. For such applications, it is
believed that the ability to quickly store and deliver a steady amount of electrical @anergy
harsh enwvionments can be determined from the propertiesaobon electrodeand their
electrochemical interactions withe electrolyte ions atloublelayer interface$174. In fact,
a key to designingeffective nanastructured carborelectrods for EDLGs is to uncoverthe
relationship between electrolyte ion szand electrodepore size. Matching thetype of
electrolyic ion with the pore structureof the electrodescan thus be considerean
optimization approacho the designof high power andenergy dasity products. ltis
therefore essentianot only to characterizethe electrochemical properties of porous
electrodes and theieffecs on EDLC performance, but alsto correlate thepore size
distributiors (PDS) in porous carbon to tise propertiesand epecially to the dynamic
characteristicsof the electrodes Such a correlation could be achieved through an
investigation of the way in which ion accessibility corresponds to a variety of charging
discharging frequencie3.he thermalcharacteristicof a porous carbon electrodepresent
an additionafactorthat is important for estimatintpe practical lifetime of a devicas well

as the efficiency of its energy storage, becdasgerature affects ion kinetics and diffusion
116



processes at the doubkyer interfaces, causng variatiors in the internal resistancef the
cellsand degradation of power/energy dengity6, 13§ .

The main goalof the work presented in this thesis wasconductsystematic studies of
electrochemical and thermeharacteristicbetween an organic electrolyte and three distinct
types of caton electrodesactivated carbon(AC), graphengand sinde-walled carbon
nanotube (SWCNTSs). A particularfocus was the investigation tife effects othe pore size
of the electrodes onthe dynamic performance of EDLC#or different charging and
discharging frequenciess a means akveaing correlations beteen poredistribution and
electrochemical characteristicsat specific applied frequencies An additioral factor
considered was the direct correlation between variatiotise structure of thelectrodesand
their thermal behavior iEDLCs. Based on an exaination of thestructural properties of
electrodes such as their microstructure, surface areblPSD, thisstudy has addresséeie
guestion ofhow porous electrodes with different pore structures influence the capacitive and
resistivecharacteristicat a variety ofoperating temperature3o achieve these goalthe
recently developed equivalent circuit mod&lr5 has been useoh orderto simulate the
effecs of porosity on the temperaturalependent kinetic reactions (charge transfer,

adsorption) and diffusion procesghat occurat doublelayer interfaces.

5.2 Experimental
In this study, SWCNT and gaphenebased electrodes werbricatel by using the
vacuum filtration deposition (VFD) method, as described in Chapter Meanwhile, for

comparison, castoating method was also used to prepare activated caleatrodes
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Briefly, powdered actiated carborwas mixed with the same PTFE and carbtack in the
mass ratio of 90:5:5, then cetdlled on the SUS foanThe cells were assembled with 1 M
Et4NBF4/PC electrolytes using a 2013 coin cBfe unit cels werethenplaced in a climate
chamberthat simulates temperature changes. The operatinggerature varied fror30 °C

to 60°C within the operating range to an accuracydf°C.

The structural properties of eatyfpe ofelectrode were determined by meansaaiming
electron microscopy (SEMand transmission electron microscopy (TEM). Atamforce
microscopy (AFMtip mode)observatiorwas conducted for the fully sonicated samples on
freshly cleaved mica surface$he specific surface area and pore size distribstimere
measured usinga ntrogen (N2) adsorption analyzer (Flowsoffibom Micrometitics
Instrument Corporatign The specific surface wasstimatedbased orthe BrunauerfEmmett
Teller (BET) analysis techniquef the N2 isotherms Pore size distributions (PSD) were
determinedrom the BarrettJoynerHalenda (BJH)method for thenese/macroporousange
(between 2 nm and 100 nrajpdthe HorvathKawazoe (HK) methodor the microporous
range (less than 2nm). Electrochemical characterizations were carried out using cyclic
voltammetry (CV) andconstant charge/discharge (CCD) measurements anGamry
Instruments Reference 3000tpntiostatCV tests were conducted atvariety ofscan rates
rangingfrom 5 to 40 mVs within the 2.7 V maximum voltage window of the electrolyte.
Electrochemical impedancspectroscopymeasurement was performed withe same
potentiostat andavith EIS 300 software in the frequengnge of0.1 Hzto 100 kHzata 0.4
V cell potential. It should benoted that the preparation of electrodasing the above

processes may lead to miestructuresthat differ from componerst fabricatedusing other
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laboratoryapproachesThe focus of this stugyhowever was on the investigation othe
effects ofthe size ofpore on their electrochemical, dynamiand thermal behaviors, and

distinguishableoores are formenh AC, graphene an8WCNT electrodes.

5.3 Results and Discussion
5.3.1 Structural Properties of Electrodes

Representative SEM imagef the AC, graphene and SWCNT electrodes ah®wn in
Figure 51, and their microscopic structures are ilfated schematicallyto enable the
visualization of theirstructural propertiesThe SEM observatiorshownin Figure 51 (a)
indicates thathe ACis composed of randomly agglomerated coagulatmmfine particles
into a threedimensional porous networka Figure 51 (c), it can beseen that the SWCNT
preserg typical bundle structures with randomly dispersededimensional carbon
nanotubes. SWCNT bundlesanalsobe obseved to be spannindioles and completing the
SWCNT network. In contrast graphene layers tend to form Ilargevo-dimensional
aggregated sheetas shown inFigure 51 (b). The highlighted TEM imagexdentified in
Figure 51 (b) appears as a number over layeredgraphene sheetdhe thinrlayered
graphene waalsocharacterized using AFM analys{Sonsidering the thickness of a typical
graphene nanoplatelet (1 to 20 nm as=ieed) which is shownn Figure 52 (a), mostof
these shets tend to interact with one anotteeform aggregated structures (as can be seen in

the schematic illustration ¢figure 51 (b)).
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Overlayered graphene sheet

Figure 51 FE-SEM images othe electrodeqa) AC,showing schematics of 3D randomly
dispersed AC structurey) graphengshowing 2D agglomerated graphene sheets, ingudin
a TEM image of graphene layees)d (c) SWCNTshowing alD ramdomly dispersed
SWCNT network

Section Analysis

86 nm 69 nm

i Substrate

|32 nm

D C

Figure 52 Graphene result$a) SEM image of a typical graphene nanoplatéigtAFM
ichnographyimage;and €) crosssection analysis of overlayered graphene nanoplateitsts
A-D indicaing thepositions on the atted line where the tip scaed
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Figure 52 (b) presents the AFM ichnography, in which overlapping graplstieets are
identified. The corresponding cressction profile inFigure 52 (c) clearlyshows that the
thickness of this overlapping structure ranges from 1 to 90 nm.

With respect to th@ndysis of the pore structuresof the electrodesFigure 53 shows a
comparison othe N2 adsorption isotherms and the pore size distribution analysis of those

graphs obtainetbr theAC, graphene and SWCNT electrodes.
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Figure 53 Nitrogen adsoprtion isothestior thecarbon electrodes: (&4C; (b) grapheng
and (c) SWCNT

As shown inFigure 53 (a), according to IUPAC classificatiofil 76|, the isotherm of the
AC electrodds atype | isothermwhich indicateshatthe AC is predominantly microporous.
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The large amunt of adsorption on the AC at very low pressures is dubketmicro-pores
filling up becausef the enhanced adsorbeadsorbate interactions the micro-pores and is
distinct fromthe adsorptionthat occursin the mesepores[177]. In contrast as shown in
Figure 53 (b), the graphene electrode exhibisstype Il isotherm withtype H3 hysteresis
loops whichis a characteristiof mesoporous adsorbentss with the graphene electrode,
the isothermof the SWCNT electrodé~igure 53 (c)) is characterized by hysteresis lopps
but closes aatype IV with aclearer hysteresithatrepresents structuralcombinationof a

mesoporous anamacroporous material.
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The differenca in the nitrogen adsorption isothermsezfchelectrodeare well reflectedby
the PSDanalysis The pore volumes were calculatagsingthe BJH method fomese and
macrepores rangng from 2 nmto 100 nm andthe HK methodvas appliedor micro-pores
of less than 2ym, asdepictd inFigure 54. Theresults reveal thahe AC contains narrowly
distributedmicro-poresfrom 1 nm to 3 nm, andthatthe most pore volumes were obtained
from the micrepore region In comparison, the pore volumef the graphene are widely
distributed in the mespore regionand the volume of megmoresbetween :imand10 nm
is greaer thanin the other electrodesThe SWCNT electrodewhich has two peaks, one
located below 2 nm and the other betweemiCand 20 nmgisplays thegreaest volume of
pores larger thanl10 nm. The calculations of theBET surface ares micro-pore ares,
external ares, and averagepore volumes are summarizéa Table 51. The tplot was
adopted by the reference to carbon blatlorder todetermine thedernal surface area

which can be defined abke surface area caused by pores largerdmaicro-pore.

Table 51 Specific BET surface arggexternal ares pore diameterand pore volumeof the
AC, grapheneand SWCNTelectroas

Micropore  External Average pore Pore Pore
BET surface area . a b
Electrode (m?g) area area diameter volume volume
(m’/g) (m’/g) (nm) (cm/g) (cn/g)
Graphene 546 40 506 6.2 0.824 0.169
Activated 1558 1053 505 2.1 0.249 0536
carbon
SWCNT 640 59 581 7.0 0.961 0.161

% Pore volumefor meseporesdeterminedy the BJH methodor mese/macroepores ranipg from
2 nmto 100 nm®: pore volume for micro-poresasdeterminedy the HK methodfor micro-pores
less than 2im.

123



The micropore area was calatedbased ora balance between the BET surface area and the
external surface aredhe BET surface area ofie AC electrodevas approximately 16D
m?/g, which is attribuble primarilyto its micro-pore areaof 1053 m%g. The SWCNT
exhibited a larger valme for pors between Zam and 100 nmwith anexternal area of 581
m?/g, anda total surface areaf 640 m”/g. With the value ofaround 550m?g, the graphene
electrodehada lower surface argaaneitherthe AC or SWCNT electrode andthe external
areaof the mesoeporesprovided the greatest contribution to its surface .afba graphene
electrodealso hasan average pore diameter of 6.2 nwhich is notablylarger thanthat of
the AC electrodeat2.1 nm while thepore size of the SWCNT i8 nm larger thanthat of
either theAC or graphene electroddwo main structuraldifferencesare evident from a
comparison of theAC, graphene and SWCNT electrodes First, both the SWCNT and
grapheneelectrods possess larger poe volume of mespores with a wider PSDthat
rangs from 3 nmto 50 nm,but with the SWCNT exhibiting larger porediameterand
volume for pores above Ifim. Second, the AC electrode has a narrow PSD asdrface
areacomposednainly of micro-pores(1 nmto 3 nm) resulting inthe largest surface areaf

thethree carbon electrodes

5.3.2 Electrochemical Characterization

Cyclic voltammetry(CV) graphswere produced for théC, grapheneand SWCNT
electrodesn 1M EuNBF./PC electrolytes andre shownin Figure 55, which gives rise to
severalbbservations. Firsgll of the electrodeslisplaynearlyrectangulashapes without any

major Faradic peaksn thel-V curves althougha tailedline for thecurrent responsappears
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near 2.5V due to the decompaition of the electrolyte This result implies tha their
capacitive behaviors can ldtributedprimarily to the electric doubkayer formation at the
electrode/electrolyte interfaceshich means thamo pseudecapacitance effectare present
Second, ti can be clearly observethat the curves corresponding to thgrapheneand
SWCNT electrodearecloser torectanglegshanthe onefor the AC electrode Thisdistinction
indicatesthat the equivalent series resistancesimsaller in the grapheneand SWCNT
electrodes than in theAC electrode which relateslirectly to ther electricalconductivityand

structural propertiesuch agSD.
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Figure 55 Cyclic voltammetry curveor the AC, graphene and SWCNT electrodesim
organic M EtNBF4/PC electrolyteproduced with acan rate of 20 mV/s

To addresghe effecs of PSD furthervoltammetry testsvereconduced usinga variety of
electrodest four differentscan ratess mV/s, 10 mVs, 20 mV/s, and 40 mVs. As shown in

Figure5.6 (a), the voltammogranfor the AC electrodebeginto distortwhen the scan raie
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increased which indicatesthat the response of theAC electrode tohigh operating
frequenciess slow and thatheir performane declines for operations involvingaser ion
chargeng/dischargng. In contrast Figure 5.6 (b) and(c) reveal thathe shaps of both the
grapheneand SWCNTelectrode curvesire much less distorted with increed scan rats,
which indicatesbetterion accessibilityat highvoltage sanrates.The specific capacitances
the calculatedased on these CV measurememtslisted irnlable 52.
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Figure5.6 Cylic voltammetry curvega) forAC, (b) grapheneand(c) SWCNT electrodesn
1M EuNBF4/PC electrolyteat different scan rates

Although the graphene and SWCNIectrods exhibit a smallercapacitance at the scan
rate of5 mV/s, around 90 K and 96F/g, respectivelythey maintairtheir capacitance witla

90 % retentionratewhen thescan ratas increasedo 40 mV/s. In comparisonthe value for
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the AC electrods changessignificantly with the scan ratewith the highes capacitance of
132 Ff at 5 mVk and the lowest capacitance of 89gFat 40 mVs. Nevertheless, the
grapheneand SWCNT electrods display a smallervoltammogramsarea i.e., a lower
capacitance, than the AC electred@his result arisesdirectly from tre smaller specific
surface area dfoth of theseelectrods compared to that of the AC electrodas,mentioned

earlier.

Table 52 Variationof the specific capacitance/¢fy calculatedrom cyclic voltammetry
measurents with 1INEt;NBF,/PC was the electroly@nd withdifferent scan rates

Scan rate Activated carbon Graphene SWCNT
(mVi/s) (F/9) (F/9) (F/9)
5 132.2 90.9 96.5
10 109.8 89.5 92.9
20 96.5 87.2 89.2
40 88.8 82.3 86.7

With regard to theeffects ofpore volume effest, the highly microporous AC electrodes
would be expeed to restrict ion transport when the scan rate is too fast, due to the shorter
ion migration periodat higher frequenes. This effectcanhave thedirect resuliof creatinga
greaer resistance to rc charging. The mespores ofboththe graphenendthe SWCNT
electrods, on the other hand, favor ionic penetration throtinglr porous networg resulting
in lower resistances thamth the AC electrodeat high scanning rates. EIS was perfornmed
orderto shed light orthe effecs of meseporesand micrepores orthe frequencydependent

resistive and capacitiieehavios of AC, graphengand SWCNTelectrodes
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Figure 57 (a) Nyquist plots of AC grapheneandSWCNT electrodes in1M Et,NBF4/PC
with (b) the enlarged image

For this purposgtheseries resistance §Rwasfirst determined based dhe interceptt the
real impedance axisf the Nyquist plotshownin Figure 57. Thefigure showsthatboth the
grapheneand SWCNTelectrods exhibit a lower R valuethan the AC electrodewhich is
directly attributed to the different intrinsic electrical conductivities tioé electrodes
Subsequently, the seraircle of theSWCNT electrode occurs at a higher frequency and with
a smaller diameter, which indicata lower interfacial resistance (i This value of R; is
closely associated with the kinetics of ion transport at the electrode/electrolyte infigégce
A lower Ri¢ usually leads to smallémpedance against ion migration at the dodajer
interface, which suggests better dynamic performanom the graphene and SWCNT
electrods. In the low frequency regiomall of the electrodesexhibit an ideal capacitive
behavior with a nearly linear line. However, teope of thegraphene and SWCNT
electrods is larger thanthat of the AC electrodg especidl in the case othe SWCNT
electrods which contain larger poregheseresults suggest thahe dynamic impedance
behavior of two electrodes strongly correlates to their surface and-stiaatural properties.
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If an electrodeis characterized bgubstatial porosity in the micrgpore range, the access

time for the electrolyte ions tbe adsorbed on itsurface areanustbe longer.Narrow and

deep pores arthereforerelatively inaccessible for ions during short eleetrimpulses and

for high-frequencycurrents, resulting igreatemresistancdevelsfor microporous electrodes.

Suchdeep micreporesalsocontribute o the capacitive behavior ah electrode with a high

RC delay time and, as a result, its capacitance drops with iadrelaarging frequenes

This effectis illustratedby the Bode plotsncludedin Figure 58, which demonstratehe

changsin real capacitance (Cdndi magi nary <capacit abBregeencg Cé) wi
dependent c a menerally relates drectl to (the )kinetic processes andn

migration in the porous network @in electrode. EIS measurements are widely used

demonstratindqjow many solvated ions can reach the pore surface at a given frequency.
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Figure 58 Bode plotdor AC, graphene and SWCNT electrodes in 1MNBF,/PC

As shownin Figure 58 (a), at lower frequencies such &01 Hz, nearly the entire pore
surface ofthe electralesis accessible t@lectrolyticions and their specific capacitances are

the highestWith increasedrequences, theBode curves show a decrease in capacitance,

129



which is more significant betwedh01 Hz and1 Hz. The capacitanckevels of electrodes
become quite small when the frequency is geetttan 100 Hz. Ican also be@bsened that

the capacitance of thBWCNT electrods decreasest a slower rate thadoes that of the
otherelectrods. Thisdiscrepancyndicatesthat,for the given frequency, éion migration to
the active surface of tHf8WCNT electrodsis more efficient thathat of theotherelectrods

due tothelarger pores in thE WCNT network.An additional factor is thahe effect ofpore
size on ion transpors of evengreatersignificarcein the case ofhe AC electrods because

of theirsmallerpores. Figure 58 (b) demonstratethe evolution of the imaginary capacitance
( Ceelptivetof r equency. The maxi mum of Cé i s a
which roughly describes the moment when the system changes from purely resistive to
purely capacitivg178. The frequencyy that carespondt o t he maxi mum Cé
time constantJ  =f,, Which indicatesquantitatively howquickly an EDLC device can
respond to the charging/discharging cyaeshespecified frequencies. As shown kigure

5.8 (b), the SWCNT electrods are characterizedyba shorter time constant thame other
electrods. Thisfinding confirms the distinete behaviors othethreetypes ofeledrode over
different charging/discharging cycles, whiatetheresultof their differing porous structures.
Since larger mespores can moreeasly be penetrated bylectrolytic iors, they contribute
significantly to faster responsaluring highfrequency charging/dischargingnd hencethe
SWCNT electodes are associated with a skotime constantAs well, the existence of a
largeproportion of mesepores enablethe graphene and SWCNT electradegproduce more
constant capacitansat high scan ratésanthe AC electrodg as discusseith relation to the

CV measurements.
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5.3.3Thermal Characterization

Figure 59 shows cyclic voltammograms (CV) foa unit cell recorded at 20 m¥/for the
AC, graphengand SWCNT electrodes #te range ofoperating temperature®/ith respect
to the effects of temperature, all of the electrodes exhilsitger CV area as the operating
temperature increases, includingyi@ate capacitancet a higher temperature. Thisding
can be attributed to greater kineti@ctivitiesand diffusion of ions at elevated temperatures,
resulting ina greatercharge accumuten. Converselyat lower temperatureshe current
profile of CV curveshecomedlistorted from the ideakctangulashape, and shaa slower

rise with the rectangle havingbunded corners at the beginning of the charging/discharging

processes.
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Figure 59 Cyclic voltammetry at a scan rate of 20 fs\or (a) activated carbon, (b)
graphene and (c) SWCNT electrodes at operating tempes&toume-30 to 60°C
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This behavior is due to an increase in in&resistancesthetemperature goes doWh79.

However, the AC electrodeexhibit only a slight decrease in tberounded corners at

temperatures fror20 °C to 25°C, while both the graphena@ SWCNT eletrodes show a

steady decreasmver the entire temperature range. These results indicatelécatases in the

rates aralependent otemperaturgwhich causen apparenteductionin capacitance anan

increase in internal resistance at lowenperatures, especially for the AC electode
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Constant chargdischargg{CCD) measurements further confirm the increase in capacitance
at elevated temperatures and the increase in internal resistance with dgdezaperatures.
Figure 510 shows the discharge curves for activated carbon, graphene and SWCNT
electrodes at each operating temperature frf8h°C to 60 °C. From these curves, the

specificcapacitancewere detanined as follows:
3 D A AREATECARR ESBA T AAT—— (53

wheredd is the applied constant currenttbedischargeqd is the discharging period,n¥xis
equal t0 Vated (2.4 V in IM EtyNBF4/PC), Vimin = ¥2 Vimax @andm is the weight of the active
materials irnthecell. The internal restancewas alscacalculated by measuring the ohmic drop

caused byhe discharging curveasfollows:
Internal(q)reyysistance (59

whereq \Ms the initial voltage (ohmic) drop at the beginningh# discharging process.

Figure 511 presents theresulting plots of the specificcapacitance (i§) and internal
resi st ahasalculatedor each type of electrode based on@@D curveshownin
Figure 510. In comparison to the specific capacitast@wnin Figure 511 (a), over tested
temperature range tested, Afovides the greatest specific capacitance compared to the
other types of electrodes, which is direct result of its larger surface area as indidabtein
5.1. Regading theeffect oftemperatureon capacitangeas with theCV measuremenjshe

AC shows a relatively smatleclinein capacitancefrom 82F/gto 65 Hg for temperaturgof

60 °C to-20 °C, whereas theapacitancef graphene ecreasesteadilyfrom 70 Fg to 46

F/g when thetemperaturas lowered As with the graphene, the capacitance of the SWCNT

electrodes ranges from 72 F/g to 50 Hfgure 511 (b), onthe other handshows an
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increase in resistance for a@lectrodes as the operatitgmperaturalecreaseswith the AC

exhibiting much larger internal resistanddan eithergrapheneor SWCNT over all

temperatures
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Figure 511 Plots br theactivated carbon, graphersmd SWCNT electroddsased on the
CCD cureves: (a)amparison of specific capacitaniexels;(b) thedifferences irnternal
resistancevith temperatures

This effect is mainly due to thiewer electrical conductivity foAC compared with either
grapheneor SWCNT[27]. However,with respect to the effect of temperature internal
resistancea relativdy larger variations evidentfor thegraphene an@WCNT electrods: in
the order of B % for the graphene and 68 % for the SWCNhe AC, however displaysa
deviationof 33 % over the entire operatingmperature range. These findingdicate that
the influence oftemperatureon the AC electrodgis less than for the otherstypes of
eledrodes andthatthe SWCNT igelatively more sensitive to temperattin@n thegraphene
Variatiors in the resistance and capacitance almoresult ina reduction in thenergy/power

density as depicted ifrigure 512. As thetemperature decreases, @ltheelectrodes show a
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decrease in power/energy densities. The maximum power densithisved between 400

W/kg and 600 WKgoverall temperatureswhile the maximunenergydensity obtained from

the dischargeurve run at 60C rangesfrom 6 Wh/kg to 10 Whkg. In the case of power

density, the AC electrodeexhibit a significantly greatemeviationin power density than

other electrodes. Thisbservation can battributed tothe factthat the AC electrodehave a

much lowermagnitudeof dV due tothe larger ohmic drop, which createssignificant

decrease in power density
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On the other hand, as the temperature goes down, both the graphene and SWCNT
electrodes show a gradual decrease in the energy density while a linear decrease can be
observed for the AC electrodes. For operationslinug a low power density (running from
a low voltage, e.g., 1.2 V), the energy density is consumed quickly as the temperature
decreases, especially for SWCNT electrodes.

EIS measuremesitwere usedfor acquiringa more detagéd understanding obn the
cgpacitivdresistivebehaviorof the electrodess a function of temperature and frequency.
From the Bode plots ghereal capacitancéC..,) shownin Figure 513, it was foundthatthe
Creal Values decrease with nicreasing frequency andecreasingtemperatures ovethe
frequency rangedAt ultralow frequencies, the capacitance tendsetoainconstantrelative
to temperature, and thighenomenorcan beclearly observedor the SWCNT electrodes.

The capacitancas more influenced by temperature in the intermediate frequency :range
between 0.01Hz and 1 Hz. This variation isonsiderably greatein the results forthe
graphene and SWCNT electrodes tharthose forthe AC electrode In the case othe
SWCNT electrodg, their capacitance decreases significantlthasemperaturalrops This
result is similar to theeviationin capacitancelemonstratethy theCCD measurementsand
becoms increasinglyobvious under the frequency operatiofo enable a comparison tife
practical capacitancealues that wereneasurednainly at 0.1 Hz, the capacitance retention
of the electrodewas calculateds follows:

# ADAABROAAOET+ prm (55)
whereCy represets thecapacitance at each temperataeg C,s indicatesthe value at 28C.

The results are listad Table 53.
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Figure 513 Bode plots of real capacitance fay) activated carbon, (b) graphene and (c)

SWCNT electrodes

Table 53 Values neasuredor C4 (F/g) from Bode plots at 0.1 Hz for activated carbon,
graphengand SWCNT electrodes

Temperature Activated carbon Graphee SWCNT
(C) (Fl9) (Fl9) (F/9)
-30 335 17.8 211
-20 40.0 24.9 30.2
-10 49.2 32.0 39.2

0 55.2 39.7 48.6
10 63.0 45.3 526
25 72.8 49.3 539
60 79.0 52.6 56.9
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The resultshows thatrelative to the other types of electrodéss AC exhibits the superio
capacitance retention witthanges itempeature The C.y 0f AC varies by roughly 46 %
within atemperature rangaf -30 °C to 60°C while the graphenand SWCNTresults reveal
capacitance retentiomluesof about 35 %and of 39%, respectively(seeFigure 515 (a)).
On the otler hand, as can be seen in Boxle plotsfor real impedance (&) in Figure 514,
decreasing temperature caus@sncrease irthe Z. valuesover all frequency rangeand
for all electrodes A comparisonof the plots shown irFigure 514 revealsthat the AC
exhibits linearly increasing £, valueswith reduced temperatures while the graphand
SWONT display an exponential increase ithe Zey values This phenomenons more

significantat low frequencies rangirfgpom 0.01Hz to 1 Hz.
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More detaiéd plots ofthe impedancesneasuredat 0.1 Hzare provided in Figure 515 (b).
The Zeq valuesof the ACincreasdrom 22q to 65q whenthe temperaturdecreaseffom
60 °C to-30 °C. The graplkne exhibs a greaer Zy variation increasingirom 149 (at 60
°C) to 81q (at-30 °C) while the SWCNT showthe largesthangein Z., values ranging
from 15q (at 60°C) to 94 q (at-30°C). A similartrend is evident fothe internal resistance
values observed irthe CCD measuremestleadng to the conclusiorthatwith the graphene

and SWCNTtheresistancés more sensitive to temperature change thigimthe AC.
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Figure 515 Plots of the measurement results fordlgvated carbon, graphene and SWCNT

electrode with respect t¢a) capacitancéCi.,) retention and (b) compative Zrealvalues
(measured at 10 mHz from Bode plots)

Thee differencesn temperature dependenayongthe threetypesof electrode can be

correlated with their structuraharacteristicsincluding thediscrepancyin pore width and
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distribution. According teimulation studie§180, 181], for narrow poreshat areclose to the
ion diameter, the capacitance tendstbibit smallerdeviatiors with the applied voltage due
to the maximum saturation of ion adsoigat in narrow pores aneénhancedonG separation.
In contrastthedependencef the capacitancen pore sizdoecomeselativelygreaer as pore
size increases due to the interference of the overlapping electric dmydate Anotherstudy
revealed[182 that a wider pore distributiofeadsto observations oimore pronounced
porous cheacteristics with frequenegiepenént impedancedue b differing degrees aibnic
penetrabilityinto the pores.Theimpedancedf an eéctrode with a wide PSihcreass more
rapidly with frequencywith theresultthatthe energy loss at frequenoperation becomes
greater This phenomenornwould be more criticaland has greatersignificarce at low

temperaturgas illustrated through the schemaggpresentation ifigure 516.
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@ Anion

----- Destructive interference

ovelapping
2 electric double layers

[ At low temperature |

trapped
cation

Meso- / Macro-pores

Figure 516 Schematic diagrams of ion adsorption #mginteractionsassociated witimicro-
pores and mesbmacraepores avariedtemperatures

The possibility ofan excess charge near the mgmwes of electrodeghat havea broade
PSDcreates aincrease in ta stabilization time anth theenergy barriethat actsagainsthe
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distribution of ionmovement in wider poreangesAs the temperaturdrops the decreased
kinetic energycaused byower temperatureleads to a reductionin the number ofeactive
ionsin a pore, but the effect of interference between ions in large pores remains negative
with respectto theformation of adouble layerand the consequestgnificantdeviationin
impedancewhich is largely dependent temperaturandfrequency In contrat, for the AC
electrods that havea narrow PSDwith respect tomicro-pores, themicro-porescontairs
fewer ionsthanthe mesapores,but the ion movementinto the poresis mostlyunchange
with temperature due tthe smaller space in the deeper partstlud pors (i.e. shorter
distance for ionic movement). The ions adidly trapped into the smaller pores, which
leads toless changen kinetics with temperature.The AC therefore exhibits less Zea
temperaturelependece and thiseffect becomemore daoninant at lower temperatures.

To interpret the thermadharacteristicef the kinetic and diffusion reactions ite three
differenttypes ofelectrodesan EIS spectrum was simulated usthg previously proposed
equivalent circuit modgbresentedn Figure 42 (c). This model provides impedance values
for kinetic (Rn) and diffusion processes, aritese rate processes are associatedspehific
activation enengs. Accordingly, each impedancearsilated at 10 tdz was processedhen
it relates to the activated energy (G) according to the Arrhenius equ@dibnl79. The
logarithms of R and Wwere plotted againghe reciprocal of the temperature infét the
AC, graphene and SWCNT electrodes, as shiomFigure 517. Over the entirdemperature
range al of the electrodedisplay comparableresistancevalues(W) for diffusion. On the
other hand,n the case of the;R the AC electrodealuesrangefrom 1.7q to 2.4q and

from 2.7 q to 3.6q for high (60°C to 0°C) and low (0°C to -30 °C) temperature regions
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respectively The grapheneesultsvary from 1.0q to 1.8q andfrom 2.3q to 3.4q for the
same respective temperature regiamsle the SWCNTfindingsrange from 0.1q to 1.2q
andfrom 2.4 q to 39 q, respectivelyRegardless of temperaturbetAC electrodes show a
larger R, than the other electrodesbut they display asmall deviation associatedwith
temperaturgasrevealed by @omparson ofthe (a), (b) and (c) sections Bigure 517. From
this type of Arrhenius plot, the activation energttoe kinetic (G¢) and diffusion processes
(Gp) can becalculated For temperatuserangng from 0 °C to 60 °C, the SWCNTelectrods
possess3.11 kJmol of Gk, which constitute the largestvalues compared tothe other
electrodeg1.95 kdmol for AC, 2.17 kdmol for graphene)With respect tdGp, the SWCNT
electrods showa slightly lower value of aroundL.17 kJ/mol while the values othe other
electrodeg1.69 kdmol, 1.75 kdmol) are similar However, inatemperature rangef O °C to

- 30 °C, the G for SWCNT shows aignificanty large value of 55 kJmol, followed by
graphenat 4.49 kdmol, whichis greaer tha for the AC(3.02 kdmol). In this temperature
region, the Gp valuesrangefrom 3.0kJmol to 3.5 kJmol for all types ofelectrodesThe
characteristicsof the Gp values indicate that the diffusion process (§} is determined
primarily by the propertiesfahe electrolyte so thatthevalues can be similar fa&il types of
electrodeswhenthe same electrolytss used However,the Gk valueis relatedto the ion
kinetics at the interfaces betwete electrode andhe electrolyte. As a resulthe SWCNT
displays greateractivation energy thathe otherswith respect tdonic kinetics (&) as the
temperaturalecreases, especially below©. Thisfinding means thathe SWCNT need a

higherlevel of kinetic energyin orderto overcomethe resistane in the interfacialdouble
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layer regions which is associatednainly with a wider PSDat the meseporesrange,as

discussed iprevioussections
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5.4 Summary

The work presented in this thesis has involved theedigaton of the dependence of
electrochemical characteristics, especialliygnamic and thermalresponsesof the AC,
grapheng and SWCNT electrode®n their micrestructures as represented by tire
distinguishablesurface aregyoresize and porsize distributionTo verify the role of porous
carbon electrodes in supercapacitperformance their frequency and temperature
dependentapacitiveand resistive behaviohas beercharacterized and correlatedth the
microstructures of the electroddédoth the graphene and SWCNT electrodeshibit lower
interfacial resistance better high-frequencyperformance andaster response periadin a
high-frequency domain, due tihe relatively high pore volumes in timemesepore rangs,
between 3 nm and 50 nwith a wide PSD. However, they exhibérger variatios in
resistance (maximum 3% or 70% variationfor temperatureranging from-30 °C to 60 °C)
and lower retention of capacitan@®rrelatedwith temperatureslt is evident thatthe
presence oflominatingmesepores inan electrode makets surface area mor&ccessible to
electroltic ions evenat high-frequency operatignbut relatively larger pores increase
interferencebetween ionswhich has anegativeeffect onthe doubldayer formationat low
temperatures

In comparison, the activated carbelectrods display a higher resisance and a longer
current response periodhich are attributabléo the dominance of micspores (less than 2
nm), with a narrow PSD.Microporous AC however shows a weak dependence of
capacitance and resistan¢maximum 33 % variation) on temperature ard minimal

temperature influence on ion kinetics #e doublelayer interface, rediing in stable
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performance, i.eless degradation of energy densibyfferences in resistivecharacteristics
becomemore significant inthe frequency domain ih decreasig operating temperature.
This finding corresponds tthe fact thatthe AC exhibitslower kinetic activation energy of
Gk, especially below OC, which can beattributed to theprobability of the existence of
stabilized ions in @arrowmicro-pore rangeEnhancemergin porous electrodperformance
can be achievedhroughthe optimization of pore structureThe effecs of frequency and
temperatureon ion movementinto pores shouldlso be consideredas an important factor
when an EDLC deviceis designedfor operation inharsh environment Therefore, a

thorough understandingf the dependencef capacitance and resistance on electradat

involve the micrepore to mesgore rangesan beexpected tdacilitate the developnent of

high-performanceorous caron-based electrodes f&DLC devices.
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Chapter 6 Characterization of Thermal Behaviors with

Electrolytes

6.1 Introduction

The electrolyte e.g. agieous, organic and ionic liqyigplays an important role in
governing the rate capabilitand energy densityfaa device since the stored energy is
directly demndent on the properties of an electrolyte including solution stability,
conductivity, ionic mobility anddiffusivity [17]. Curmently, organic (noragueous) and
agueous solutions are commoniged as electrolytes in commaeicproducts to achieve a
wide voltage range at low resistances.deneral, the neaqueous eléwmlyte has a higher
internal resistance than aqueous electrolytésch causes a decrease in their power density.
Nevertheless, nonaqueous electrolytes arereferred rather to aqueous ones in
commercialized EDLC devices because of their wider potential window in operation; a wider
potential window leads to increasedergy density. On the other hand, aqueous electrolyte is
less likelyto explode at high tempetiure and they exhibit lower intern@sistances, larger
capacitancesnd higher efficiencies. Accaryly, in order to develop EDLC devices for
specific applications antheet their requirements, not only is a suitable electrolyte needed,
but a better urelr st andi ng of the el eixalsomdcegssapF O t her
particular interest are the effect of temperature orkihetics (charge transfer), diffusiori o
ions and bulk electrolyte pcesses, which are crucial to determine the specificcdapae

andthe internal resistance of an EDILTA4, 17Q.
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The goal of thiswork is to systematically study the performances of two representative
electrolytes, namely aqueo(s,SO,) and organic (ENBF4/PC) ones, using a specified
charaterization procedure. The effects of temperatureapacitanceetention, energy and
power densities, and resistance variatiars first quantified over an operating temperature
range betweer30 °C to 60°C and then directly compared for the two electrolytesorder
to study the interfacial reactionaddifferent diffusionbehaviors of electrolytic ions of the
two electrolytes at various operating temperatures, electrochemical impedance spectroscopy
(EIS) data are simulated with an equivalent circuit modlalough anlyzing these simulated
impedance dta, the energy barriers agaikstetic reactions (charge transfer, adsorption) and

diffusion processes are estimated for different temperature regions.

6.2 Experimental

For the fabrication of EDLC cellactivated carbon was usedpmduce the electroddri,
as following the samprocedurdan Chapter3. To compareghe thermakharacteristicef two
different electrolytes, 1 M organic (RBF,/PC) and 3 M aqueous @30, electrolytes were
prepared, respéeely. To simulate operating temperatures fre80 o 60 °C, the coin cell
was placed in a climate chamber.

The electrochemical characteristics were evaluated at different temperatures by means of
cyclic votammetery (CV) anaonstant currentharging/dischargingCCD) measurements
During the CCD tests, he cells were assessed for their resistive behaviors and equivalent

series resistances (ESR) by measuring the IR drop at discharge proc&sgiligrussed in
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Chapter 4the overall internal resistance in a cell is represented by the calculated ESR values,

while the equivalent capacitance (C) values were determined by using following equation
" Y o (56)

wher e ol iI's thg@gecumpt ents a fh edidis eslaitaVt.g9g24r g per
Vin 1M E4NBF4/PC, 0.8 V in 3M HSO;, respectively) and Mn = %2 Vhax

Each electrochemical impedance spectroscopy (EIS) analysis was metfénom Bode
plots, the capacitance and resistaat frequency 10 mHz were obtained by taking the real
components of the impedance at different temperatures. These values were correlated with
the specific capacitance and internal resistances (ESR) obtained frarangtant current
charging/dischargingneasurementsln order to investigate how temperature affects the
properties of the electrolytes and hence the performance of the EDLC, the EIS spectrum was
simulated with a previously proposed equivalent cirasghown inFigure 42 (c). Still, each
impedance simulated at 10 mHz was processed to obtain the correlation between the

calculated total impedances and the measured ESR values.

6.3 Results and Discussion
6.3.1 Characterization of Thermal Behaviors

Figure 61 shows cyclic voltammograms measured on cells at epehating temperature
from -30 °C to 60°C for the two electrolyteS.he CV curves irFigure 61 (a), obtainedrom
the aqeous electrolyt¢3 M H,SQ,) demonstrate a saturated area of the current respionses
the temperature range frora0 °C to 25 °C, which represents theeady charge/discharge

capacity. However, the current responsas desaturated at30 °C. This behavioris
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attributed to the watdsased electrolytes characteristics which experience jihasgeat
close to their freezing points. For example, the freezing jbisalfuric acid solution (9€6)
is about-20 °C [183, which leadsto a low current responsét low temperatures in
comparison tahe aqueous electrolytéhe organic electrolyte (1 M BBF,/PC) current

responses are more distorted from the ideetingulashape, as shown Figure 61 (b).
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Figure 61 Cyclic voltammetry of (a) 3M k50O, and (b) 1M EXNBF4/PC electrolyte at
operating temperature fro80 to 60 °Cat a scan rate of 20 M/, respectively

150



In geneal, there is a slow rise in gent at the beginning of each charge/discharge process,
which is caused by the internal resistance (ESR) of a cell. When it ctonibe effect of
temperature, a slower cunterise in current and two rounded corners of the rectangle were
observed at the beginning of the charge and discharge proceksgsraemperatures. This
indicates a significant increase in intern@sistance, especially for the nagueous
electrolyte as the operating temperature goes down. The decreasing rates were foend to
dependent on temperature. Flobservation agrees with preus studie$184]. On the other
hand, both electrolytes displaydte slightly sharp tails of CV curves near to 1 V g5y
and 2.7 Vin EyNBF/PC when the temperature is at 8C. This is caused byhe
decomposition of electrolytd485.

Oneimportant issue of temperature change on an EBLtbe ability to retain specified
performance levels, includingapacitance, internal resistance and power/energy density.
These characteristics for each electra@ytwere evaluated by theonstant current

charge/discharge measurements.

(@) (b)

0 @ 60deg P F S & 60 deg

H & 25deg ot
Ohmic drop (Cp\y A 10 deg :— wfl::
+ 0 deg q)v 0 e
i A4 10 deg
700 - 20deg O " odes
Noe . -30 deg

600

Voltage / mV
L

Voltage /V
=

500

. » e e 12
40 60 80 100 0
Discharging time / s

400
0 6

Discharging time / s

Figure 62 Discharging processa constant current (30 C rate)
3M H,SO, and (b) 1M EINBF4/PC electrolyte at various temperatures, respectively
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Figure 6.2 shows dischargeurves of a cell at different temperatures operating at a
consantcurrent density of 0.13/4in H,SO, and 0.28 Ag in E4NBF4/PCelectrolyte,
respectivelyln this figure, the IR drop was observaitthe beginning of discharging process.
The voltage drop (Ohmidrop) was used to estimate the inténegistance (ESRlevidion
with tempeature changeAs a resultFigure 63 shows the plots of the specific capacitance
retention of EDLCs an&#SR variation calculated from the discharging curvésgare 62.
Theaqueous electrolyte was studigeer the temperature range-801 60 °C, and its
specific capacitance was found to change fronH@®@o 130 Fg, which indicates a
maximum loss of 156 ofits capacitancelhe capad¢ance decrases to around 100d-atthe
temperature of30 °C. On the other hand, the organic electrolyte showed a loss%fa8#s
capacitance, from 88/gat 25°C to 52 Fg at-30 °C. For the temperature effect on the
internal resistance, the aqueous electeobhowed an increase 1 % in ESR, while the
organic éectrolyte displayed a more sigicant increase of 68 over the tested temperature
range. Botlelectrolytes measured their highest resistane@CiC. This isattributed to the
instability of eletrolytes near their freezing temperatures. Moreover, it should be noticed that
the variations of ESRnd the capacitance can result in lowering of energy/power dessity

shown below:

%l ABAU OEBIIC —#6 (57)

01T xART OEXBG —— (58)
wherem is the mass of an electrode and V is the operating voltage. In geheratganic

electrolyte can provide larger energy/powensites than the aqueous ones due to the

greater operating voltage.
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Figure 63 Capacitance retention and internal resistance (ESR) deviation for (a)S™ H
and (b) 1M EANBF4/PC electrolyte depending on temperatures, respectively

In contrastin Figure 64 it is can be seethat as the temperatures decreases, the organic
electrolyte showed a decrease in both epargl power densities while no significatiange

is observed in thaqueouselectrolyte.The organic electrolytachieveda power density of

470 W Kg at-30°C, 580 WkKkg at 60°C andanenergy density of 1.8 Wkg (-30 °C), 6.3
Wh/kg (60 °C), respectivly. Whereasa power density of around 100 Wg andan energy

density of 1.7 WHg over theentire temperatureange were observed in tloase of the
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agueouslectrolyte. Thischaracteristids associated with the variation of their capacitance

and ESRwith change in temperatuas shown irFigure 63.
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Figure 64 Ragme chart with specific power (kb)/energy density (WHkg) for 3M H,SO,
and 1M EiINBF4/PC electrolytes operating ffoVyn to Vmax at different temperatures

Figure 65 depicts the Nyquist plotsvhere xaxis is the real impedance andwyis is the
imaginary impedance, measured from 10 mHz to 100 kHz at different temperatugasto
electrolyte. For both electrolytes, the curves were J#tiifted with decreasing temperature,
which means increasing resistandascompang thetwo electrolytes the organic electrolyte
shows more righshiftedin its curvesshown inFigure 65 (a) and (b), indicating larger
deviation in resistancever the giventemperature changen the Nyquist plot, lte first
intersectionof the x-axis in the higHrequencyregion relates to the ohmic resistancehef

electrolyte while the diameter of following semicircle in the {fngjuency regiorprovides
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information onthe interfacialresistance of th&DLC device. Compared to thagueous
electrolyteresistanceshown inFigure 65 (a), the organic electrolyteesistances, shown in

Figure 65 (b), both displaygreaterdependencymtemperature.
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Figure 65 Nyquist plots for cells ing) 3M HSO, and (b) 1M EXNBF4/PC electrolytes,
including enlarged images at right side

This phenomenoris in agreement with the result from tbenstant currenthargedischarge
study. The capacitivebehavior of the electrolytes investigated by studgg the slopes of

correspondingerticalcurves (seen in the enlarged imageBigure 65). At low frequencies,
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an ideal capacitorwould provide a straight line with frequency decreasing. It can be

obviously obsered that the aqueous electrolyte shows the nearly linear slopes while the

slopes from the organic electrolydecline as decreasing temperature. This indicates that the

agueous electrolyte produces stable capacitances while the values of the organlgtelectro

significantly decrease with a lower temperature. The sam@dencywas found in the Bode

plots, seeFigure 66 andFigure 67.

(a) 1.000 F e
-
100.0 mF s E iy
« T,
Pt

5
10.00 mF L|®

°

o Orms
o Owme
o Orsme

1.000 mF

= 100.0 uF

Creal/ I

10.00 uF
1.000 uF
100.0 nF

10.00 nF
10.00 mHz 100.0 mHz 1.000 Hz

(b) 1.000 F

100.0 mF g

arpae
omE e
oT-h0-4
oree
a>irme

10.00 mF

oo u-e
o e
or-me

1.000 mF

100.0 uF

Creal / F

10.00 uF

1.000 uF

100.0 nF

10.00 nF
10.00 mHz 100.0 mHz 1.000 Hz

L

& 60 deg
i 25deg
& 10 deg
—+ 0 deg
2 -10 deg
1 -20 deg
< -30 deg

o Omme
o e
o Owme
o Dme
o D
o
-
o Orem
6 Oesm
o O
o e
o O
—d
O» wae
Oswme
orwae
e

o wae

10.00 Hz 100.0 Hz 1.000 kHz 10.00 kHz
Frequency / Hz

& 60 deg
4 25deg
& 10 deg
—+ 0 deg
2 -10 deg
1 -20 deg
O~ -30 deg

o
@rr-
.
o »
o »
[
me
me
e
e
0w
o
mom
oo w
+00-—.
w e
o .

10.00 Hz 100.0 Hz 1.000 kHz 10.00 kHz
Frequency / Hz

-

L

100.0 kHz

Figure 66 Bode plots of real capacitance for (a) 3y3@, and (b) 1M EXNBF4/PC
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Figure 67 Bode plots of real impedance for (a) 3M3D, and (b) 1M EINBF4/PC
electrolytes

Figure 66 demonstrateshat the capacitance in 10 mHzasweduced by decreasing the
operating temperatureThis variation is moreconsiderablethan in that of the organic
electrolyte. Similarly, for the real resistance showrkigure 67, the aqueouselectrolyté€s
resistances increaséghtly with decreasing temperaturehile the organic electrolyte shows

a largettemperature dependency.
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6.3.2 EIS Simulations and Temperaturedependent Reactions

Thr ough

he

El

S

i rcui

t mo d el

simul ati on

behaviors with respect to temperature were further investigated. The goal was to identify

which electrochemical reaction is the dominant one in determining the overallnpanioe

of an EDLC device. Ashown inFigure 42 (c), the proposed equivalent circuit model

provides individual components corresponding to electrochemical processes that include the

following: bulk processes (k. Rouk), diffusion (W), interfacial reactions (g and double

layer capacitance ( C.q9. To determine the capacitance, the simulated values from the

circuit model and the measured ones from Bode plots at 10 mHz were compEabte 61.

Table 61 Simulated specific capacitancegdgFfrom the circuit model vs. measured ones
from Bode plots at 10 mHz for (a) 3MLBO, and (bLM EuNBF4/PC with different

temperatures
€) H,SO, Simulated Measured
Temperature Cbulk CH Cads (Cbulk +CI(§'T|_'_ C’ads) Ctotal
-30°C 3.1E03 50.6 20.5 71.1 61.3
-20°C 4.1E03 846 29.2 113.8 102.0
-10°C 4.1E-03 86.8 351 1219 104.9
0°C 3.9E-03 866 381 1247 108.6
10°C 44E-03 841 369 120.9 1115
25°C 44E-03 87.5 40.3 127.8 115.8
60°C 4.6E03 94.8 43.8 135.6 124.1
(b)  EuNBF,/PC Simulated Measured
Temperature Coulk Cy Cads (Cout f‘é;a '+ Cocd Cootal
-30°C 6.7E04 16.9 24.7 41.6 335
-20°C 7.9E04 25.3 29.0 543 402
-10°C 7.8E04 24.9 31.3 56.2 49.2
0°C 8.7E£04 28.1 35.0 63.1 55.2
10°C 8.3E04 28.6 42.4 71.1 633
25°C 1.1E03 28.5 51.3 79.8 72.8
60°C 8.8E04 29.5 64.3 93.8 791
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As a result, the bulk capacitance is very low compared to the vauexher two
capaciances The bulk capacitancealue (around 4F) is of the order of micrdarad, which
impliesthe practical capacitance in an EDLC is mainly attributed to the valugs aidCGqs
Consequently, for the organic electrolyte total simulated specific capacitaggg i€Grom
54 to 80 Fg, while the aqueous one is around 12§ Rithin the temperature range fro20
to 25°C. Although these values are slightly higher thlammeasured ones (with maximum
error of 10 %), the simulated capacitances follow the same trenthdasated by
measurements fahermal capacitive behaviors in both electroly#®&scording to literature
[186, the adsorption reaction is acceleditiecelerated by temperature changesulting in
deviation of C,4s This phenomenon is morsignificant in the organic electrolyteas
illustratedin Table 61 (b). This increase significam$ attributed tahe organic electrolyté s
lower conductance and slow reactivity absorbablespecies compared tthe aqueous
electrolyte

The EIS simulation was used to determine individual resistanctge tulk electrolyte
process,the diffusion and interfacial reactions ithe EDLC device, andio explain the
variation in ESR with temperature from tbenstant currenthargedischarge measurements.
The simulated values of each resistive element defined in the equivalent circuit are
summarizedn Table 62. Theexternal seriesesistancgRs) and bulk electrolyt@s resistance
(Roui) correspondto the electrolyte ohmic resistance and the current leakage from bulk
electrolytés processesgespectively For both resistances, the aqueous electrolyte showed a
significantly less variation with temperatuthan theorganic electrolyteThe Rs of the

agueoulectrolyte varied from 1.3 to 0@, and the R,k changes from 3.2 to 2c with the
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temperature rangg from -20 to 60°C, whereaghe organic ones range from 9.5 to §.8Rs)

and from 12.5 to 4.4 (Rwuk)- These deviations are closely relatedhe electrolytés change

in conductiviyy with temperature. In literature, it was found that organic electrolytes have
much lower conductivity (30~40 m&h at 25°C) thanaqueousones (550~700 m&m at

25 °C) and showsa parabolic change with temperatuf@87. Therefore, the organic
electrolyte displays a larger variation iz Bnd Ry, andits temperature dependencies are

more significant.

Table 62 Simulated resistances from the circuit model for (a) 38® and (b)1M
EuNBF,/PC with different temperatures

(@) H,SO, Simulated
Temperature Rs(ohm) Rouik (0hm) W (ohm&™?) Rinc (0hm)
-30°C 4.42 4.42 1.45 6.50
-20°C 1.35 3.21 1.32 5.58
-10°C 0.86 2.95 1.35 5.23
0°C 0.45 2.97 1.33 4.53
10°C 0.49 2.74 1.23 0.62
25°C 0.31 2.58 1.28 0.24
60°C 0.17 2.14 1.06 0.13
(b) EuLNBF,/ PC Simulated
Temperature Rs(ohm) Rouk (0hm) W (ohm&™? Rint (0Ohm)
-30°C 9.68 16.89 15.44 33.80
-20°C 9.48 12.55 9.93 21.62
-10°C 8.97 9.72 6.36 15.48
0°C 7.92 7.42 4.16 11.24
10°C 6.09 6.60 3.58 8.38
25°C 3.44 5.84 3.08 7.69
60°C 2.85 4.39 2.23 5.29

The diffusion resistance (W) and interfacial resistangg)(Rre other crucial factors hat

influence the ESR in the equivalent circui. the case of the aqueowsectrolyte, W is
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aroundl.3q regardless ofhetemperaturewhile Ri,: rangesfrom 0.1 to 0.61 and 4.5t0 6.5
q, in high (60 to O°C) and low (0 to-30 °C) temperature regions respectivdly.contrast,
the organic electrolyte shows a gradual decreagaoth W (from 159 at-30°Cto 2q at
60 °C) and Ry (from 33q at-30°C to 5q at 60°C). These differentharacteristic®f the
two resistances indicate the diffusion and interfacial processestrangly associated with

the electrolytés properties.
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Figure 68 Correlation between the simulated total impedance at 10 mHz and the measured
ESR from CCD measurement in log scale

In addition the total real impedance simulated at 10 mHeoiselatedwith the measured
ESR fromCCD measurement ifrigure 68. For both electrolytes, the simulated values are
similar to the ESRestimationand present appropriately the temperature dependence of the
resistance. This implies thesistive behavior of two electrolytes cha fairly accurately

simulaed by thisequivalent circuit.
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The thermal behavieiof kinetic reactions and diffusioran berationalizedquantitatively
by the measurd values of resistancé®m the EIS simulation. The temperatutependence
of the doubldayer interfacial resistancéreferredto R,) and the diffusion resistance
(referred to W) of the electrolyte can be interpreted in terms of the activation energy (E)
accordingo the Arrheniusequation188 189:

Agpl ¢i2 2 AgpLl (59

wheré” is the reaction raté, is a constant, k is the Boltzmasrconstant, T is the absolute
temperatureBy replacing$ by the valuef R or W in Table 62 and then [otting In(R)
versus 1/T, the activation energy Gthé corresponding procesan be obtained from the
slope of the lines as shown kigure 69. The variation ofthe two resistances indicates the
energybarrier against the chargegansferring through the doublayer interfaces (R) and
ionGs migrationtowards the double layer (WBoth resistances decrease when temperature
increases.This phenomenon implies that a higher temperature enlarges the free, spaces
erabling itto transfer charges amdducemigration frictions,which decreasgthe activation
energes of kinetic reactions(Gk) and diffusion (@). Additionally, it is realizedthat both
activation energies can lastinguishednto two temperature region$or below and above
0°C, respectively, whictmawe different slopes. The Gand G, of the organic electrolyte have
comparable values ithe low-temperaturgegion (3.02 kdhol and 3.64 kiinol) and inthe
high-temperatureregion (1.95 kdhol and 1.69 kdhd), respectively,showing that their

resistances are affected by the temperature clamgiary in both regions
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Figure 69 An Arrhenius plot of the temperature dependency of kinetic and diffusi
resistances in (a)430, and (b) EANBF4/PC electrolyte

In contrast, the diffusion processin the aqueouselectrolyte exhibits thesame activation
energy (@) of 0.32 kJimol for these twdemperature regi@ This energy is much less than
the correspating values of the organic electrolyt€he value of G (0.95 kJmol) is
howeverless tharthe value fotthe organic ong3.02 kJmol) in the low temperatureegion,
butits value(9.63 kdmol) is much larger than the value for the organic dn85 kJmol) in
the high temperature regionThis indicates that,he kinetic reactios of the aqueous

electrolyteare greatly Hiected by the operating temperatuespecially close t@® °C. This
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may be explained by thathd aqueoudyped ions become tightly packeaslith water
moleculesat nearthe freezing point of water, and henceequire someenormouskinetic
energy to transfer the charge (or ionsjratinterfacialdoublelayer. Below 0°C and in the
low-temperature regiqrihe activation energy for the kinetieactions becomes smaller and

the kinetic processes at interface are less dependent on temperature changes.

6.4 Summary

The electrochemical performance of EDLCs assembled with two electrodytasous
(H2SOy) and organic (BNBF4/PC), was systematically ewahted inatemperature rangef -
30°C to 60°C. The temperaturdependency of EDLCs for aqueous and organic electrolytes
was explainedbased on CV constant currentharge/dischargeand EIS analyss. The
capacitance, internal resistance and energy/payessities of the twacapacitorswere
deduced from electrochemical measuremeiit®e aqueouselectrolyte performancewas
foundto be less dependent aperatingtemperaturgexhibitingless variation of capacitance,
resistance and energy/power densities compared to the organicelectrolyte.
Electrochemical impedance spectroscopy and simulation results with the equivalent circuit
were extensivelyinvestigated The simulated resistivécapacitive characteristicswere
correlated with the measured capacitanaaed anternal resistance from th€CD
measurements. Meanwhile, simulated resistam@re interpreted to understand the kinetic
anddiffusion behavios within the interestedemperatureange For theaqueous electrolyte
both the kinetic and diffusion behaons are relatively insensitive to temperatuwlkanges

from 0 to-30 °C, howeverhigherenergybarriers exist for the kinetic reactions and diffusion
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within the range betwee®’C to 60 °C. For the organic electrolyteghe comparable energy
barriers exist dr kinetic reactions and diffusion, both for the low temperature and high

temperature regions.
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Chapter 7 Conclusionsand Future Work

7.1 Conclusions

The work presented in this thesis is expected to contrilgitmificantly to the
development of nanstructured carbon electrodes aintbroving our understanding of their
electrochemical, thermal and dynamic properties for electrochemical dayblecapacitors
(EDLCs) through both experimental and numerical study. The following concluarens
drawn from his research.

First, using the electrophoretic deposition method (EPD), SWCNT coated electrodes were
fabricated from functionalized CNT suspensions with various pH vallies. SWCNT
electrodes fabricated with a higher pH yielded an increased surfacendrezoeeeffective
pore size distribution, leading to a higher specific capacitance. In addition, the measurements
of electrochemical impedance revealed that the pore size distribution optimized through
modifying the pH values reduced the internal resigan€ SWCNT electrodes. This
investigation, detailed in Chapter 3, will help optimize the structural properties of nano
structured electrodes, which can be used ird#s#gnof advancedEDLCs with high energy
density.

Second, based on thieeoreticaldesciption of doublelayer interfaces, a new equivalent
circuit mode] composed of three main capacitors (& Cy and Gg9 and resistances (&,

R and Ryq9, was developed and verified through experiments and simulations. This model,
described in Chapt 4, is useful in investigating the electrochemical and dynamic bekavior
of EDLCs withcarbonbasecelectrodes. In particular, the proposed circuit model proades

more straightforward way to address idrisnetics and diffusion reactions at douldger
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regions. These retions are critical to determirtbe capacitiveand resistivecharacteristics
of EDLCs. The impedance behavior of EDLCs witfo distinctelectrolyteswas studied to
evaluate the validity of the circuit modeling, and thsultssuggestdthat this model is able
to sufficiently simulate the characteristics of EDLCs, including their potential dependency.

Third, the dependence of electrochemichéracteristicon the structural properties of
porous carbon electrodes was experimentatlyestigated, especially these dynamic
responsesof porous activated carbon, graphene and SWCNT electrodes, which are
represented by themorphology surface area and distinguishable pore volume distributions
to pore sizes (PDS). Both graphene and SWCMEtt®des, having a wider PSD in the
mese/macrepore range, exhibita greater capacitance retention and loweterfacial
resistance in higifrequency operations than those of activated carbon electrodes with a
narrow PSD in micrgores. The temperatutependent capacitive and resistive behaviors
were also compared tmvestigatethe role of porous carbon electrodes in E@C
performance for operation in the temperature range betvd®etC and 60C. Mesoporous
graphene and SWCNT electrodes wienend tobe more sensitive to temperature change due
to their larger portion of meswmores, resulting in a larger variation in capacitance and
resistance than microporous activated carblentrodesThis work is covered in Chapter 5,
and the detailedharacteristisof the electrodes are summarized able 71.

Finaly, the characterization of the thermal behavior of two distinct electrolytes, namely
agueousand organic, was carried out to improve the performance of EDCls way
compatiblewith electrolytes capable of stable and wider temperature operatiemqueous

electrolyte performance was found to be less dependent on operating temperatures from
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20°Cto 60°C, exhibiting less variation of capacitance, resistamteenergy/power densities
than the organic electrolyt&his finding correspond® the fact that th@aqueouslectrolyte
shows relatively weakeznergy barrierggainst thekinetic and diffusion reactions at double

layer interfaces.
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Table 71 Structural and electrical properties of porous carbon electrodes, and their
electrochemical and thermal behaviors

Electrode Activated Carbon Graphene SWCNT
3-D porous network 2-D sheet typed 1-D porousrandomly
randomly agglomerated| accumulation dispersedetwork
Surface area1560 mMig | Surface aresb50m°g | Surface are®640m’g
Structural 1 1 1
properties
Pore size distributed Pore size from 3 to Pore size from 8 to
from 1 to 3nm (Ave. 10nm (Ave. 6.2nm) 20nm (Ave. 7.0nm)
2.1nm)
Low conductivity Highest conductivity | High conductivity
Electrical (0.1~1 S/cm) (~106 S/cm) (~105 S/cm)
properties Highest ohmic drop Lowest ohmic drop Low ohmic drop
Large Rs Smallest Rs Small Rs

Electrochemical

Specific capacitancef
96 F/g (with 1M
EtNBF,/PC)

Slow current response

Specific capacitancef
88F/g

Fast current response

Short(}

Specific capacitance
of 89 Fl/g

Fast current response

Shortest}

Require low activation
energies for ion kinetic
reaction (G of 3.0
kJ/mol below 0°C)

Linearlydrop in
energypower densities
at low temperatures

Large G of 4.5
kJ/mol

Gradually drop in
energypower densities

Largest Gz of 7.5
kJ/mol

More gradually drop in
Energy/Power
densities

behavior for fast

charging/discharging

Long relaxation time

(W)

Capacitance retention | Capacitance retention| Capacitance retention

of 46% of 36% of 3%

Internal resistance Internal resistance Internal resistance

variation up to 33% variation up to 55% variation up to 68%

Relatively small chargy | Large changin Larger chang in

in Cap.&Res. under Cap.&Res. under fig | Cap.&Res. under freq
Thermal freq. (especially below 0°C)| (especially below 0°C)
behavior
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7.2 Future Work

Although a number of important conclusions have beedein this study, several
phenomenaeported here need furthewestigatiors. Some recommemdiors for the future
work are listed below:

First, with the approach presented in Chapter 3, EPD psougsat higher pH values
yields SWCNT electrodes withincreased surfac area and moreffective pore size
distribution resulting in the capacitance of around 100 F/g. However, capacitance values still
remain lower thanhosefor ACs. Thisresultis mainly attributed to a lower mass of active
material andthe thickness of th electrodes. The maximum weight of SWCNT films
achieved by EPD processing is about 3 mg with a thickness of abput,2@ither of which
is sufficient to evaluate materiaés performancen practice,includingits energy or power
density. Sampleelectrales used indemonstratiorshould be of comparable thickness and
mass of aractualelectrode, similar to those @bmmercialelectrodes (100 to 20@m or
about 10 mg/chof carbon film). To increase the electrogteder tes mass and thickness
it is bette to develop multdlayered SWCNT films by employingrinting techniquesvith
functionalizedSWCNT suspensioat high pH values

Second, the equivalent circuit model developed in this study can be used to characterize
the operation parameters of EDLCs tisatre energy through ndraradaic processes. It
cannot be used to model the psegdpacitors which utilize pure Faradaic reactions, such as
reversible redox reactions created by using conducting polymers and metal oxides. To apply
it for all typedEC sysems, the model needs to be improved by modifying &d Rgs

which corresponds to the redox reactions at delatyler regions.
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Thirdly, in this thesis work two types of electrolytes: aqueous and orgaare studied
Another type of electrolyte, mic liquids (ILs), issuggested andeing developed as a
superior alternative in terms of potential window for operation (up to 4V)sanglified
purification. A number of ILshave recently been introduced tacreasepower and energy
densitiesHowever, it is known that ILs still fail to satisfy the requirements for applications
in the temperature rang8&0 °C to 60 °C where ECs are mainly usetherefore, further
development and characterization of ILs is required to completely understapibyibeties

of EDLCs based on different types of electrolytes with the same carbon electrodes.
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