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SUMMARY

Supercapacitors are a unique technology with capabilities to fill f{hénganergy
storage devices tprovide both high energy and power density. This work focuses on
developing novel high performance supercapacitors by utilizing silicon processing and

growing embedded functionalized carbon nanotube electrodes.

A wide array of carbon materials have been studied astretles for
supercapacitors. This work focuseswartically alignedcarbon nanotubesith titanium

and zirconiunoxide and nitride functionalities in order to improve the energy density.

VariousILs were surveyed as electrolytdss are more favorabléan traditional
aqueous or organic electrolytes for their low volatility, low vapor pressure, and high
electrochemical window. In this work, fites were seleted based on a few parameters

high electrochemical windows, varied viscosities, and high testyoe stability.

Cyclic voltammetry, galvanostatic methods, and impedance spectroscopy were
employed to evaluate capacitance and resistance of the developed supercapacitor
architectures. These tests demonstrated high energy storage in most titaniencoutied
CNT electrodes. Some zirconium nitride samples exhibited similar capacitance as titanium
nitride. Titanium oxide samples demonstrated high capacitance as well, but lower than the
nitride counter parts. Zirconium oxide performed poorly and maiedaisimilar
capacitance to nefunctionalized CNT electrodes. The ALD coatings added some
resistance to the samples, however the results are not easily quantifiable due to

manufacturing erroresulting fom the high viscosity of thigs.

XixX



On the basis of teiresearch, it is suggested to pursue nitride coatings in further
research. The traditional oxide coatings performed well but generally had lower
capacitance and higher resistance. The highest capacitance values were obtained with the
nitride coatings pa@d withlL C and D.Lower viscositylLs generally performed better

which supports the need for further development to ensure full electrolyte filling.
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CHAPTER 1

INTRODUCTION

The energy storage industry consiptedominatelyof batteries and capacitors.
Batteries have high energy storage capabiliigsnay consist of harmful chemicgllack
high/pulse power capabilities, andend to possess short cycle lifetime3raditional
capacitors benefit from high power densityda long cycle lifetimebut lack significant
energy storagduring use These devices leave a gap in the energy storage spdoirum
devices with high power and high ener@yupercapacitor research attempts to bridge the
gap and produce a device thahaintainsthe benefits of botlbatteries and capacitors.
Specifically, this work is inspired bthe versatility and unique properties of carbon
nanostructurefor supercapacitor electrodesarBcularly, carbon nanotubes (CNTkave
potential to be extremely usefelectrode materials due tbeir inert nature, porous

structure, and high conductivity

Supercapacitor performance is fundamentally controlled through electrode and
electrolyte propertieand interactionsespecially the surface area of the electrodetlaad
dielectric constant of the electrolyte. However, careful consideration of other parameters
such as porosity, pore size, ion size, viscosity, operational temperature range, and
electrochemical window can be used to optimize the performance. Additioeghgcted
operating conidions such as currengpltage and temperaturean drastically change the

performance.



Carbon based supercapacitors have long been in development, howeipfew
scale, silicon basedertically aligned carbon nanotube baseghercapacitors have been
developed. This work focuses on the development of a novel hybrid supercapacitor
architecture utilizing functionalized vertically aligned carbon nano{@d¢r) electrodes

amonga survey ofonic liquid (IL) based electrolytes.

CNTs have been widely studied for a variety of applications, however, their use in
supercapacitors is particularly unique. By growing forests of vertically aligned CNTs
embedded in silicon, a highly porous and robust electrode can be realized that is easily
scalable within the silicon industrifhe high porosity of CNTs is essential for two reasons
T (1) High porosity correlates with high surface area and high capacitance, and (2) high
porosity provides many surfaces that can be further functionalized taseccapacitance

through pseudocapacitance.

Pseudocapacitance can be induced through interactions between electrode and
electrolyte. However, reactive materials need to be deposited on the relatively unreactive
CNTs. Atomic layer depositio(ALD) is particdarly useful for this application as it is a
seltlimited, conformal, andhighly controllable deposition techniqué variety of
materials can be depositdtrough ALD, but particular attention is paid to titanium and

zirconium oxides and nitrides in thigork.

The electrolyte has a significant impact on the performance of a supercapacitor,
particularly as it pertains to pseudocapacitance. The chemistry between the electrode
materials and the electrolyte need to be such that charge transfer can occtinretigér

electron or ion transfer to the surface or ionic intercalation into the electrode. These



reactions must remain highly reversible over many cycles since applications for
supercapacitors demand long cycle lives. Other properties of the electrelytepartant
as well such as the electrochemical window, which will affect both energy and power

density, the dielectric constant, and the viscosity.

Evaluating a variety of pseudocapacitive coatings and electrolytes is imperative to
improving supercapadt performance. This work focuses on evaluating four coatings and
five IL (IL) electrolytes and characterizing the resulting capacitance, resistance, energy

density, and power density.



CHAPTER 2

BACKGROUND

2.1. Overview of Energy Storage [@vices

The two most widely kown devices for energy storage are batteries and capacitors.
Batteries have high energy density but low power density, and capacitors have low energy
density but high power densitgatteries have relatively short cydietimes on the order
of thousand, whereas capacitoisave cycle lifetimes on the order éiundreds of
thousandg1]. However, hese devices fail to account for the whole energy storage
spectrumThere is a fundamental gap between capacitors and battsrgmwan ifFigure
1, which is filled by electrochemical double layer capacit&i3l(C), (ECDL), also known

asOsupercéoapadiut or @8apacitorso

104
Fuel Cells
10° [
Batteries
102 [~

Commercial

1
10 Supercapacitors

10°

Energy Density, J/kg

-1
107 - Capacitors

| I | L |
10! 102 10° 10 10° 10°
Power Density, W/kg

1072

Figure 1. Ragoneplot showing batteries and capacitors are essentially opposite
energystorage devices, batteries have high energy density and capacitors have high
power density[1].



Supercapacitors are characterized through their energy density, power density,
volume, and mass. Energy densi®,and power density, P, are definedEyuationsl
and 2,whered is the capacitanceYw is the operational voltage window, agd'Y) the
equivalent series resistan@oth of these equations are frequently normalizeti&ésctive

electrode volume or mass.
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Supercapacitors have moderately high energy and power density each of which can
span a few orders of magnitude depending on the architecture. Furthermore,
supercapacitors maintain some of the best attritnftbsth batteries and capacitors, such
as the extremely high cycle life and sustainable architecture. The wide range of energy and
power densities, along with long cycle life makes supercapacitors a highly competitive

energy storage device.

Two broadcategories of supercapacitors are prevalent tadayHelmholtz double
layer capacitor, and the pseudocapack@mholtz double layer capacitarperate on the
Helmholtz double layer phenomenajereas pseudocapacitaqgeratehroughreduction

oxidation (redox) reactions.



2.2. Helmholtz Double Layer

The double layer capacitance was first described by Hermann von Helmholtz, a
German physicist, in 185B4]. This phenomena isonfaradaic, and isnalogous to a
traditional capacitor in which an applied voltage causes charge separation at the electrode
interfacesand isgoverned byequation 3Where0 is the capacitance, is the permittivity
of free space; is the dielectric constant of the dielectric mateials the electrode area

andQis the distance between electrodes.

6 — 3)

In electrochemicakapacitors, the electrolyte forms a double layer at the electrode
as shown irFigure2. The distage in EKuation 1 $ reduced to ¥m, defined by th size
of the solvent molecules, which results in a dramatic increase in capacitance. However, a
functional capacitqr by definition, must have two current collecting electrodds,
thereforetwo opposingHelmholtz double layers are formdaetween each electrode and

the electrolyte, in series.

The Helmholtz double layer phenomenéaigelyanelectrostaticvery high power
phenomend5]. Howeve, it still lacks energystorage In order to achieve high energy
densities, other phenomena, such as pseudocapacitance nuadibbeatelyintroduced

into the system.
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Figure 2: Helmholtz double layerformed at the negative electrode. Solvated and
adsorbed ions at the electrode create pseudocapacitance.

2.3. Pseudocapacitance

First developedin 1991,by Conwayet al.[6], psaidocapacitance is a reversible
faradaic charge transfer process that occurs through reversible neattiions at the
electrode/electrolyte interfadd, 5, 7, 8]. Pseudocapacitance analogous to the charge
storage ira battery except in a pseudocapacittite ions are loosely intercaldtaith the
electrode surface whereasbattery exhibits deep ionic intercalatif®]. A Helmholtz
double layer does not involve any ionic intercalato is norfaradaic Intercalated ions
are able to be detected by precision mass measurements. This phenomena has first been
observedn pseudocapacitand® Snooket al.[8] and can be used to separate the effects

of pseudocapacitance from Helmholtz double layer effects.

The redox reactions ipseudocapacitorare highly reversible and therefore will
have an extended lifetime compared to battehiegeneral, to induce pseudocapacitance,
the electrode and electrolyte materials must be deliberately chosen for that plirgose.

possible to obsge small amounts of pseudocapacitanceaiely carbon electrodes with



proper electrolyte selectionotvever the effects are insignificafit]. This work will

intentionally coat carbon based electrodes to indigr@ficantpseudocapacitive effects.

2.4. Electrodes

Formation of the Helmholtz double layer and pseudocapacitecbothsurface
effectsand areirectly related to the electrode matefi@l. Therefore, kectrode selection
iS important in optimizing any energy storage device. The electrode must interact
appropriately with the electrolyte fanaximumpower,energy storage, and longevitp.
general,an electrode isequired to have high specific surface area, controlled porosity,

high conductivity, electroactive sites, and low d&t

High surface area electrodes are importard¢hieve high capacitancas shown
in Equation3, and can be produced using porous electradesvever, a high degree of
porosity is not the only requirement for high surface area. The surface area needs to be
accesible by the electrolyte throughercolatednetwork of accessible pore$he most
well-known technique to determine active surface area is BrwtauerettTeller (BET)
testing. BET is a nodestructive test that measures gas adsorption on the surface of a
material, often Mat 77 K[10, 11]. Many authors have examined polymeric, carbon, and
transition metal oxide electrodgk?] each of which have high egssible surface arem

the order ofL72Q 250Q and 300m?/g, respectively12-14].

A percolatednetwork of @&cessible pores is essential for high surface area
electrodes, however, the size of the pore will be particularly important éotrede
materials[15]. According to IUPAC standards, pore sizes should be classifiedhree

standards as followismacropores have widths greater than 50 nm, mesopores have widths



between 2 50 nm, and micropores have widthsdghan 50 niLl]. It has been shown
that pore size must correspond with ion size in the electrphge 7]. Largeotet al.
demonstratethat there is moptimal pore size based on the size of the an@md cations

in the electrolytd17]. They found that a pore size that is slightly smaller than the largest
dimension of the iongnaximizes the achievable capacitantlis minimizes any free
space on the electrode ienstill allowing ions to diffuse into the pore. Howevérjs
suggested that the pore size is significantly smaller than the largest dimertditime ion

the ions are no longer able to utilize the exposed surfaceam@dhe accessible surface
areais reduced.Generally, it was considered that the number of micropores in a
supercapacitor electrode should be minimigeg], however recent work has shown that
utilizing micropores can realize significant improvements in capacitavicen a

appropriately sizételectrolyte is usedas shown idrigure3 [16, 17].
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Figure 3: Plot of electrode pore size versus normalized capacitance for carbide
derived carbon electrodes showing a dramatic increase in capacitance when the
pore size is roughly the size of thiargest dimension of the iorf17].



2.4.1. CarbonElectrodes

Calbon materials tend to make excellet¢ctrodes due to thelow cost, high
conductivity, high surface area, high temperature stabditg,high corrosiorresistance
[2, 12, 19]. The low cost of carbon structures is largely due to the availability of carbon
and the preexisting carbon processing techniq(i#g]. These techniques have resulted in
a variety of useful carbon structures for potential use atetkes such as CNJTgraphene,
aerogels, onions, and carbon blaCkrbon materials are also considered environmentally
friendly, which makes them an ideal candidate for ugberenergy storagedustry that

has been plagued by harmful chemid¢ad.

Carbon materials can be manufactured with controlled porosity t@tuakectrode
to the electrolyteln any energy storage devitke pore length and diameter will determine
the accessible surface ares well as determine thESR [1, 3, 17]. Therefore, by
controllingthe pore size, it is possible to control the energy and power démsitgh the

capacitance and ESR.

Due to their unreactive naturegrbon basedupercapacitorare limited to charge
storage through the Helmholtz double layer. Althougke Helmholtz duble layer
increases the capacitance dramaticaltyg energy density produced is still limitedits
use and needs to be increaf2@. Clever etctrode functionalization techniques must be
used, such as graphenation #&id discussedn section2.4.3 to create a carbon based
supercapacitor for widespread uSarbon arogels, carbon black, graphene, &NiTsare

common carbobasedelectrode architectureghis work focuses on CNTs and graphene.
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2411 Graphene

Graphene based electrodes are suggested to havhigliraccessible surface area
because, as a two dimensional sheet, both sides are acdagsitdeslectrolyteHowever,
graph@ée sheets will require extensive processing development as the sheets are likely to
form graphitg21]. Carbon nanotube® not possess this characteristic, and therefore may

be more suitable for carbon based electrodes.

24.1.2 Caibon Nanotubes

CNTsare composed of one or more graphene sheets rolled into a cylindrical shape,
forming single walled carbon nanotubes (SMT) or multrwalled carbon nanotubes
(MWCNT), respectively. Similar to graphene, CNTs are composed entirely of esurfac
atoms. However, only the outside of the CNTs are actually used in surface reactions. The
diameter of the CNTs is therefore extremely important in determining surface area and will

be drastically different for SWNTs and MWNTSs.

CNTs are generally grown bthree methods including high pressure arcs, laser
ablation and chemical vapor deposition (CV[2P]. CVD is the most widely used
technique for CNT growth due to its simplicity, low cost, structure control, scalability, and
versatility. In the simplest form, CNT growth by CVD involviswing a carbonaceous
gas, such as acetylene, methane, or carbon monoxide, over catalyst, such as Fe, Ni, or Co,
at elevated temperatures ranging from 60800 °C. A variety of carbon structures and
formations can be synthesized by varying the gas flemperature, catalyst, or substrate
[23]. Two widely accepted growth mechanisms for CNTgigrgrowth, and base growth.

This work will focus on the latter as shownRigure4.
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Figure 4: Base growth CVD method (a) Carbonaceous gas flows over a strongly
bound catalyst (b) Carbon diffusion through base and initial crystallization (c)
subsequent carbon deposition at the base of the GN23]

CVD is a weltknown, scalable technologyhat can be easily incorporated into
current silicon technologysrowing CNTs on a silicon wafer by CVD could be a promising
method to mass produce CNTs. Fastteasonthis work focuses on the use of highly

doped silicon wafexand CVD grown CNT supercapacitor electrodes.

However, CNT electrodes have been plagued by their microtexture, defects, low
micropore volume, and catalyst contamination which resultlatively low specific
capacitance value$24]. To increase the specific capacitancegrious forms of

functionalization can be used.

2.4.2. Functionalizatio

Surface functionalities can have tremendous impact on the achievable capacitance
by affecting the wettability of the electrode surface, increasing surface area, and inducing

pseudocapacitancg2]. Carbon based supercapacitors, without any functionalization,

12



operate on the basis of the Helmholtz doddyerwhich producesigh power density, but
relatively low energy densityfwo different types of functionalization are discussed in this
work. Graphenation, growing graphene on the electrodes, and pseudocapacitance induced

by transition metal oxides.

2421 Graphenation

Graphene has a fundamental advantage of other carbon source electrodes since it is
two dimensional. However, for the same reason, graphene electrodes are difficult to
synthesize without creating graphite. To overcome this inherent difficultghgn@ has
previously been grown on CNT25, 26]. Growing graphene o@NTs increases the active
surface areaof the electrodand allows for further porosity contrahdthuswill produce

a higher energy density supercapacitor.

Graphenated CNTs {GNTs) are produced through plasma enhanced chemical
vapor deposition (PECVD)n this procesgnulti-walledcarbon nanotubg8/WCNT) are
used as aubstrate and no catalyst is needed for graphene grdwéhbasic process
involves flowing a carbonaceous gas overdamagedMWCNT substrate at high
temperatures, ~700°C. The damageessact as nucleation sites to grow graphene sheets.
However, the details of the graphenation process are not well understood. e2aker
proposed a nucleation and growth mechanism that involves growing CNTs simultaneously
as growing the graphene foks{25]. They propose that the outer walls of the MWCNTs
grow faster than the inner Wawhich causes buckling of the outer walls. Once the stress
is high enough, the outer walls break off and formueleation site by which the carbon

radicals can attacklternatively, Yu et al.propose a method in which the MWCNTSs are

13



grown separately from the graphene foligt2§]. In their method, the MWCNTs were
grown without purposely induced defects. These MWCNTSs were exposed to an Ar plasma
which simutaneously breaks the bonds of the precursor gas and also causes surface defects
on the outer walls of the MWCNTSs. These defects then act as nucleation sites for the
graphene foliate¥u et al.also propose that the foliates arélspnded which would rest

in a highly conductive pathwayAlthough the fundamental mechanism is not well
understood, tith articles propose that surface defects are needed to grow graphene foliates

on the MWCNT{ 25, 26]. Results from Parker et al. are showrrigureb.
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Figure 5. Carbon nanotubes with varying levels of graphenatiof25].

24.2.2 Transition Metal Oxides

CNT and gCNT supercapacitor electrodes will operate based on the Helmholtz
double layer capacitanc&hrough further functionalizatioa faradai¢ pseudocapacitive
reactioncan be induced. Thisybrid devicenvould be able to take advantage of both charge
storage mechanisms. In general two materials are used to create pseudocapacitors,
conductive polymers andainsition metal oxides. dhductive polymers tend to degrade

quickly, therefore the alternative is famd on in this work.
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Pure metal oxide electrodes, such as RWMNO,, NiO, V20s and SnQ@ exhibit
excellent pseudocapacitive properties. However, they lack some of the requirements for
electrode materials. The conductivity of these electrodes is very litwtlvei exception of
RuG,. The electrodes tend to crack during electric cycling, and the porosity is difficult to
control [9]. Therdore, it is intuitive to attempt to make a hybrid system that involves a
carbon based electrodeith controlled porosity and improvezbnductivity, while also
using layers of transition metal oxide particlés induce pseudocapacitano® brief
discussionof pseudocapacitive layers follows, but extens/e overview is reported by

Fisheret al.[27].

Ruthenia igegarded athemost promising transition metal oxide based on its high
theoretcal pseudocapacitance, conductivity, thermal and chemical staplatigs voltage
window, and highly reversible redox reactid23, 28]. Two forms of Ru@ are ugd in
electrodes, hydrous and anhydrous, with hydrous exhibiting a higher specific capacitance.
This is attributed to mixed proteglectron conductivities of hydrous Ru€bntributing to
faradaic charge transfer proceg29]. Although RuQ has promising chemical and
electrical properties, it has limited industrial applications due to high, tiosted

availability, and toxicity 30, 31].

Titania has also been stedifor its application in pseudocapacitofgania has
three different polymorphé rutile, anatase, andrdiokitei eachwith a different crystal
structure resulting in different material propertié$has been shown that rutile has higher
conductivity and improved pseudocapacitive behavior over anasagk is generally
preferred in electronics applicatiof2]. Titania has shown to be a sufficient alternative

pseudocapacitive material to RuQReddyet al. [24] produced both Ti@and RuQ
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nanoparticles on identical electrodes which resulted in similar performances of 160 F/g and
138 F/g respectively. Thagher performancef TiO2 is possibly due to the authors using
anhydrous crystalline RuQrather than hydrous RuOFisheret al.[31] havereported
nearly a doublel energy density fronliO., coated CNT arrays than their uncoated
counterpartsAsidefrom its comparable performance, Bi®@more cost effectivand more

sustainabléhan RuQ and is therefore of interest apseudocapacitve layi8§].

Zirconia is a nofconventional pseudocapacitive material. However, it has many
properties that would make it an excellent electrode material suciheasical stability,
conductivity, and low cosMany authord33-35] have reported significant increases in
pseudocapacitance. Zhaagal.created carbd@rO, aerogelelectrodes through a single
step solgel process. The Zrhanopaitles were between-2nm in size and the electrode
retaine 77% capacitance after 500 cyd88]. Mudilaet al.used a different approach and
created zirconia/graphene oxide nanocomposites which exhibited large redox peaks in the
cyclic voltammogram, cycle lifetimes up ig000cycles, and low ESRLiu et al.[35]
depositedZrO, onto graphene nanosheets using atomic layer depositiorepodeda 6x
increase in capacitance when compared to plain graphene nanosheet supercapacitors under

identical conditions.

Although transition metal oxides have traditionally dominated the pseudoitapac
regime, transition metal nitrides arecentlyof significant interest due to thdimw cost,
corrosion resistance, and high conductivity (relative to transition metal oXB&s)Of
particular interesarevanadium nitrides because they possess a number of oxidation states

and a higher conductivity thats oxide counterpafBQ]. TiN is also of significant interest
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and have shown a 500% increase in capacitance when deposited on CNT electrodes

comparedo the bare CNT counterpaft37].

Many methods have been investigated for depositing or growing transition metal
oxides on porous electrodes for pseudocapacitors. However, this workoeul on
deposition through atomic layer depositi@.D) . ALD is a particularly attractive method
for functionalizing CNT arrays due to the inherent porosity control, thickness control, and
conformal and homogeneous depositi88]. ALD is a four step mcessas shown in
Figure6: (1) exposure of theubstrate to the firprecursor gas, (2) punpirge for removal
of excesdirst precursor gas, (3) ewsure of the substrate and fiecursor gas to the
second precursor/reactive gas, (4) pump/purge for removal of second precur3tigas.
process has been successful in coating poamdshigh aspect ratio materialgjch as
nanotubes and porous canbstructureswith various oxide materia[88, 39]. Fisheret al.

were able to successfully coat CNT arrays withzla® shown irFigure?.
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Figure 6: Four step atomic layer deposition procesg39]. From bottom to top:
Substrate is exposed to precursor 1 until adsorption is seliimited. Excess gas is
purged from the chamber and the second precursor is flowed over the substrate.

The precursors react to form the desired layer and excess gas is purgéthis cycle is
repeated until the desired thickness is achieved.
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Figure 7: CNTs functionalized with (top to bottom) increasing number of ALD
cycles ofTiO2 [31]. As expected, the CNTs become thicker with increasing number
of cycles.
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2.5. Electrolytes

Equally important as electrode selection, a compatible electrolyte should be chosen
in tandem Electrolyte properties will have a significant impact on the performance of a
supercapacitoThree proprties areespecially importani (1) Electrolyte resistance will
determine the achievable power outp8it (2) ion adsorptionon the electrode directly
impactsthe formation of the double layeand(3) dielectric properties will determine the

double layer capacitang#].

Maximizing the conductivityand voltage windovef an electrolyte is important in
order to maximize power capabilitiaad energy density as saarEquationsl and 2The
primary factors affecting conductivity of the electrolyte are the concenti@tiose charge
carriers and their ionic mobility, viscosity and lerange electrostatic anion/cation
interactionsThe operational voltage windowassoparticularly important since the energy
density is proportional to the square of the operationahgelivindow{19, 20]. Each of

these should be considered when selecting an electrolyte.

2.5.1. Aqueous and Organic Electrolytes

Aqueous andraditionalorganic electrolytes are composed of a salt and soareht
are the most predominant electrolyte in industrial supercapacitors duagonductivity
of these electrolytes is determined by swdubility of the salt and concentration of free
charge carriex. Aqueous electrolytes have an ogirg voltage range up tdl-4V due to

the decomposition of waterl-23 V. Other noragueous electrolytes have operating
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voltages ranging from 3104.0 V but also generally suffer from higher resistiyij;. The
lower voltage range decreases the achievable energy density compared to alternative
electrolytes such as room temperatits (RTILS). However, aqueous electrolytes are

significantly more conductive and therefore have higher power than RTILSs.

2.5.2. IL Electrolytes

ILs are composed of large organic cations and anions that are molten lealts a
temperaturesManyRTILs degrade wheim contact with air and water due to their fluorine
based anions and therefore should be stored under dry inert condihanalso suggests

that any system utilizinl-s should be hermetic.

ILs have slightly reduced power compared to other electrolytmsever, their
energy density increases tremendoullg. benefit from a large electrochemical window
which corresponds to a large operating voltaderefore ILs are at the forefront of high
energy density supercapacitor research. A large electrocilemindow has drawn
attention tdLs, but they are also unique due to their low vapor pressure, large temperature

window, nonvolatility, and low environmental impap4Q].

High conductivity, and therefore high ionic mobility, is desirable in an electrolyte
in order toquickly form a Helmholtz double layer. Viscosity and ion size both contribute
to the conductivity of the electrolyt&Sillars et al. showed thatincreasing viscosity
decreasedapacitanceAdditionally, ion size is particularly important for performance of
a supercapacitor as the ion density at the electrode increases with decreasind4dh size
Lowerion density would result in less charge storage and lower capacitance. Therefore, a

high conductivity, low viscosity, and small ion size is desirable in an electrolyte.
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ILs have been known to have relatively similar dielectric constants. Haaalg
studial the relative dielectric permittivitgf 42 ILs. Their results show a rangerelative
permittivity of p 1t - Y @However, the low rang® 1T - p @was dominated by
aprotic ILs with high symmetrywhereas proticlLs were much higher, reaching a
maximum of 85.6[42]. As with most of the physical properties ifs, the dielectric
permittivity can be tuned based on the anion/cation sele@tm&ilL s studied in the present
work consist of the symmetric, aprotic, anions, tetrafluoroborate and
bis(trifluoromethylsulfonyl)mide, and are therefore expected to have relatively low
dielectric constantsHowever, Slarsetal,sugge st t hat Abul ko di el
double layer capacitance is not a reasonable assumption. Therefore, asadcfitation
approximation, bWl properties may be used, but the results should be accompanied by
electrical testingTheILs studied in this worland their chemical and physical properties

are listed inTablel andTable2.

Table 1: List of IL s and their abbreviations used in this work

IL Abbreviation
1-Butyl-3-methylimidazoliumTetrafluoroborate BMIM -BF4
1-Ethyl-3-Methylimidazolium bis(trifluoromethylsulfonyl)imide EMIM-TFESI
1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide BMP-TFSI
Triethylsulfonium bis(trifluoromethylsulfonyl)imide TESTFSI

Diethylmethyl(2methoxyethyl)ammonium

bis(trifluoromethylsulfonyl)imide DEMMA-TFSI
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Table 2: List of IL s and their properties relevant to this work.
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2.6. Electrical Testing

Generally, three methodsare usedto characterize the capacitance of a
supercapacitor, cyclic voltammetry (CV), galvanostatic charge/discharge (CD), and

electrochemical impedance spectroscopy (E28).
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2.6.1. Cyclic Voltammetry

Capacitance is defined as the ability for a system to store charge. Therefore,
determining the capacitance is an essential metric for characterization of supercapacitors
and should be maximized in any experimé&. is onemethod to determine capacitance
A constant voltage scan rate [gp#ed to a capacitor acrosspecified voltage range and
the current response is measurécom the produced curvesnd Equation4, below,

capacitance can be determined.

6 —— 4)

C is the capacitanc&x is the instantaneous curreat,i ¢ @ are the max and minimum
appliedvoltages, respectively, "Qw ‘Q gthe area of the CV curve, is the total volumetric

charge, and is the vdtage scan ratb1]. As shownn Equation 4capacitance is inversely
dependent upon theoltagescan rateMany researchers have conducted experiments at
different scan rateand observed a decrease in capacitance with increasing voltage scan
rate which is expectedHowever, the scan rate cpaby al so

scanning at an unrealistically slow raaed therefore must be repor{&d].

2.6.2. Galvanostatidesting

Galvanostatic tests use a constant current to charge ahdrdis@an energy storage
device.CD tests are conductedth a constant alternating centas shown irFigure8 for
an ideal curve This method of analysis allows the use of a common equation for

capacitancehownin Equation Sbelow,
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where C is the capacitance, i is the constant current;amslthe slope of the acquired

voltage versus time pl$52].
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Figure 8: Ideal galvanostatic charge/discharge curves (top) measured wltage
vesus time plot used to determine dV/dt to calculate capacitanddottom) Constant
alternating current for galvanostatic charge/discharge tests.
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The ESR can be obtained easityough CD testdn the nonideal case, a voltage
drop occurs at the maximum voltage upon dischargsghown irFigure9. Usi ng oh mo

law and the constant applied current, the resistance can be obtained.

Constant Current Test
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Figure 9: Sample voltage drop for highly resistive capacitor. Usin@h mé s | aw,
resistance can be calculated by dividing t

current I.

2.6.3. Electrochemicalmpedance Spectroscopy

Electrochemical mpedance spectroscopy is a thorough electrochemical
characterization technique that eoyd freqeency response t@nalyzea systemThrough
appropriate selection of an equivalent circtatmodel the electrical responges possible
to distinguishcontributing effects to resistanaapacitance, inductance and porof4y,

53-56].
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2.7. Applications for Supercapacitors

Supercapacitors are ideal candidates for applications whecderate energy
densities and high power are requir8dch applications include, memory backup, energy

harvestingand pulsgpowercommunication devices

Table 3: Qualities of supercapacitors

Advantages Disadvantages

High Power Low Energy Densitffcompared to batteries)
Low Resistance Cost

Long Cycle Lifetime

Low and High Temperature Operatio

Memory backup is a dramatically growing field with the increase in devices
requiring memorgtorage such as home appliand&gen a brief interruption of power can
create memorioss[3]. Therefore a backup power supplyshbe used in anyata storage
circuit. A battery would suffice for this application, however, due to the short cycle
lifetimes, it would require frequent replacemeifrequent battery replacement is
unrealistic since battery can cost as much as 20%cibet of the final produd67]. The
lifetime of the battery can be extended by utilizingydrid battery and supercapacitor

system

Energy harvesting devices frequently cycle the energy storage device. The long
cycle lifetime of supercapacitors therefore becomes critical in keeping the cost of energy
harvesting devices low. Photovoltaic cells currently require battery replacement every three

to seven yearsJsing solely supercapacitors or a hybrid supercapacitbbattery system
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would make the lifetime of the energy harvesting and energy storage devices comparable

[58].

Currently, batteries are the most popular technology for mobile energy storage
deviceg59]. However, with the emergence of internet of thi(ig¥), there are needs for
highly cyclable pulse power energy storage devicesei®apacitors are highly suited for
this sort of application. Particularly, superaaipors are not subject to the levels of wear
that a battery is during cycling and therefore would extend the life of the battery by pairing

the technologies fdoT applicdions.

2.8. Chapter Summary

This chapter discussethe fundamental mechanisms of charge storage in
supercapacitors as well as various methods to enhance and encourage these mechanisms.
Assembly of supercapacitors angpsrcapacitor electrodes were discussedeitail and
the various carbon allotropésat have been investigated with an emphasis on CNT based
electrodes. Electrode functionalization mechanisms were addressed, particularly the use of
graphenation to increase surface area and porosity control, dsasveALD of
pseudocapacitive layers to induce pseudocapacitance. Electrolytes, partitidaviere
evaluated based on a variety of chemical and physical mdtnesccepted supercapacitor

evaluation methods were discussaslwell as applications feupercapacitors.
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CHAPTER 3

DESIGN AND PROCEDURE

3.1. Designldeology

Functionalized carbon nanotube electrodes embedded in highly doped wiicon
fabricated usingtandard silicon processing techniques to create current collectGidTor
electrods. Silicon processing is well established and scalable and is therefore
advantageous for supercapacitor technoldgye present e s ear ch was conduc
silicon wafers, wher eas t hand iherefares highgr st an
throughput wouldeasily be possiblén industry Silicon can withstand the highrocess
temperatures for CNT growth and functionalizateomd is therefore an ideal substrate
Within the silicon industrythere are also a variety of deposition techniques availahie

canbe used to tailor catalysts, and pseudocapacitive coatings.

This design ischip scaleand in its final form,is intended to be seated directly on
a circuit board as a power supply. The small size ensures that the device can be used in a
wide range of adpations. Since the device can be easily scaled up using silicon
processing techniques, it was chosen thatip scaledevice wouldbe the most useful to
study. Current technologies at Georgia Institute of Technalaghin the Institute for
Electronicsand Nanotechnologgieanroom facilitiesind Georgia Tech Research Institute,
combined with facilities at NASA Jet Propulsion Laboratory within the Microelectronics

Laboratorywere used for fabrication and testing of all devices.
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3.2.  Sample Details

Samples were fabricated from 100um tall CNdsedelectrodegFigure 10 (a)),
with carbonand pseudocapacitive functionalizatiqfegure 10 (b-d)), and filled withIL
electrolytes A complete list of thdLs used in this work, along with relevant properties

can be found iTable2.

(a) (b)

~10[{ I~1008

(c) (d)

~-10 I~1008

Figure 10: Diagram of (a) CNTs (b) carbon modified CNTs (c) pseudocapacitive
coated CNTs (d) carbon modified and pseudocapacitive coated CNTs

3.3. Current Collector Fabrication

Fabrication of the electrodes takes place over a ten step prdeéisgatedin
Figurell. First,4 pontype, <111>, mgle crystal sicon waferswith resistivity of0.00:
0 . 0 0 & were used as substrates. Two microns of. Si@sthen deposited over the
entirewafer by PECVD using an OXFORD PECMDxford InstrumentsOxfordshire,

UK) tool Figure12. The thicknesses were then checked using a Nanospec Reflectometer
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(Namometrics Inc., Milpitas, CA USAMicroposit photoresist primgMicroChem Corp.,
Westborough, MA, USAand SPR 2207 positive photoresist(MicroChem Corp.,
Westborough, MA, USAyerethen spincoated onto the watgr3000rpm for 60 seconds
and at 1500rpm for 45 secondsespectively. The resulting resist thickness was
appr oxi mathiokIThe resi€t was exposed at 550 Faman MA-6 mask aligner
(SUSS Microtech, Garching, Germanyhe mask produced5mm x 75mm squares in
the resist. The pattern was then developed in3Ug(MicroChem Corp., Westborough,
MA, USA)for 2 minutesandthen checked in an Olympuagptical microxope(Olympus
Corp., Tokyo, Japarfpr any undeveloped resist. Ttesist thickness was confirmed using
a Dektak profilometefBruker, Billerica, MA, USA)The development of the resist exposes
the SiQ layer within the developed featuresvhich was then tehed away using 6:1

bufferedoxide etch for 10 minute@~igure 12), resulting in squares of exposed silicon
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Deep, 250 em pit s eaposedsiidoreom a TS Pdgasds (SPTS o

Technologies, LTD., Newport, Uk)ch tool using the Bosch pess

Highly doped
1 Si
CNT _
Functionalization SiO, ~ 2um
s uuun 2
ALD/PECVD PECVD
Two Elglctrodﬁ
Assembly wit _
Clil-l(();(gﬁmth Separator Photoresist ~10um
I 11111} 3
CvD

Catalyst Deposition Lithography
7
Thermal/E-beam

Evaporation Bosch Etch BOE
~250pum

Figure 11: Full fabrication process designbeginning with a (1) highly doped silicon
wafer. The wafer is then (2) coated with Si®@and patterned with standard
lithography techniques (34). The SiQ and silicon are then ethed (56) and Ti/Al/Fe
are deposited (7). CNTs grow in the bottom of the pits (8) and can be functionalized
(9) and ultimately, a pair of chips are assembled with a separator membrane
between (10).

The Bosch process has a variety of control parametersitbe for profile and
texture control inside fothe pits. For the studied devices is desirable to maintain a
negative profileas shown irFigure 13, while also reducing roughness and silicon grass
formation The negative profile is a hard mask and protects the sidewalls from catalyst
during deposition and subsequent nanotube growth wdoakd cause short circuits or

shear off CNTsand cause floating charged particles.
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Figure 12 2 ¢ m Si®fis used to prevent a short circuit between electrodes.

Roughness should also be minimized while simultaneously achievireggative
profile. In particular, silicon grass should be eliminated as it was observed to have negative
effects on the adhesion of the catalyst layer and also reduced the surface area for CNT
growth. Over etching and reducing the passivation time simagdiasly improve the
negative profile and reduce roughness and silicon gFégste 13 shows a cross section

of an electrode with a negative sidewall profile and NI @rowth on the sidewall.
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No observed
growth on
sidewalls

Silicon

Figure 13: View of cross section of an electrode showing the desired negative
sidewall profile and resulting in no CNT growth on the sidewall.

Thefollowing recipe is used to achieve ttesired profile and roughnessSks is
flowed over the patterned silicon at 450 sccm for 2 minutes. Nebd,a8dSFs are cycled
in the chamber flowing at 250 sccm and 450 sccm for 3 sec and 7 sec, respectwely. Th
gas flows are adjusted slightly over the process time usig @dSFs are flowing at 220

sccm and 460 scem for 3.5 sec and 7.25 sec, respectively.

3.4. Electrode Fabrication

CNT growth requires a catalyst addfusion barrier Alumina is a traditional and
well known diffusion barrier, however the high resistance of alumina is not ideal as an
electrode materiaFor this reason, a metal catalyst statkitanium, aluminum, and iron

(Ti/Al/Fe) was chosen and characterized irs thork.
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The Ti/Al/lFe catalyst stack used in this workas depositedn an EvoVac
depositionsystem (Angstrom EngineeringKitchener, ON, Canada Each metal is
deposited consecutively in the same vacuum chamber without vempregyent oxidation
Titanium was deposited first by electron beam evaporation, directly onto the exposed
silicon, to a thickness of 20nrihe titanium was then coated with héh of thermally
evaporatedluminum. Lastly, 2.8im of iron was depositdaly electron beam evaporation
ontop of thealuminum. The entire wafer was thesmoved from the EvoVac amteaned
with acetone, methanoisopropyl alcohol, and deionized water and dried by blowing
nitrogen. The wafer was then spincoated again using SPR 2#toresist andhe
aforemationed recipe. This layer of resist is used to protect the catalyst stack from

contamination during dicing.

A KnS 900dicing saw (Kulicke and Soff®, Singapore)s then usé to make275
em deep idbewveen ¢achrofdahe catalyst coated pits. These lines are used later to
guide a cleave and separate¢htalyst coated @into 10 mm x 10mm chipswith the pits
centered in each chipgfter forming the dice linesglectrolyte fill portsare cutinto the
chip. For this, the dicing saw is set to @26 m dane ipused to make consecutive
cuts on the inside of the centeatures Consecutive cuts are made until a 1 nvide
abscess is formed. The same procedure is used on the opposing sigetef The wafer
is cleaned and the photoresist removed with acetone, methanol, isopropyl alcohol, and
deionized water, anthendried with flowing nitrogenLastly, the wafer is subjected to an

oxygen plasma descum to ensure any residual resist is remefoed GNT growth.
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3.5. Chemical Vapor Deposition synthesis of Carbon Nanotube Electrodes

After dicing the wafer and forming the electrolyte fill ports, CNTs can be grown.

The CNTs are grown in aBlack Magc PECVD furnae (Aixtron SE, Herzogenrath,
Germany, shownin Figure 14. There are two heaters, the top heater and the substrate
heater. The temperature is measurethbge sensors, twihermocouplssituated slightly
aboveand belowthe substrateand an infragd sensor located near the top heater measuring
the temperature at the sample. The tlemooples and infrared sensa@re used to control

the temperaturdelow and above 550°C, respectiveljhe process a@ges, nitrogen,
acetyleneand hydrogerareflown over the top of theample through a shower heahlich

providesuniform growth over the entire wafer.

Top TC

IR sensor
Top heater

—_ 4in.
'Y —
' b

Bottom TC “Vacuum pump

Figure 14: (left) Full view of Black Magic PECVD tool. (right) Schematic of PECVD
growth chamber.

The process recipe for CNT growth begins by heating the samplE®t€ in a

nitrogen atmospher®©nce the infrared sensor measures 510°C, hydragiowed over
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the sample and the sample is annealed for five mimutas atmosphere of hydrogen and
nitrogen After anneahg, the samplés heated to the growth temperature of @M®nce

the sample reaches 800°C a combination of hydrogen and acetylene is flown across the
sample at 320 sccm and 160 sccm, respectif@iyhe duration of the growth timin this

work, CNTs were grown to heights betweeni5010 pum Figure 15 shows an example

temperature, pressure, and gas flow profiletia process

—Pressure, mbar  ---Temperature, C
900
800
700
600 jrmmmm - L
500
400
300
200
100
0 —|
0 200 400 600 800 1000 1200 1400 1600
Time, sec
——Nitrogen, Flow 1 —Nitrogen, Flow 2 --- Acetylene —--Hydrogen
9000 350
S S LR SO
8000 : 300
7000 i
| 250
£ 6000 £
o] | 3
2. 5000 | 200 ¥
] 2
P \ ; &
7 4000 ! 150 %
2 ! i o
& 3000 | ; o
i 100
2000 ‘ ;
| '
50
1000 ————— —r————————— —1’: ———————
| i
0 — L L 0
0 200 400 600 800 1000 1200 1400 1600
Time, sec

Figure 15: (Top) Pressure,solid black line, and temperature, dotted black line,
profiles for CNT growth. (Bottom) Gas flows for two nitrogen flows, black solid and
dashedlines, acetylene flowdash dotred line, and hydrogen flow,dash double dot
red line, to achieve high growth CNT electrodesThe reddotted lines are scaled to

the seondary axes on the right.
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3.6. Functionalization of Carbon Nanotube Electrodes

3.6.1. Carbon Modified Carbons

Functionalizing CNTs with carbon foliates is possible through damaging the carbon
substrates angroviding a carbon source, usually a carbon based gaspduqe free
carbon radicals that can attach to the CNiishis work, the cdron nanotubes are heated
to 800C and exposed to an 80W, 15kHz, argon plasma for 5 mintites.carbon
nanotubes acted as their own carbon source to produce carbon foliatesrafate no

carbon based gas was used.

»

Carbon modified CNIs -~

e
5

# _

R

Figure 16: Carbon modified CNTsdisplaying carbon foliates
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3.6.2. Atomic Layer Deposition

Chapter 2 discussed the fundamental aspects of atomic layer deposition. In this
work, four differen ALD coatings were used, titaniuoxide (TiQ.), titanium nitride
(TiNx), zirconiumoxide (ZrQ.), and zirconium nitride (ZrQ, deposited by a FIJI ALD
system(VecceCNT,Waltham, MAUSA) Each coating is shown Figurel7i Figure20.

The procesgjases for each are listéwl Table 4. Eachrecipe was run for 1% cycles
alternating between the precursor gas and the reactarfoig@s06 sec and 0.2 sec,
respectively, with a 45 sec wait between pul¥esay photoelectron spectroscof¥PS)

was used to characterize the resulting thin films which revealed soygen and
carbonaceousontamination in the samples. The extent of contamination and its effects

will be discussed in a later chapter.

Table 4: Process gases used for atomic layer deposition of pseudocapacitive coatings

Pseudocapacitive Precursor Gas Reactant
TiOx TDMAT (Tetrakis(dimethylamido)Titanium(IV)) mié;r
e : . . Water
ZrOx TDMAZr (Tetrakis(dimethylamido)zirconium(IV) (H-0)
TiNy TDMAT (Tetrakis(dimethylamido)Titanium(IV)) N'Eﬁge”
ZrNy TDMAZr (Tetrakis(dimethylamido)zirconium(IV) N'Eﬁgen
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Figure 18 TiNx coated CNTs
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Figure 20: ZrN x coated CNTs
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3.7. Supercapacitor Assembly

Once the electrodes are fabricated, a pair of electrad@sa porous (pore size:
2um) glass fiber separator membraf®igma Aldrich,St. Louis, MQ USA, MIL:
AP2002200)are manually aligne@nd adhered together usintyanoacrylateadhesive
Once the three components are bonded together, epoxy is applied around three of the four
edges tseal the edges and preveaks duringfill ing. After applying epoxy, thepoxy is
allowed to cure at room temperature for 24 houyssingle CNT electrodeand an

assembled supercapacitprior to filling, are shown irFigure21.

The assembled devices @nenfilled, using a syringethrough the diced fill ports
which have not been sealed with epoxy, while in a nitrogen filled gloveviitx,~50puL
of electrolyte.The separator membrane serves a dual purpess’ (1) The separator
membrane is used to prevent short circuits among the opposing CNT elethrodgsh
either stray floatingCNTs unusually long CNTspr nitride coated electrodemnd (2)as a
stop for the syringe to touch before the syringe tip hits any CNiléhwnay cause them
to shear offFinally, the filled device is then sealed on the fourth sidke epoxy and dried

for 24 hours.
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Figure 21: (left) Single carbon nanotube electrode with fill ports (right) assembled
device showing fill ports prior to filling with electrolyte. (Photo courtesy of Gloria
Bowen)

3.8. Analysis of Electrodes and Assembled Devices

3.8.1. Scanning Electron Microscopy

Scanning kctron microscopy(SEM) was conducted on a Hitachi 4808EM
(Hitachi, Ltd., Tokyo Japartp evaluate the height of the CNT forest aeldtive diameter
of the CNTsand functionalized CNTs. Each sample was imageaccelerating voltages
between ElS5keV, various magnifications, and manpcations across the sample
Measurements of some nanotube diameters were taken using Quartz PCtesoftwa
particularl to visualize and quantifthe difference in diameter between plain CNTs and

their functionalized counterparts.

Some samples were imaged after being filled with electrolyte on a Hite80@&N\

(Hitachi, Ltd., Tokyo Japamyariable pressurSEM. These images were used to reveal
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information in regards to failure of the devices and the interaction df thlectrolyte with
the CNT electrode. However, cleaving of the silicon current collector and cutting the
separator membrane whghly destuctive which made imaging these samples difficult.

Therefore, only a few SEM images will be presented from full devices.

3.8.2. Electrical Characterization

An Arbin battery cyclefArbin Instruments, College Station, TX, US4 used to
perform bothCV andCD tests on the fabricated supercapacitdhe Arbin battery cycler
hasa voltage range of +bV, a current range of 3pA to 500mAnd utilizes a four point
probe method to apply and measure both current and volfdge current range is
distributed amonggtree configurations, low current, medium current, and high current,
with current ranges of +3-300uA, +£ 300pA-50mA, and + 50-500mA respectively.
Using a current in the incorrect configuration would have one of two results. If the
measuredcurrent § too high for the configuration, the current would be limited, i.e.
applying 1mA while in the low current range would result in a current of 300piAg
applied If themeasureaurrent is too low for the configuration, the device is less sensitive
to curent changes and would increase any inaccuracies. For these reasons, the

corresponding range was used for the desired constant current test.

There wee no leads fabricated directlyto the silicon electrodes in the present
work. Therefore, a traditionabin cell battery holder was used in order to create contact
on both electrodes. Utilizing a coin cell battery holder ensuredstensicontact surface
area andpressure between all samplés) image of 10 supercapacitors being tested is

shown inFigure22.
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Supercapacitor clipped inti \
coin cell holder for eIectrig‘a
testing 1

Figure 22: Microfabricated supercapacitors utilizing battery coin cell holders as
connections for electrical tests

3.9. Chapter Summary

This chapter has consisted of a full description of the fabrication process of the
presented supercapacitor architecture including materials, lithography, and etch
processingA short discussion of the methods for growing CNTs and the functionalizations
are presented. Lastly, the respective characterization techniques and procedures were also

discussed.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Analysis of Current Collectors

The silicon currentollectors were analyzed wiV at a scan rate ofmV/sec
from-1to 1 V. These measurements were taken on the Arbin battery cycler, however, the
observed current is difficult to interpret due to the resolution of the tool with an error of
0.3pA. These were also highly resistive samples as can be seen by the slanted G curve
shown inFigure 23 i Figure 24. The capacitances of all samples without CNTs are
displayed inFigure 25. The samples had similar capacitances which is to pectad

because eadh had similar dielectric constants.

Ideal

Resistive, Non-ideal

o
|

Current, a.u.

Voltage, a.u.

Figure 23: (black) Ideal cyclic voltammetry curveand (red) resistive capacitor
where the area is proportional to capacitance
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Figure 24: Silicon current collector without CNTs operating with IL A .
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Figure 25: Capacitance measurements of silicon current collectors without carbon
nanotubes.
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4.1.1. Life Cycle Tests

Typically, batteries operate for a few thousand cycles, and capacitasvieral
hundred thousand cycles. Supercapacitors usually have lifecycles between both devices
depending on the primary mode of charge storage.cycle tests were conducted for
200,000 cycles on some capacitors to test the longevity of the CNT based supercapacitors.
These CNT electrodesad no functionalities and therefooperate on the Helmholtz

double layer energy storage mechanism.

Constant Current Test
1 T T T T T T T T T

09 =
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o
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[=]
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03 1

02 -
% difference between first and last 20k cycles is 18.8%

01 n

0 1 1 1 1 1 1 1 1 1
0 02 0.4 06 0.8 1 12 14 16 18 2
Cycle Number «10°

Figure 26: CNTs and IL C 200k life cycle test
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It is viable that supercapacitors should survive at least a 200,000 life cycle test. For
these tests, every 1,000ycle is recorded and a percent difference between the first and
last 20,000 cycles is calculated. This is showrkFigure 26. By industry definition, a
capacitor isconsidered past its lifetime after degrading 25% of its capacitance, or gaining
100% ESR[60]. After, 200,000 cgles, the Helmholtz double layer capacitors without
pseudocapacitive coatings survived. However, these tests have not yet been carried out on

supercapacitors with pseudocapacitive coatings.

4.2. Scanning Electron Microscopy

Scanning electron microscopy was gna in this work for initial characterization
of the carbon nanotube forests, tharrent collectorshape, and the pseudocapacitive
coatings.Figure27 shows exampleneasurements taken on the CNT forest as well as the
uniformity in growth height. Bent CNTs are artifaétom cleaving the sample for a cross
section view of the CNT foresEigure 28 (left) shows a fully assembled supercapacitor
that had been filled. After cleaving, the electrolyte drained out but remained wicked into
the CNT forest. Defects that are shown are a result from cleaving the chips and cutting the
separatemembrane. As observed figure 28 (right), the IL electrolyte coats the CNTs

completely and wicks to even the bottom of the CNT forest.
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CNT forest

50.0um

Figure 27: CNT heights measured using Quartz PCI softwareUniformity is
observed across the entire sample.

i CNTs+IL Separator

15.0kV 6.3mm x70 SE 500um 15.0kV 6.1mm x700 SE 50.0um

Figure 28: SEM images taken on a variable pressure SEMLeft) Fully assembled
and filled supercapacitor (cleaved and therefore cavity is not entirely filled). (Right)
CNT forest becomes entirely coated with IL when filled.
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Growth of carbon foliates is a possible method to drastically improve capacitance.
This method, increases surface areahef #ectrode, and defined by equati@) the
capacitance improves proportional to the area. The aforementioned carbon foliate growth
recipe had limited succesSuccessful carbon foliate growth occurred when the plasma
would arch to the CNT forest. This crede crater within the forest as showrFigure29
(left). The crater created a number of free carbon radicals and damaged the surrounding
CNTs. The radical carbons then were able to attach to the CNTs and create carbon foliates
as shown irFigure29 (right). When plasma instabilities did not strike the CNT forest, only
limited formation of carbon foliates occurred as showRigure30. These results indicate
that a higher temperature, or higher plasma power, like a plasma instability, are needed to
fully functionalize the CNTsCarbon foliates on CNTs were not used in the following

capacitance investigations due to inconsisteridiie growth process.

j w0 o
50.0um  x10.0k§ %

Figure 29: (left) Craters formed from plasma instability striking CNT forest during
PECVD growth of carbon foliates (right) Carbon foliates formed from carbon
radicals after damaging the CNTs with plasma
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Figure 30: Limited carbon foliate formation on the tips of CNTs in areas that were
not struck by high energyplasma instabilities.

4.3. X-ray Photoelectron Spectroscopy

XPSwas used to assess the characteristics of the safaptdsof the samples are
fabricated in a user facility where it is likely that unintended materials can be deposited on
the samples during ALDThe measurements wetaken on the outside edge of the
supercapacitor electrode, between the CNT forest and the edge of the chiesfihis
location was choselnstead of testing on the CNT forest, in order to mitigate any unusual
measurements from the CNT forest. In theasurements, particular attention was on the
expected binding energies for-Zp, Zr3d, G1s, N1s, Gl1s, and SRp. Ti and Zr were

only analysed for the cagsponding oxide and nitride.
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Figure 31: All data shifted to strongestcarbon peak. Peaks from 288290eV are
expected to be carbonates and other loosely bonded carbons from leftover resist or
ALD process gases.

The strongest carbon peal&gure 31) were shifted to standard single bonded
carbon at 284.8eV. Peaks from 2380eV are expected to be present when there are
carbonates and other carbon, oxygen, and hydrogen bonds present on theTSasple.
were likely introduced to the samplérom processingTiOyx, ZrOy, and ZrN all show
broad, weak peaks in the 28290eV regime. The presence of excess ligands can be
confirmed with the secondary oxygen peaks in,Za@d ZrN. TiOx also showed a subtle,
secondary, peak at 532 eV in the oxygpectra. Outside of the 2890 eV range for
carbon, TINshowed a strong peak at 291 . Satdl

bonding[61].
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Figure 32 Oxygen spectra showing strong oxygen peaks for oxide samples and the

presence of oxygen in nitride samples.

In the O1s regimestrong peaks are expectedtie range of 52830 eV depending

on the covalency of the bonding. Due taitltevalencymetal oxide bonds typically reside

in the 529530 eV rangg¢61]. ZrO« and TiQ  show strong peaks near 530 a¥ expected

shown inFigure32. However, ZrN also $iows a strong peak near 530 eV which suggests

oxygen contamination or oxidation of the samples during/after fabricatioMiNkeZrOy,

and ZrN. samples all have secondary peaks near 531.5 eV which correlates to organic

single bond CQ61]. This peak is particularly prominent in the nitride samples. This would

suggest that the ALD prosg was not optimized. The reactions taking pfaeg not have

finished before switching gasds this case, ligands may have been left from the Zr/Ti

precursor gases and were unreacted with the nitrogen plasoneasing gas flow or

plasma power may helpitigate these issues in future experiments.
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Figure 33: Strong nitrogen peaks were observed for the nitride samples. A peak was
also observed in TiQ but is expected to be from carbonaceous amino groups.

Strong nitrogen peaks weobserved in the nitride samples as expeateshown
in Figure33. N1s peaks are expecttat TiN and ZrNat 397.3 eM62] and 397.8397.7
eV [63], respectively. There is a ZxNbeak observed at this location, however there is a
secondry peak near 395.5e&hd a satellite peak near 400.€Rhis secondary peak is
likely formed from the presence of oxynitrides. It has been previously shown that the
presence of oxygen in metaitrides(and therefore oxynitrides) wilhift peaks tchigher
energieg64]. A peak is observeith TiNy nearits expected region (397.3 eliit the peak
is located nearer 398 eWhe oxygen spé&@ supports thee explanatios as both nitride
samples had significant amounts of oxygen pregenttrogen peak was also observed in

the TiQ spectra. This was unexpected, however is likely due to process contamination
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resulting in nitrogen in the film. Carbonaceous amino groups (i.e..Cékhibit nitrogen

peaksnear~400eV[61] which aligns well with the observed peak

%10% Silicon, 2p

Intensity, counts/s

108 106 104 102 100 98 96
Binding Energy, eV

Figure 34: No silicon peaks were observed which suggests the layer thickness is
greater than ~10nm.

No peals were measured in thdicon regime Figure34. This confirms that there
is nosiliconcontamination from the user faciligndthe thicknes of the deposited coating

is greater than ~10nm where the underlying silicon is no longer being detected.
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Figure 35: Ti spectra for the Ti based samples. Broad peaks in TiNsuggest the
presence of oxynitrides.

Strong Ti peaksvere observed in both Ti samples, howetlepeaks inTiNy were
broaderas shown irFigure 35. The strongest Ti peak in TiQs locatedwhere Tipzzis
expected (48.5 eV [61]). A secondary peak is observed in Ti@ ~464 eV which
corresponds to the Ti(p12 peak. TiQ also exhibits a satellite peak at 472 eV which is
also observefb1]. TiN 22 peaks are expected between-4%5 eV with satellite features
between 458158 eV.These peaks are observed, however, TiO exhibits a7 2k at
457.3 eV[63] which may be distorting the peaks in the 458 eV regionA secondary
peak in the TiNspectra is olesved at ~462 eV. The TiN TizZppeak is expected between
460461 eV with a satellite feature near 464 84]. Both peaks in TiNsuggest that
deviations from TiN, such as the presence of oxynitrides and left over organic ligands,

caused the merging of satellite peaks and the strongJépu Ti2p/;2 bonds. However,
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the peak locations ggest that the Tisample is comprised of T¥k@nd the TiN sample

is a mixture of TiN and TiRDy.
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Figure 36: Zirconium peaks were observed in both Zr based samples. However,
ZrN x is much broader which suggests the presence of oxynitrides.

Peaks are observed in both Zr samples as expasttbwn ifrigure36. ZrOx had

particularly well defired peaks at 182 and 184.5eV. These measurements correlate well

with the Handbook of Monochromatic XPS spe¢@d which suggests that peaks for 2rO

should be observed at 182.5 and 184.85 eV &Mess well defined, however, in ZrN, a

Zr 3d2 peak is expected at 180eV [63] which is observed in the spectra shown.

Zirconium oxynitrides exhibit a peak with a binding energy of 1823/eV. Increasing

oxygen content increases the binding end@y]. Therefore, the secondary peak near

182.5 eV is most likely a form of Zs@®ly. The last peak in the Zgdpectrum, at 184.5 eV
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is the ZrQ present in the sample from process contamination or oxidation from

atmosphere.

In general, the oxide samples wéess contaminated than the nitride samples.
the nitrogen spectraZrOx did not show signs of nitride contamination, however, a
secondary peak in the TiGample as shown inFigure 35, shows possible nitride
contamination. The presented figures demonstrate oxide contamination in all nitride

samples. The thickness of the coatings was >10nm as demonstaigareB84.

4.4. Cyclic Voltammetry

CV was chosen to evaluate the capacitance of each sample since pseudocapacitance
can be easily observed during data analysis. In this work, €Asanements were made at
scan rates 010, 50, 100, 200, and 50(//s between the operating voltages-2f5 to 2.5
V. These scan rates correspond to reasonable discharge rates for supercapacitors which can
be anyvhere from seconds to 10 minutgd. At each scamate, with the exception of
10mV/s, 1,000cycles were meased. At10mV/s, the tests were stopped between-200
cycles due to the long length of the test. Current versus voltage, and capacitance versus

cycle number mts were created for each test.

4.4.1. Achievable Capacitance

The CNT electrodes used in this work Baa mass of approximately30mag.
Peigney et al. have formulated a correlation between specific surface area of CNTs and the
number of walls in the MWCNT10]. The specific surface area of CNTs with 10 walls is

approximately 150 &tg which resultsri 0.045m? for the purposes here. Using Equation
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3 and assuming d and U are approximately
a capacitance of one Helmholtz double laye6 aiF. Adding the two Helmholtz double
layer capacitances in seriesuks in an expected capacitance, for a-figrctionalized

CNT supercapacitoof 3 mF.
4.4.2. Effects of Scan Rate

Scan rate has been known to have significant impacts on the achieved capacitance
when measured wit@V [31]. This is particularly important for determining capacitance
for high power applications whefaster scan rates would take pla€mgure371 Figure
46 show the effects of scan rate on capacitance and energy density differentiated by
pseudocapacitive coatingnergy density is proportional to*¥nd therefore, a sample with
a lower capacitance may still have a higher energy density. Therefore it is important to
discuss both phenomena simultaneouslyhe plots, each point represeatsingle sample
averaged over,@00 cycles. Error bars are-# single standard deviation for thoséQD

cycles.

Without functionalities the capacitance of the samples was limited to below 10mF.
1-Ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide (IL B) and
Diethylmethyl(2methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imid€IL  E)
exhibited stable capacitances over a wide range of scan rates whereas thié other
electrolytes performed poorly at high scan rase to the low capacitance values, the
voltage window has an exacerbated effect when calculating energy dé&ingiise 42
shows the energy density of plain CNT eledes, and as expected, IL E outperformed the

other ILs due to its 6.5V voltage window.
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Figure 37: Capacitance versus scan rate without pseudocapacitive coating.
Capacitances did not exceed 10mHA typical degradation of capaciance over scan
rate is observed.
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The zirconium samples produced a significantly lower capacitance than the
titanium based samples§itanium oxide producetigher capacitance values compared to
bare CNT electrodes 400mV/s. MostTiOx samplesvere over 5mkat 100nV/s with IL
B and Triethylsulfonium bis(trifluoromethylsulfonyl)imid€lL D) prodwcing the highest
capacitance with TiQand TiN, respectivelyIL B and 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imidgIL C) producedhe highest capacitance with Zrénd
ZrNy, respectively. This is particularly interesting sinike B produced the highest
capacitance for botbxide samplesThis may suggest that the pseudocapacitive reactions
occur primarily with the oxygen atoms for IB in parallel withthe traditional Ti'/Ti*

reactionwith oxygen vacanciesxhibited byTiOx[32].

Nitride samples proved to be the most successful in this work.peixed with 1L
D is the most promsing candidate for functionalized supercapacitors. Howevery ZrN
paired with IL C was also effective. Both Tillnd ZrN had high capacitances HImV/s
at 20.38mFand 16.73mF respectively. At 501¥/s, TiNx and ZrN exhibited capacitances
of 1.28mF and 32mF, respectivelyHowever, surprisingly, at high scan rates, Ji0O
samples, combined with IL B produced the highest capacitance. This could possibly be due

to the number of oxygen vacancies available in the Tdating compared to TiN
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Figure 38: IL B showed the highest capacitance for Ti@electrodes. IL A under
performed and showed no significant reactions with the Ti@electrodes.Similar
degredation of capacitance is shown compared to nefanctionalized electrodes.
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Figure 39: TiNx capacitance versus scan ratdL D showed a capacitance over 20mF
and the highest stability to 200rv/s. IL E produced the most stable curve over the
entire scan rate range, but generally achieved lower capacitance.
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Figure 40: ZrO x capacitance versus scan ratdL D demonstrated the highest
capacitance at nearly 14mF but was not stable over the scan rate range. IL B
exhibited relatively high capacitance at low scan rates and stability ovehé entire
range.
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Figure 41: ZrN x capacitance versus scan ratdL C produced the highest
capacitance over the entire scan rate range. However, the other IL produced much
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lower capacitances but were much more stable. IL B underpésrmed and had

Figure 42: Electrodes without functionalitiesT Energy density versus scan rate
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Figure 43: TiOx energydensity versus scan rate. IL E exhibits highest energy
density, even though it had the lowest capacitanadue to its large electrochemical
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window. However, IL is more favorable at higher scan rates, possibly due to its
lower viscosity compared to IL E.
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Figure 44: TiNx energydensity versus scan rate. IL D showed similar performance
had the highest capacitance due to its large electrochemical window and high
capacitance. IL D is less favorable at high scan rates where IL E theroadhinates.
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Figure 45: Zr Ox energydensity versus scan rate. IL D demonstrated the highest
energy density as expected since it had the highest capacitance and a 5.5V operating
voltage window.
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Figure 46: ZrN x energydensity versus scan ratelL C produced the highest energy
density as expected because it had the highest capacitance and a voltage window of
5.5 Vi the second highest in this study.
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4.5, Constant Scan Rate

Figure 47 17 Figure 72 relay important information about each IL and
pseudocapacitive coating combinatidinrough these plots, iis recognizable that gia
CNT electrodes have a lower capacitance than the functionalized counteppzept
where the resistance is extremely high, such as the p&iBaofyl-3-methylimidazolium
tetrafluoroboratélL A) and TiG or ZrO«. The plain CNT electrodes also exhibited much
higher stability as can be seen in the capacitance versus cycle number plots. This is to be
expected since plain CNT electrodes operate entirely on the Helmholtz double layer effect

which is entirely electrstatic.

Qualitatively from CV curvesoxide samples produced samples that were more
resistive. This can be seen by the number of samples that produced highly linear CV curves.
This suggests that the sampl es f orésistorsy Oh mo
not capacitors. As previously discussed, resistance can be qualitatively discerned from CV
curves by observing a slanted CV curve. In general, for the coatings tests, the nitride
coatings produced more rectangular CV curves, even more so hibaplain CNT
electrodes. This observation is expected when compared to the oxide samples since
nitrides, although still insulators, are much more conductive than the oxide counterparts.

This observation will be further discussed in the resistance measusesaetion.

4.5.1. NoFunctionalitiesat Constant Scan Rate

Figure471 Figure51 show the CV curves and plots of capacitance versus cycle
number for the noffunctionalized samples. These plots do not demonstrate significant

contributions from pseudocapacitance as is egoeaithout added functionalities. IL A
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and IL E produced the highest capacitance and IL D had the lowest. However, each IL,
with the exception of IL D, had a capacitance of near 5mF. The similar values are expected
because the ILs all have similar diefectconstants, which is a primary metric for
Helmholtz double layer capacitors. IL D, qualitatively, displays a high resistance and

therefore, the capacitance is reduced due to the tilting CV ,cslmegvn inFigure50.
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Figure 47: (left) CV and (right) capacitance versus cycle number plots for non
functionalized electrodes and IL A
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Figure 48: (left) CV and (right) capacitance versus cycle number plots for nen
functionalized electrodes and IL B
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Figure 49: (left) CV and (right) capacitance versus cycle number plots for non
functionalized electrodes and IL C
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Figure 50: (left) CV and (right) capacitance versus cycle number plots for non
functionalized electrodes and IL D
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Figure 51: (left) CV and (right) capacitance versus cycle number plots for non
functionalized electrodes and IL E

4.5.2. Titanium Oxideat Constant Scan Rate

EachTiOx sample maintained stability over th@Q0 cyclegFigure527 Figure
56). IL B and IL C demonstratedseudocapacitiventeractions with the TiQelectrode

surfacesas shown by the peaks, observeBigure53 andFigure54, around +/ 1 V.

IL A, IL D, and IL E seemed to be unreactive with Tidhis was not expected
because TiPhas been shown to be an effective pseudocapacitive coating with a variety of
electrolytes. However, IL A and TiQvas expected to outperform magher pairs. The
samples that were tested demonstrated high resistances which will reduce the area covered
by the CV curve and therefore reduce the capacitance. This phenomena is discussed in
detail in the next section. Although IL D and IL E did notmseto have strong
electrochemical interactions, there were slight improvements in capacitance. This,
combined with the high operational voltage window, still providege energy densities

comparable to batteries
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Figure 53: (left) CV and (right) capacitance versus cycle number plots foFiOx
functionalized electrodes and IL B
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Figure 55: (left) CV and (right) capacitance versus cycle number plotéor TiOx
functionalized electrodes and IL D
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Figure 56: (left) CV and (right) capacitance versus cycle number plots fofiOx
functionalized electrodes and IL E

4.5.3. Titanium Nitrideat Constant Scan Rate

TiNx showed highly actie electrochemical interactions with every IL, however less
so with IL E as observed iRkigure571 Figure62. In the most electrochemically active
cases, there were dramatic increases in capacitance oved@Becycles. It is uncertain as
to whether this is a conditioning effect for the coating or if theregradatiorof the
electrode/electrolyte during the reactions. Howewgradationis unlikely because

further testing did not show signs of malfunction.

IL A exhibited three electrochemical peaks in the CV cRigure57). However,
these peaks are at unusual locations. IL B, IL C, and (EiBure581 Figure60) only
demonstrated two peatsth one peakn each castormingnear the +/1V that was shown
in the TiQ, samplesSimilar peaks are expected in the T8dmples because charge storage
from TiNx occurs via the same mechanism asxIbQx utilizes and oxides formed on the

surface of the TiNcoating[65].
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Interestingly,IL A and IL D had strong interactions with TiNbut did not shown
any significant signs of electrochemical interaction with xTiThere are two possible
explanations fothe difference in electrochemical activity (1) the difference in bonding
of titanium/oxygen and titanium/nitrogen is such that it allows a more favorable
pseudocapacitive interaction when usingntitan/nitrogen, or (2) thesmall amounts of
TiOx contamination in the TiNsamples could be dominatiriige reaction. The second
point suggests that a smaller amount of xTitay need to be used to produce significant
pseudocapacitance in the ki€amples. In the case of IL A, the Ti€ample suffered from
high resistances and therefore may not have beernt@abéspond to the applied voltage

appropriately. As previously mentioned, IL A and Ti@as been previously demonstrated

to exhibitpseudocapacitang8l].
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Figure 57: (left) CV and (right) capacitance versus cycle number plots fofiNx
functionalized electrodes and IL A
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Figure 58: (left) CV and (right) capacitance versus cycle number plots foFiNx
functionalized electrodes and IL B
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Figure 59: (left) CV and (right) capacitance versus cycle number plots foFiNx
functionalized electrodes and IL C
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Figure 60: (left) CV and (right) capacitance versus cycle number plots fofiNx
functionalized electrodes and IL D
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Figure 61: (left) CV and (right) capacitance versus cycle number plots foFiNx
functionalized electrodes and IL D
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Figure 62: (left) CV and (right) capacitance versus cycle number plots fofiNx
functionalized electrodes and ILE.

4.5.4. Zirconium Oxideat Constant Scan Rate

Zirconium oxide samples were particularly unreactgeshown inFigure 63 1
Figure67. IL A and IL E produced highly resistive samp({€sggure63 andFigure67). IL
C did not show any signs of electrochemical interacfi@ss seen irFigure 65, and
produced CV crves very similar to the plain CNT/IL C sample. Il{(Bgure64) produced
small peaks in the CV curve and it is difficult to say if these are electrochemical itesacti
or effects from overcharging the IL. However, similar, yet less defined, peaks were shown
in the plain CNT samples which therefore suggests that no strong pseudocapacitve
interaction is occurring. The fingample, IL D, did show strongseudocapacite/peaks,
however these peaks meemore prominent on charging compared to dischardtiguie
66). This is unusual since most supercapacitors produce symmetric C\$ cumess an

anisotopic architecture is used (ieogitive electrode is coated with Ty@nd negative

78



electrode is coated with ZgN This might suggest that the cathodic and anodic ions from

thelL are interacting differently with the electrodes.
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Figure 63: (left) CV and (right) capacitance versus cycle number plots for Zr@
functionalized electrodes and IL A
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Figure 64: (left) CV and (right) capacitance versus cycle number plots for Zr@
functionalizedelectrodes and IL B
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Figure 65: (left) CV and (right) capacitance versus cycle number plots for Zr@
functionalized electrodes and IL C
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Figure 66: (left) CV and (right) capacitanceversus cycle number plots for ZrG
functionalized electrodes and IL D
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Figure 67: (left) CV and (right) capacitance versus cycle number plots for Zr@
functionalized electrodes and IL E

4.5.5. Zirconium Nitrideat Constant Scan Rate

Zirconium ntride samples, similar to the ZxO samples, were less
pseudocapacitively active than the titanium samplks B and IL C produced
pseudocapacitive reactions but were unstasdeshown ifrigure69 andFigure70. IL A,

IL D, and IL E remained highly stable over th@00cycle test but did not demonstrate
any significant pseudocapacitve reactidiigure 68, Figure 71 and Figure 72). These
samples showed similar capacitance values as thdunctionalized electrodes which
confirms there lack of pseudocapacganFurther studies need to be conducted to confirm
charge storage mechanisms, particularly with IL C, which exhibited significant

pseudocapacitance and therefore high capacitance.
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Figure 68: (left) CV and (right) capadtance versus cycle number plots for Zri¥
functionalized electrodes and IL A
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Figure 69: (left) CV and (right) capacitance versus cycle number plots for ZriN
functionalized electrodes and IL B

82



Current, uA

clic Voltammet:
2000 T Cy T 4 T

1500

1000

< 500
3

E 0
3
s}

-500

-1000

-1500

-2000

-3 2 1 0 1 2
Voltage, V

Capacitance, mF

w

o

Cyclic Voltammetry

200

400 600
Cycle Number

800

1000

Figure 70: (left) CV and (right) capacitance versus cycle number plots for ZriN
functionalized electrodes and IL C
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Figure 71: (left) CV and (right) capacitance versus cycle number plots for ZriN
functionalized electrodes and IL D
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Figure 72: (left) CV and (right) capacitance versus cycle number plots for Zri
functionalized electrodes and IL E

4.6. Resistance measurements

ESR is an important etric in energy storage devices and can be calculetied
CD testing .aAnmditer@bverdmethod, impedance spectroscopy can also be
used. In this work, galvanostatic methods were used initially, but an undefined voltage drop
created uncertainty in the data. To ensure the data was accurate, icepspiactroscopy

was implemented to verify the results.

4.6.1. Galvanostatic Method

Measurements of equivalent series resistance (ESR) were conducted using
galvanostatic methods at currents of 200, 350, 500, 650, and 800th& voltage range
of -2.5 to 2.5 V Each measurement was made on a single cycle. As shdviguire 73

there is significant netinearity in the discharge curve duepseudocapacitan¢é.
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Figure 73: (left) Galvanostatic test of nonfunctionalized CNT capacitor
demonstrating an easily discernable voltage drop. (right) Galvanostatic
measurement of TiNcdemonstrating significant nonlinearity upon discharge and
therefore difficulty in establishing a clear voltage drop

85



The nonlinearity prevented the formation of a distinguishing voltage drop that is
traditionally present in supercapacitors. To overcome these limitations, the voltage drop
was defined as the first data point after discharghkhgample calculationof ESRfrom

acquired data is showkigure74 below:

Current(A)
0
0.000649945
0.000649945
0.000649945
0.000649945
0.000649945
0.000649945
-8.9472E-05
-0.00014518
-0.00019583
-0.00024107
-0.00028159
-0.00031839
-0.00031839
-0.00035148

Voltage(V)
-1.64283919

2.50025773
2.500907421
2.500907421
2.500907421

2.31541276)
2.298682451
2.282764196
2.267983198
2.254176617
2.241019726
2.241019726
2.228675127

AV = IR|

From data: AV = 2.500907421 — 2.31541276 = 0.18548982 V

I=350%10"%4
R =530.0Q

Figure 74: Sample data for galvanostatic calculations of total ESR

As can be easily observed from the data, there is a 10 fold difference in slope
betweerthe first two points upon discharge (highlightedrigure74) and the next pair of
data points. Due to this significant difference in slope, the method describeel iabov
justified for determining resistance of the supercapacitbtewever, impedance

spectroscopy was also used to verify these results as discussed in the next section.
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Figure 75: Resistance measurements compared tb.

Figure75shows the resistance, calculated through galvanostatic methods, for each
pseudocapacitive coating, grouped hy Ead bar is an average of the calculated

resistancest each tested curren®f particular note from this data séit, A exhibited
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extremely high resistances compared to the dtherFisheret al.reports resistances with

IL A, andasimilar electrode arctecture, on the order of ohms, whereas this dajgests

resistances in kilohm range$31]. Although thisworkc ont r adi cts Fi sher o
consistently high resistance suggests IL A may not produce pseudocapacitive reactions
with the studied coatings. However, an alternative explanation can be drawn due to the

viscosity of IL A.

The resistance wasiuch lowerin samples that were filled entirely with some
samples below 100qg. However, these resistart
too high for most supercapacitor applicatioRer example, the sample with the lowest
resistance (67.6) wo ultinla povwesadensity of 442.2 J/kg. As showrFigurel,

this value puts the as fabricated samples in a similar category as batteries.
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Figure 76. Resistance measurements made for samples comprised of TiO
pseudocapacitive coating and IL A. The large changes in resistance demonstrate a
possible heating mechanism from insufficient amounts of electrolyte.

4.6.2. Effects of Viscosity

Viscosity is cosidered one of the most important parameters to consider when
choosindL s for practical applicatiori$7]. When designing supercapacitors, the viscosity

should be considered because it has a tremendous effect on the ionic mass {&8hsport

I L A has a viscosity of 141mPa s which
viscosity IL, IL E. The high viscositynakes the filling method previously described
particularly difficult because the viscous liquid does not flow easily through the fill ports.

This suggests that the supercapacitors are not being filled to entirety. Without being filled
entirely, the electigte is expected to form a thin pathway on the walls of the electrodes.

This layer allows charge transfer, but due to the size of the pathway, ionic motion is likely
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inhibited, which would increase resistance. This is supported through the resistance
calcuations at different currents as shownFigure 75. The highestesistance occurs at

low currents. However, as the current is increased, heat is generated in theesmstive
pathways. As the IL is heated ionic mobility increases and reduces the resistance. This can
also be observed iRigure 75 where the higher resistance sdes generally have larger

error bars from the resistance changing dramatically at each tested current since each value
is an average of all tested curreritarther design development is expected to reduce the

resistance.

It is useful to analyse the resiace versus achieved viscosity for the studiiesd
These results are presentedFigure 77 i Figure 81. The resistance presented in these
figures is calculated from galvanostatic methods and the error bars are a single standard

deviation from the average of each current tested.

No correlationbetween viscosity and resistance was observed for the plain CNT
electrodes, as shown kgure77. This was unexpecteak there is a dramatic correlation
between viscsity and ionic mobilityand therefore resistan¢@8]. The expected trend is
shown in the TiQsamplesKigure78) where resistance increased with viscosity ofithe
However, no other system exhibited a significant correlation of viscosity and resistance
(Figure7971 Figure81). There are two conclusions that can be drawn from this data. First,
viscosity is less important than previously thought. Second, as previously discussed, the
supercapacitors were not being filled to entirety andezhdgviations in resistanddost

likely, the supercapacitors in this work were not consistently being filled to entirety.

9C



) w E

Average Resistance, k{2

=

20

40

No Functionalities

60 80 100 120 140 160
Viscosity, mPa*s

Figure 77: Viscosity effects in CNT electrodesNo strong correlation is observed.
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Figure 78: Viscosity effects in TiG« coated CNT electrodesA strong correlation is
observed with increasing resistance occurring with higher viscosities.
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Figure 79: Viscosity effects in TiN coated CNT electrodesNo strong correlation is
observed.
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Figure 80: Viscosity effects in ZrOc coated CNT electrodesNo strong correlation is
observed.
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Figure 81: Viscosity effects in ZrN« coated CNTelectrodes No strong correlation is
observed.

4.6.3. Impedance Spectroscopy

For the impedance spectroscopy measurements, a 100mV alternating voltage was
applied toa supercapacitor over a frequency frozto 1 Mhz on a Solartron impedance
analyzr. The acqued data was fit to the equivalent circuit model showkigure 82
using the fitting software provided with the Solartr@ihe equivalent circuit model is a
modified Randles circuit modelh common circuit model for electrochemical impedance
spectroscopy27], with two resistors and two constant phase elements (CPE). The extra
CPE was added to account #or electrochemical reaction on each electraties data is
used as a confirmation of resistances measured through gahtanosthods. These tests

are not perfectly comparable because the equivalent circuit model breaks the total
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resistance measured Y galvanostatic method#to two resistances, R1 and R&ince

there is naheoretical methodo add these resistosdo bt ai n a Ot ot al re:
assumed that the total resistanselow if both resistors haveesistanceb e | ow. 1k q
However, theresistance is assumed to be high if one or more resistors have resistance

above 1k qThe fitted data is presentedkigure831 Figure87.

R1 R2

—T V'V V&

4 74
A\ N\
CPE1 CPE2

Figure 82 Equivalent circuit model for electrochemical reaction. Modified Randles
circuit model with extra constant phase element.

Plain CNT supercapacitors weliabricated and tested as a baseline measurement
to compare the pseudocapacitive samples. Fisher et al. tested similar supercapacitor
architectures and demonstrat[@8fILBamslilLEt ances
exhibited the | owest resistances. I'L A and

This suggests that the supercapacitor was not filled entirely
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Figure 83: Resistance of plain CNT samples measured by impedance spectroscopy
Most samples exhibited higlresistancedor supercapacitor applications, however,
these results confirm the calculations from galvanostatic methods. IL B and IL
demonstrated the lowest resistances.

The resistance of the TiGsamples are shown iRigure 84. IL A exhibited
particularly high resistances with all samples having atleastasi st or i n the
This confirms the results from the galvanostatic methods. The consistenthgsigfiance
of IL A in the TiO« samples was unexpected as Fistteal. reported resistances on the
or der o 31 ér af senilar system. There are two differences between the work
reportedby Fisher and the present woikirst, the titania reported by Fisher had been
annealedat 600C in N2 for 4 hoursafter deposition resultingy phase changes in the
titania. Seond,t he el ectrol yte used in Fisherods wor

The addition of acetonitrile would have a dramatic effect on the resistance since the
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conductivity of acetonitrile is orders of magnitude smaller than that ofLamgtudiel in

this work. The viscosity and ionic mobility are also significantly improved which reduces

the resistancd. L D al so had one resistor in the Kk
between IL D samples suggests that this may have been due to fabrezatian In
comparison, IL B, IL C, and IL E had low resistances with the,Tidating, however the
resistances are still not low enough for high power supercapacitor applicaticis
requires r esi st an c.dgrtheo investigat®on nee ta e compldteda f e w
to produce high power Tisupercapacitors utilizing the presented architecture. IL B and

IL C produced the lowest resistances.
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Figure 84: Resistance of TiQ samples measured by impedance spectroscofach

of the IL A samples exhibited extremely high resistances. It is unclear whether this

is due to chemical interactions or manufacturing error due to the high viscosity of
the IL. IL B and IL C produced the lowest resistances.
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The TiN« samples exhibited similgsroperties as the TiGsamplesas shown in
Figure85. IL A, IL B, and IL Cexhibt ed r esi st an c €lmargd storagelne k q
TiN is accomplished through oxygen vacancies ot layer formed from atmosphere
[69]. Therefore, high resistances in the J#8émples for IL A are supported by the high
resistances in the TiGamplesDueto processing time, a linatl number oTiNx samples
were able to be fabricateshd only single samples of IL B, IL C and IL E were fabricated
IL D showed low resistance across two samples which suggests that IL D would be the
best pair with TiN sampleshowever IL E exhibited evelower resistancdeach of these
results correlates with observations from galvanostatic metRadber studies need to be

conducted to verify the presented results.

Figure 85: Resistance of TiN samples measured by impedance spectroscoply A
produced high resistances whereas IL D and E produced the lowest resistances with
TiNx.
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