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ABSTRACT

Supercapacitors, also known akectric doubldayer capacitors oultracapacitors
store energy by rapidand reversible rearrangementf ions/chages at the
electrolyte/electrode interface. Thphiysicalprocess results in various advantages, such
as high power density and long lifespan. However, compared to batteries, supercapacitors
still have significantly lower mergy desity. Currently, greaefforts focus on pursuing
the efficient combinatiowf high specificsurface are¢SSA) electrodes and electrolyge
with wide working voltage windows Hence graphenebased materialbave attracted
considerable interestue totheir high electrical conduntity and theoreticalSSA they
are promising candidas for electrochemical doubleyer capacitors (EDLCS)s next
generatiorenergy storagdevices

The objective of thiswork is to develop new electrode fabrication meth®do
improve the perfanance of reduced graphene oxide (rGO) based supercapacdmoes. S
specific capacitance is proportional tee SSA, the main challeng for rGO based
supercapacitors is to effectively prevent rGO sheets from restaskiag processed into
a dense, thick et¢rode In the first part,a hydrophobic ionic liquidIL), 1-ethy}3-
methylimidazolm bis(trifluoromethyisulfonyl)imide (EMImMTFESI), is used as both
electrolyte and spaceao separate thgraphene sheetnd maintain its highSSA. It is
demonstrated thatEMImMTFSI has better chemical stalylit than 1-ethyl3-
methylimidazolium tetrafluoroborat&MImBF,), whichwas used inour previous work
and reduceshe corrosion of commonly used current collect@esy. Al, Cu) To imbibe
IL prior to thermal reductiona graphene oxidé. dispersion was used to assembly-gel



like laminated nanocomposite on common metal current collectors. To balance the loss of
IL and the reduction of GO, GO/IL electrodeere reduced by ramping up from room
temperature to 368C at 5°C/min followed by rapid cooling. The resulting conductive
films containing 80 wt% of EMImTFSlisplayeda good gravimetric capacitance of 135

F/g at 5mV/s.

The abovevork did not take advantage of any specific interactlmetsveen the IL and
GO andthussome restacking likely occurred and limited theakicessible surface area
Therefore, the second half of this thesis fesusn engineering specifiénteractiors
betweenthe GO and EMImMTFSLo enable anore uniform distribution of IL amonthe
networkof GO sheetsThis was achievethroughan EMImTFSIaqueous microemulsion
formedby the additionof the surfactantTween 20.Underawaterrich condition (> 70 wt%
watel), this system became an -lh-water microemulsiorand displayedan average
surfactantstabilized IL dropletsizeof ~8 nm. In order to observe the interaction between
microemusion nanodroplets and GO sheétg, fluorescenceresponsearising from
Tween 20 and rhodamifte were used to probe adsorption througfuorescence
guenching.A significant decreasein fluorescence intensityn the presence of GO
indicatedthe spontaneous adsorption stébilized ILonto the GO surfacel likely via
hydrogen bondingFinally, this GO dispersiomwith uniformly adsobed IL -containing
microemulsion nanodrogs was drojgcased onto Cu foil. The precursor electrode was
reduced at 300C to release IL and remove Tween 20 leading to a dem$eonductive

layered rGO/IL film (0. g/cnT of rGO), which exhibited record highgravimetric



(302F/g) and volumetric capcitance (218 F/cni). These results constitute the best

performance of a graphet@sed high voltage supercapacitor reported to date.
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CHAPTER1: INTRODUCTION

1 Introduction

Supercapacitorsyhich are alsoknown as ultracapacitors or electric double layer
capacitors (EDLCs), store energy by forming an electric double layer through fast and
highly reversible charge/ionrearrangementat the electrode/electrolyte interface,
primarily using high specific surface area (SSAlectrode materialsuch as activated
carbons and, more recentiytaphené:® The physicalas opposed to chemicanergy
storage mechanism issponsibldor the exceptionalcycle life and fast charge/discharge
capabilities of these deviceShe high SSA and thiosapacitivedoublelayer that forms
between theelectronic and ionic charge leads to a capacitaviteh is many orders of
magnitude larger than tragtihal delectric and electrolyt¢ capacitors.

Primary energy sources exist in various forms, includimg combustion offossil
fuels nuclearenergy and renewable energy like hydropower and wind. According to
statisticsaboutworld energy consumptiofrom 1988 b 2013,fossil fuels arestill the
leadng energy source, with 32.9% of global energy consumgitiblewever, limited
resenes, significantcarbon doxide emissiongnd other pollutants aienpacing global
warming and human healtiHence, the neetb redu@ CO, and other greenhouse gas

emissiors hasbecome a topic of great importan&ichemissiors arethe epitome othe



CHAPTER1: INTRODUCTION

energy and environmealtcrises and thus,developing advanced green energy storage
systemdo better manage electrical enefgyg. supercapacitqrbatteries, fuel cells, ejc.

is of extreme urgery.”® Compared to other energy storage systemgersapacitors have
many practical advantage®ue to the physicahatureof the charge storage process
supercapacit@rcan be usedver awider range of voltageand temperatusscompared to
lithium+-ion batteries. The improved safeiyd cycle life greatly decreasenaintenance
cosk and promotes working reliabilityAt the presenttime, EDLCs are mainly used in
the following fields:®”

1. Transportation Supercapacitors have been widely used as the auxiliary power
source inelectric vehicles, such as cars, trucks and trains. Presently, electric
vehicles usdeadacid batteries as main power supphpart fromthe high cost
for battey replacementanother critical problem for electric vehicles is the
tremendous power consumption in starting the engine, which is especially high
for heavy transportatioife.g. tucks and trains)Using supercapacitors as the
power supply forthe ignition system reéves the leadacid batteriesof harsh
discharging, which significantly extends its lifespMeanwhile, supercapacitors
can collect the regenerative energpnirthe braking procesgo further save
running cost. Since lead is being banned by countries for environmental
protection, supercapacitepowered electric vehicles atederdevelopnentin
recent @cades. In 2012 he China Railway Rolling Stock Corporation (CRRC
has built a light rail system usirsgipercapacita@rasthe main power sourcelhis

supercapacitepowered train can be fully chargedring a30 seconds stop and

2
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run 3 to 5 kilometers at0 km/hto the next stopA total of 350 passengers can be
held and85 % ofenergygenerated during braking is collected and returned to the
energy storagsystem

2. Backup Paver. Temporary backip power is a common requirement for a wide
range of applications whenever the main power sourcaifiering a sudden
blackout.This highly reliablebackup systems mainly needed fodata backup
applications ranging from servers to sedighite drives, power fail alarms in
industrial or medical applications, asome other special fields, such as pitch
control system in windm#. Compared to batteries, supercapacitors have better
safety andonger cycle life especially in demanding environmgii¢.g. low or
high woking temperature). Furthermore, supercagasican providea burst of
energy inavery short time. These advanesgmake supercapacitan excellent
choice for short term power badp required in seconds or minut€®r example,
windmills usually work under a significadiurnaltemperature variatiorOnce it
suffers a sudden main power failure, it needs a bagkpower toreturn the
turbine blades to a neutral position for safe shutdown

3. ConsumekElectronics To meet the increasing requirement for smart and portable
devices, supercapacitors have become the emerging energy storage technology
used in consumer electrocs, including laptops, digital cameraportable
speakers and mobile computingpart from the improved safetand charging
efficiency, compared tarechargeabldatteries, supercapacitors can effectively

preventproductsfrom oversizingdue to the sizef the batteries in order to meet

3



CHAPTER1: INTRODUCTION

their high power demarsl For example, Blueshift designed the first
supercapacitepowered speakers in 2013, whitlas amore powerful sound
playbackthan traditional portable speakesf the same size. Moreover, it only
takes 5 minutes chargingto play at fullvolumefor 6 hours while other battgr
powered speakers take 3 hours for 15 hoticperation

4. Military and Aerospace Due to their excellent power density and low
equivalentseriesresistance (ESR), supercapacitors are combined with high
energy density batteries form the pulsed power sourcesually usedor laser

weaponsradas andaircrafts.

107 T T T T
Capacitors
10°
Combustion
D 40 B engine, Gas
§ 10 turbine
> 10'F
a
3 10°}
)
2 66k
2 100
10 F
1 1 1 1 1
0.01 0.1 1 10 100 1000

Energy density (Wh/kg)

Figure 1.1: Ragone plot illustrating typical energy and power densities of portable energy storage
devices.(Reproduced fromref. 5)

However, comparedo other energy storagdeviceslike batteries and fuel cells,
supercapacitorstill have significant lower energy density as shown inRiggre 1.1
The poor energydensity is one of the main factors which restrict their commercial

application, while another one is the high dosperformance raticHence, major efforts
4
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CHAPTER1: INTRODUCTION

are underway to improve the energy density of supercapacitors based orr sintple
more environmatal friendly manufactung processs while maintainng their unique
advantages suds high power density, long cycle life and improved safety.

Before outlining detailed objectives of this work, the following section reviews the
main classificatiorof supercapacitorandgeneral operating principle, the factors which

affect their performance and the materials currently used as electrodes.



CHAPTER2: BACKGROUND

2 Background

2.1 Operation Principles of Supercapacitors

Supercapacitors are usually classified into two typased onthe mechanism of
energy storagé EDLCs store energy only through a physical rearramege of
charges/ions while pseudocapacitors take advantage dbettric doublelayer (EDL)
chargingand highly reersible redoxeactions which help boost the capadity typically

at the expense of reduced power and ciifde

2.1.1 Electric Double Layer Capacitors

Separator, electrolyte
Active layer, electrolyte i

Current collector Current collector

\
A

Carbon particles witt\
charged electrolyte film

Figure 2.1: Schematicstructure and principles of a single cell EDLC (Reproduced fromref. 9)
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As shown in Figure.1, a typical EDLC cell is composed two current collectors,
two electrodesdlsocalled active layersklectrolyteand a separatavhich preventshe
electrodes from contacting electrically but allows ions to .pBssing the process of
charging, electronare pumpedrom the positive electrode to the negatelectrode by a
power supply Meanwhile, due to the potential difference, cations in elgtérdravel to
the negative electrode while anions move towards the positive electrode. The reverse

process happens in the process of discharging.

o

DN

-
@ Diffuse layer

—

Helmholtz

layer
von Helmholtz Guoy-Chapman y Stern

Figure 2.2: Different theoretical models for EDL: (a) Helmholtz model, (b) GuoyChapman model, (c)
Stern model. (Reproduced fromref. 2)

The physical structure dhe EDL propcsed by Helmholtzonsiss of two parallel
layers ofcloselyspacedandoppositdy chargel electronic and ionic chargas shown in
Figure 2.2a* However, thissimplemodeldoes notonsiderthe thermal motiorof ions
andthe more extended distribution of iomsar the electrodelectrolyteinterfacethat this
causesAnother drawlckis that this modetannot explairthe experimentally measured
dependenceof capacitance on electrolyte concentration and applied poteiit.

thermal fluctuatiorand otherfactors werefirst incorporatednto the EDL model byzouy
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and Chapma. Due tothe thermal fluctuatiortend™ ions near the electrode surface
cannot remain static in packedarray as described by Helmholtz. Hence, thesewolhs
redistribute to form the so-called diffuse layerfollowing the PoissoRBoltzmann
equatior® resulting in the change of potentias a function ofdistanceas shown in
Figure 2.2b. This region isthe so-called diffuse layer, having a net charge equal and
opposite to the charge tite electrode siteThe main problem for thismodel is that they
considered ions irthe electrolyte as point chargesausing the overestimation of
capacitanceWithout a sizelimitation, ions cangetinfinitely close to the surface othe
electrode when it is highly charged. Hence, Stern came tip avmodified model by
combiring thetwo previous models. As shown kgure 2.2¢ EDL is divided into two
regions, the modified Helmholtz layer and the diffuse layesed by Gouy and
Chapmann) extending tthe bulk solution. According to this modethe measured
capacitance of EDL(p) can be estimated bgonsidering the capacitance of each of

these layers in series

where Cpix and Cy is the capacitance contributed lfe diffuse layer and Helmholtz
layer, respectively.Since thetwo capacitance are added in series the measured
capacitance is mainly decided by the smaller oneCAg is proportional to the root of
electrolyte concentratiorCy will dominate the resulting measured capacitance at high
electrolyte concentration (> 0.1 M). Since increasihg electrolyte concentration is
easier to achievavhile Cyis typically constahfor a given electrode and electroly@,,

is usually estimated by:
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where- is the electrolyte dielectric constant, is the vacuum dielectric constand is
the distance of closest approach of an ion to the suafatA is specific sureface area of
a single electrode. Gendlya the capacitanced) and operatig voltage window (J) vary
accordingto the type of electrolyte. Foa givenelectrode materiala higher specific
capacitancesitypically observed in aaqueous electrolyte (such as3®, or KOH) 43

than that in ionic liquid or organic electrolyt€his is typically ascribed to the smaller

size of ions in aqueous electrolyteompared to that in other electrolgteesulting in
smaller distance of closest approactid) and higher ionsaacessible SSAX Also,
pseudocapacitance is usually observed in aqueous electrolyte which adds to the
capacitance by EDLHowever, usually only 0.5 ~ 1 V of working voltage can be
achieved in aqueous electrolyte due to the decompositittage of water (1.2 V)and
stability of some activenaterials(like Mxenes, etc}> Even if the voltagdimitation can

be pushed to ¥ in aqueouglectrolytedue to the overpotential faxygenand hydrogen
evolution in some electrolyte/material systethit is still much less than that édnic

liquid or organic based deviceghich can work stably at > 3VThe capacitance dhe

device C) and working voltage windowlJ) mainly decide the resultingpecific energy

(E) and power densitfP) of an EDLG which are the most important criteria for

evaluating their performance in comparison to other energy stteelgeologiesand can

be generally estimated by:
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]
ol O

wherel is the discharge time in galvanostatic charge/dischplags at corresponding

current density

2.1.2 Pseudocapacitors
As discussedtriefly above, another charge stogagechanism can add to the double

layer capacitance, namely the pseudocapacitance arising from reversible Faradaic
reactions. Beudocapacitors store energy mainly through underpotential deposition,
chemical adsorption/desorption or highly reversible redox the surface of active
materials.Each of these mechanisms requires partial or complete transfer of electronic
charge across the electrode/electrolyte interface via a -ppasisible chemical
reaction’’ Based orthis energy storage priifde, pseudocapacitors store energy not only
on the surface of electrodesit also in the interior of electrodes which suggests higher
specific capacitance and energy density than that of EDLCs. Theldivite operating
primarily by a pseudmpa@tance nechanismwas designed in 1971 which uses Ru&»

the active material®*® In the 1990sConway sgroup provided the firstdetailed
explanation for the opetiag principle ofa pseudocapacitosperaton by three different

mechanism® | (1) Underpotential Depositiorwhen a kind of substande (typically,

a metal cationwhich will be reducedonto another metal substrate) has stronger
interaction with the substraithanthatwith itself, the reductio of corresponding metal

A ions canoccurat a potential less negative than its equilibrium potenfial.a classical
caseasingle layer of Plparticlescould be adsorled onto the surface od Au substrateas

plotted in Figure Ba (2) RedoxPseudocapatance:this mechanism reliesn reversible

10
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Faradic charge transfewhich occurswhen ions in electrolytdmost often protons)
chemically react with the electrode materiéFigure 23b); (3) Intercalation
Pseudocapacitance:ithe third possible mechanism iknown as mtercalation
pseudocapacitancén this casegelectrolyte ionscan reversibly inserinto the porous
structure of the electrode material This causes the material toecome partially
oxidized/reduced, producing a salt of the intercalated iortygncally a layerednaterial
such as graphite or M@SGenerally,there isno change to the crystdattice of the

insertion host. Theasic mechanism is shownkigure 2.3c

a) Underpotential b) Redox c) Intercalation
Deposition Pseudocapacitance Pseudocapacitance

Au + xPb¥* + 2xe = Au-xPb,,|RUO,(OH) +5H '+ Se € RuO, ,(OH),. Nb,O + xLi* + xe' > Li Nb,0,

4
D N A & e O A& Wydrous grain Insertion host U*in
¥ ‘ob 40\1\2 & PO grail H* in

»

n ma ’

Y © o boundary vaterial electrolyte
PN 0(9 3 o _e Clectrolyte

Current Collector

Current Collector

Current Collector
e

o900,

Figure 2.3: Different types of mechanisms to pmidocapacitors: (a) underpotental deposition (b)
redox pseudocapacitance, (c) intercalation paudocapacitance (Reproduced fromref. 20)

2.2 Electrode materials

The electrode material is one the most important componestf a supercapacitor
The choice of the materialill dramatically influence the final electrochemical
performance. Therefore, ongoing effortatemping to boost the performance of

supercapcitors mainly focus on desigmg new electrode materials. Carbaceous
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materials metal oxids, conductive polymerand compositecontaining two or moref
the above materialarethe four major classes of promisingaterialsbeing testeds the

active hyessin supercapacitors.

2.2.1 Carbonaceous Materials
The combination ofariousadvantagessuch as low cosand high SSA,implies a

hugepotential forcarbonaceous matals to be used as electrodes in supercapacitbes
inherent corrosion resistanoécarbonaceous materials allows them tetadle among a
wide working voltage window anaperated for millions of cycles with little performance
degradation Presently,various carboaceous materialeave been reported in EDEC
related literature, includg carbon fibre, carbon aengek, carbon black activated
carbors, carbon nanotutseand graphene based materfdi& A more detded review of
graphenebased materials is given in Secti®i3 as this material and its use in EDLCs is

the focus of this thesis work.

2.2.2 Metal Oxides
Metal oxides ar@ common active material fggseudeapacitorsvhich store energy

through fast andighly reversible chemical redoxeactionsbetween ions in electrolyte
and active materialsvarious metal oxides have been studieduding MnQ, Co;0y,

NiO, RuG and \,0s.2?" With their outstandingheoreticalcapacitancevhich is usually

ten times greater than that of EDL@sg. the theoretical gravimetric capacitance of
MnO, is as high as- 1370 F/§,*® noble metallic oxidesare beconing more and more
popular among resechers. However, the commercial application of metal oxides based

supercapacitors are significantly restricted due to their poor cyclenkigow voltage

12
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window and high cost, so they are commonly composited together with carbon materials

or other suppiiing materials so as to prevent structural collapse during cycling.

2.2.3 Conductive Polymers
Conductive polymers also belong ttee pseudocapacitor activaaterialfamily.

29-30
Polyaniline (PANI), polythiophene, polypyrrole (PPY) and other polymers with
conjugated structure areamly used as activenaterials in pseudocapacitorEhese
materiak mainly store energy by fast reversibletjype or Ptype doping/dedopingedox
reactionson its surface, resulting in very high theoretical capacitdaae PANI fikre
can achieve a maximu capacitance of ~ 2000 F/g in 1 M$0,).3* N-type doping (or
so-called reductive dopingneans that polymeiobtainadditionalfree electrons oto its
molecular chains froranexternal circuit These delocalized-dopingelectrons make the
polymer negatively charged and attract counterfoos the electrdyte into its polymer
matrix. Similarly, Ptype doping (or called as oxidative doping) can be positively charged
by losing free electrons froiits polymer matrix duringhe charging procesddowever,

long time charge/discharge cycling can caudemeshrinkagéexpansion which leads to

the collapse othe polymer structure, resulting invery poor cycle life.

2.2.4 Composite Electrodes
Electrode materials composed two or more active materials areferred toas

composite electrodes. According to the fi@mof composite components, they can be
classified as binary compound electrodes (such as graphene/PANI), ternary electrodes
(such asgraphene/Mn@PANI) and so ori?®® Because composite electrodes can
combine and remedy respective merits/demerits of different compaositponents, they

have broad application potential and good development prospect
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2.3 Graphene based Materials

2.3.1 Structure and Properties of Graphene
In 2004, graphene was first discovered by Andre Geim and Konstantin Novoselov

from Manchester Universityyomechanical exfoliatiomndimmediatelyarousedworld-

wide interest, whicHed to them winninghe NobelPrize in 2010** Graphends awell-
known 2D nanomagrial which is densel\composed of a monolayer ofspybridized
carbon atoms arranged in a hexagonal la(fcgure 2.4), so it can be considered as an
exfoliated singldayer graphite sheet. A’ hybrized carbon atonmre conneced with
threeadjacentatoms through very strongcovalent bondindeading to it having a high
modulus ofelasticity(~1 TPa) and ultimate breaking strength (~130 GP&oreover,
eachspf hybrizedcarbon atontan contributean unpaired p electroto form * bond,
whose electrongan quickly move among lattice network, resulting in a prominent
conductivity. From the perspective of the geometric structure, graphene can be
interpreted as the basic structural unit for other carbonaceous allotropes, incldding O

fullerene, 1D CNT and 3D graphite.

Figure 2.4: Three-dimension view of ideal graphene crystalline structure.
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The unique structure makegraphene an advanced materipbssessing the
combiration of the nature of metaland nonmetalresulting in anumberof distinguished
advantageslt is considered as one of the most promising materials for next generation
flexible films for use as electrodes in supercapacitors becausigfjvadimensional
structure can provide a large surface g@800 nf/g),>® which serves as an extensive
transport platform foassociating with ions electrolytes (2) the highelectricalmobility
(can achieve as higis 20 Vs by minimizing impurity scatterindj of graphene sheets
enablestheir great potential to be highly electridgl conductivethrough electrical or
chemical dopingtherefore leading to enhanced powensityandratecapmbility; and (3)
the superior mechanical propeglow graphene sheets beeasily assembled into free
standing films with robust mechanical stabilifjhis graphene is also called pristine
graphene which is defined as the single layer of graphite containing no functional group
and few lattice defects. Aftgristine graphene was firpteparedoy cleaving a block of
highly ordered pyrolytic graphite with Scotch tape, many other methods have been
developed, such ashemical vapor deposition (CVID However, these preparation
methodsfor pristine graphene canngield large volumes of materiaconomicallyand
efficiently to be used for thick electrode films. In addition, tineoreticalcapacitance of
pristine graphene is low (< 2@dg) as it islimited by g r a p h e netedrenic demsity
of states (DOSJ Hence, manyfmodified pristine graphedeor graphene based
materials have bene designed, especially the toaged on the exfoliation of graphene
oxide (GO) is widely appliet®*® The resulting product is referred to as reduced
graphene oxide (rGO) or functionalized graphene sheetsgjFth8theoretical specific

capacitanceof these materials is larg€r500 Fg) due to the introduction of lattice
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defects and functional groufisat increases the electronic DQore detailed review of

research about thieaterialis provided in next section.

2.3.2 Review of Graphene-Based EDLCs
Outstanding conductivity and sugleigh SSA enabls rGO or FGS to achieve a

prominent theoretical specific capacitance as high 880F/qg, is the largesamong all
carbonaceoubased supercapacitdrs.Furthermore the stable chemical and physical
properties of graphene lead éxcellent cycing stability. In 2008, Stoller et &P first
demonstrated the use ofiemicaly reduced graphene e asan electrode materiah
supercapacitorThe devicesexhibited acapacitance of 135 F/g in 5.5 mol/L KOH, this
value is far less than the theoretical specific capacitance.ldrges difference from the
theoretical capacitanée mainly caused bthe agglomeration and restacking of graphene
sheets resulting from the interplan@fpi interaction andvan der Waals forces, which
can greatly reduce the surface areas and limiakilty of electrolyte iondo penetrate
between graphene layerBo solvethis core challenge of graphebased EDLCs, many
different methods have been reported ingastdecade.

Separamg the sheetby appropriate spacers is affective approach tqreventthe
restacking of graphene shee®e most widely investigatl spacers are carbonaceous
materials (e.g., carbon particles, CNT), metals (e.g., Pt, Au) or metal oxides (e.§,, SnO
and otherpseudocapacitive materials (e.g., transitional metal oxides, hydroxides and
conducting polymers)

Samulski et af? were the first to demonstrate this concept by decorating graphene
sheets with Pt nanoparticlesphysicallyprevent them from faet-face restacking. This

compositeexhibited a high speciic surface area of 862 gy, which improved the
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specific capacitance afied puregraphendrom 14 F/g to 269 F/g. ah et al*® designed
a fast synthetic method for graphene/Mn€@mposite through the sdimiting
depositionof nanascale MnQ on the surface of graphene under microwave radiation.
This composite containing 78 wt% of Ma@xhibited a max capacitance of 310 F/g and
remained 95.4 % of initial capacitance after 15000 cycles at 500 mV/s

Due b the high capacitance, low cost and singyletheticprocess compadeo other
conductive polymers (e.g. PPY, polythiophene), PANine ofthe most promisindpr a
solid spacer in graphene based electrodes. Hac*eteglorted a new electrode material
by mixing PANI with graphene, this fibdike PANI was synthesizedby in situ
polymerization in the presenceof graphene sheets. This composite displayed a
capacitance of 531 F/g, which is much higher than the capacitance of pure PANI or pure
graphene based supercapacitors suggesting a synergistic effect. Wei and Han et al.
discussed a special compessgtructurewhere PANI nanowires vertically align on the
surface of graphene oxide sheets. The unique structure and mechanical property of
graphene oxide effectively prevent PANI from deforming during chemical redox

resulting in improved cyclic stability.
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Figure 2.5: Structure of graphene based materials mixed with CNT.

CNT is also considered abhe one ofcommon spacerbecause ofoutstanding
conductivity and higlsSA National Institute for Materials Sciendapan (NIMS) found
that CNT can besportaneously intercalateinto graphene sheetroughself-assembly,
which generate proper voidgading toincreased density of current and iofhe
modified electric conductiomodel after added CNT wasplotted in Figure 25. The
resultingCNT/graphene aoposite exhibitec specificoower density of 58.5 kW/kg and
energy density of 62.8 Wh/kg which is ten times greater than that ohtedticarbon
based supercapacitors, energy density further increased to 155.6 Wh/kg when ionic liquid
is used as electrdly.

Another problem causing the reduction of effec®&®A of graphene is that electrolyte

cannot fully wetthe active materials. The dectric doublelayer cannot form agan
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unwetted surface of graphene sheetstardeduced contact area of elededelectrolyte
leads to increasdresistanceind thugpoorelectrochemical performance/ith high ionic
conductivity, wide operation voltage wiods (> 3V), outstanding thermal and chemical
stability, room temperature ionic liquid has becormpeomising nextgeneration
electrolytesto boost the energy density of supercapacitoridowever,ionic liquids meet
more serious wetting problems due ttoar high viscosity compared to traditional

agueous and organic electrolyte

HOOC\ A { CH:—?H }n
PIL:RG-O electrode: A A " |:@:>(CF30;);N6
44 \COOH lEl
Reduced graphene oxide (RG-O) Poly(ionic liquid) (PIL)

' Separator

Current collector [EMIM-NTT,]

IL electrolyte: f‘{\}\}\ X..lf‘“ .
]

[EMIM*] [NTH,
Figure 2.6: Three-dimension view of ideal graphene crystalline structure(Reproduced fromref. 46)

Rao et af’ first utilized ionic liquids as the electrolyte in grapherbased
supercapacitorsThey preparedgraphene electrodes by thermal exfoliatiand after
imbibing the ionic liquid, the supercapacitors exhibigechodest capacitance of 75 F/g
and energy density of 31.9 Wh/kg at &0 To further improve the compatibility between
graphenebased materials dnionic liquid, Suh et &l° synthesized apoly(ionic-
liquid)/rGO compositavith 1-ethyl3-methyllimidazaoliunbis(trifluoromethanesulfonyl)
imide (EMImNTHf,) aselectrolyte(Figure 2.6). This advanced ultracapacior displayad a
improved specific capacitance of 187 F/g whishmuch higher than tseusing pure

graphenebased materials in ionic liquid.
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Jang et af® reported their work usy crumpled graphene sheets witkethy}3-
methylimidazolium tetrafluoroborate (EMImBJFas the electrolyte and the resulting
energy density at room temperature can achieve 85.6 Wh/kg at 1 A/g (further improved

to 136 Wh/kg at 80C), which is comparableith Ni-MH batteries used iREVs.

2.4 Goals and Layout of Thesis Work

The main goal of this thesis work is to develop new methods and a deeper
understanding of how to increase the energy density of EDLCs while maintaining the
otheroutstandingcharacteristicsuch as high power density and nearly unlimited eycle
life compared to current secondary battery technologies. To achieverticgsgus onthe
route to use graphene based materials in ionic lquith a very large operating voltage
window. As mentionedn Section 2.1.1the energy densityf a supercapacitais directly
proportional © the volumetric capacitance of a single electradd thesquare ofthe
operatingvoltage so evena small extensionto the working voltageor a significant
enhancement tdhe capacitance at in a high voltage cedin lead to substantial
improvements to device energy densigowever, the main challenge for ionic liquid
electrolytes has been described in the last sectiGhe high viscosity and poor
compatibility with actie materials may significantly reducestbffective SSAor energy
storage. To solve this problein, Chapter 3we first studyan evaporative consolidation
approachto prepare IL/HO/GO gels andmprove their conductivity through thermal
reduction at lowtemperatur€360 C). In this work,we try to introduce ILbetweenGO
at an early stage durirthe fabrication process so as to avoid the challenge to wet a dry
graphene film.A hydrophobic (water immiscible) and hydrophilic ionic liquid (water

miscible) are compared a®lectrolytes for this method.Moreover, the effect ofthe
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thermal reductiontemperatureis studied considering the temperatdmitations of
different components itheelectrode precursor.

In Chapter 4, we develop a neapproach to combinmnic liquids with graphene
using ionic liquid microemulsionsWe first demonstrate a stable microemulsioin
EMIMTFSI/Tween 20/HO that exhibits anarrow diameter distribution (~8nmpf
microemulsion dropletand provethat the microemulsiogan spontanedy adsob to
the surface of GO bthe formation of hydrogen bondirmgetween Tween 20 and surface
oxygencontaining functional groups of GO. Then thedantaining microemulsion are
used asisoft spacerto maintainan appropriatepace between graphendde sheets and
releaseelectrolyte (IL) into rGO sheets through a simple heat treatment to remove Tween
20 and reduce GO at same tiri&is method results in a dense and uniforamiédiated
rGO (IM-rGO), which exhibits very good electrochemical performancin the final
chapter, we put forward the presémtther analysignd future plans to solseremaining
challengethe limited cycle life (thousands cycles)our electrodesWe suspect that the
suboptimal cycldife is related to impurities introducedlring the thermal reduction of
GO and the evaporation/decomposition of the Tweent complex multicomponent

system poses a characterization challenge.
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3 Enhancement of Double Layer Capacitance through
Evaporative consolidation of Graphene Oxide / lonic
Liquid
In the following chapterl explored thepossibility to extend the new electrode

fabrication method, which is designed by Dr. Pope in 2818,a more practical level.

He usal colloidal gels of graphene oxide in a wagthanolionic liquid solution to

assemble graphenenic liquid laminated structures for use as electrodes in

electrochemical double layer capacitofithe main idea is that introducing a room
temperature ionic liquid (RTIL) into reduced graphene oxide (rGO) sheets before drying
and heat treatment, so this IL servest only as electrolyte but also as the spacer to
prevent graphene sheets from restacking and improve the elecaotgssible surface
area (effective SSADiIffering from the previous work, here we drop cast the resulting

GO/IL getlike film onto more common metal substrates (e.g. Al, Cu) rather than

expensive Pt diskf'wo imidazolium basedLs, hydroplilic 1-ethyt3-methylimidazolium

tetrafluoroborate (EMImBF and  hydrophobic  -Bthyl3-methylimidazolum
bis(trifluoromethylsulfonyl)imide (EMImTFSI),are investigatedto determine ther
applicability forthe evaporative consolidation with GO. Thelevant experimentesults
indicatethat EMIMTFSI displays better compatibility with this methdairthermore, lie
thermal reduction method for GO/EMImMTFESI naapyposite filmwas optimizedwith

regard to the temperature range, ramp up rate and coated¢o achieve the bessults
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Finally, ramping ugrom room temperature to 361 at 5°C/min combined withrapid
coolingwas found to be theptimal conditionto minimize the evaporation of the ionic
liquid and maximize the conductivity of the resulting GDe resulting capacitance as a
function of EMIMTFSI content also exhibits a simijagrformanceon an Al substrate
compared taghat of EMImMBR/rGO on Pt diskmaking the process more practicalso,
the corrosion problemof hydrophiic EMIMBF, is effectively avoided by using
hydrophobic EMIMTFSI as electrolyt&.his work was carried out as a preliminary

optimization and to generate a control group for the stuelgented in Chapter 4.

3.1 Introduction

Supercapacitors or electric doulldger capacitors (EDLCs) are electrochemical
energy strage devices which delivenergy in a very short time (up to a few seconids).
As we discussedbove, the main differendeetweerbatteriesand EDLCss thatEDLCs
store energy only throughe rearrangmaentof charges/ions resulting in thermationof
electric doubldayer (EDL) at the electrolyte/electrode interfac&he fully physical
energy storage mechanism makes supercapacitors exmmhbinberof advantages (e.g.
long cycle life and fast charge/discharge) buffer from arelatively limited energy
density. Thespecific energy igroportional to the square of operating voltage window
multiplied by the specific capacitanckence,improving both the specific capacitance
and cell working voltage window is crucial for designing advanced EDLCs with high
energy density.

The maximumoperating voltage window of such a device is usually limited by the

working stability of each component (e.g. electrolgeactive materia and current
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collectos) involved in the whole charge/discharge processiallythese devices cannot
be charged beyaha voltage which can cause the degradation of these compddeats.

to the squareelationshipbetween voltage window and energy densiy ( U?), the
voltage limitation decided by material/electrolyte combination is the key factor for
resulting energy dwesity as shown ifrigure 3.1 Since electrolyte bear localized charge,

theyhave lower electrochemical stability compared to other comporference, the
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Figure 3.1 Estimated energy density as a function voltage window and gravimetric capacitance.
(Reproduced fromref. 49)

choice of propeelectrolyteis very important texterding the operating voltage window.
Presently, aqueous, organic and ionic liquid based electrolytes dheagbmain types of
electroyte used in EDLC4! Among these, the stable potential window of aqueous

electrolytes is usually limitetb below 1 V, andthat of organic electrolytes (typically
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based on acetonile or cyclic carbonates such as propylene carbonate) can bedbtmost
3.5 V (limited by the decomposition potential of the solvent). However;bHsed
electrolyte has been reported that can waidbly at the voltage exceeding 5 V, which
exhibit the largest operating voltage window among all electrolytes. Moreover, ILs
typically have a very highdecompogion temperatue (> 300-400 °C), providing unique
processing capabilities aradlowing devicesto work under extreme conditionsuch as
HEVs, which usually require the working temperattwebe high as 60°C and space
applications which exhibit even more extreme temperature swihgs

Despite these advantages, there still are méajlenges forlL-based electrolyte
that need to be overcomEor graphenébasedEDLCs, the mainchallengeis to more
effectively combine high SSA graphebased materialwith IL-based electrolytes. The
specific capacitance, another important paramieteteterminingthe resulting specific
energy density, is the product of intrinsic capacitance and SSA. Since EDLCs store
energy mainly through thiormation of a electric doubldayer, so this SSA should be
considered as the electrolygecessible SSA becauthe electric doubldayer can only
begeneratd at the electrolyte/electrodeterface? As highly viscous electrolytes, ILs are
difficult to fully wet graphenébased materialr other nanoporous electrode materials)
and exhibit lower ionic conductivity compared to other electrolytesrthermore
spontaneous restacking of gheene sheets after exfoliation can decrease the SSA as well.
To overcome these limitations, ILs are usually diluted by other organic solvent (e.g.
acetonitrile AN), as the bulk ionic conductivity of ILs based mixture is better than that of
purelLs due tothe reduced viscositdozym et al. diluted EMIMTFSI by ARE the bulk

conductivity of mixturedisplayed a peak value &6.1 mS/cmat 10.8 mol%the neat
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EMIMTFSI exhibits a conductity of <10 mS/cm. With the improved ionic conductivity,
the differential minimum capacitance is also boosted from gFIént to 20.1pF/cnt.

Increasing thevorking temperature is also considered as one effective approach to
ameliorate the relatively poaonductivity of ILs; inpractice energy storage systems are
often requiredo operae at elevated temperatwén some specifi@pplications” °* For
example, supercapacitors are usually coupled with batteries or fuel cells in HEVS, to
deliver the high power needed during acceleration as well as to collect energy from
braking.Hence, operating temperatai@ 60°C or more areurrently required especially
when these devices useate associated with fuel cells. With higbdecomposition
temperature and outstanding electrochemical stapilitypasedelectrolyteis the best
choice to achieve the safe operation at elevated termperddagousset et af showed
that the increase of temperature decreases viseosity of ILs. The viscosity of
EMIMTFSI droged from ~50 mPa& at 25°C to ~20 mPas at 60°C, and relationship
betweenviscosityand ionic conductivity also meets thegel TammannrFulcher ¥ TF)
behavior as commonlybservedor ILs.

In addition todecreamg theviscosity by dilution or heating, many other strategies
have beenglored to modify thecompatibility of ILs and graphenbased materialsSo
far, various solid component#&cluding metal nanoparticles, metal oxide, polymers,
carlon blacks and carbon nanotubes have been used as spacers between reduced
graphene sheets taintain its high SSABozymet al>* usal nanoparticlesprepared via
the dehydration of sucrose, a renewable feedstodpaers to prevent rGO sheets from
restacking. They show that dehydrated sucrose effectively restrain the restacking of rGO

46
I

and improve the specific capacitance from 115 FAd t830 F/g.Kim et al*® synthesized
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a poly(ionic liquid (or called as PIL) as spacer by the polymerization of unsaturated salts.
This PIL/rGO nanocomposite can be simply prepared by chemically reducing GO in
propylene carbonat@ the presencef PIL at 150°C. The surfacenodification of rGO
sheets with hydrophobic PIL leads to a huge drogontact angle between IL amGO

from 72 to 1@, indicating the improved ability of IL to fully wet rGO sheets. Recently,
efforts are underway about how to use electrolyte itseH fisoft spaceyto avoid the
introduction of other materials into graphene shdatthis casethelL would actas both
electrolyte and spacer. Dan Li's groupleveloped achemically converted graphene
(CCG) hydrogel via vacuum filtration afhe CCG suspension withia volatile (organic
solvent) and nonvolatile (IL) liquid mixturelaking advantage of theapilary force
during the evaporation of volatile liquid, the resulting IL mediated CCG film exhibits
dense layered structure (1.33 gfrteading to a high volumetric capacitance of 212
F/cn? in AN/EMImBF, hybrid electrolyte at 1A/gAlmost concurrently our group”
designed a new method dss/n inFigure 3.2. Instead ofimbibing IL into rGO sheets
after theformation of porousstructureafter reductionas shown inFigure 3.2a, we
introduce IL (hydrophilic EMImBE) at anearly stepto form a water/IL/GO gelike film
followed by annealing. WAmM thecontent of IL exceeds 60 wt%, the specific capacitance

reaches the saturation valoe136= 10 F/g. Thenearlyconstant value abovg0 wt%

suggsts that the limiting ability to increase the electrolgteessible SSA by this method
has been reachednd the additional IL (> 60 wt%) only contributed to the expansion of
film thicknessand introducedleadweight and volume to the electroti®wever, Dan

Li's work cannot be scalable due to its vacuum filtration process. Chemical reduction of

GO introducemore hazardous chemicals leading to increased cost for-taft@iment.

27



CHAPTER3: ENHANCEMENT OF DOUBLELAYER CAPACITANCE THROUGH EVAPORATIVE
CONSOLIDATION OF GRAHENE OXIDHIONIC LIQUID

Our previous work required expensive Pt current collector to avoid corrosion problems.
And the gelation of GO/EMImBFaqueous dispersion limited ipotentialto achievea

high loadig of active materials by dregasting.In this work we use hydrophobic
EMIMTFSI as substitution to solve corrosion problem and make this evaporative
consolidation methodcompatible with common current collectors (e.g. Al, Cu).
DispersingGO inanorganicsolvent (such as DMF) rather than water can prevent it from
gelation, resulting in moreuniform dispersios with lower viscosity The resulting
EMIMTFSI/rGO on Aldiscsdisplayeda similar capacitive behavior as EMImMBFGO

on Ptdiscs with modified thermaeduction procedure.

(a) Conventional (b) Our (c)In situ thermal reduction:
approach: approach: Y ey T
i. Charge stabilized ii. Addition of IL
Aggregated dispersion in water  induces gelation
graphene Inter-aggregate R . T
/\ it -l 0,00, 0]
; Intra-lamellar = GERER S e PSS G
Consolidated 56 Y
FGS electrode iii. Evaporation
HZO of water Co,,Cco

Imbibe with 2
electrolyte l‘/ i\ \t‘». H.0

& Graphene oxide/IL
:‘ﬁ nanocomposite
3 % Function-
1 alized
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EMImBF,

Figure 3.2 Schematic ofconventional and out electrode fabrication approaches(Reproduced from
ref. 49)

3.2 Experimental

3.2.1 Synthesis of Graphene Oxide

GO was synthesized by a modified Hummer's method, the brief preparation process

is described as below. 3 g ofaghite flake and 18 g of KMnQwere added into an acid
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mixture composedf 360 ml of SO, and 40 ml of HPO, under stirring. The following
oxidation reaction was condectat 50°C for 16 h. About 6 ml of KD, was added into
the resulting mixture at it véacooled to room temperature along with the color change
from purple to golderyellow. Then this suspension was distributed into six 50 ml
centrifuge tubes and centrifudydor 30 min (3000rpm, rotor diameter 1%m). The
supernatant was discarded, and pinecipitating GO waglispersedoy 30 % HCI and
centrifuged again. The above washing step vegeated3 times by 30 % HCI and 4

times by washing ethanol. The washed/&@anol slurry was stored for subsequent steps.

3.2.2 Electrode Fabrication

The above wshed ethanol/GO slurry was dilutedy washing ethanol to
approximately 10 mg/ml. The electrode precursor suspension dogtdigdrophobic
ionic liquid, EMIMTFSI, was prepared by mixing the GO dispersion vhEiN-
dimethylmethanamidéDMF) at the volumetrigatio of 1:1. Then,6 ml of this mixture
was ultrasoniatedat 50 %powerfor 30 min to make GO sheets disperse uniformly from
its loose aggregation. EMIMTFSI was added during the ultrasonicadis®gries of
GO/EMIMTFSI dispersionsr DCE/H,O mixtures were prepared withdifferentamounsg
of EMIMTFS to achievethe IL content of 2090 wt% in the final evaporated
nanaompositefilms. 150 L of the resulting suspension was cizgsed onto 1cm
diameter Al discs (or copper foil) and allowed to slowly dry oveight at room
temperaturgo eliminate the volatile components (i.e., water &MF) while the non
volatile IL was retained in the filmThe dried composite gelike films wereplaced in a

tube furnace in Ar atmosphere atinérmally treated fronnoom temgrature (RT)o the
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targettemperature varied from 27 to 380 °C at a ramprate of 50r 10°C/min. And

then the reducedlectrodes were cooled varapid way (exposed in air atmosphere at
room temperature) oa slow way (cooled in the owdf-work furnace), the resulting
sample is named a¥-Y-Z0 where X, Y and Z are referred to esgettemperature,
ramp rate and cooling wayespectively For example 360-5-rapid represents that this
film is reduced by heating from RT to 368G at 5°C/min and themrapidly cooled down.

The rGO/EMImBF, electrodes are produced by same recipe but DMF is substituted by

deionized water (DI water).

3.2.3 Characterization of Electrodes

Electrochemical testing was carried out in a symmetriceigotrode configuratian
Cells were assembled inraargon filled glove box< 1ppm water and oxygen).wo
rGO/IL nanocompositelectrodes and a porous polypropylene separatesqaked with
EMIMTFSI were sandwicheletweenstainless steaurrent collectors in &wagelokcell
without any binder, conductive agent or extra electralytbe gravimetric capacitance
(Cg) of IL/GO electrodes were characterized by cyclic voltammetry (&\§ mV/s and

calculate by:

O
0 Da

Wherel,eis the average akductive and oxidative current at rpadint of voltage
window, v is scan rate and m is the single electrode mass of active malbsal.
mass fraction of EMIMTFSI in IL/GO composite is decided thgmogravimetic
analysis (TGAQ500, TAinstrumenty which was performedn N, flow by heating the

sampleundernitrogen gas from RT to 60 at rate of 5 C/min.
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3.3 Results and Discussion

Figure 3.3: (a) GO/EMIMTFSI dispersion in DMF/ethanol mixture and (b) GO/ EMImBF 4
dispersion in water/ethanol mixture after gently shaking.

Two ionic liquids, hydrophobic EMIMTFSI and hydrophilic EMImBFare
investigatedin this work to prepare IL modified rGO electrodes via evaporative
consolidation.During the prepation of precursorIL/GO dispersion, 6ml of GO
dispersion (5 mg/ml) in etharwlatermixture turnsinto ahighly viscous slurry after the
addition of EMImBR, while the GO/EMIMTFSI mixturein ethanolDMF is still at its
original, flowing, liquid state. A shown inFigure 3.3a andb, GO/EMImTFSIdispersion
can recoverits original status immediately after gently shakimdnile the surface
GO/EMImBF, dispersiorremainsat a certain angle. GO/EMImBFdispersion restores its
fluidity only after being diluted fom 5 mg/ml to 2.5 mg/ml. The above observations

suggest that the addition of EMImB€auses more significant increasa bulk viscosity
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compared to EMIMTFSEince GO is negatively charged in neutral or basic solutios
gelation phenomenon is as@ibto the screemg of charge on the surface of GO sheets

as a result of ionic strength increase, leading to partial aggregation of GO by interlayer
van der Waals forc®. Since Go sheets have better dispersibility in DMF than in water,
this chargeinduced flocculations not problematicfor the GO/EMIMTESI dipersion in

the ethanol/DMF mixtureAs the fluidity of precursor dispersion is an important factor
which can helpthe viscous IL distribute uniformly between GO sheets to achieve the
high electrolyteaccessible SSA in the following ste@&MIMTFSI is the rore practical
choice hereln addition dispersion with high fluidity is also more compatible with drop

casting tharhe thickslurry.

Figure 3.4: (a) EMImBF, and EMImTFSI drop on Cu foil; (b) EMIMBF 4 drop after contacted with
Cu foil overnight; (c) EMIm BF, and EMImTFSI drop on Al discs.

The chemicastability on the common metallic current collectors was investigated for
EMIMTFSI and EMImBE. At room temperaturethese two ILs were respectively
dropped on Al dicsandCu foils andthenobservedhe changes after overnight standing

For Cu foils, a corroded stain was causedhsy pureEMImBF, drop as shown in the
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Figure 34a while no apparentcorrosionwas obvious with th&EMIMTFSI case The
color of the EMImBF, drop changed from transparent to bl(fégure 3.4b) after
overnight contacwith the Cu substrate, suggesting the existence ct@uainingions.
Therewas no corrosion observed for two IL drops on Al didescause Al has better
chemical resistance compared to Cu. HoweverAthdiscwas faind tobe corraded after
being contacted with adrop of GO dispersion in water/DMEMImMBF,;. A black
corroded spoappearedn the Aldisc asshown inFigure 34c. These egativeeffects
arelikely caused byhe BF anion Dilution of BF containing saltsvith waterare known

to inducehydrolysisof the BF to HF which can both solubilize the protective oxide layer
on Cu and Al leading to corrosidh Thusin addition toa lower viscosityof the GO
dispersion the EMIMTFSI also displayed better chemical compatibility with common
metal substratesompared to the water solubEMImBF, salt. Hence, only EMIMTFSI

was used as electrolyte in the followiegperinents

(a) (b)
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Figure 3.5: (a) TGA plot of EMIMTFSI; (b) weight retention of GO with regard to its initial mass as
a function of target temperatures (270, 300, 330, 360 and 38Q).

To decide theavailable range of temperatusettingsto reduce the GO/IL necursor,

TGA was carried out on pure EMIMTFSI in Ar gas at the ramping rate°@frin as
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shown inFigure 3.5a. According to the temperatudependencurve, EMIMTFSI carbe
kep thermally stable up to as high as 330. Above that the decompositioror
evaporationof EMIMTFESI is gradually exacerbaté with temperature, so the set
temperature should Henited to bebelow ~350°C to avoid too much lasof IL during
thermal reductionHowever, thenitially insulating GOcan be convertetb conductive
rGO with its increasingnumber of conjugated and aromatic carbon structoydaseating
(i.e., thermal reduction)Thermal reduction of GO typically begins at 2@ but higher
temperatures restore more of the graphene latidemake the material moelectrially
conductive’® Herce, a series of value270, 300, 330, 360 and 38{C) weretestedto
determinean optimal tenperaturerangewhich maximizethe thermal reductiorwhile
minimizing theloss of IL To calculate how much lhught tobe added to form the final
rGO/IL electrodecontaining a specific content of EMIMTFSIthe percentagemass
retention of GOreduced by ramping up from room temperature to different target
temperature at 18C/min are measuredand plotted inFigure 3.5b. With the increasing
reductiontemperaturemore and more functional groups on th@faceof GO sheets are

decomposed to #D, CO andCO, gasresultingin the decreasing remaining solid mass.

Table 3.1. Summary of IL retention and resulting gravimetric capacitance depending on varying
target temperatures, ramp rates and cooling ways

Temperature Ramp Rate Cooling Content of Capacitance
(°C) (°C/min) method EMIMTFSI (%) (Flg)
270 5 Rapid 813 63
270 10 Rapid 817 60
270 10 Slow 80.7 62
300 5 Rapid 81 76
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300 10 Rapid 81.2 74
300 10 Slow 745 78
330 5 Rapid 80.5 o1
330 10 Rapid 80.9 83
330 10 Slow 62.4 54
360 5 Rapid 79.8 135
360 10 Rapid 80.1 121
380 5 Rapid 69.4 81
380 10 Rapid 727 86

To pursue the optimal thermal reduction settings, electrochemical characterization of
the asfabricated EMIMTFSI/rGO composite electrodesratesedin a symmetric twe
electrode systemAccording to different ramp rates (&/min and 10°C/min), target
temperature (270, 300, 330, 360 and 38C) and cooling ways (slow and rapjdhe
corresponding gravimetric capacitance (calculated from CVs at 5 mV/s) for each sample
(target content ofL is ~80 wt%)is summarized in th&able 3.1 Thetargettemperature
significantly affected the final electrochemical performaasehown irFigure 3.6a, the
area ofthe CV plots grew and became more like rectangular with rising temperature
when other prameters are fixedAccording to the tablethe resulting gravimetric
capacitance is boosted with temperature with sufficient 18Qwt%) until a significant
decompositioroccured at > 360°C (followed byrapid cooling) or > 30C°C (followed
by slow cwling). The reason forcompamg thetwo coolingrouteswas based on the
hypothesis that slow cooling coutd maintain amore intact film due to the different

thermal expansion coefficientbetween IL and rGO. However, experiment results
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suggest that slowoolingaggravated thiss of IL lealing to poor capacitanc&venfor
low targettemperature (O 300 °C), slow cooling cannot improve capacitance too much

although it helped uachievemore uniformfilms. The slower ramp rate waspable of
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Figure 3.6. (a) CV plots of 3305-rapid and 3605-rapid at 5 mV/s; (b) gravimetric capacitance as a
function or content of EMIMTFSI; (c) digital image of reduced 36&-rapid film.

better reducing the films by exposing thenh&atfor a longer duration of time. Hower,

it should be mentioned that depending on the furnace size and shape, the optimum
temperature may be slightly different due to differences in heat transferTatesgh

the above comparison and analysis, electrodes reduced by ramping up from room
tenperature to 360C at 5°C/min followed byrapid cooling exhibit the best capacitance

of 135 F/g.The capacitance exhibited by samples containing diffgrerdentagesf IL
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is plotted inFigure 3.6b, showing a similar changing tendency as our previouk.wor
When the content of IL excee8® wt% with regard to the bulk mass of IL/rGO filthg
corresponding capacitanas increasedfrom <40 F/g to>100 F/g. There is no
significant improvement afterO wt%, suggestinghat thelL has fully wetted all rGO
sheets and the additional idoes not expose any additional surface .afeathermore,
inspection of the films after reductigeee photograph iRigure 3.6c) shows an uneven
distribution of IL betweerthe rGO sheets with the optimal thermal reduction sg#i

This uneven distributiorhighlights the majoshortoming of this electrode fabrication
method Upon drying of the GO/IL dispersion, the distribution lbf around the GO
sheets is0t easilycontrollable. Thus while we were able to achieve a simil@pacitance

to our previous work, using a more stable IL and by casting onto Al or Cu foil current
collectors (as opposed to Piye did not see any significant enhancement to capacitance

and thus Ikaccessible surface area achieved.

3.4 Conclusion

Due b the better chemical stability and compatibility, this work demonstthtd
EMImMTFSI isa more suitabldL for the evaporative consolidation and thermal reduction
approachcompared to EMImBE By coconsolidation of GO and EMImTFSI, the
EMIMTFSI canbe use as botha soft spacer and electrolyte in IL/G@omposite
electrodesThe optimum thermal reductiomprotocolfor this IL/GO compositewas found
for our furnaceby changng relevant heat treatment settings including ramping rate,
targettemperature andooling method Considering the tradeff betweenretention of

enough IL and reduction degree of GO, the saswygdduced from room temperature to
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360°C at 5°C/min was found best to achieve a maximgapacitance of 135 F/g at 5
mV/s. Howevey the uneverdistribution of IL within thefilms suggest that improved
methods are required to enhance the capacitance aadcélssible surface area to a
greater extenHowever the ability to cast electrodes directly onto commercially relevant
current collectors suctas Cu and Alshows agreat potential to boost relevant
electrochemical performance by further modifying the method to make IL distribute more

uniformly between graphene sheets.
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4 EMIMTESI / Tween 20/ H,O Microemulsions and their

Spontaneous Adsorption onto GO Surfaces

In the following chapter dispersed ahydrophobic ionic liquid,EMIMTFSI, in
deionized waterthrough the formation of oiWater micrormulsion system with the
existence of a neionic surfactant, Tween 20. To decittee minimum raticof Tween 20
to EMIMTFSI, mixtures with differentomposite was prepared aoliservedvhether can
form a stable and clear singbhase liquid. Erricyanideis used as the chemical redox
probe to determine the phakehaviorof microemulsion containing vanyg content of
water with constant amount of IL and Tween 2Qha&t ratio of 1 : 4. Three regios of
microemulsions: watein-EMImMTFSI (water/oil), bicontinuous and EMImTFSh-water
(oil/water)were identifiedaccording taedox peaks irorrespondingydic voltammetry
(CV) plots. EMIMTFSIin-water microemulsion is further investigated by dynamic light
scattering (DLS), suggesting those nanobitsppresent a very uniform distribution with
average diameter of8 nm. To clarify theinteraction between digpsed GO sheets in
water and EMIMTFSI microemulsion nanodropltes, a fluorochrome (rhoddmiRkgb)

was addedas probe According to correspondindgluorescencecharacterization an
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effective spontaneous adsorption of microemulsion nanodroplets onto G#2esis
demonstrated and shows the potential to be used as spacer to distribute IL urmfdomly
the surface of GO sheetshrough evaporative consolidatiofihe results of this chapter
have been submitted to ACS Nano. This manuscriptiigentlybeing evised based on

reviewer comments.

4.1 Introduction

Microemulsiors, also sometimes referred to as nanoemulsions, opteally
transparent anthermodynamicallystable colloidal dispersi@n Theycanspontaneously
form by mixing anoily phaseawater hase ané surfactant oemulsifier. In 1943, Hoar
and Schulmalf found that acloudy sodiumstearate/ hexadecane / water emulsion
changedo transparenafter adéhg hexanol.For a long time, thisransparentlispersion
was known ashydrophilic oily micelles or lipophilic aqueous micelles. Until 1959, this
stable andclear system was first named a@microemulsio.®® Differing from a
traditional emulsion, microemulsion are both kinetically and todsmamially stable,
and usually exhibit d@ispersed phase with dimensitypically in the range ofl0 ~ 100
nmwhich is a size range thdbes not scatter visible light.

According to the ratio betweethe oil/water/surfactanthe microemulsion can be
classified into three domains, waiaroil phase (W/O), bicontinuous phase (B.C.) and
oil-in-water phase (O/W)V/O microemulsios ustally form when fraction of water with
regard to bulk system is lower than a certain value. Tiny aqueous droplets (dispersed
phase) surrounded by a surfactant (gmabsibly co-surfactant) molecules become

thermodynamicallytable in oil, which is theontiruous phase. Inontary, water acts as
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a continuous phase while oil becomdise dispersed phaseesulting in an O/W
microemulsionWhen the amount of water and oil present are similape&ial structure
called ashicontinuous microemulsion system mayulesin this case, both water and ol
exist as a continuous phase. Irregular channels of oil and water are intertwined, resulting
in what | ookph d.¥®%Thephasefbshpviri mieroemulsioris usually
characterized by constructing ternaryphase diagram. For exampla, BMImPF /

Tween 20 / water microemulsion was prepared by Gao ¥raad its ternarphase

diagram wa constructed through continuous titration as showsigare 4.1

HO

Figure 4.1 Ternary-phase diagram of bimimPF / Tween 20 / HO. (Reproduced fromref. 64)

Many models have been constructed to explairidimationprinciple, such amixed
film theory®" solubilization theor§? andthermodynamitheory®® Here, | briefly explain
the formation fronmixedfilm theory represented by Schulman, wilias one of the first
to work onmicroemulsion systes Schulman et asuggesthata microemusion should
be considered as a multiphasgstemwhose formation is contributed by the process of

interface growth. In this theory, surfactant (and probablguractant) can form the third
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phase, a layer of film, on oil/water interface. The existencthisfsurfactant film can
significantly decrease the interfacial tension to a very low level, even lower thaim zero
some casesSurface with negativenterfacialtension isunstable which prompt system
extend itanterfaceareaspontaneoug resulting inthermaldynamic stable dispersion with
tiny size of dispersed droplets.

The commoremulsifiersused for microemulsion preparation can be classified into
two types, ionic surfactant (e.g. CTAB, SDS) and nonionic surfactant (e.g. Tween 20,
Tween 80, Pan 20, Span 80A co-surfactant (e.g. ethanahexano] is neededvhen
using ionic surfactastto preparethe microemulsion. Cesurfactant molecules can
speparate charged head groups on ionic surfactant molecular endissbsequently
weakenelectrostéc repulsion between like charges. This nwmlklee surfactant forma
denserfilm at the oil/water interface leading to lowenterfagal tension andshorte
radius of curvature for the dispersed dropletsin this work, we characterized
EMImMTFSI/Tween 20/HO microemulsion from phase behaviors to size distribution, and
demonstrated our hypothesis as shownFigure 4.2 by fluorescencequenching

experiment.

(a)Mf\ ‘J\GO dispersion

+

Y '. 5 M-particle

|

o
5l b

Figure 4.2 Schematic of the fabrication of ionicliquid mediated reduced graphene oxide (a)
Spontaneaus adsorption of microemulsion particles on GO surface, (b) enlarged view of
EMIm TFSI/Tween 20/H20 microemulsion particles

Adsorption
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4.2 Experimental

4.2.1 Characterization of EMImMTFSI / Tween 20/ H,O Microemulsion

CV testing was carried out at different scan ra@&200 mV/s) using a three
electrode cell to probe the microstructure of the microemulsion by monitoring the
apparent diffusion of the electrochemical probe ferricyanide. Glassy carbon was used as
the working electrode, a platinum wire counter electrode anAg/AgCl reference
electrode were used to test microemulsions containingV4potassium ferricyanide
(K3Fe(CN)6, Acros Organics) inMl KCI (Fisher Scientific)). The microemulisons were
prepared using a fixed weight ratio &MImMTFSI to Tween20 of 1:4, and the
composition wavariedby changing the mass fraction of water fromtS6 to 90wt%.

For a diffusioncontrolled system HKigure 4.4b), the micrestructure of the
microemulson can benferred by the apparewiiffusion coefficient which is determined

by the Randlesevcik equatiofi’

e 1R 68 TOT 60 7

o YT YT

whereF is the Faraday constamt,is the number of electrons involved in reactiéns
the area of working electrod®, is the diffusion coefficientC is the concentration of
reactanty is the scan rateR is the gas constant arfidis theabsolutetemperature. The
effecitive size distribution of corresponding samples with6sfe(CN) and KCI were

determined bylynamic light scatterin¢DLS, Zetasizer NanZS90, Malvern).
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4.2.2 Spontaneous Adsorption of Microemulsion Nanodroplets on

GO Surface Determined by Fluorescence Quenching

Fluorescenceguenchingexperiments were carried out to verify the adsorption of
IL/Tween 20 onto GO.In a typical experiment, 9g of EMIMTFSI was mixed with
38 mg Tween 20 to form stable microemulsion imbdeionizedwater andé ml of
agueousGO dispersion (Bng/ml) by ultrasonicationat 40% amplitude for fifteen
minutes lonic liquid macroemulsion was prepared by dispergfgng EMIMTFSI in
6 ml deionizedwater by ultrasonication(same settings)10 mM rhodamineb (RhB,
SigmaAldrich) was added aa fluorescence prob& each of e three systemsAs-
prepared samples were observed in a dark room under the excitation of a UV lamp
(245nm) before and after n&ifugation (15000pm, rotor diameter 15m for 25 min).
As a control experiment the test was repeated for IL macroemulsion without any
fluorescence probd&he digitalimages were taken by a cell phone and the fluorescence

intensity wasmeasuredising aCary Eclipsefluorescence spectrophotometer (Varian).

4.3 Results and Discussion

Tween 20

Figure 4.3. Characterization of neat IL microemulsion system. § Phase separated EMMTFSI in
water (b) Transparent EMIMTFSI/Tween 20/water microemulsion showing Tynddl effect
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As shown inFigure 4.3a, when EMITFSI (labelled with a pink dye) is mixed with
water, the two liquids phase separate. However, when T&@endissolved in water, the
IL/water mixture becomes uniform and transgdrunder visible light Kigure 4.3b).
When a laser beam is passed through the mixture it displayed aTwedkll effect
suggestingthe presence of a suhicronsized dispersed phas&hese observations
suggest the formation of a microemulsion similar to the sysemonstrated by Yan&h

et al. for ternary mixtures &MImPFR/Tween20Avater.

Figure 4.4. (a) Threeelectrode testing system, (b) Scan rate dependence of peak current in
EMImMTFSI/Tween 20/H20 microemulsion containing 25 wt%, & wt% and 45 wt% of water, (c)
CVs for microemulsionscontaining different amount of water varying from10 wt% to 90 wt% at 20
mV/s.

To identify the specificmicro-structure of the microemulsion, the apparent diffusion
coefficient O) of the redox prbe ferri/ferrocyanide was monitored, which selectively
partitions into the aqueous ph&5€ The threeelectrode system for CV testsed to
determinethe micrestructure of EMIMTFSI/Tween 2040 microemusiorareshown in
Figure 44a. Throughchanging the scan rate to observe the variation tendency of peak
currentip, it showed a linear relationship with? at same testing condition but different
slopes at threéifferent contents of wate(Figure 4.4b). This result indicates thahe

[Fe(CN)s]s*/[Fe(CN)]s> electrode reactionin the EmimTFSI/Tween 20/bD
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