HIGH PERFORMANCE ULTRACAPACITORS WITH CARBON NANOMATERIALS AND IONIC LIQUIDS
STATEMENT REGARDING FEDERALLY SPONSORED 5RESEARCH OR DEVELOPMENT The
U.S. Government has a paid-up license in this invention and the right in limited circumstances to require
the patent owner to license others on reasonable terms as provided for by the terms of Contract Nos.
DE-FG02-05ER84218 and DE-FG02- 07ER84688 awarded by the Department of Energy and
011-0610919 awarded by thetilG: N RIBREORNEMNEE A BBAGA BAGIH QRS WHTINVENTION The
invention relates generally to &JA&RZNNASHPHEYIHER SN LRNVGd-1REE2D acitors. BACKGROUND

OF THE INVENTION 15High performance energy storage devices are critical in advanced transportation
technologies, e.g., electrical \eahiates((EVisR anh RpINdG eteDERAINMENiSlesNEURYS). This is extremely useful

in achieving g)etter fuel economy, decreﬁ]@rgg fBIReBEﬁ% 3 ducing our nation's reliance on
foreign sources of petroleum. Ultracapacitors (aka, supercapacitors, Electrical Double-Layer Capacitor
20(EDLC), or electroch&hsitab capaoitors)tds bemndrdeleloped tespoweatiassistthfongiEvs. Ultracapacitors

are energy storagg, dey|rRsWishcampingheaB:eRRIRY BiRreae pRisialofbatigLieswith the

high-energy transfer rate and high recharg%rbg@capabilines of capacitors. Ultracapacitors can have orders

of magnitude mofé REABKY &xrsitPereine ShientiartaY oo ZE RSt S def &ty iR batteries.

Generally, ultracaperigass2bwhavel BReigDERREHIS ih Ehersange ofialwmud otesabaudtthOnd/h/kg, which is

about one-t<1a6|th (Rf tthat fgs.econlgarx dbtatteries, which have energy densities of about 20 to about 100
Wh/kg and power ensitieg ihe eo}lanﬁéogf about 1000 to about 2000 W/kg, which is about ten times

higher than those of seconda_ry batteries, Wl’ﬁbﬂ Iﬁﬁ/@@@é‘v’ﬂﬁfﬁﬁﬂ‘é_s in the range of_about 50 to about
200 Wikg. 30Energy stqfage i, HiFacapaciiors sandaLiierhararaic ol faagdals @ common type of

Faradaic ultracapacitor is a redox ultracapacitor in which electrons are transferred across the electrode
interface. Such uMEaPAIRSHs are based on mixed metal oxides, such as ruthenium dioxide and other

transition metal oxides. For reasons of RIORGREStsPanEityHaEe taeicityosf suitable metal oxides, Faradaic

uItracapacitlf s are geneyally n(é)t goreferred in most applications. In n?n-Fgradgridc ultraca&gacitors, no
electron trandfer takesg PSRN BN S AR TR ETYATSS B 8 LIRS HA"SRSEH I Bharge and
energy is electrostaiiml fositive. acldcnegativie dba(igés) acd hytvidideetactiostaticallyibM thdhis

is extremely useful in achieving better fuel economy, decreasing harmful emissions, and

reducing our nation’s reliance on foreign sources of petroleum.

Ultracapacitors (aka, supercapacitors, Electrical Double-Layer Capacitor

20  (EDLC), or electrochemical capacitors) are being developed as power assists for HEVs.
Ultracapacitors are energy storage devices which combine the high-energy storage
potential of batteries with the high-energy transfer rate and high recharging capabilities
of capacitors. Ultracapacitors can have orders of magnitude more energy density than
conventional capacitors and power density than batteries. Generally, ultracapacitors

25  have energy densities in the range of about 1 to about 10 Wh/kg, which is about one-
tenth of that of secondary batteries, which have energy densities of about 20 to about 100
Wh/kg and power densities in the range of about 1000 to about 2000 W/kg, which is
about ten times higher than those of secondary batteries, which have power densities in

the range of about 50 to about 200 W/kg.

30 Energy storage in ultracapacitors can be either Faradaic or non-Faradaic. A
common type of Faradaic ultracapacitor is a redox ultracapacitor in which electrons are
transferred across the electrode interface. Such ultracapacitors are based on mixed metal

oxides, such as ruthenium dioxide and other transition metal oxides. For reasons of high
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5electrodes at the electrode-electrolyte interface. Electrical energy is stored in the electric double layer
from charge separation, i.e., the electrostatic force between an ionically conducting electrolyte and a
conducting electrode. The ions displaced in forming the double layers are transferred between electrodes
by diffusion through the electrolyte. In both Faradaic and non-Faradaic ultracapacitor systems,
capacitance is 10 dependent on the characteristics of the electrode material. Ideally, the electrode
material should @®icetridalebivaifeting artavecalsrides Brradaigraltrmprpetitrscrerisnesby the porous

structure, including PR SENRAG B4R GISHIDUHORRRSHRATE M dredion crarsnaiisithe formation of
a large amount of surface area that can be used either for the development of the electrical double layer

for static charge ASTaBATASFBVIEY RlSAr %A RabHCiEANAR A {OF HECTES EharBf*Rhemical redox
reaction sites to prewigleskaradaiaticapadiiaaaed negadvendiorohsiacta tocdtble applicatidnsofheltracapacitors
to advanced HEV Ig the. limied parformanes (eDeray. and-hower densites), ungateongration, and short
cycle life of ultracapacitors. These parameters’are strongly Setermlned%yt e poor properties of 20the
currently employédeubledtbst&onaebiassepajatipwi sletwcipriratees siiitheareriow wapadirance) and

electrolytes (e.g. chalnew elactireheiaal windewnfammakilitye exicipMelatilityotigrmead instability, and
electrolyte depletion). There Is thus a need for an ultracapacitor capable of providing high energy and

power densities, %"a‘fé“bﬁéf’&?iﬁrﬁ,tﬁﬁ&f‘?ﬁrﬁﬂ sraeemRieetipdrs RXIFHEEP IR NS elperabECa5for both the

electrode and electrolytg H@ﬁ@‘&%ﬁa‘?&’%ﬁ&%ﬁ@@flﬂ%’f&%ﬁga@ﬁl&[@ﬁ&ﬁl&ﬁ&%ﬁ&&‘i@fn&%n0|09y- SUMMARY
OF THE INVENTION These and other needs are addressed by the various embodiments and

configuratioHs of {FRS Meey h/eitiaicristes pdbe slariirdsrtsadlirkeady-Jenelrsiteds Ba'tHE use of
Carbon NanoTubasuid beTapariciay ismidubiguidipohines ptivotes tory arieuhaiectrotientigal devices,

particularly ultracapachors,., .. ;imayfirstembodiment,of the present nyention, an. iracapacitor is
provided that incRides: {a first and second e1Betro es, flt‘ne first'ahd $econ opposne?y’charged
electrodes primarity eerbloribingromtborohahoissesoun dishiaan atadhalye bearedaliteortytiing oppositely

charged ions, in GERIRGHNINGIREE eRd&ifiths IS ARASEGaRd SlRCL AdRZMBD BRI nf 0t all, of the first

ends of the carbon nanotubes being open to permit the charged ions to access interior surfaces of the
nanotubes and tHE" s BPEEARL bEIG IS Enir iTReRs LIt RE ERS BItRCE 5N anotubes. 10The
carbon nanotubeBaaiéarefpiaipdycaligned nanotubes having lengths of about

A major obstacle to the applications of ultracapacitors to advanced HEVs is the
limited performance (energy and power densities), unsafe operation, and short cycle life
of ultracapacitors. These parameters are strongly determined by the poor properties of

20  the currently employed electrode materials (e.g., low electrolyte accessibility and low
capacitance) and electrolytes (e.g., narrow electrochemical window, flammability,

toxicity, volatility, thermal instability, and electrolyte depletion).

There is thus a need for an ultracapacitor capable of providing high energy and
power densities, safe operation, and long cycle lives. This will need improved properties
25  for both the electrode and electrolyte materials over those employed in current

ultracapacitor technology.

SUMMARY OF THE INVENTION
These and other needs are addressed by the various embodiments and
configurations of the present invention. The present invention is directed generally to
30  the use of Carbon NanoTubes (CNTs) and/or ionic liquid/polymer structures in various

electrochemical devices, particularly ultracapacitors.



75 microns or longer, inter-carbon nanotube spacings ranging from about 5 to about 1,000 nm, and
diameters ranging from about 0.25 to about 250 nm. Use of perpendicularly aligned CNTs as
electrode materials can significantly improve capacitor performance. Perpendicularly aligned CNTs can
provide an enhanced 15specific surface area, improved charge transport capability, and excellent
electrolyte accessibility, making them ideal electrode materials for high performance ultracapacitors.
Compared to randomlylertéiierbofimsnizpihe greRntsnvantion. e tiFaspptiaibei zeprgrdgiréiebpacitor
applications. Randamjysentangled CNT-based electrodes are 20 commonly prepared by blending the
CNTs with an insulting polymer binder (at 5-10 wt%), e.g., poly(vinylidene fluoride)
polytetrafluoroethylene ,%?%%Wi?‘f}‘iﬁ’a SELHEFde fl*ﬁ% P Brad ?ﬁgﬁﬁgﬁw&%ﬁﬁ%g?ﬁﬁ?ﬂfﬁwer electrical
conductivity of theriiastiliirgrepecingdasdeadingitedomderformance for the capacitors. In contrast, aligned
CNTs can be grown as (%)fglrp erne, dicu][ar.IX1 on a substrate in&%%% E[‘Hetal substrptt?%i%Swithout a

polymer binder being requwee ,e ther eymélneéhrincénﬁ% Sl%?e%‘%ﬁgsaﬂ C tlvilt(Qnigé}lltﬁgneﬂ(éctrode. The aligned

CNT structure shidisiéiprooidecifipravéseepit glscrpdsporithmperiiesotad eddhedirthends étitaent aligned

CNTS_ can be COQ@%@%HH&%@}(&%Q 89?6'}9&&@@@599:%&@ i@ﬁ%ﬁﬂ&%s@?ﬁt@ﬁ@{%ﬁ&@@%é-ew _
participation of each individual tube In the Qhar%e_/dlscharge of the capacitor. This indicates a combined

charge capacity 38%URRsIPMdRAdIFSF RIJRS 8rtPs s dre PeNTLicetiams xhef thaSERManced energy

density for the capactiawesin turn, the stored energy can be delivered rapidly through each individual tube

of the electrgde, thereby, providing excellent power densijty for the capacitar. ompared to randomly
entangled CNTs, aligneégp& S %%ﬁnﬁ%l?/bgsbaerggﬁed%?%%ﬁ EJ%lreer arﬁ%ﬁ?%s%‘ﬁﬁ%ﬁg%@?sﬁeggﬁ% surface areas.
The surface area’éfmameizmiyl GentamiiedaONT saotidespainegs by ghes drsen aboace toelwsen entangled

fibrils. Similarly, thgaeuface aemriAlignetheENIR BorEHR0ed Ry 556 gRen space between highly

aligned tubes. The inter-CNT open space is in the range of tens of nanometers, indicating high

mesoporosity and electtytd BePsrdipayy pHas e ayalatiredearr i nsiseifigdihed surface area
for each of the cangtitveohfalNibs perhenacresRbigetnliditaalestilydec NI malestiade resedtingdéa higher
surface areaor aligned CNTs. Moreover, ynder appropriate plasma conditigns, the top end-caps of
ligned CNT carP R BrOlus Ser e oL are e AT Coetir retmg B owalis, Once
opened, the aligrisdestipibtyrenakivg hawcdss! Wethwianertoalityoohegdichedbthvesonstituent aligned CNTs
collectively througf.3 GoREYRLing substrate, thereby introducing additional mesoporosity 15to the
electrode. The diameters of the opened tubes (up to tens of nanometers) are commonly larger than the
sizes (ionic diameters) 6bthgasildrgrddeimtimiies]oh S NTeavgikd €RNEdcalidn trastet, syndearedtion with the

tip-opened structyye, Garh IR A5 iR RIINed fabhS enbighet SReEifisSYHRGRats &than that of randomly
entangled CNTSs. Higher specific surface area in turn translates into enhanced energy density for
20u|tracapa%9torsc_ommonly prepared by blending the CNTs with an insulting polymer binder (at 5~10

wt%), e.g., poly(vinylidene fluoride), polytetrafluoroethylenel, or poly(vinylidene
chloride). The use of an insulating polymer can lower electrical conductivity of the
resulting electrodes, leading to low performance for the capacitors. In contrast, aligned
CNTs can be grown as a film perpendicularly on a substrate, including metal substrates,
25  without a polymer binder being required, thereby ensuring high electrical conductivity
for the electrode. The aligned CNT structure should provide improved charge transport
properties, as each of the constituent aligned CNTs can be connected directly onto a
common electrode to maximize the charge mobility, i.e., participation of each individual
tube in the charge/discharge of the capacitor. This indicates a combined charge capacity
30  from all individual tubes of the aligned CNT electrode, and thus enhanced energy density

for the capacitor. In turn, the stored energy can be delivered rapidly through each



Mesoporosity can be important to realizing high capacitance for the electrode and high performance for
the ultracapacitor. As will be appreciated, the capacitance of conventional carbon-based electrodes
decreases gradually with increasing discharging current density. This is so because currents, which are
too large, may block the entrances 250f the micropores. Therefore, the energy stored can be withdrawn
only at limited discharge rates and at low frequencies or by Direct Current ("DC") techniques. In contrast,
due to the high medigisted sige ah the alsanedd drrehoRryditeesibilint op wligAaioNTsheast charge injection
and withdrawal aggpfeasible for CNTs, meaning high capacitance at high frequencies. In other words, the
overall enhanced mesoporosity 30 (from both internal and external walls of tubes) and electrolyte

accessibility of aligned ENMedriaexngenn el eheNdzpalcinaddeNBl o pehtoimbaieedtimadapacitors

fabricated from r%ﬂ%@?ﬁétﬁ%@ﬂﬂi%’g%? Inasesend ambadinentean-yitiacaRagiior is provided that
includes: agwa) first and second carbon-based electrodes; and  (b) a solid-phase electrolyte material

comprising ah 0N GNd S biiFmarebRY, HeeBolyRisF Rt siigseddibLlso sEmilgYim comprising
the ionic 5liquid. the sitaterablyofthegani ChNuid inctuclas0be e operespatidrsvwaelebigdfrom the group
consisting essentally qf pytidl PYJRZNITY RYHIMIGIUM, PAFRRINY T INdAZO R pycaZOlium.
thiazolium, oxazo |l§m, triazolium, ammonium, pyrro ic‘?inlum, pyd?"ro inium, pyrro]ITllum, piperi mﬁlm,
phosponium, andigihmeseparmsrechdrrdeoine ie a@motalinidhs didoeded fedire ra grovigeconsisting

esseqtlally of F-; &ekinBY slrtNOea NICAR offfedsorfsdidni PR RROR 6800 VME‘%T&:tl?olgtém alkyl group,
substituted alkyl group, or phenyl group; (CF3%2PF4 , (CF3)3PF3 'éCF?’)A'PFZ , (CF3)5PF , (CF3)6P
(CF2503 )21 {Croelesdes prulimeashizionurasessesas s s BRSO YOS ES)3C | (CF3502)3C
, 10(CF3)2C2(CR3p262itOp] {éufa3iEatfitiphsl Di503p, cudct ipixdungignbe@ofs canfiefespélly, dpengdlymer host
is selected from the, group cqnsisti ssentially of homopolymer d copol rs qf polyolefins,
polystyrenes, poI‘)’/V\l(/:tlkﬁ%ﬁsfjl pyof%/)asl?:?g/ I%g,sﬁgfif; rg%?({)ﬁn Fn%r&%fgﬁgﬁgs?a&%%x &%%Z‘%ﬁél }éec@étals,
polysulfides, poly&sieipstthivestersesydbyhmites/chioaridesh pbiharetttesithicnedthiiies,

20polyureas/ thio%ﬁ@&i\%@%ﬁﬂﬂ@?@%@{m@ﬁ% ﬁ%&ﬁ@%ﬁ@?(ﬁ@é&ﬂwﬁg ifRRrional mesoporosity

polycarbonates/thiocarbonatesgﬁgl imines, polysiloxanes/silanes, polyphosphazenes,
polyketonesRhioke{BREL HBHs IFORIJES RRARSA ABSTSBRGAITHI QS "HUIITHRIRAES, and mixtures

thereof. The solidgphaselgleatieolyiia matersl(kancioide9) silpsiantialy sleaeoRaLictiver®d inorganic filler

having a surface ar aufleott1 nat Igﬁst ag)é)ut 10(()) I{HeZC/gé a ﬁxh@gmodingg Sstionug)rfe aba(I)lul'En 50 mic&?emeters, and an
average pore size of [ess ?ﬂangan%uf’fb icrometers. in-a Pmr%?embé%‘fmehﬁ 4 méthod IS provided that

includes the stepdigagdcoNibcrihiglepaigerer swostevithaghaordanid wolentytonfergied fiNTsomposition;
Higher specific surface area in turn translates into enhanced energy density for

20  ultracapacitors.

Mesoporosity can be important to realizing high capacitance for the electrode and
high performance for the ultracapacitor. As will be appreciated, the capacitance of
conventional carbon-based electrodes decreases gradually with increasing discharging
current density. This is so because currents, which are too large, may block the entrances

25  of the micropores. Therefore, the energy stored can be withdrawn only at limited
discharge rates and at low frequencies or by Direct Current (“DC”) techniques. In
contrast, due to the high mesoporosity and enhanced electrolyte accessibility of aligned
CNTs, fast charge injection and withdrawal are feasible for CNTs, meaning high
capacitance at high frequencies. In other words, the overall enhanced mesoporosity

30  (from both internal and external walls of tubes) and electrolyte accessibility of aligned
CNTs can result in even higher capacitance and performance than capacitors fabricated

from randomly entangled CNTs.



(b) contacting an ionic liquid with the first composition; and 30(c) removing at least most of the organic
solvent from the first composition to form a freestanding film comprising the polymer host and ionic liquid.
The polymer host is dissolved substantially in the first composition, and the organic solvent is removed
from the first composition by heating the first composition to a selected temperature under a vacuum. The
selected temperature is preferably higher than a boiling point of the solvent but lower than decomposition
temperatures of the Siohi@ kegsiedzameb pdiipaneranadtragaradsorin Rmbédithehindudtsthod is provided that

includes the steps: () firstifrEmingaself-sRRY1iRE Aelwars filfy comprising a host polymer. (b) second
contacting the film with an ionic !{%}lﬂf}id; and (c) heating the film and ionic liquid, while in contact with one

another, to a 10selectetPlehiphs %eSE?GVQIg%fﬁ%@rfFéﬁW%ﬁﬁé%{ﬁtlé]'é'fitﬁ‘édﬁﬁg}]r%@ﬁhost but below
decomposition temperaturassaftbegidyictigoldfamd polyweies gt dadfipiegnatesthe tpolygner film with the
ionic liquid. 5 The present in\éention can provide a number of advantages depending on the particular

. . 1gy1d. . . . T . .
configuration. For example,(me combination of an ionic liquid and a polymer 15host can provide
environmentally friendlyPsdticEiatécaienirbiyssintligdsl erfo puserinchighpeisied drive hadretable

electrochemical deyices ERMRARMERAINGRIARIE JORIIAHIAS sAhhava.AlRcME; RRRPerties, including high
ionic conductivity, large electrochemical window, excellent thermal and chemical stability, non-volatility,

non-flammability TRERZRURIB Y AA HEY AR B R croRAR L M S Hush ¢ BRCPEi YEE G EBYe with well-

20 developed Galyolyimer pactialytepith Ehieahppbogintonpravdde anrenmidaomadtaby driendly,
solid-state, lonic Liquid-incorporated, Gel Polymer Electrolyt%n%feiigéé Bein%solid-state, ILGPESs can

possess distthct SVaARYESIFRFGiGoR DRtk R8s E reactifiity rddfed leakage,
improved safety, r shape flexibility,. he ro ing charggteristics,.and better manufacturing
integrity. In a conlg niﬁ) %EE‘?% 2?5%’&1%1%:6501\%2? é] ’nvéegg?éssafh%?%iggﬁ?&%esﬂ Sr'ltlgﬁe GPE, the ionic

liquid acts as bothythe.sal g&%ﬁggﬁg%ﬁlﬁt (@fé}ﬁ&ipizf,rw#m?ﬁe@gzﬂ@qal(@f%d%'p@solvent. Absence of

the environmentally unstable organic solvents'in the ILG e improved stability of ILGPEs over

conventional GPESF3)pe carrbsuayiny) @rherusiayepropgs®s pieligngdiGNETs koo, high electrical

conductivity, high specific surface area, high 30charge transport capability, and high electrolyte
accessibility) as eld¢béter Ghith (RE5)3C, (CF3502)3C", [O(CF3)2C2(CF3)2012P07, (CF3(CFp)7

15  SO37, and mixtures thereof.

Preferably, the polymer host is selected from the group consisting essentially of
homopolymers and copolymers of polyolefins, polystyrenes, polyvinyls, polyacrylics,
polyhalo-olefins, polydienes, polyoxides/esthers/acetals, polysulfides,
polyesters/thioesters, polyamides/thioamides, polyurethanes/thiourethanes,

20  polyureas/thioureas, polyimides/thioimides, polyanhydrides/thianhydrides,
polycarbonates/thiocarbonates, polyimines, polysiloxanes/silanes, polyphosphazenes,
polyketones/thioketones, polysulfones/sulfoxides/sulfonates/sulfoamides, polyphylenes,
and mixtures thereof.

The solid-phase electrolyte material can include a substantially nonconductive,

25  inorganic filler having a surface area of at least about 10 m2/g, a maximum dimension of
about 50 micrometers, and an average pore size of less than about 10 micrometers.
In a third embodiment, a method is provided that includes the steps:
(a) contacting a polymer host with an organic solvent to form a first composition;
(b) contacting an ionic liquid with the first composition; and
30 (c) removing at least most of the organic solvent from the first composition to

form a freestanding film comprising the polymer host and ionic liquid.
5



unigue properties of environmentally friendly ionic liquids (e.g., high ionic conductivity, large
electrochemical window, excellent thermal stability, non-volatility, non- flammability, non-toxicity, and
negligible electrolyte depletion) as electrolytes can overcome the limitations of currently available
ultracapacitors, achieve high performance and long cycle life, and are capable of delivering high power
pulses that can satisfy the requirements for Hybrid Electric Vehicles (HEVS). These and other
advantages will be appaferitofaonsthestisdissivedsitineamials midis( 8y ¢ oprinadtepaththe  As used herein,
the term "a" or "afo SRUINOIRIATR RRNR PO IR Ih s BPEN: AD P HER TR teiRS A iieR 1) “one or
more" and "at least one" can be used interchangeably herein. It is also to be nated that the terms
"comprising”, "in@SHRTY SHPOFAVERY A BE IR ﬁf‘ef‘&ﬁ&ﬁ&é%ﬁ?ﬁb“%ﬁﬂefféi@% biERsbnovalent alkyl
groups preferablyhhavingilifepdlnioBtbasbbeminmis aadmode jrefesably tipaaadsan aékoms. An alkyl
group is typigallyi(a)lrFC ia‘;ﬁ&“c Q)gc(i)goc%%%g} group, which may be derived from an alkane by dropping one
hydrogen from the tor fa. B mf)lfcl-:-s are methyl, ethyl, n-propyl, iso-propyl, n-butyl, iso-butyl, n-hexyl,
and the like. 15"Aryl" relfersfenrtinembsdieited medimdticrearisseyblitipedpsdhdreipse to 14 carbon atoms
having a single ring (for(%xﬁmmﬁnﬁf}l%w&@fsﬁﬁﬁ&ﬁl% pondensReh doesialcxasnieipaenthyl or anthryl).
Preferred aryls include phenyl, naphthyl, and the like. ~ The terms "at least one", "one or more", and
"and/or" are open-ende@’)e%r‘@gs%ﬂté‘cﬂ% Dy ARtk @djunctive in operation. For example,
each of 20 the expressiehicaingast Mineaat Aok 3ig0i & What ipashenevithonB a06t6es, toae or more of A, B,
and C", "one or mqgre o B, or C" and "A, B, and/or C" means A alope, B alon alane, A and B
together, A i et e A s A T T B AR B M meraty
understood to bedacierpdsttm gosesdatimost diatiraly lifwdtaodippleteivhast fonwpregriskittiquid commonly
acts as both a sali,ancsAMERiATIR Znisaiguia be 100% salt and 100% solvent. lonic liquids are liquid

even at low temperatures (<100 degrees Celsius), cannot decorr%g,ose at high temperatures (>400
degrees Celsius), and HAVIEISRVEKFHIgh AR EETIksa numbep pbanfagst BB BIkfiers and

copolymers. Copgiytioets sdaliugle-albnolsmersiaying toaisitbamaeniananomeidype agopalymers
therefore 'r.“fLUd9h%(3§e£80%%ﬁ£5ent%¥r?%%oé}{tﬁlf3r%%ﬁé‘n”cfé’ other palymerswith gl}éﬂatl'j?el:ef monamer fypes. The
preceding is a simplified Summary of the Ivention to provide an understanding of Some aspects of the
invention. This swareangiscrailngbimelxtervbiveiem dexkeustiverovaxvieyofizhks inveriipndand its various

embodiments. I (8, ARIELSRHRENNEY: 97 ice! elpmentn. fife eplign et o delineate the

scope of the invention but to ﬁJresen selected concepts of the invention in a simplified form as an
introduction to th&/ iRty qaestient thesBabiishepradet ePBilorenalitilibe s HeaiRaRi it embodiments
of the invention argipr$sitEndlilizipg, Mone Rk wesendalaadion, oneIpebnenebdf i iealures set forth

above or del%cribggvieqog)ee:é%e?ﬁl(ﬁylvﬁler Electrolyte (GPE) technology to provide an environmentally

friendly, solid-state, Ionic Liquid-incorporated, Gel Polymer Electrolyte ILGPE). Being
solid-state, ILGPEs can possess distinct advantages over liquid electrolytes, including
reduced reactivity, reduced leakage, improved safety, better shape flexibility, better
processing characteristics, and better manufacturing integrity. In a conventional GPE, an

25  organic solvent is needed as the plasticizer. In an ILGPE, the ionic liquid acts as both
the salt and the solvent (plasticizer) without a conventional organic solvent. Absence of
the environmentally unstable organic solvents in the ILGPE ensures the improved
stability of ILGPEs over conventional GPEs. The combination of the unique properties
of aligned CNTs (e.g., high electrical conductivity, high specific surface area, high

30  charge transport capability, and high electrolyte accessibility) as electrodes with the
unique properties of environmentally friendly ionic liquids (e.g., high ionic conductivity,

large electrochemical window, excellent thermal stability, non-volatility, non-

flammability, non-toxicity, and negligible electrolyte depletion) as electrolytes can
6



BRIEF DESCRIPTION OF THE DRAWINGS Fig. 1 is a side view of an ultracapacitor according to an
embodiment of the present invention; Fig. 2 is an exploded view of a portion of an electrode of Fig. 1;
10Fig. 3 is a Scanning Electron Microscope (SEM) image of perpendicularly aligned CNTSs; Fig. 4 is a
high magnification SEM image of perpendicularly aligned CNTs of Fig. 3; Fig. 5 is an SEM of randomly
entangled CNTs; 15Fig. 6 is an SEM of aligned CNTSs after plasma-treatment to open the top end- caps of
the CNTs;  Figvarieran tSEHNNBEtHIngd ¢ Rl et pblp lelsiarangaisarneshisoWiglyreréooaandded top

end-caps of the QJNiﬁ%h!fch% igran QxRiedagh¥iewr ot BveRHIARAl fheelLfaRE layarAfhigrlheO Fig. 9
shows examples of ionic liquids based on various monocations; Fig. 10 shows examples of ionic liquids

based on various PEYEREBRLOHT P Elrsits dehiflsidiEMSblymer hosts;  Fig. 12 is a flowchart of a
method to produce an ITkzREhdyehacehnding:toml enmpadémenintibdivekantoof, (BBFig. 13 is a flowchart
of a method fo prioduge ] Ig%@%ﬁ!gﬁer according to an embodiment of the invention; Fig. 14 is a

flowchart of a method to produce an ILGPE layer according to an embodiment of the invention;

Fig. 15 is a flowchart of/es tethiericio. pho itk andl @GP ER1tpeicite trditgyotoie3d daiisotiment of the
invention; Figwdf @@té@{garym&grﬁmpfoge%y%fyaﬁélEMjM&%{@ZI&M%@gQ@g film sandwiched between

two stainless steel electrodes (the voltammogram being obtained by voltage scanning from 0 to 4.5V at a
scan rate of 20 niWfshangeaphphergifs It i sqp,benalqo\it EHEMVITTBT TN TIZEGIRS film
sandwiched betwaeanwingtaiaicssistaaheleatiogasi{with the frequency range being 0.1 - 500K Hz and

amplitude of sine wave being.5 mV): ig. 18 is.a TGA gra fa.
SVGF-HEP oIy A1 LT O e e BT AR RS R e o apteas  Figs. 10a
and B are, respegtivedyndyuhicevsitarabhod tarh cukb  apnpslotofadsy Linenceip aaiorlfabesadinfeom two

activated Carbon@@l@é&l@@l? gYHiﬂp?WH Hﬂagfgg @e?i%@ %ﬁ%ﬂta@ﬂ@%gﬁd iftlg one hydrogen
PVdF-HFP/IEMI1),411Tf2N1/Zeolite ILGPE (the thickness and density of the carbon layer of the electrode

being 100 tun an W/é?ﬁ?u%sgéﬁﬂm?@are methyl, ethyl, n-propyl, iso-propyl, n-butyl, iso-butyl,
n-hexyl, and the like.

15 “Aryl” refers to an unsaturated aromatic carbocyclic group of from 6 to 14 carbon
atoms having a single ring (for example phenyl) or multiple condensed rings (for
example naphthyl or anthryl). Preferred aryls include phenyl, naphthyl, and the like.

The terms "at least one", "one or more", and "and/or" are open-ended
expressions that are both conjunctive and disjunctive in operation. For example, each of

20  the expressions "at least one of A, B and C", "at least one of A, B, or C", "one or more of
A, B, and C", "one or more of A, B, or C" and "A, B, and/or C" means A alone, B alone,
C alone, A and B together, A and C together, B and C together, or A, B and C together.

An ionic liquid is generally understood to be a liquid composed almost entirely, if
not completely, of ions. An ionic liquid commonly acts as both a salt and solvent or is

25  said to be 100% salt and 100% solvent. lonic liquids are liquid even at low temperatures
(<100 degrees Celsius), cannot decompose at high temperatures (> 400 degrees Celsius),
and have relatively high viscosities.

“Polymer” refers to both polymers and copolymers. Copolymers include all
polymers having more than one monomer type. Copolymers therefore include

30  terpolymers, tetrapolymers, and other polymers with multiple monomer types.

The preceding is a simplified summary of the invention to provide an
understanding of some aspects of the invention. This summary is neither an extensive

nor exhaustive overview of the invention and its various embodiments. It is intended
7



10 the effective size of the capacitor being 2 x 2 cm2, the scan rate for cyclic voltammetry being 20 mV/s,
and the frequency range and amplitude of sine wave for AC impedance spectroscopy being Imm Hz - 100
KHz and 5 mV, respectively; Figs. 20A and B are, respectively, a galvanostatic charge/discharge of
the same capacitor used in Figs. 19A and B obtained at the rate of 10 mA/cm2. and a Ragone plot 150f
the same capacitor obtained from charge/discharge testing at different rates of 2- 50 mA/cm2; Figs. 21A
and B are cyclic veltegninddpriisket eapatrdrelsawsasabthdrons1EmI 19140 tielprptedbatamingliILGPES

(indicated on thegeaphuntwiiibibe yallagesrnaa BEIBDR of Me(minddMnand ihitid (bigh &L and the

scan rate being 20 mV/s); 20Fig. 22 shows AC impedance spectra of the same capacitors used in Figs.

19A and B (the sPEOFACHEMY FR:BINEdTBH e desparit S5t BehbalPsuit LeilPaAPREC R ige amplitude of

5mV and a frequemey dabgdiédisnHie ihGhkbizdie possibleigaliZidA-Qoareogal\antsiationclasge/discharge
profiles of the same capagcitors used in Eigs. JQ%A-B ith the charge/discharge current density being 10
mA/cm2 and§25(:(l)1rt-rg<f)1I ggﬁglgef %‘llﬁeé %etof\(}%j‘(g \;’e OrQ{V fér.ﬁiegl bnrgggﬁtge éNgone plots of the same
capacitors used in Figs. 19A-B (witRRheFdRER§SIHIdRaTr §& dlife RRAENENEDeing 2 - 50 mA/cm2 and

cut-off voltage being 2.@)4/4.0M3xside view TGS uhrRafrliEsERbARNADOSBlG ShRIGRIiacharge cycle life
tests of a capacitor 30 fabricated from a PVdF-HFP1EMEV111Tf2N1/Zeolite ILGPE and two carbon

electrodes (with tHESEUHRY"YERsity being 20 mA/cm2 and cut-off voltage being 1.5V/3.0V); Figs
26A-B are cyclic voltanFiogranms captadaeed il b)pditlgilot hh fabtirdae aligned;CNT electrodes without (a)

and with (b} glasma etcing, on the, GHIT. i, Whevican ae kelng 20,myls-and capagiance being
indicated in the CVs); |gg.' 7is a tarbnlle‘(fistlng |on|c‘f|qU|8pst Uctures and characteris |cg; 5Fig. 28 provides
Ragone plots of AGEdANBNT/IL capacitors (with the charge/discharge current density being 2 - 50

mA/cm2);  Fig. 29 ispa.plofof iGapaciianse (BREem)i RRIRIBe feipehalhAb I ME LichféNdJoF aligned CNT
electrodes without and with plasma etching on one side and two sides of the CNT film; 10Fig. 30 is a plot
of capacitance véidudscan rate showing the effect of scan rate on capacitance of aligned CNT electrodes

obtained in different ionfegiguids Clatadieingdnamergasle8aNT);  Fig. 31 is a plot of Z" against Z'

providing AC.impedancg. s .ctrlall [ %fore (T Sda NTIESISEE{%%SJ"’[ %EMeIM BtF4 éﬁ)
IEME)/111Tf2N1(b), andl%E fﬂ, 808 15(c) ahdtdr &n'activated caron electrode in
1E1),411)/111Tf2Apb (dYHeWiNBC voltage amplitude being 5mV, frequency range being 100K Hz-1 mHz,

and the.activated carbqqglgagr%ﬁgmi&g@m gg{@gﬁl%@g@ga&gﬁ-g&q\%yg{g JQnf, @ ghickness of
150pm); top end-caps of the CNTs;
Fig. 8 is an exploded view of a portion of the ILGPE layer of Fig. 1;
20 Fig. 9 shows examples of ionic liquids based on various monocations;
Fig. 10 shows examples of ionic liquids based on various polycations;
Fig. 11 shows examples of polymer hosts;
Fig. 12 is a flowchart of a method to produce an ILGPE layer according to an
embodiment of the invention;
25 Fig. 13 is a flowchart of a method to produce an ILGPE layer according to an
embodiment of the invention;
Fig. 14 is a flowchart of a method to produce an ILGPE layer according to an
embodiment of the invention;
Fig. 15 is a flowchart of a method to produce an ILGPE layer according to an
30 embodiment of the invention;
Fig. 16 is a voltammogram of a PVdF-HFP/[EMIM][Tf,N]/Zeolite film

sandwiched between two stainless steel electrodes (the voltammogram being obtained by

voltage scanning from 0 to 4.5 V at a scan rate of 20 mV/s);
8



Figs. 32A-C are CVs of aligned CNT electrodes obtained in IEMI1),411BF41 (Fig. 32A), IEMI1),411Tf2N1
(Fig. 32B), and 1E1),411)/111CF3S031 (Fig. 32C) (with scan rate 20increasing from 5, 20, 50, to 100
mV/s as indicated by arrows); Figs. 33A-B provide CVs (Fig. 33A) and capacitance (Fig. 33B)
obtained for an activated carbon electrode in 1E1),411)/111Tf2N1 (with scan rate increasing from 5, 20,
50, to 100 mV/s as indicated by arrows); Figs. 34A-B provide CVs of an ultracapacitor fabricated from

activated carbon 25eledt®dddsend 1 okt pfja PV HYPASYIIMBbaNiGrelithithie sBulyiskedg from 0-3V
and Fig. 34B being{iamn (ré M aNeihe.scanc i INGRrait g ipehe; AAgoBeiA00, TaZ¥irny/s as indicated

by arrows); Figs. 35A-B are CVs of an ultracagacitor fabricated from aligned CNT electrodes and

1E1),411)/111 TI3RASBNHYE eLHAEREY (RRIRETYBA being from 0-3V and Fig. 35B 30 being from 0-4V
and the scan rate incre&gingRfromre; 2 graph 0T QWM ARZOO R X1 AS, [} fie dliny farmas); Figs. 36A-B
provide AC ig1pedance ?H%Qtrgeobt%ig&dl I‘;‘?{ﬁ” AC/}L capacitor (a) and a CNT/IL capacitor (b) (the

0

spectra being recorded for all calt?j%mtors at oﬁ(—?ﬁf%le cuit AC voltage amplitude of 5mV and a frequency

range of 100K Hz-1 mHZ}saltAFigd B3ra-Csprovidly gakianodtanaermy efischafgeleusies obtained for

an 5 AC/IL capagiieh dgkidf AbABAIPFBCN D/ Mo (ARG L 198 «DABs ANt Gl viih e curgnt density
being 10 mA/cm2 and cut-off voltage for char e/dlschﬁ_%%{bem 1 2.0/4.0V %%s 37A and C) and 1.5/3V
i

(Fig. 37B)). DETAYIED SESERIPTIGN A BIBAHSENEHEA deolis bkt st @bodiment of the
present 10 inventiewkis Shew-ivrigaykr bhthdeniea ik aenarao0@cmosmoninacadaiesplracapacitor 100
comprising first and second current collectors 104a.b, anode 108, cathode 112, and lonic

Liquid-incorPbrat®g %@Fb@ﬁr‘ﬁ%Pféf?cT?BR?féofIE@}gé)ﬁ%L%%ogTﬁSﬁWﬁgﬁ%@ﬁ]fﬁé’ AKBYR°E¥8 and cathode
112. As will be appiieciatady thandltredappeiioy cagdieohoihidas gins, iactuding Oiithedinkmitation,
stacked and spiral-wound configurations. Additionally, the 15anode.and cathodes can act both as
electrode and curfen r%%l?gg?g?ﬁ%lﬂgl,néﬁﬁingﬁbtglﬁ?@e%\%gdnfﬁr§S %Ce}&%yéurrent collectors. The first

and seconq conductive}qgél,%gr%@%gl,g ﬁ%&ﬁyéfsi,gg@aﬁgﬁgggﬁy@hgfg%%&r&g?gHf:{ﬁéesmterial.
Examples include conductive metals (e.qg., per, aluminum, nickel, and sfainless steel),

co
superconductive CERSHIESSHHE thesiike) 20¢ R BiTd A0BCAL eAdidBe/ 112 andcierescalttbe any
material having refativelynbighdegresspkelectiayiecaceesstplitysand hightaapaattante The electrodes
can be, for exampl Crrll[ilg.h-surface-area activated carbons or carbon nanotubes, transition metal oxides,
and electroactive polymérs. As noted, in carbon-based ultracapacitors the charge is stored in an electrical
double layer formed at thesimesfage betwerndholeloatogiiasandpacieeimbaded feanble layer

capacitance). [EMIM][Tf,;N]-containing ILGPEs (indicated on the graph) (with the voltage range

being 0 ~ 3 V (Fig. 21A) and 0 ~ 4 V (Fig. 21B) and the scan rate being 20 mV/s);

20 Fig. 22 shows AC impedance spectra of the same capacitors used in Figs. 19A
and B (the spectra being recorded for all capacitors at open-circuit, using an AC voltage
amplitude of SmV and a frequency range of 1 mHz - 100 kHz);

Figs. 23A-C are galvanostatic charge/discharge profiles of the same capacitors
used in Figs. 19A-B (with the charge/discharge current density being 10 mA/cm” and

25  cut-off voltage being 2.0V/4.0V);

Fig. 24 presents Ragone plots of the same capacitors used in Figs. 19A-B (with
the charge/discharge current density being 2 ~ 50 mA/cm? and cut-off voltage being
2.0V/4.0V);

Figs. 25A-B present galvanostatic charge/discharge cycle life tests of a capacitor

30 fabricated from a PVdF-HFP[EMIM|][Tf,N]/Zeolite ILGPE and two carbon electrodes
(with the current density being 20 mA/cm? and cut-off voltage being 1.5V/3.0V);



In a particularly preferred configuration, the electrodes are formed primarily from aligned or nonaligned
single- or multi-walled carbon nanotubes, with aligned carbon nanotubes being preferred. Even more
preferably, at least about 75% by volume of each electrode is formed from CNTs. The electrodes can also
be formed by mixing CNTs 30 with high surface area activated carbons (ACs), forming the CNT/AC
composite electrodes that combine the advantages of high electrolyte accessibility of CNTs and high
surface area of ACs. THiEtap'dBdueeyalisighl eapaeanseobtriine ad MYHE feMdivoaiézneloreover, an
ionic liquid can bexrheroiQAUacs I HuisPeBRRRALALSYSisNhiodRprinaleRe G T #4E/IL composite

electrode. Presence of the ionic liquid in the resultant three-component composite electrode can provide a
facilitated ion traI]?gi%r%?)Hiﬁ(/@é?dsﬁaﬁicf&%ﬁﬁ?é?gﬁ’i‘ﬂfwgddﬁﬁl&%é’ﬁ&e and charge delivery capability for
the 5electrode. CarbonFiartubesibikeligenetally taiedariredasmingleatalbearbon NanoTubes (SWNT)
and Multi-Wall carbon NanoTubes (MWNT). SWNT are fullerenes consisting essentially of sp2-hybridized
carbon typically arrangétir?hesaddniRagenpeltagdry./Theed CHiliiBnceplicithic avsintletures, known
commonly as "bugkytuRgshRava sxhaidingpipronesiesaAngiaging both high electrical and thermal
conductivity, as well 10 as high strength and stiffness. Multi-wall carbon nanotubes are nested single-wall
carbon cylinders formediby2®dilingup Addifional@raphens sbhasaioPEB/IEre vf fn ST and possess
some properties similar to single-wall carban nanotubes. Morpholagically, CNTs ca produced in
andomiy ontancled o Tare B b TS SR SR ST e SN St art Bosit i Fige. 2 -
4. As can be 15s8bw; from this figures, the longitudinal axes of the individual CNTs are substantially
parallel to one another along substantially their entire lengths very much like the fibers on a brush. The
longitudinal ‘@es are ndthaldf 6@%&%&%&?%%‘@%\%&?‘1ﬁﬂé?ﬁg/ﬁ’é’ﬂdh&é’ﬁﬁ?ééﬂfﬁ?é"e‘i@&t%de and

ILGPE 116. In canigastarfcigobasibasuisoandty @ptshghed GNifseRO0 ithivhighdheliangiinginal axes of the
individual CNTs lrremr?it suiﬁg Eally 20 parallel to one another along their entire lengths. SWNTs and
MWNTSs can prOV|8e g &lectnical conductivity, high surface area, high mesoporosity, and high

electrolyte accessibility zAs yyill be apRFeci IESHRVIER LA PR IR ARSI Ly organic
electrolytes and contribu%esthe m%st to caﬁag%{zgnce In an EéLC.l\%%ile ncots‘\?)vishing/gﬁ be bound by any

theory, it is believdgnstht NilgHeciaf st Td (e EERMBI il (DA IS b Hg Petween tubes)
are even mose acepgsibie hy €lectkyieboparittdds iy PRyaNG @Bty alytesth AcGomgared to

randomly entangiP A (VST A HBE So0RAAAnS [0 B0y e el
demonstrated forENTgg imemgtrastiifithatrticdarentyf 1€08-DFigfoE godd hatiretedicHitions. Based on the

commonly realizable chajge daneiles o/ Q-SRI TR IRt asihaled atonASEARDICS, te

capacitance for CNT- ba ing a specific surface area of about is normally at

least about 70 F/é2and FAGR i idia(blg radye a1idd FVEBBIET 15 ¢ bt 3260 (®/igh scanTeidprovide optimal

results, the gnds ;e tipgf g SN hSRLePIederAbYateRIRVEN By Steigy to "open up” the interior of the
CNTs to the electrolyte, thereb effecti,ve‘laéSdoublin the electrolyte-accessible surface area of the

CNT-based electrode. Etghind/ 8T8 ds e (18 By MiththeaRig AsriiAe BN AR RAPERhing CNTs
can have an elecicaliedecbssikite sotédag EVER I TaNG asttabouit 8RAnM24ginkifroh depicGNTS prior to
etching, and Sho‘i"(ﬁ)tﬁ‘ﬁﬁ/g% ltlilralscgtreggtngr%\%sg;ccluded. Fig. 6 shows CNTs after
Figs. 34A-B provide CVs of an ultracapacitor fabricated from activated carbon
25  electrodes and [EMIM][Tf,N], AC/IL capacitor (with Fig. 34A being from 0~3V and
Fig. 34B being from 0~4V and the scan rate increasing from 5, 20, 50, 100, to200 mV/s
as indicated by arrows);
Figs. 35A-B are CVs of an ultracapacitor fabricated from aligned CNT electrodes
and [EMIM][Tf,N], CNT/IL capacitor (with Fig. 35A being from 0~3V and Fig. 35B
30  being from 0~4V and the scan rate increasing from 5, 20, 50, 100, to 200 mV/s as

indicated by arrows);
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etching and shows that the ends or tips of the CNTs are opened. In the absence of 10 etching, CNTs
display low capacitance and impurity peaks due to the presence of residual catalysts. To provide effective
electrolyte access, the diameters of the CNTs must exceed the molecular size(s) of the cations and
anions in the electrolyte. In multi-layered CNTs, the annular space between the inner and outer CNT
walls, or difference between the outer CNT diameter and inner CNT diameter, preferably is larger than the
15molecular size(s) of Higcafions aididnidbhsmpedfacasBeetdonttinrelenrt Mol saphsitblboth of the
upper and lower Mfﬁmﬁﬂ%%@&@@o@ftﬁ@%%%&%&!&&@F&%ﬂ%ﬁﬁﬁ@f?&% W@@H@Hﬁ( the tips or

ends of at least maost of the CNTs. Althou h etching one surface_can increase the capacitance, it fails to
remove substantiafty'el ﬁ%ﬁm@t%%ﬁm raRA TR RS et SRS BHRINg Both surfaces can not

only further increase the 20capacitance but also remove, substantially completely, catalysts and other
impurities.  The lendtigs of theCONTE Inghlence kit eloveralisshueifieisiafabtainedd ofahe CNTs and

charge storage CA@'MI&Afpseﬁ@@@ig@ﬁ&pinmﬁﬂe@mﬁmgm&raﬁtgls 48 Qﬁahg Ghifsnor thickness of

each electrode, preferably are at least about,75 microns and more preferably range from about 150 to

about 200 microrSTFP R ERIEOARING ™ 53preir by et oRResibihE s SHete Y68 nanometers
and even more peferadly hieht phaut. 30 Yo(BROITBaNometers. The CNT diameter preferably ranges from
about 5 to about 250 nm and even more preferably from about 10 to about 100 nm. Carbon

nanotubes can be made by known methodBEJifdhJaB BNEBEBIFAHAR synthesis from high temperature, high

pressure carbon monoxide, Galalin ¥aPesRQdRROIHING SN CAIRRARORRINIR G {Redstocks and metal

catalyst particles, laser ablation, the arc method, or any other method for synthesizing single-wall carbon
nanotubes. PrefefrsdABIRGBrE dRgnic ANy ApYF HisposI P s RO FARGBIn RO ANIDId ma- 13
enhanced chemicahyaigidig deposidi ot ome alignrRd: 62N Bhencdebios, ramoitEs Gad beidsed as

synthesized or afﬁer lpéjrlflcatlgrgt Iglgtqlf,bc%]ceh C%O%EF? E{é%%)are V(I)ISI1 lbgrglp(gsglelﬁl%catalé{sts for the

synthesis of carbGi nanotubes. m one ¢ uration §rown directly 6n conductive
substrates, whicH @¥erddiethisied &5 the wdk@ﬁmm@ﬁ@wl&mlmmmapmh@pfﬂémmwglm Figs. 1 and

8, the ILGPE laygf J Bipclifies dMalarmolie o &iarahiy aninnicinit. 80% and adpigropaious and

permeable polymer host 804. The polymer host 804 provides a structtrally stable and solid carrier for the
ionic liquid, kﬁereﬁ}?ﬁ?&i}fhﬁ%@%‘l%ﬁ%}l%ﬂ%"ﬁ]ﬁ%@ﬁ%ﬁ%?@ﬁ@“ﬁ?ﬂ&kﬂ%ﬁ%ﬁﬁ’é ieNBiigedhsterably 10 is
at least about 5 méeoms @pglrmef@;ﬁabudm@s from about 10 to about 200 microns. Alternatively, the
layer 116 can be replacﬁg Y ele%ftroﬁ)(/) er than i a0 n|c Ilqmgs with orévé ut theé)olé/mer host 804.

The ionic liquid can be any JabTe SRS é“ﬁ%%\ fa%le wgt%?rr%flsné'l Ql?n%lsmtﬂe (with

immiscible beingspreferrad}tionimdiguid. r@xnnnglasmtzlu@egowwm@mgaﬂpgln¢c(mgrﬁ Preferably less than
about 100 degre(ﬁ&&@lgﬂassaﬂgegg%gegrg %}{dﬁgtmé)ggrmﬂ&aal}lca%e]t&gegrees Celsius), a relatively
high decomposition temperature (e.g., erablf/ greater than about 200 d(‘reérees Celsius and even more
preferably gréater than ﬁ!ﬁoﬂpﬁe %@@%‘f hSLlecrnfesistd by e ats e Ry B tHighe than about
200Cp and evennmnargeprafesablyctanging kasmahpuh SR Rbgt iR Cmhdelalativel e, irnic
20conductivity (e ref s Ig/ﬁtaleast about 0. ore refell;abl at Iq3 ast about 1, and even more

preferably ranglngg?roﬂ'nea B SBEU EHY ST ar nd &Wide r&s:htéar%?lctl(fnwrflneoaow (e.g., preferably
at least about 2 \¥eitk;snaode lereferably atl jeass. As noted, in carbon- based ultracapacitors the charge

is stored in an electrical double layer formed at the interface between the electrolyte and
25  electrode (i.e., double layer capacitance).

In a particularly preferred configuration, the electrodes are formed primarily from
aligned or nonaligned single- or multi-walled carbon nanotubes, with aligned carbon
nanotubes being preferred. Even more preferably, at least about 75% by volume of each
electrode is formed from CNTs. The electrodes can also be formed by mixing CNTs

30  with high surface area activated carbons (ACs), forming the CNT/AC composite
electrodes that combine the advantages of high electrolyte accessibility of CNTs and

high surface area of ACs. This can deduce a high capacitance for the composite
11



about 3 Volts, and even more preferably ranging from about 3.5 to about 10 Volts). Fig. 9 shows
examples of suitable ionic liquids based on various monocations, 25 while Fig. 10 shows examples of
suitable ionic liquids based on polycations. The R1, R2, R3, R4, R5, and R6 of the cationic components
are identical or different and are preferably selected from the group consisting essentially of: (a) a
hydrogen (-H) (b) a halogen (-ClI, -Br, -1, or -F) 30(c) a hydroxyl (-OH) (d) an amine (-N1-12) (e) a thiol
(-SH) (0 a CI to GIstedsighYlefeaiver braieheHaliphaiibeHyanse arbodueadies (bl A0S BBy cloaliphatic
hydrocarbon radigaldf)i8 &t 3 RIORWLL hydpesasRan tagical{eac SitmCGoRi@llgdaryi radical 5(1) a

C2 to C25 linear or branched aliphatic hydrocarbaon radical haying in,terruggi,o_n by one or more
heteroatoms, sudRCdES BRGERCTRPBPAE SURBPSI® R§EPEF 18 OB I HcO s H4aBhttic
hydrocarbon radigahbayisigainte fuuhtioimpyooa eapidinaie: iunctinnalitidsvesleapadifitg foithie: group
10consisting essentially of; a. a carbonyl (-C(0)-) b, an ester {-C(0)Q- c. an amide
CONR. Aot e Gatn o IS YA L0 BN TR R ool 22 oraightechain,
branched 150r cy&Htodiken ¢SOy Mk Multi-Wakh cuiponbiea¢ISey20IYeY R stifdhbaitdal[cS(@R2NR'-),

where R' selected from the %;rou corflsisg_iqgoe sential ofapl}l fkgen CLC12 straight-chain, branched or
in

dr
cyclic alkane or é]ﬁrésﬁsél%fi egt 16 C25 é%#zgg tg?énoélet éﬁ% a%lréhﬁ%drcl)ca%%% radical terminally

functionalized bypeitaBenk., Thegeicatian RHIRANIIGHE oS HafierecoBord3® chebatiplatiddsedrocarbon

radical haying at least.angb RIiselaIRdIam: the gEaticansiRiRdiIesaantialy of Qv S, and

optionally substituted with at least one of the tollowing Cl, Br, F, |, NH, _
1 as high strength and stiffness. Multi-wall carbon nanotubes are nested single-wall carbon

cylinders formed by rolling up additional graphene tubes around a core of an SWNT and
possess some properties similar to single-wall carbon nanotubes.

Morphologically, CNTs can be produced in randomly entangled and aligned
forms. By way of illustration, aligned CNTs 200 are depicted in Figs. 2 - 4. As can be

15  seen from this figures, the longitudinal axes of the individual CNTs are substantially
parallel to one another along substantially their entire lengths very much like the fibers
on a brush. The longitudinal axes are normal or perpendicular to the planar interface 120
between the electrode and ILGPE 116. In contrast, Fig. 5 shows randomly entangled
CNTs 500 in which the longitudinal axes of the individual CNTs are not substantially

20  parallel to one another along their entire lengths. SWNTs and MWNTs can provide high
electrical conductivity, high surface area, high mesoporosity, and high electrolyte
accessibility. As will be appreciated, mesopores (2 to S0 nm) are accessible by organic
electrolytes and contribute the most to capacitance in an EDLC. While not wishing to be
bound by any theorys, it is believed that aligned or patterned CNTs (due to their well-

25  defined spacing between tubes) are even more accessible by electrolytes, particularly
organic electrolytes.

Compared to high-surface-area activated carbons, CNTs possess moderate
specific surface area (~400 mz/g for randomly entangled CNTs). Nevertheless, much
higher capacitance (up to 200 F/g) has been demonstrated for CNTs, in contrast to that of

30  only tens of F/g for good activated carbons. Based on the commonly realizable charge

densities of 20~50 WF/ cm? for activated carbon-based EDLCs, the capacitance for CNT-

12



250H, NH2, NHCHS3 or SH (n) a C7 to C40 alkylaryl radical heteroatom selected from the group
consisting essentially of 0, N, S, and optionally substituted with at least one of the following a. a C2 to
C25 straight-chain, branched hydrocarbon radical 30substituted with at least one of the following CI, Br, F,
I, NH, OH, NH2, NHCH3 or SH b. a C5 to C30 cycloaliphatic hydrocarbon radical substituted with at least
one of the following CI, Br, F, I, NH, OH, NH2, NHCH3 or SH c. a hydroxyl 5d. an amine e.
a thiol (0) a polydied BRhE tywen0aCRE- opyL iR rds| ki of tand 3TV aypie)-D-pareRlb o leR2-0-)m-R8
where about 70 Fés Fhd lﬁ(ﬁ‘éE@%Qfl?@fg@'@%&maﬁmﬁ%ﬂ%bwmg from 2 to 4 10carbon

y

atoms b. R7, is a linear or branched hydrocarbon radical haying from 2 to 4 carbon atoms
c.nisfrom1to40  To provide optimgj rRyylis. HIeadeer, a2 Gt B stmRiprabhaikmor etanched

15hydrocarbon radicahifg & Copda p3ery ShealiRhrticeiydiecahonitaditak, AhabPdRL3Q1Igromatic
hydrocarbon radical, or a C7 to C40 alkylaryl radical (p) a polyether of the type -0-(-R2-0-)11-C(0)-R8 or

block or random %hh-'ﬁﬁ(W@I%YFF@?@SSW?@@@W(%8%@@&9@% Fsdsr BigRRed hydrocarbon
radical haying framl2piaid«sarban bf@maibatg, risiadineanlgsioranahecd hiydonradan radical haying from 2
to 4 carbon atoms c. n is from 1 to 40 25d. Rg is hydrogen, or a C5 to C30 straight-chain or branched

hydrocarbon raditaf TOPACCEEES EFoisa Rl dHsa ot SV Rich F&s 4 e E amsiftatic
hydrocarbon radieadiching, GidtehGAOtRIKyarnypd adlicalk drhernionic ErparentiNpreifeably selected from
the group ConSngpc%iggs AR tsiﬁcl)lé(/sot%at the ends or tips of the CNTs are opened. In the absence of
10 etching, CNTs display low capacitance and impurity peaks due to the presence of
residual catalysts. To provide effective electrolyte access, the diameters of the CNTs
must exceed the molecular size(s) of the cations and anions in the electrolyte. In multi-
layered CNTs, the annular space between the inner and outer CNT walls, or difference
between the outer CNT diameter and inner CNT diameter, preferably is larger than the
15  molecular size(s) of the cations and anions. Preferably at least one and more preferably
both of the upper and lower surfaces 204 and 208 of each electrode are etched to remove
substantially the tips or ends of at least most of the CNTs. Although etching one surface
can increase the capacitance, it fails to remove substantially completely catalysts

remaining from CNT fabrication. Etching both surfaces can not only further increase the

20  capacitance but also remove, substantially completely, catalysts and other impurities.

The lengths of the CNTs influences the overall specific surface area of the CNTs
and charge storage capability (capacitance) of the electrodes. The lengths “L” of the
CNTs, or thickness of each electrode, preferably are at least about 75 microns and more
preferably range from about 150 to about 200 microns. The inter-CNT spacing

25  preferably ranges from about 5 to about 1,000 nanometers and even more preferably
from about 10 to 500 of nanometers. The CNT diameter preferably ranges from about 5

to about 250 nm and even more preferably from about 10 to about 100 nm.

Carbon nanotubes can be made by known methods, such as by gas-phase
synthesis from high temperature, high pressure carbon monoxide, catalytic vapor
30  deposition using carbon-containing feedstocks and metal catalyst particles, laser ablation,
the arc method, or any other method for synthesizing single-wall carbon nanotubes.

Preferred methods are chemical vapor deposition to grow random CNTs and plasma-
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30(a) halides i e chloride, bromide, and iodide, preferably iodide (b) phosphates (c) halophosphates,
preferably hexafluorophosphate (d) alkylated phosphates (e) nitrate (f) sulfates, i.e., hydrogen-sulfate (g)
alkyl sulfates, preferably octyl sulfate 5(h) aryl sulfates (i) perfluorinated alkyl sulfates (j) perflorinated alky!l
ether sulfates (k) halogenated alkyl sulfates (1) perfluorinated aryl sulfates 10(m) perflorianted aryl ether
sulfates (n) sulfonates (o) alkylsulfonates (p) arylsulfonates (q) perfluorinated alkyl- and
arylsulfonates, prefezgsiy dafratenl G5 gihesridm éerspvsalifpeateN Ts. The carppeppnoiihetsanalkyl ether and

aryl ether sulfonafegsed as synthSliRaleganats rlkvindadvimsuliRnalesroup VIB afb/Revehiorate (u)

tetrachloroaluminate 20(v) tetrafluoroborate , )
possible catalysts for the synthesis of carbon nanotubes. In one configuration, the CNTs

are grown directly on conductive substrates, which are later used as the current collectors
5  in the ultracapacitor.

Returning to Figs. 1 and 8, the ILGPE layer 116 includes an electrolyte,
preferably an ionic liquid, 800 and a microporous and permeable polymer host 804. The
polymer host 804 provides a structurally stable and solid carrier for the ionic liquid,
thereby providing a solid-state ultracapacitor. The thickness of the layer 116 preferably

10  is at least about 5 microns and preferably ranges from about 10 to about 200 microns.
Alternatively, the layer 116 can be replaced by electrolytes other than ionic liquids, with
or without the polymer host 804.

The ionic liquid can be any suitable electrochemically stable, water miscible and
immiscible (with immiscible being preferred) ionic liquid having a relatively low melting

15  point (e.g., preferably less than about 100 degrees Celsius and more preferably no more
than about -10 degrees Celsius), a relatively high decomposition temperature (e.g.,
preferably greater than about 200 degrees Celsius and even more preferably greater than
about 300 degrees Celsius), a low viscosity (e.g., preferably no more than about 200Cp
and even more preferably ranging from about 5 to about 150 Cp), a relatively high ionic

20  conductivity (e.g., preferably at least about 0.1, more preferably at least about 1, and
even more preferably ranging from about 1 to about 100 mS/cm) and a wide
electrochemical window (e.g., preferably at least about 2 Volts, more preferably at least
about 3 Volts, and even more preferably ranging from about 3.5 to about 10 Volts).

Fig. 9 shows examples of suitable ionic liquids based on various monocations,

25  while Fig. 10 shows examples of suitable ionic liquids based on polycations. The R;, Ry,
R3, R4, Rs, and Rg of the cationic components are identical or different and are preferably
selected from the group consisting essentially of:

(a) ahydrogen (—H)
(b) a halogen (—Cl, —Br, —I, or —F)

30 (c) a hydroxyl (—-OH)

(d) an amine (—NH;)
(e) a thiol (-SH)

14



(w)alkylated borates, preferably B(C21-15)3C6F113 (x) tosylate (y) saccharinate (z) alkyl carboxylates,
and 25(aa) bis(perfluoroalkylsulfonyl)amide anions, preferably the bis(trifluoromethylsulfonyhamide anion,
or is (bb) a mixture of two or more of these anionic species. In one preferred embodiment of the
polymer composition of the invention, the ionic liquid has halogen-free anions selected from the group
consisting essentially of 30phosphate, alkyl phosphates, nitrate, sulfate, alkyl sulfates, aryl sulfates,
sulfonate, alkylsulfonates, @lyistlfsratesraphytdberatbanibediaiphaicbydirerbongadicakyl carboxylates,

particular preference beinggiven g @;gykgwjgfﬁgtiyhp@rgwi%mﬁydguIfate, and to tosylate. In another
preferred embodiment of the polymer composition of the invention, the ionic liquid has various anions

and/or cations. The ionic liftlid<eGp g amrsrasrRen@ficticizers may therefore be used
individually or in a mixture () th€polympeatkgtmpesiiin of the invention. 5lonic liquids based on polycations

are formed V\éhen monocations gr(? A%nelg é%gg}%%e%'éh it ﬁ'}{)c 2 %{poogqi%ﬁtlrgcrlllsc APH&@% to form polycationic

0
ring structures, where Al a AZ’are §ﬁ<y?ene groups ané Ubstittted alkylene groups.gThe anion X-

includes, without limitation, bupisridtiimitedne PN haBrroptoNO SUCIBR| PXM@NIRORBFLL; C104-; PF6-;
RS03-; RCO0-, where R is an gliy} group; substituted alkyl group; phenyl 10 group; (CF3)2PF4 ,
(CF3)3PF3, (CF3)4PF2 1£F3§PF (CF3)6P , (CF2S03 )2, (CF2CF2S03 )2, (CF3S02 )2N ,
CF3CF2(CF3)2C0 , (CF33b235¢l Crstasyser haesdahpbasis)adrosyRor 51968 Re8%012P0 | and
CF3(CF2)7 S03. Preferably, theeiomici digbicbis: @:0001p Ositiaonhkwvis gedickeastoonenegtiamn selected from the

group consisting essentially ofg) Sriistﬂf'giueg, Hgﬂgaz%'nium, pyrimidinium, pyrazinium, 15 imidazolium,

pyrazolium, thiazolium, oxazoflum, riazolium, a?lrr?monium, pyrrolidinium, pyrrolinium, pyrrolium, and
piperidinium and at least one anien selgbteglfte@{@e)group consisting essentially of P; Cl-, Br; 1-; NO3-;
N(CN)2-; BRIT; C104-; PF6-; RSQB-' ReCOO-;_&/ > R is an alkyl group, substituted alkyl group, or phenyl
group: (CF3)2PE4 , (CF3)3PF3 , (CFBJARES CF3)5PF | (CE3)6P , (CF2S03)2, 20S (TUTU O ) (TUO )
ISTUTUTU) O (TU O) H (SF 5)3@n amide (—C(O)NR’-), where R’ selected from the group

consisting essentially of hydrogen, C;-C, straight-chain, branched
15 or cyclic alkane or alkene

d. a sulfonate (—S(0),0-)

e. asulfonamide (—S(O),NR’—), where R’ selected from the group
consisting essentially of hydrogen, C;-C;; straight-chain, branched
or cyclic alkane or alkene

20 (I) a C, to Cys linear or branced aliphatic hydrocarbon radical terminally
functionalized by CI, Br, F, I, NH, OH, NH,, NHCHj; or SH
(m) a Cs to C3 cycloaliphatic hydrocarbon radical having at least one
heteroatom selected from the group consisting essentially of O, N, S, and
optionally substituted with at least one of the following Cl, Br, F, I, NH,
25 OH, NH,, NHCH; or SH
(n) a C; to Cy4 alkylaryl radical heteroatom selected from the group
consisting essentially of O, N, S, and optionally substituted with at least
one of the following

a. a G, to Cys straight-chain, branched hydrocarbon radical

30 substituted with at least one of the following CI, Br, F, I, NH, OH,
NH,, NHCH;3; or SH

15



2.3,2S32)2_,3,2(T_3,2_,5C3 2)2_,5)3_,(CF3S02)3C, 10(CF3)2C2(CF3)2012P0, and
(CF3(CF2)7 S03. Particularly preferred ionic liquids include 1 -ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide GEMII)/111Tf2N1). The polymer host can be any thermoplastic or
thermosetting polymer having a 25melting point of at least about 60 degrees Celsius and a high solubility
in a selected low boiling point (organic) solvent. When thermosetting polymers are used, the polymer

preferably cross-links at a tempebatuir&4ielow ehiel erdipbatisdaidionabaparicaleubstihecibrichikiuid and/or in

response to ultraviolet light or heat. harmesgtiiegdapelymets, whencragsdinked:, farmdhree-dimensional
polymer networks through which the jonic liquid can move. Cross-linked polymers do not crystallize and

have the advantage of superior diméSional stability and mechanical strength. When thermoplastic
polymers are used, the polymer prefehgbiyxyielts at a temperature above the decomposition temperature
of the ionic liguid. 5The polymer Iaosgncarghtl)g any suitable high molecular weight polymer. Examples of
suitable host polymers include hor'nopc?lymers and copolymers of polyolefins, polystyrenes, polyvinyls,
polyacrylics, polyhalo-olefins, pol§idiet@s! polyoxides/esthers/acetals, polysulfides, polyesters/thioesters,

polyamides/thioamides, palypseihanes/thion ethanes pelvereasihipuwisasPRlirlidgsihioimides,

10polyanhydrides/thianhydrides, polycarbonates/thiocarbonates, polyimines, polysiloxanes/silanes,
polyphosphazenes, polyketoregrthiBketdmed;BolySulorisydisgioxides/sulfonates/sulfoamides,

polyphylenes, and mixtures therepf g, iPreferres RS {RSspvcyaialling fl.amerphoys polymers
having no ionic groups. Examples of suitable host polymers are shown in Fig. 11. Particularly preferred

15host polylers include: PolyoxideSXBPMEARY the homo- or co-polymerization of alkylene oxides,
R'R"C(0)CR-R-, where R, R", R-par®l R’ chmesefasaialycbayirdcagen adidiomaviat-Cd8 dinear or branch
alkyl group, or a C2-C26 cyclic alkyl arr‘\)dolggt%;xls group, wherein the cyclic or aryl group can contain at
least 20 hetero atom selected from the group consisting essentially of 0, N and S and wherein the cyclic
and/or acyclic alkyl group can becsaturafesthdr aridaturated. Preferred the linear or branched alkyl groups

are C1-C4. The most preferred p@,ly%igqlighg%gm%ylgpg @é&@%%},@@ﬁﬁ&lgﬁg@}égs formed by the
homo- or co-polymerization of: 250 acgéplQ id or its derivatives: R'R"C=CR-C(=0)0R-, and/or

ic aci
RR'C=CR"E(=0)SR", and/or R'R"CIEIROETDSIgHalR adridfof uea el Irdoestor N,

radical, or a Cg to C3g aromatic hydrocarbon radical, or a C; to Cyg
alkylaryl radical
(p) a polyether of the type —O—(—R7;—0-),—C(O)—Rs or block or random type
—-O0—(-R7-0-),—(-R7—=0-)y—C(0)—Rg where
20 a. Ryisalinear or branched hydrocarbon radical having from 2 to 4
carbon atoms
b. Ry is a linear or branched hydrocarbon radical having from 2 to 4
carbon atoms
c. nisfrom 1 to 40
25 d. Rgis hydrogen, or a Cs to Csg straight-chain or branched
hydrocarbon radical, or a Cs to Cspcycloaliphatic hydrocarbon
radical, or a Cg to C3g aromatic hydrocarbon radical, or a C; to Cyg
alkylaryl radical.
The anionic component is preferably selected from the group consisting essentially of:
30 (a) halides, i.e., chloride, bromide, and iodide, preferably iodide
(b) phosphates
(c) halophosphates, preferably hexafluorophosphate
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where R', R", R", R", and R"- can be hydrogen and/or a C1-C18 linear 30 or branch alkyl group, or a
C2-C26 cyclic alkyl and/or aryl group, wherein the cyclic or aryl group can contain at least hetero atom
selected from the group consisting essentially of 0, N and S, and wherein the cyclic and acyclic alkyl
group may be saturated or unsaturated. Preferred linear or branched alkyl groups are C1-C12, and the
more preferred are C1-C8 linear or branched alkyl groups. The most preferred are methyl methacrylate
homopolymer and acrylonitfilelksltepohlpsidets Polyhalo-olefins formed by the homo- or
co-polymerization of holgepatggiglefins, R'R"C=CR™R", where R’, R", R-, and R" that can independently
be: a hydrogen, a halogen, 100 a Ci-C18 linear or branched, saturated or unsaturated, alkyl group that
may be partially or fully ha%éﬂéﬁ‘@d’, L5 dYdosg et Csaturated or unsaturated, alkyl group and/or aryl
group, the cyclic alkyl or arg)) gitkyipitayHepttiallycoryiullyfhalogenated. 15A preferred linear or branched
alkyl group i% C1l-C12 thatg;rérb sﬁﬁﬁias”y or fully halogenated. The more preferred halogen is fluoride
and the more preferred linear of branched alkyl group is C1-C12 that can be halogenated, wherein the
alkyl group may be partiall{topreuflydiaseénind dulfesmost preferred are poly(vinyldiene fluoride) where
R"and R" are hydrogen ang) 2QRand&i' kg1 flupiidgirard poly(vinyldiene fluoride-co-
hexafluoropropylene), a co-polymer wherein one component is R' and R" are hydrogen and R- and R" are
fluoride and the other compBrE e eIk Y & Hal5Hide and R" is trifluoromethyl. For any polymer
formula "N" refers to the nyumberfhiorepealtiagl ynitsds the 25 polymer chain and typically is at least 25 and

even more t]}(pically range frong r%(())r}g ?e%,gr()(]). tﬁgr aurﬂgl te\s( is an integer value preferably in the range of 3

to 1,000. "X"and "Y" may, g})cpourse, havé dirferent valies. Particularly preferred polymer hosts include
poly(ethylene oxide) (PEOYnpsiifasaidonitrile (PAN), poly(methyl methacrylate) (PMMA), poly(vinylidene
fluoride) 30 (PVdF), and pely(yipyligene dyoride-co-hexafluoropropylene) (PVdF-FIFP), with PAN and
PVdF-HFP being even more preferred. PAN and PVdF, have relatively high thermal stability. In addition,
PVdF-based polymer electesH8mighly anodically stable due

(q) perfluorinated alkyl- and arylsulfonates, preferably triflate (or
15 trifluoromethan sulfonate)
(r) perfluorinated alkyl ether and aryl ether sulfonates
(s) halogenate alkyl- and arylsulfonates,
(t) perchlorate
(u) tetrachloroaluminate
20 (v) tetrafluoroborate
(w)alkylated borates, preferably B(C;Hs):CgH 3
(x) tosylate
(y) saccharinate
(z) alkyl carboxylates, and
25 (aa) bis(perfluoroalkylsulfonyl)amide anions, preferably the
bis(trifluoromethylsulfonyl)amide anion, or is
(bb) a mixture of two or more of these anionic species.
In one preferred embodiment of the polymer composition of the invention, the
ionic liquid has halogen-free anions selected from the group consisting essentially of
30  phosphate, alkyl phosphates, nitrate, sulfate, alkyl sulfates, aryl sulfates, sulfonate,
alkylsulfonates, arylsulfonates, alkyl borates, tosylate, saccharinate, and alkyl
carboxylates, particular preference being given to alkyl sulfates, in particular octyl

sulfate, and to tosylate.
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to the strongly electron-withdrawing functional group -C-F. PVdF co-polymerized with
hexafluoropropylene (PVdF-HFP), can be used to improve the gel properties of the polymer electrolytes
because of its greater solubility in organic solvents, lower crystallinity, and lower glass transition
temperature than the PVdF polymer alone in the 5gel. In a preferred polymer composition, the mass
ratios of ionic liquid to polymer host range from about 0.1:1 to aboutl :1 and even more preferably from
about 0.1:1 to about 10 aBEideiRstRe ewesditent cGhEPRlyae] I@mesidpacs) the mpeisesfrom about 9 to

about 50 and eveR.TAte IR[AERAD VAT ARIMLIISABAUA OGN R Iguidawith.&Pthe remainder being

the polymer host. The ionic liquid can include additives to, provide more desirable electrochemical
properties. By w&y BSPRI& RS UCHETs Sy rBaEurseal ddnabddertly fidnamixbnd RS cosity and
increase ionic coadupbkiityrfor th&aREatilmxamples of potential viscosity reducers include propylene

carbonate, ethylene calip)%%a}}e igisr’:[;eth&/h‘orn:flmide 15apd acdatchnitrile. In an alternative configuration,

. il Qn po atioris"arg rorme €0 ;monqQcatipns are,joine .
the layer 116 includes an mor%;anlc filferin atififion to the lonic qudman poR/mer ost. The filler

increases the meekethical réPgiavef eGP jaywed 19 anddeereese sitlgstavtiret. erietallinity of the

polymer host. Introductipn of inorganic fillers disrupt | r chain packing (and crystallinity) 20and thus
enhances fonic couL AR o R T e T B B R Rt e (..
preferably a surfage, ahefRtAlieas Mqi%g_t@@g,,rpqrglgrgfgrpp}ydgqg;pg;mm@j}o}%ﬁg;o about 500
m2/g) and electrochemical inertness (e.g., is insulative or nonconductive) to avoid shorting the opposing

electrodes. Prefepieq filigrs irdode, Rewhites wetak axisiesksughoas, ABRiTiR1ry1dA1R03haydrophobic

25fumed silica, fiberglass, silicates, cellulosic materials, lignin, diatomaceous earth, and mixtures thereof
At least mostof thedilldharptles, @&ie xidre” pieferably at (st sout @09s BT (6d piPicles, have a particle
size preferably notgreater than about 50 microns. The particles have a preferred maximum dimension of

about 50 microm&tEaS; ieis prefeianp zudlie 53 3hiedniataf; @véhiiive prefdrabifisatfout 10

[ ters, 3 b t 5 mictomet ferr [ fl
than about 10 S ENIRT B UL hete ) SP AU T oLt B ot Trpores o

preferably constitytecomakawbahéeiakont9h REresnbRyvabivaRidne sicrepasops material.
Preferably, the Ia%qer _’LéLG comgtr.iﬁ%s ftrom.glbout 9 to.(?bout 90 wt.% jonic liquid and from about 9 to about
90 wt.% polymer K68 ARG Trom aboutT 1o about Y0 W 9% of the fier Bléil}ti e ReILGPE layer 116 can
have desirable propértidsinBpyvaaelfirextmpdspthe Siovlicoonductivity ohthenlaye plrii@ibpreferably at

least about 5 mS r ( it r f (0) to about 50
é%%o%rﬁé%% Lﬂ)égr%li%%% ﬁﬁ%%ﬁdﬂﬁlﬁﬁ' diPQr R Rieferablyranggs Fam ap G%Il)z

mS/cm at about he various methods of manufacturing the IL ayer 116 will
now be discussedonsisting essentially of F~; C17, Br~; I"; NO3~; N(CN)2™; BF47; Cl047; PFg™; RSO37;

RCOO-; where R is an alkyl group, substituted alkyl group, or phenyl group;
(CF3)2PE47, (CF3)3PF37, (CF3)4PF>", (CF3)5PF-, (CF3)gP-, (CF2S0O37)p,

20 (CFCF2S037)2, (CF3S0O27)2N-, CF3CF2(CF3)2CO‘, (CF3S027)2CH-, (SF5)3C-,
(CF35092)3C, [O(CF3)2Co(CF3)70]2PO~, and (CF3(CFp)7 SO3. Particularly
preferred ionic liquids includel-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ((EMIM][Tf>N]).

The polymer host can be any thermoplastic or thermosetting polymer having a
25  melting point of at least about 60 degrees Celsius and a high solubility in a selected low
boiling point (organic) solvent. When thermosetting polymers are used, the polymer
preferably cross-links at a temperature below the decomposition temperature of the ionic
liquid and/or in response to ultraviolet light or heat. Thermosetting polymers, when

cross-linked, form three-dimensional polymer networks through which the ionic liquid
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10Fig. 12 illustrates a method of manufacturing the layer 116 according to an embodiment of the
invention. This method is hereinafter referred to as the ionic liquid-polymer gellation method. In step
1200, the polymer host (preferably in powder form) is dissolved in a low-boiling point solvent under
magnetic stirring. To effect rapid dissolution, the average or 15 mean particle size of the host preferably is
no more than about 50 micrometers. The polymer host can be precipitated, spray-dried, or milled. The

solvent, or swellifgpag@ist, Gsossefakad Bohmeryemitoselveiirsraehputyhecididya st oé SoR/Ent preferably
has a low boiling gaissiwhichis mPssRrRgRR RRMRREWIRR ARaHsA0Ridporess Calsivsiand even more

preferably ranges from about 50 to about 20200 degrees Celsius. Particularly preferred solvents include
pyrrolidinone, acHtoREYSIRI BRI AR ﬁé%qwﬁfﬁﬂjée AR SRR ASRYBRISEL™ emPPRAEE P04 when the

polymer host is fuillyidisstilyed. in the solvent, the viscous solution is mixed W|th an appropriate amount of

an ionic I|qU|g ulrllder m net| St'”ﬁ&t“é’a%'l) vgﬁ[}r)g Qﬁﬁf‘tl?nh%&o mer w WI'[ «? |r%g%c Eguﬁp As will be
appreciated, 25 gellatlon e polymer re fers'to the po mer chains 4ced in'a more disordered

state, thereby oceﬁwml@gﬁéa@@m@ﬁméuﬂlﬁwmvbmm@ﬂt@@@immgrs:mf/e@llym@fpesmghly ordered

polymer host befgsg staPnd2Miyviny R, ?@ RaLA0R Re1yaRliARE MPULRIS,Rrocessed by solution casting on
a selected substrate, such as a g Iassélo ate. 30In step 1212, the solvent cast mixture is heated under a

dynamic vacuumPf?Jyé?\’iéf’p?S/Fa“fBeé%’?& Slwﬂﬁ’éifs‘r‘ﬂ‘?ﬁ@rgaﬂddﬁﬁésm\}\?%%‘?ﬁﬁé"ﬂ?ﬁ‘?ﬁt‘%ﬁ@@ﬂf‘?&"fﬁm an ILGPE
layer 116. This healyng (reoeess iarpriefiesaly pestormedratisap@pmpedadieriigher than the 22 boiling point

of the low-bgiling mts ut lower, than the dec osition te rature of the ionic liquid and
polymer hosf;d Th%8 f eagl% ang?ﬁj}égé%n wa Bogqt?rﬂ 1 %g%l?fmobgélﬁ{n }émlif/ peéled off from the substrate

for later assembIp(@Y&lﬂ@(M@@@&&MﬂYBwlmmmmaM@@mth@&e@imnufacturlng the layer 116
according to anoferempedinent e imeniemdiadeiophiidetenatekraigrird i as the ionic

liquidinorganic-polymer composﬂe method. In this method, inorganic particulate fillers are introduced into
the ILGPE to enhance tH& RSSO EArs gy ff‘i’éhI‘LeG’F’mE]P@H? el Rt iRgtif inorganic
fillers can also d%eﬁemeﬁneﬂpréelomfsmiymabslgsryslaﬂm;slandﬂhm@nharmalmmyapf@mwmes for the
polymer co oshe ele troe¥te;s Similar to the ionic liquid-polymer gellation method described above,
a polymer so olution 1S pr pareof1 in sﬁep 1300, by dissolving a polymer host in a low-boiling point solvent.
15In step 1304, the reseltahil gotuteoidsmridediwitivan-iondo-gliichenmtam of alkylene oxides,

R’R”C(O)CR’’R*’”’, where R’, R”’, R””’, and R’’’ can separately be
hydrogen and/or a C;-C;g linear or branch alkyl group, or a C,-Cy4 cyclic
alkyl and/or aryl group, wherein the cyclic or aryl group can contain at least

20 hetero atom selected from the group consisting essentially of O, N and S and

wherein the cyclic and/or acyclic alkyl group can be saturated or unsaturated.
Preferred the linear or branched alkyl groups are C;-C4. The most preferred
polyoxide is poly(ethylene oxide) (PEO).

e Polyacrylics formed by the homo- or co-polymerization of:

25 o acrylic acid or its derivatives: R’R”’C=CR’>’C(=0)OR’’’’, and/or
R’R”’C=CR’”’C(=0)SR’’”’, and/or
R’R”’C=CR’”’C(=O)NR’’’’R’**"’; and/or

o acrylontrile, R’'R”’C=CR’’’CN,
where R’, R’, R’”’, R>””’, and R’**”’ can be hydrogen and/or a C;-C;g linear

30 or branch alkyl group, or a C,-Cy¢ cyclic alkyl and/or aryl group, wherein the

cyclic or aryl group can contain at least hetero atom selected from the group

consisting essentially of O, N and S, and wherein the cyclic and acyclic alkyl
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appropriate amount of inorganic particulate filler (appropriately in fine powder form) under magnetic
stirring, ensuring the complete dispersion of the filler powder in the solution and the gellation of polymer
with the ionic liquid. In step 1308, the resultant mixture is processed by solution casting on a
selected 20non-adhesive substrate. In step 1312, the solvent-cast film is heated under dynamic vacuum
to evaporate at least most, if not all, of the low boiling point solvent to form an inorganic filler-embodied
ILGPE film. This heating peseessiy peeferatind peHovivetios Lrelerperbingee oigrackisdalitys boiling point of

the low-boiling point solvertQisIgwer, ibantiemontiseprRRORIGAR: EmPaialy 68 rhibRlpPAig liquid and
polymer host. The obtained ILGPE layer 116 can be peeled off easily from the substrate for later

assembly of the ultracapadtorPs: IhNGiTARY BFrE dhH o B By AT LHCRRBOIMBF 108t is a
thermosetting polymer the poyyongtiis loxospdipked while in the presence of the ionic liquid and/or filler. To
30 produce syich ILGPES. gopropriatemanomets are mixed with the selected (anic iguid, followed by
cross-linkingreactions. The'l nICqIQUId molecules are}}rapped in resulting cross-gﬁ’nﬁeg polymer
structures. Suitable plasticieligaRIRrOsE-RAKING agdris R3 RaRbe adbRd {altitesmixture. For the
cross-linking step, several methads,§y'gh as ultraviolet (UV) irradiation, electron-beam irradiation, and
thermal polymerization, can be selected to initiate cross-linking. Exemplary cross-linking monomers
include acrylate monomers (e‘.@.,aeftﬁ%%%?é‘%glycol diacrylate, polyethylene glycol diacrylate,
trimethylolpropane triacrylate,vinyh@egéate, and divinyl adipate, 1,6-hexanediol diacrylate, 1,9-nonanediol

diacrylate, 2- butyl-2-ethy1-1,3-pr ejol diacrylate, 2-hydroxy 3-phenyoxy propyl acrylate, 2-
hydroxylethzyl/? acrylate, 2-hyd r8xyaﬁ)?:c?f?;igalg}(§ﬁzraf)er ,Xéah %%91 ’e%/til/ aé%:lc}ﬁlg ey l)é aégrﬁly %Prﬁgflé?ﬁéaécrylate of
ethylene oxide modified bisphenohay, tdipertitdbryttttl H0bgxagcrylate, neopentyl glycol diacrylate, ethoxy

diethyleneglycol acrylate, hexy| paoﬁ’z‘?@}!'&Qﬁg,‘lé%lr&{‘é&y&ﬂﬁysm%‘?Q&ﬁ'gﬁﬁf&lﬁ&féﬂj%ﬁ?} isoamyl acrylate,

isobomyl acrylate, lauryl acrylate, methoxy triethyleneglycol acrylate, néopentglycol diacryalate,
tetraethylene glycol di(chloroacry$R8y; HsspeltiAghicibesogad Ry REIBESABO diacrylate,
PEG#400 diacrylate, PEG#600 diariydaiesdperflorooctylethyl acrylate, 15triethylene glycol diacrylate,

phenoxy ethyl acrylate, diglycerol diacrylate, trimethylolpropane triacrylate, teterahethylene glycol
Cincryiovs. dienoxoy polyehDEREBULES AL A AN LG ot YD RiHPAC e
triethyleneglycol diacrylatefuiliettaldeereggyic At acrmd ptefdnieddtiylpropdheridasndaie ninmethylpropane

benzoate acrylate, 2-ethylhexyl,agylate PUNhacHIais: can,2Q eombinaians ibareel,mathyacrylate

monomers (e.g., methyl methacrylate, ethylene glycol dimethacrylate, diglycerol tetramethacrylate,
butylene glycol dimethacryfdterepolethpibae gyesy Bﬁﬁéﬂ%bfﬂ%%@}ﬁé}#@é%ﬂ‘éé{y%?e%rylate, diethylene

glycol dimethacrylate, trietpdene @liteodinngiharndatesiatiaetbidenauglicoldimeihaeryate,
di(pentamethylene glycol) dimethacrylate, dﬁﬁomb'naiions thereof) 25Fig. 14 shows a further method

n
according t6'an embodiment of & invaRtBACTHSHETREHSY KNSR ALHE SHic liquid-inorganic-polymer
composite method, a pre-rhadélmioppporieus) anchpeimmeabldgely nrerceeparatoriiRinapdeRjnated with a

selected ionic liquid. The %@Hg@gqgﬁqe ionig liquid ig thepalyraer &Rgpgglﬁiéi&{glgqgﬁngﬁy’means of
diffusion. Preference is given to impregnation of polymer powders by an ionic liquid,
R’’’ are fluoride and R’*’’ is trifluoromethyl.

For any polymer formula “N” refers to the number of repeating units in the
25  polymer chain and typically is at least 25 and even more typically ranges from 50 to
50,000. “X” and “Y” is an integer value preferably in the range of 3 to 1,000. “X” and
“Y” may, of course, have different values.
Particularly preferred polymer hosts include poly(ethylene oxide) (PEO),
polyacrylonitrile (PAN), poly(methyl methacrylate) (PMMA), poly(vinylidene fluoride)
30  (PVdF), and poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), with PAN
and PVdF-HFP being even more preferred. PAN and PVdF, have relatively high thermal
stability. In addition, PVdF-based polymer electrolytes are highly anodically stable due
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30and particular preference to impregnation of films, fibers, foams, or injection moldings, using auxiliaries,
e.g., solvent. Any microporous polymer membrane that is permeable to the selected ionic liquid may
be employed. Examples of suitable membranes include battery and ultracapacitor separators, such as
those sold by PPG Industries Inc. under the tradename Teslinw (a microporous, highly filled polyethylene
matrix sheet material), 5 EXCELI FRATOR Pill+ separators sold by W. L. Gore & Associates, Inc.,
Daramic Industri&® e Fveral vlecssoraiiddrighig flkstiguhatipetemdtVdispeaohiacared) woid by

Daramic, Inc., SqlufilTMraRdps RIPERTM:. 208, SalchbyLEMiSaleteahaldhsdiathariangls and Teijin Fibers
Limited of Japan, Tyvekw (spun bonded polyethylene fibers) sold by E.l. du Pont de Nemours and
Company, and tH¥ El?él@%gﬁﬁ’ltﬁwﬁ?ﬁgﬁﬁ A eLealsi By B Ay B B BHIMET Inc. under the
tradename ArtisydrydvhliAitigynd b vs gl sn caatethnmonedayer tHigly Pilldd palyoateitostieethOther
preformed mj ropgyous and permeable organic membranes, such polymer membrane separators
designed for ene?gy storage applications (i.e., batteries and ultracapacitors), may also be employed.

In step 1400, the preforthedrefitrdaoisnsaanpenitniie potymdonttnebiahevid 1Gpdtekited with the
ionic liquid by plaginghe MEmMBBRSID: ABad QT NGPRIE NI prerebHaRAAQlEIPOlMer
membrane, while contacted with the ionic liquid or ionic quuid/soR/ent mixture, is heated at a temperature
above the glass B3N8 SRR bF e PoRHBE A& ih frsirsrhbraransise bERIMAR de composition
temperatures of thatoniGliguikancnpatypieichost foaitdotly swealkgelbohe polyrierifdaat waand form the
ILGPE IayeE 16thl36rr%f;g£ant(4gl, lghfﬁ teg@pe{atuerrehto which the membrane is heated is at least about 50 and
more preferably ranges from abo d’?oyé{bou?%oo degrees Celsius. Swelling/gellation of the polymer

membrane by the ionic Tibgiidnis Eatidiveednatvdn aldiatsdaempdranmae derdrandeledypcheiivozhcuum. The
vacuum is prefer%%feﬁﬁé&‘.pﬁ%sé%%@éﬁﬁlﬁ?&rﬁsﬁlﬁﬂﬁé@ﬁ’éei@éa@ﬁ@ AR Rseterably fanges from

25about -0.1 to about -1 atm. The vacuum can improve the ulﬁtaking of ionic liquid in the polymer network
and thus enhanclYSHiKI¥SHEv endit)corisd Yas SRIMGITLEP EY IGSETT theaBmahftPo4lith can help the
penetration of theiiebisigeddcsitanbiaddgptp néibepalynecnshaer kaana ity gierhaneenaniceonductivity of

the resultinquGPEds. . "] step 1408, the resultant ILGPE membrane is removed from the ionic liquid
and acetonitrile. . .
and 30 the excess |on|c(f|qU|cfon the membrane is removed, such as by hanging the membrane for a few

minutes. Fig. 15 ddpietsativenptiocessfiguratisertiisligean Iflirabaivacitonaeewidingtéran embodiment of

the invention.  , l;§teRd eQQoiRe3lengdh GOV R formrdpy KpauRdeshnigugs i, form the anode and
cathode electrode layers 108 and 112. 5In step 1504, the layers 108 and 112 are etched by suitable

techniques to op&tiettbaktl béthioke Bifrndfstrrasst oy thensiitfigite eiffPelinse performed by
(oxygen) plasmarighingandincirendicahrteing daehnicpiesnwithplasioasichioghaingnaieferred. In step

1508, the u? aca itor is assembled b andwictgn th &%?I]e an(f 0 cat e electrodes 108 and 112
o Lore o B R A e e e G o TR S e
sputter-coated ontbighewfioderen tk gatheteabhdaadiyct ansfef ahkthoebimius@dntbransfer aligned CNTs

from the substrate ich they are grown The &rag acitors can have highly attractive
oontoe. By ol AR s S R R e S D ot 10 kowikg
with an energy densitylohatdeast@nduttiv®)\Whkgd shorting the opposing electrodes. Preferred

fillers include zeolites, metal oxides such as ZrOj, TiOp, and AlpO3, hydrophobic

25  fumed silica, fiberglass, silicates, cellulosic materials, lignin, diatomaceous earth, and
mixtures thereof. At least most of the filler particles, and more preferably at least about
80% of the particles, have a particle size preferably not greater than about 50 microns.
The particles have a preferred maximum dimension of about 50 micrometers, more
preferably about 25 micrometer, even more preferably about 10 micrometers, and even

30  more preferably about 5 micrometers and a preferred average pore size of less than about
10 micrometers and more preferably of no more than about 5 micrometers. The pores

preferably constitute from about 25 to about 95 percent by volume of the microporous

21



EXPERIMENTAL An example of an ILGPE layer 116 was manufactured by the process of Fig. 12
using PVdF-HFP/IEMEV1111T2N1. PVdF-HFP was the polymer host, 1-methyl-2- 20pyrrolidinone (NMP)
the low-boiling point solvent, and IEMEV11111f2N1 the ionic liquid. PVdF-HFP is one of the polymers that
have been most frequently used in conventional gel polymer electrolytes owing to its relatively high
thermal stability. PVdF-based polymer electrolytes are expected to have high anodic stability due to the

strong electron-witkidrialviRectenablio g Ghstp LI pifeh &amoreour Y Faboup i iéri radolithid 5
hexafluoropropylener(5ry dhotdoRa. 680 b8 WeedsayMRrRyE, the aehpiepariies sbthe pelymer electrolytes
because of its greater solubility in organic solvents, lower crystallinity, and lower glass transition
temperature tharfthESVRE S mer alone in the gel. First, 0.34 g of PVdF-FIFP powder was dissolved in
1.7 ml of NMP under mannBtiGHiitiytg fo6 dareeahodesirabhepieseliant Bigeaysopetymple sakition was then
mixed with 03 30,1l oL SMINALITRNA inflermagnetic, siing {81 hoprs fe gomalpte the polymer
gellation with the ionic ?iqm 104 mf of the obtain omggeneous polymer-solventionic liquid mixture was
then poured ontolagpiesEdfigtasd shiele P62HblnPyngde dvnyatrist Soduthont SOntaeing!gleed sfide at 110C
under dynamic vagudm €R%ilfdH9) for fifteen hours completely evaporated the solvent NMP and formed a
uniform and transparent PVdF-HFP/IEME)/11[Tf2N] film. An example of an ILGPE layer 116 was
manufactured by the telRREE BT RILOLS Sy By EpHERRE AT HEANTIASSRE Zeolite was the
inorganic particulditediled. First, 0.34 g of PVdF-FIFP powder was dissolved in 1.7 ml of NMP under
magnetic stirring for three hours. The resultant viscou lymer solution was then mixed with 0.02 g of
Joorts and 018 mi of IR AL LG oLt B Ao e e e T B MEIES e ciepersion of
zeolite powder inctheodohetid nf Andithengjefiatidus ofathedoio herrenaf Gwitictivsl iorie thquidiOliquat of the
obtained homogeRgaLs PANMME malygNt-ionic liquid mixture was then poured onto a piece of glass slide
(6.25 cm2). Heating this solution- containing glass slide at 110C under dynamic vacuum (22 InHg) for
fifteen hours completelyeV&h &t erRe SO ERPI IS &R LTI S LINFEPS SHaohyit Brolw-
PVAFHLP/IEMI) sbliddd 2bih{ Leetite didaer TRV ftinhhy/MEMEY: HfiPhbdaaliekompagionS ILGPE
was a light brown rubbery film. and. was mechanically stronger.than the Il GPE without zeolite. The zeolite
s foumd (06 LRTBAE GbE A P l bt JRTC PG Lo of forganic
particulate fillers polimmordwet e heaehapitatdtspragtirofll oGREsdvas demonstrated. Addition of zeolites

into a conventional gel 989’ er electrol%/lﬁle system.c%g%?lst@?,e essentlallg(of\fe%?%?&{glo itrile, propylene

20carbonate / ethylene carts)%r‘{%lfté,oéﬁg REFETesUIRd Th e Therease Sr ohic con Ocﬁ{/r}%? from 10 3 to

102 S/cm, whichlissthé higlebsmsprideribithbafie|tb oftpdipgmpeialeetrolytesore prfeekinpleofan ILGPE

layer 116 was manufaciiroPye & PERsEsS Rlikin oS e - HINEVE hieis By dirsgtly gelling
poly(tetraﬂuoroe%ene) (PITT) membrane (thickness: 23 pm, pore size: 0.05 - 15 pm, porosity: 50 - 70

%) obtained25 frithdRBlecE oIS ABYGIEIIEEY Witk TS EPRBTRsAvle PHiEHHROAEE B9 S0aking a piece of

PITT, membranedish i Bomdhiid daceioalianeciad alumilsiugan containing 0.5 ml [EMI1),411Tf2N1,
followed by heating the membrane‘}grn the ionic liquid) at 110C and under dynamic vacuum (22 InHg) for
fifteen hours. The obtaiHeteR BOE HiehiBrabyMeisheré faks sl rrdrn the 18hiefidhfd aehung for five

minutes to excludsithieExeaseOhvARtEaipigeignthicomarian ofieaienlegtits i tepelymer
membrane can bt% allow the gellation of polymer with the ionic liquid. As will be appreciated,
25  “gellation” of the polymer refers to the polymer chains being placed in a more disordered
state, thereby occupying a greater volume than the volume of the undissolved, more

highly ordered polymer host before step 1200.
In step 1208, the resultant mixture is processed by solution casting on a selected
substrate, such as a glass plate.
30 In step 1212, the solvent cast mixture is heated under a dynamic vacuum to
evaporate at least most, if not all, of the low boiling-point solvent to form an ILGPE
layer 116. This heating process is preferably performed at a temperature higher than the
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improved by imbibing it at elevated temperature and under reduced pressure. This helps swelling/gelling
the polymer membrane, enhancing the uptake of ionic liquid into the polymer network, and thus
increasing ionic conductivity for the resultant ILGPEs (up to 10 3 S/cm even at room temperature). Use of
the dynamic vacuum can help the penetration of the ionic liquid into the depth of the membrane's pore
network and thus enhance ionic conductivity of the resulting ILGPESs. lonic conductivity of the resultant 5
PTPLUMEV111THolmeweamstiof theitoy Srehngmeiat solrpimgblovet shvathesieeemnetitavity of 5 x 104 S/cm
was observed f0Eéﬁﬁe?e}lﬁ@&wé%ﬂﬂehﬂf%mﬂ&@ﬁf&%&inﬁh@ﬁﬁeémﬁarrgrgﬁﬁwwgwﬁgout the use of

heating during the gelling / swelling of polymer membrane with ignic liquid. This demonstrates the
importance of an%%%tt@ SRR BREIRTREVHSG! e SbeintG 8% gk aEismReY 8hidthe uptaking of the
ionic liquid 10andiiacaphetionic conductivity of the ILGPE. Electrochemical window, ionic conductivity,
and thermal stability are important properties of electrolytes in determining the performance and lifetime
of an electrochemical dEWick PHELY SR PSS A arMHidILire AP E VAR AF SRS MEL &L trochemical
characterization #ishsedademed s @manisnofThie insiedonkitetivityrantt &l electtbeheiiitghitindows of
ILGPEs by AC mpedance, spechiosconyusing,a.coll (hat sandyiched ihe IGRRfim heyeen two
stainless steel electrodes. THe cell consisted of two identical Stalniess steel electrodes (%rcm X 2 cm for

each) and a plastitregegssrin@virglb(die tnanbenco thansslohGaigg @ ehdalititknoseof 0.0245 cm.

lonic CO”dUCtiVit}’EthHeQEﬁédﬁ(&%mﬁwg&i@mﬁ&si%H%ﬁ%%@ré&%QH@E%P&fW&Qﬁ&_AC vpltage amplitude
of 20 5 mV and a frequency range of 500 kHz - 0.1 Hz. The real resistance Z" at the imaginary resistance

7" = 0 was USed f&8AHIEM8 M THEOCHRRI G EE RS Qe aRIYTE CPRREZP) (tand S are
thickness and arer@fdlyee€lectrolyte between the two electrodes). The electrochemical window was
measured by linear swee iYé)LI[[grg‘?lrén.etr.c.llloQi _c((ﬁnr%tejgti\e/jﬂ S of anu eecrr{%fe H_a%gv%saw% emmreasured. The
results are 25summarized in Table 1 DEIOW in o¥npar%son With those o pure ionic 1iqB| 5 f can be seen
that ionic conductiVitiem of pipER Essere [HWebtiasdhenpareciymier ligsids a Thistisibzgpeiated with the
relatively slower igp gpvement in a gel polymer matrix than in the pure liquid form. Nevertheless, all
ILGPEs show a reasonable conductivity of >1 mS/cm, which is believed to be sufficient for the fabrication
of electrochEmical devitesteFrigitrt30thes W @nimpletiomcenspettrathamighiddiiei¢ondactivity of 1 - 3.5 x 10
3s/em was calculgledanel o GRES 18IS parid 1SRRI ORASEIIS DS RMAFRIER/IEME) 4I[BF
|

system resulted in a further decrease of ionic conductivity for the resultant composite. Figs. 16-17 show

the result for PVARISHRIRBRAE pUrTgf R Redhtecagpidcclisnpipian ThEpBIlARWErEdnidGid-filler mixture

solution of the P\ellutidir R{IEM! £1#1ibB bAJirantitesRiSIRIVMI@EJ.as 5 homogeneous as the
PVdF-HFP/IEMI1),411Tf2N1/zeolite system. This may reflect a phase separation existing between the
hydrophilic ionic liquid (PESIY, 205 Bie433 4Rt tREHIOPREBREAIRY SR SHiaRh SFIF-EHHNn movement
and thus demyeasing ihe:ionicuRngctivity. By contrast, addition of zeolite in PVdF-HFP/IEME),411Tf2N1

did not significantly change the ionic conductivity (but enhanced the mechanical strength) for 10the
resulting composite ILGPECPiFOPROBRETRE 61BN tHdsaisE Urdlsior BprIse IS HutePBE ¥esponsible for
this observation, Aneyidingsghieate L hnagesrihsPinthgomixBitentiuihier aptisizationieithe inorganic filler

concentration in the compgsi tem,should lead to the improyement of conductivity. The
electrochemical \W‘l‘ﬂ’g}\%{) gf#%s ﬁ{%‘PrEEI eraéIH%é’égﬁersedeq?ﬁ@ﬁys é}é)b \fél?‘atﬁﬁ?ﬁgrtgfg}l.rerhe results are
summarized in Th@@ﬂthmiaiw.Héi@@pshmwfstﬂaéwohaﬁﬁngmgiamMeﬁiMdﬁlﬁmPﬂEMEe),411Tf2N1/ZeoIite as
the examplgsAs gan o%ﬁ{%’ﬁ’t&BB&JH&XQ{E%%ﬁ@’ﬁH[HS JFAP R IRA Y. REERHANA Al dpg electrolyte

begins at a voltage higher than 4.10 V. Below 4.10 V, the electrol%/te Is electrochemically stable, indicating
a wide electrochéhifed ¥ Rad Rseled off cafith& pw e substrate for later assembly of the

ultracapacitor.
In either of the above methods, when the polymer host is a thermosetting polymer the
polymer is cross-linked while in the presence of the ionic liquid and/or filler. To
30  produce such ILGPEs, appropriate monomers are mixed with the selected ionic liquid,
followed by cross-linking reactions. The ionic liquid molecules are trapped in the

resulting cross-linked polymer structures. Suitable plasticizers and cross-linking agents
23



20 HLP/IEMII),411Tf2N1/zeolite. All ILGPEs tested have a wide electrochemical window of 4 V or higher,
showing their high electrochemical stability. This will allow the operation of ultracapacitors with a high cell
voltage and thus high energy storage capacity for the ultracapacitors. Table 1.lonic conductivities and
electrochemical windows of pure ionic liquids and 25ILGPEs. lonic liquid or resulting ILGPE lonic
conductivity (mS/cm) Electrochemical window (V) [EMIM][BF4] (pure ionic liquid)
PVdF-HFP/[EMIAHYBE47ided sosheryig ruel FRy e i B Erfimsctice. (8 '218l0nedodsssidhiad 2.41 1.20 4.05

4.02 4.02 4.03 PREERGMEOMI R o ENUIET IR (PHIS Joaic i RY YErHRRARMIMIT2N] (1: 2.5)
PVdF- HFP/[EMIM][TfZN]/ZeOIIte 12.50.06)4.851.541.521.10

beé selected to initiate cross-linking.

Exemplary cross-linking monomers include acrylate monomers (e.g., ethylene
5  glycol diacrylate, polyethylene glycol diacrylate, trimethylolpropane triacrylate, vinyl
acetate, and divinyl adipate, 1,6-hexanediol diacrylate, 1,9-nonanediol diacrylate, 2-
butyl-2-ethyl-1,3-propaneiol diacrylate, 2-hydroxy 3-phenyoxy propyl acrylate, 2-
hydroxylethyl acrylate, 2-hydroxypropyl acrylate, butoxy ethyl acrylate, behenyl
acrylate,diaccrylate of ethylene oxide modified bisphenol A, dipentaerythritol

10 hexaacrylate, neopentyl glycol diacrylate, ethoxy diethyleneglycol acrylate, hexyl
polyethyleneglycol acrylate, diethylene glycol diacrylate, isoamyl acrylate, isobornyl
acrylate, lauryl acrylate, methoxy triethyleneglycol acrylate, neopentglycol diacryalate,
tetracthylene glycol di(chloroacrylate), neopenthylglycol benzoate acrylate, PEG#200
diacrylate, PEG#400 diacrylate, PEG#600 diacrylate, perflorooctylethyl acrylate,

15 triethylene glycol diacrylate, phenoxy ethyl acrylate, diglycerol diacrylate,
trimethylolpropane triacrylate, teterahethylene glycol diacrylate, phenoxoy
polyethyleneoglycol acrylate, atearyl acrylate, tetrahydro furfuryl acrylate,
triethyleneglycol diacrylate, triethyleneglycol diacrylate, trimethylpropane triacrylate,
trimethylpropane benzoate acrylate, 2-ethylhexyl acrylate, butyl acrylate, can

20  combinations thereof), methyacrylate monomers (e.g., methyl methacrylate, ethylene
glycol dimethacrylate, diglycerol tetramethacrylate, butylene glycol dimethacrylate,
polyethylene glycol dimethacrylate,hcyrosyproply methacrylate, diethylene glycol
dimethacrylate, triethylene glycol dimethacrylate, tetraethylene glycol dimethacrylate,

di(pentamethylene glycol) dimethacrylate, and combinations thereof)

25 Fig. 14 shows a further method according to an embodiment of the invention. In
this method known as the ionic liquid-inorganic-polymer composite method, a pre-made
microporous and permeable polymer separator is impregnated with a selected ionic
liquid. The dispersion of the ionic liquid in the polymer composition occurs by means of
diffusion. Preference is given to impregnation of polymer powders by an ionic liquid,

30  and particular preference to impregnation of films, fibers, foams, or injection moldings,

using auxiliaries, e.g., solvent.
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4.28 4.10 4.10 4.15 PTFE/[Tf2N] Thermal properties of ILGPEs were screened by performing
selected measurements using Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis
(TGA). Different instruments were used with common samples in order to identify any instrumental
artifacts-none were determined to exist. The DSC was 5 performed using either a TA DSC Q1000 or a PE
Pyris 1 DSC. These measurements were made using "crimped" Al pans. The DSC was run to a maximum

of 200C with a low tempevattissqREsmg Aoty 2eabomeghit 1opTniertiefsvihsaaipites)ioBgmple size was

typically - 25 mg gdduns bae9nsybeatingnpele fam oM IerRRt MR MaRA/cARlING cycle to OC (or
lower), and then a final heating cycle using a 10C/min ramp with a 1 10 minute hold at the end points. The
TGA was perforr S g itrer A S RBF &P oo fﬁ%@l’?@lﬂrﬁg&f: HPSEHRF Fadeame purge gas

was N2, the sampislsize wascraperbOsiiie(iRt filesporchiand BArinaseperiaterial), between 30 - 700 C
using a 60 minut tj or. baseline stabilizatign) a nd points and.a heating rate of
minute pojd RERg AL ﬁﬁgtprg ?%@ors so]l%i By 'U\?aﬁofﬁc‘) ;&E:(%S%E’é%es %hc. jb

5C/min. With respect to the calorime results,’it was un t during the |rasrta%0heating cycle a
small, broad endbithestipbeEiiréonbetorssengdugldiliFhigolyoiiddie woHsistesst wittsiak sebyesults and

could be water b@ﬁl%ﬁfé@ﬂﬂ?i%%ﬁmmﬁ%mi‘dﬁhﬁﬁ M@Bﬂ?ﬁﬂﬁ@%@i&@éﬁ%@ﬁﬂ%@@ﬁaﬁﬁ? cooling
cycle generated a small, broad exotherm usually in the range of 40-70C. The second heating cycle was

generally consistéMt Wit istEntehed gras Trakinoingpoadehro Wtk fdedihmsd). selde20 ILGPE' s
based on the imhiliedu®one dEexém cme it &nen Rk by dveed ditfersspathan ikenbihersstidbgat a small
transition (pgrhaps the crystallization qf PTEL) was identified and the broad epdotherm between 80-120C
wasnit chsceed S B Ia s e e R T R e e S oss
(0.4%) observedmyted S Ahigeladutedmeohtslelingbersr Qlthdreteéemsapatsitgpof theasd pplesabiscreased

continuously as the g RIINGLHW 1B ERAIRE 9@%@%%@@%@9%&51%%@%%&&@3@§ﬁ§9easurements

indicate some variations in the thermal transitions depending on whether the matrix was PVdF- HFP,

PVAF-HFP + zedtitBliGtipasr e Tl Slesankd sreanacsterestite A5 aBRSEhI transitions and long
continuous changes in {e Beq SRRACHH- A58, IATIREEAIHES laGTaaRat 3N mALStaRility of ILGPES

was measured by thermogravimetric analysis (TGA) (mass loss resulting from increasing temeperature)

by measurig theWEgRE el BretiwigdufiPneasingibe erpRragine Pih 98IRNIRS tHRGA result of
PVdF- 30 HFIMEMII),411;L§E%N;@§9@§)?2D%} %Mﬁe’ m%%&%t&@&%&m&&&&iﬁﬁﬁmloss regimes

The first regime was between 30C and 160C, with the main transition occurring in the range of 80 to
110C. In this trariSRI6NIBIY ) 505 B Fasd Bepehiin e BIRTHE EHRRANE G5B YRARdifst. This transition is

probably absorbeehyatauand nespdiahé hNviRnsabl/erhbr-5ecandaegime Restsobigbieen 250 to 460C. In

this transiton, the, mejoriy.of mase, 5.9kt 08,0181 0SS 988 ReNa ARG O5dnf R3;85% at tis

20  and form the ILGPE layer 116. Preferably, the temperature to which the membrane is
heated is at least about 50 and more preferably ranges from about 50 to about 200
degrees Celsius. Swelling/gellation of the polymer membrane by the ionic liquid is
enhanced at an elevated temperature and under dynamic vacuum. The vacuum is
preferably at a pressure of no more than about -0.1 atm and more preferably ranges from

25  about -0.1 to about -1 atm. The vacuum can improve the uptaking of ionic liquid in the
polymer network and thus enhance ionic conductivity of the resulting ILGPEs. Use of
the dynamic vacuum can help the penetration of the ionic liquid into the depth of the

polymer network and thus enhance ionic conductivity of the resulting ILGPEs.

In step 1408, the resultant ILGPE membrane is removed from the ionic liquid and
30  the excess ionic liquid on the membrane is removed, such as by hanging the membrane

for a few minutes.
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point. This transition is probably the breakdown (pyrolysis) and volatilization of the ionic liquids in each of
the samples. The final regime is >450C. In this transition, most of the remaining mass is released and is
probably due to the breakdown (pyrolysis) of the 10 polymer. The results showed that the main thermal
decomposition/pyrolysis of these ILGPESs occurs in the range of 250-450C with the majority above 350C,
indicating the high thermal stability of these ILGPEs. These results support the contention that
ILGPES, especially 1ENTRVIdepi¢onte copraih ity dsarbag anreulighpaticredisr dbie ajel polymer
electrolytes and ganhekseddhahadheipvated temperature up to 350C. High thermal stability of these
ILGPEs ensures the long lifetime and duration of electrochemical devices. Considering the commonly
used operation temperdiuierof #otheadentsr REY sreiegect yREavwrécphigityes totéiie for ultracapacitors
for vehicular appligations: Arplication8idisEE$I9 slegtirochemical devices was demonstrated by their
use 20in the fabrication of ultracapacitors. The ultracapacitor was fabricated by sandwiching a piece of
ILGPE with tWo identicdhatsivbied drbsoareidroddd 2Aarmyetoped b 1sBREsteliBtigwse b abovercan be used

to fabricate the ulifacRRaGIOF iR QIEStIOsE Had 6 s RITh. SEEMiX el P pEIRHIQI §e, the aluminum
foil current collector of the electrode assembly was attached onto a poly%rcg ylene plate with epoxy. To

ensure the good PE¥8TRAREARA SR MsaRHURS LrieRiErBRA e IR SR SHAHHEPRIESPE of the
capacitor, the elgatfedes. were pretreated with the ionic liquid 1EMI1),411Tf2N1 prior to capacitor
assembly. This was done by putting a small amount of ionic liquid on the electrodes and then placing the
ionic liquid-containing eﬁ%éﬁBdég%ﬂﬁﬁlﬁmﬁﬁﬂéﬁﬁﬁWP&ﬂ%SﬂB‘Ej‘?’éC.hF‘ﬁ%di’&ﬁ’&oﬁiﬁﬁi‘bdthat was used for
ILGPE synthesissahsderajployadsionBhe leciradeporpatment Byaeinguiliias gaskkiobblesawere excluded
from the depth of electrodes, and the ionic liguid can penetrate injo the bulk of the electrode materials.
Subsequenty. iAo o LG B b oAU e S e e
liquid-pretreated ®lbgtiedesr Bdded vfuted tapamitoraereddeNEsd withleprakytirftoon which they
PVdF-HFP/IEMEY111LL{2N1 and PVdF-HFP/IEMIMUf2N1/Zeolite, one piece of the ILGPE (thickness:
-100 pm) was used directly as a separator for capacitor fabrication. However, four pieces of
PTTE/IEMEV111T{2N1Tthickressr2®@prufdrsablihhedtieditc boistackdly togethiextofdenththe capacitor
separator forsthal mategial;This duinimizes dhe: diffsrenasdnseRaraipkwickusss.pevgsn different |
capacitors. Capacitor testing included cyclic voltammetry, AC impedance spectroscopy, and galvanostatic
charge/dischargelensitcf@icgsiherhbgMiksr an ultracapacitor fabricated from two activated carbon
electrodes and a PVdF-HFP/IEMEV11111f2N1{Zgqlig\lsRfE shows a rectangle shape (Fig. 1019A, top),
typical for a capacitor. Also, a cell voltage of up to 4 V can be determined from the cyclic voltammogram.
Further, in the AC impeglargenipragsuiemer(fkig:r 198 waokamitcapactivabpRavioocharacterized by a
nearly vertical line of t VA f been confirmed. From the Z' Z" plot, a low
effective series rgéﬁlé%a%%é:(éggf%wgﬁf @%@%ﬁ@gﬁ%ﬁ% Wiq}ém(?&é)rsrtni{r?éncﬁtﬁﬁélzgating the high
conductivity20f 15treclidBiPie (SdtPare theJovilingexfaciall vesistad CENdBYddM\thbealeutrodeidnd the ILGPE.
Gavlanostatic chatap/diseharar BERRVIOH A% SAMC.GRRAIL Wanlnussieind ahdiffespnt rates. An

example charge/discharge cure obtained at the rate of 10 mA/cm2 is shown in Fig. 20A (top). From the
straight line portiéf! 8PkHBcaRlerEPhEcE aPan S Heligyedrsivsiy sl thomal Genky BY thebasgsacitor at different
rates were obtaingh (igeROBRADARRNIc Y B sansR Pl disehasaiaeset? s@ohsesends-(the typical

discharge time for HEVSs), carresponding to ischarge ra 10 - 40 mA/cm2, a maximum energy
domsiy up to.20 WHE A1t SRERTHY Hoiscr JEREIS TS 00D AR A P B ABhieved.
25  hexafluoropropylene (PVdF-HFP), can be used to improve the gel properties of the
polymer electrolytes because of its greater solubility in organic solvents, lower
crystallinity, and lower glass transition temperature than the PVdF polymer alone in the
gel. First, 0.34 g of PVdF-HFP powder was dissolved in 1.7 ml of NMP under magnetic
stirring for three hours. The resultant viscous polymer solution was then mixed with 0.8
30  ml of [EMIM][Tf,N] under magnetic stirring for two hours to complete the polymer
gellation with the ionic liquid. 0.4 ml of the obtained homogeneous polymer-solvent-

ionic liquid mixture was then poured onto a piece of glass slide (6.25 cm?). Heating this
26



As part of synthesis of ILGPESs, a preliminary screening of ionic liquids was 25performed in terms of their
capacitor performance relative to the most frequently used conventional organic electrolyte (1M
Et4NBF4/acetonitrile). Several ionic liquids covering the imidazolium, phosphonium, ammonium, and
pyrrolidinium groups were tested. All ionic liquid-incorporated capacitors showed a classic
rectangle-shaped cyclic voltammogram similar to that of the acetonitrile electrolyte-based capacitor.

Better 30 performahiderenaigyianelponiicdensfiEs)ndesiptraiived formaldibay éhumiiepoup, which is

believed to be d%&%mﬁpﬁ@y\é@%m%@mwmwm Mé@‘ﬁ’@ﬁ%’%ﬁ%&’tﬁﬁﬁ@a@éhﬁr groups.
Electrolyte propertles of imidazolium ionic liquids, 1-ethyl- 32 3-methylimidazolium tetrafluoroborate

GEME)/111BF48YEEHYPAENEMIHARIAZYRum trifluoromethanesulfonate GEME)/111CF3S031), and
L ethyl-3-methylmidazol gl dhiararosisuomy N (EMIALTINURyGemRagsen with those

of the acetonltrlle electrolyte, as well as the ormance of capacitors fabricated from these 5electrolytes
are summarized HH&bl¥ %@%IWE)F@ 1Bl cApAEROY P ONRZARK BYFHIIASSI ionic liquids
and acetonitrile ahastrolgtey &l @StapiyHE P popelly waadasive par fomadrcevnMenicdviseasityidMaximum cell
Energy Power El ?rtrqgg }' r%l?r% 8H¥slt e/(r:gyl}ltant viscous polymer solution was then mixed with
0.02 g of zeolite and 0.8 ml of [EMIM][Tf,N] under magnetic stirring for two hours to
complete the dispersion of zeolite powder in the solution and the gellation of the polymer
10 with the ionic liquid. 0.4 ml of the obtained homogeneous polymer-solvent-ionic liquid
mixture was then poured onto a piece of glass slide (6.25 cm?). Heating this solution-
containing glass slide at 110°C under dynamic vacuum (22 InHg) for fifteen hours
completely evaporated the solvent NMP and formed a uniform and light brown PVdF-
HFP/[EMIM][Tf,N]/Zeolite film. The PVdF-HFP/[EMIM][Tf,N]/Zeolite composite
15  ILGPE was a light brown rubbery film and was mechanically stronger than the ILGPE
without zeolite. The zeolite was found to be uniformly distributed within the polymer
gel. In this fashion, addition of inorganic particulate fillers to improve the mechanical
strength of ILGPEs was demonstrated. Addition of zeolites into a conventional gel
polymer electrolyte system consisting essentially of polyacrylonitrile, propylene

20  carbonate / ethylene carbonate, and LiAsFs resulted in the increase of ionic conductivity

from 107 to 10 S/cm, which is the highest so far in the field of polymer electrolytes.

An example of an ILGPE layer 116 was manufactured by the process of Fig. 14
using PTFE/[EMIM][Tf,N] by directly gelling poly(tetrafluoroethylene) (PTFE)
membrane (thickness: 23 wm, pore size: 0.05 - 15 um, porosity: 50 - 70 %) obtained

25  from W.L. Gore & Associates with [EMIM][Tf,N]. This was done by soaking a piece of
PTFE membrane (2 x 2 cm?) in a 4 cm-diameter aluminum pan containing 0.5 ml
[EMIM][Tf,N], followed by heating the membrane (in the ionic liquid) at 110°C and
under dynamic vacuum (22 InHg) for fifteen hours. The obtained ILGPE membrane was
then taken out from the ionic liquid and hung for five minutes to exclude the excess of

30  the ionic liquid. Incorporation of ionic liquids into the polymer membrane can be
improved by imbibing it at elevated temperature and under reduced pressure. This helps

swelling/gelling the polymer membrane, enhancing the uptake of ionic liquid into the
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(cp, at 20C) voltage (V) density (Wh/kg) density (W/kg) [EMIM] [BE] 7.56 151.7 4.0 20.4 2302.8
[EMB4][CF3503] 4.54 51.7 4.0 10.0 2108.1 [EMIM][Tf2N] 4.85 28.0

10

15

20

25

30

polymer network, and thus increasing ionic conductivity for the resultant ILGPEs (up to
107 S/cm even at room temperature). Use of the dynamic vacuum can help the
penetration of the ionic liquid into the depth of the membrane’s pore network and thus
enhance ionic conductivity of the resulting ILGPEs. Ionic conductivity of the resultant
PTFE/[EMIM][Tf,N] was 1.1 x 107 S/cm. As a comparison, a lower ionic conductivity
of 5x 10™* S/cm was observed for the PTFE/[EMIM][Tf,N] prepared using the similar
procedure but without the use of heating during the gelling / swelling of polymer
membrane with ionic liquid. This demonstrates the importance of an elevated
temperature in improving the swelling of the polymer and the uptaking of the ionic liquid

and thus the ionic conductivity of the ILGPE.

Electrochemical window, ionic conductivity, and thermal stability are important
properties of electrolytes in determining the performance and lifetime of an
electrochemical device. These properties were measured for a variety of ILGPEs.
Electrochemical characterization included measurements of the ionic conductivity and
electrochemical windows of ILGPEs by AC impedance spectroscopy using a cell that
sandwiched the ILGPE film between two stainless steel electrodes. The cell consisted of
two identical stainless steel electrodes (2cm X 2 cm for each) and a plastic spacer having
a circular cut-out area of 0.785 cm” and a thickness of 0.0245 cm. Tonic conductivity of
ILGPEs was measured by AC impedance spectroscopy with an AC voltage amplitude of
5 mV and a frequency range of 500 kHz ~ 0.1 Hz. The real resistance Z' at the imaginary
resistance Z" = 0 was used to calculate ionic conductivity of the ILGPE according to ¢ =
t/(SZ') (t and S are thickness and area of the electrolyte between the two electrodes). The

electrochemical window was measured by linear sweep voltammetry.

Ionic conductivities of a number of ILGPEs were measured. The results are
summarized in Table 1 below in comparison with those of pure ionic liquids. It can be
seen that ionic conductivities of all ILGPEs are lower than the pure ionic liquids. This is
associated with the relatively slower ion movement in a gel polymer matrix than in the
pure liquid form. Nevertheless, all ILGPEs show a reasonable conductivity of >1 mS/cm,
which is believed to be sufficient for the fabrication of electrochemical devices. From
the AC impedance spectra, a high ionic conductivity of 1 ~ 3.5 X 107 S/cm was

calculated for all ILGPEs tested.
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4.0 27.5 2316.5 1M ELINBEI/acetonitrile 15.45 -2 2.3 7.8 1418.3  Maximum cell voltage was
determined by cyclic voltammetry (scan rate: 20 mV/s). Energy and power densities were determined by
galvanostatic charge/discharge (current density: 10 mA/cmz2). Cut-off voltage for charge/discharge:
102.0V/4.0V for ionic liquid capacitors, 1.15V/2.3V for acetonitrile capacitor. Capacitors incorporating
imidazolium ionic liquids showed higher performance than the acetonitrile capacitor. This was mainly due

to the wider electrochedieiPmoveioreiiicignitel Yo A EEANBVAHR Wigreeeatsubipdiges for the

capacitor. Having thg.PighRILIUTIH FRNVHELMIN PRS- A RIaRRBE MiscAY R dhesimidagel e group,
15IEMII),411BF41 exhibited a moderate performance. Lower viscosity and ionic conductivity provided

lower performand&StSriENHSE IR RENINH R ieolue A A sriaRlce WasPabisideriolidEV11111f2N1,
the ionic liquid thétlfiadi ke dculesbvisCosiBVam o/l NanG [ Biuids skpecstechsovdanol his implies that

viscosity of an ionic liguid plays i | y}@ﬂ its, conductivity.in determining capacitor
performancgg1 It i§ ﬂ?g%?ﬁﬁﬁ%&%%%&%@gﬁ@%@@gﬁo |ZceS|1(11LCJiS Sr%e ljtjzltexést g}irﬁ%ﬁ? gc%ﬂhﬁéé)istance
between the electeodetipnd g detitytehfaviiranhidicheniohiqrah SFOMMiDB&Rd andttbe the electrical double

layer, and thus epiapgingitheRerfermanee iRfacAPasIRlovemehestinG deBaBsiralest halcapacitors
incorporating IEMII),4111]2N1-containin§flLGPEs showed bettergerformance than those incorporating

IEMIT),411BF41-CORARIHG 288 seRrvhididworisentit With theEB(RYINLENRY i Ribacitors fabricated
from the liquid fosipnificamis kgands (Eabiec2pnlbisi g catesnthatée gardlessuttihetogm) ésher liquid or
polymer gel) of the electrolyte, viscosity, ionic liquid plays a more important rqle t its ionic
conductivity2|dr? inﬁeerﬁ%?%%nggggg?ggep% orﬁrﬁgi ég(.) %}%R%%%O{nsggéﬂlyﬁgﬁﬁ\?ﬁJﬁfi}@]ﬂl based ILGPE
electrolytes prodsieaddiighespperfambenibe fseheitapacinomknBercaigsboniigs rithesthsapaditesr

performance, IEMEMELL 2N WRAS PRIEGEH At dRaRRM QNI Ifwd fBrihgiryaihesislltGPES.
Moreover, combining these electrokinetic attributes with the attractive properties including water

immiscibility and AR§HUBESRISEIT tehfoBA4EHEY400C), IEMEV11111f2N1 promises to be a good

Selectrolyte for UItracapﬁ?elte E:Sctl;%g:}\lleent}llga I\?'vgnad%%léco {gg iGPES were measured by linear sweep

15  voltammetry. The results are summarized in Table 1 below. Fig.16 shows the
voltammogram of PVdF-HFP/[EMIM][Tf,N]/Zeolite as the example. As can be seen,
upon the voltage scanning from 0 to 4.5 V, breakdown of the electrolyte begins at a
voltage higher than 4.10 V. Below 4.10 V, the electrolyte is electrochemically stable,
indicating a wide electrochemical window of 4.10 V of the PVdF-

20  HFP/[EMIM][Tf,N]/zeolite. All ILGPEs tested have a wide electrochemical window of
4 V or higher, showing their high electrochemical stability. This will allow the operation
of ultracapacitors with a high cell voltage and thus high energy storage capacity for the

ultracapacitors.

Table 1. Ionic conductivities and electrochemical windows of pure ionic liquids and

25 ILGPEs.
Ionic liquid or resulting ILGPE Ionic conductivity Electrochemical window

(mS/cm) (V)
[EMIM][BF,] (pure ionic liquid) 7.56 4.05
PVdJF-HFP/[EMIM][BF,] (1 : 2.5) 3.44 4.02
PVdF-HFP/[EMIM][BF,]/Zeolite (1 : 2.5 : 0.06) 2.41 4.02
PTFE/[EMIM][BE,] 1.20 4.03
[EMIM][Tf,N] (pure ionic liquid) 4.85 4.28
PVdJF-HFP/[EMIM][TEN] (1 : 2.5) 1.54 4.10
PVdF-HFP/[EMIM][Tf,N]/Zeolite (1 : 2.5 : 0.06) 1.52 4.10
PTFE/[Tf,N] 1.10 4.15
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The capacitors showed well-defined cyclic voltammograms characterized with a rectangle shape (Fig. 21
A (left)), indicating their typical capacitor behavior. Maximum cell voltages of these capacitors were
determined to be 4 V (Fig. 21B (right)), consistent with electrochemical windows of ILGPEs (Table 1).
Shape and current magnitude of 10 voltammograms of these ILGPE-incorporated capacitors were similar
to those (not shown) of the capacitors fabricated from the liquid form of the ionic liquid IEMI1),411Tf2N1,
suggesting that the ioni€hiiuiel fupRtiEaSANVEIGRER & pslyirrenebby oekiomaingseieEdn the capacitor.

Capacitive behavien afrthese; k&R pilicerrardied fapasiiaim aan B coMimed:hy bfaimRasdance spectra

(Fig. 22), showing nearly-vertical lines at 15low frequencies, tygical phenomenon for capacitors.

Furthermore, theS8AVEPE SHYo SIS R BYRRYs NS Bsed BilR B YaivaRES AR M5 4P ge/discharge
tests at different cisireft derisitieseiita] abOan/omze igs d2@AraeshowkiheTtlrarge/discharge curves of

capacitors oRtained.at 10, mA/cm2. Th milapto. t ot )-Qf a capacitor fapricated from the
i form ofon T 1 TS T o o ke S e ' ergy an
power densities foergingsioacitersowens Eardutate diandPSGriviasatirdel dmaipied ¢eloWCAshan be seen,

relatively lower prrformapeesvaie Qntrined, (o b-eBEInapmasaied v aRasiteyssdipi-shuide

associated with the relatively lower 1onic conductivity of ILGPEs compared to that of pure ionic liquids
(Tablet) and the RBIRGHCNIIRATS YRS L I R IHD S SHEIO E W FRA™R (EBIRT a1 PSR/ ARICHBRWOrK of the
ILGPE and/or betwaemthlidcBieay)dit ehelectiadae Ngeariblel esiag thesefiglresrpfwirit lare still

promising fgp solig;statselgelrplylebased cparars, sspecialiviutien sansidering fhe oygral advantages
of the solid-state €lectro ytes overqlq%l ones such as reduce reac%lty, reduced leakage, improved
safety, better shape AexisiihyQbedtdn prbeessinghsirmgeteristies Nariticvenmal Sormarnsfacturify integrity.

Table 3. Performapcef.aapagifars fehicated fromdEMINLT B STddrdquidfersn Andimelymer gels.
Electrolyte Energy density (WIlifkg) Power density (W/kg) [EMIN4][Tf2N] (Pure ionic |I%UId) 27.5 2316.5
1n n.

PTFE/[EMIM][Tf2AS 64 14eAf08 PN pROREf PS1ats and a healing rate of 5°C/mi

With respect to the calorimetry (DSC) results, it was found that during the first

15  heating cycle a small, broad endotherm occurred between 80-120°C. This would be
consistent with the TGA results and could be water being evaporated or, alternatively, a
low order structural re-arrangement. The cooling cycle generated a small, broad
exotherm usually in the range of 40-70°C. The second heating cycle was generally
consistent with the first one. No glass transition-type events were identified. The

20  ILGPE’s based on the imbibed Gore-Tex® membrane (PTFE) were different than the
others in that a small transition (perhaps the crystallization of PTFE) was identified and
the broad endotherm between 80-120°C wasn’t discerned—probably due to less water
and no NMP, and consistent with the lowest mass loss (0.4%) observed in the TGA
measurements. In general, the heat capacity of the samples decreased continuously as the

25  temperature increased between 80 — 200°C. In general, the DSC measurements indicate
some variations in the thermal transitions depending on whether the matrix was PVdF-
HFP, PVdF-HFP + zeolite, or PTFE. The presence of the zeolite resulted in bimodal
transitions and long continuous changes in the heat capacity as the temperature

increased.

30 Thermal stability of ILGPEs was measured by thermogravimetric analysis (TGA)
(mass loss resulting from increasing temeperature) by measuring the weight loss of the

gel with increasing temperature. Fig. 18 shows the TGA result of PVdF-
30



2280.0 PVdF-HFP[EMIN4][Tf2M/zeolite 20.2 2272.5 Capacitor performance was obtained at the current
density of 10 mA/cm2. Cut-off voltage: 2.0V/4.0V 5Typical Ragone plots of ILGPE-incorporated
capacitors obtained using the current densities of 2 - 50 mA/cm2 are shown in Fig. 24. Upon discharge at
the highest rate of 50 mA/cmz2, resulting in a very short discharge period of 0.8 - 1.5 seconds, very high
power densities of 9,000 - 9,900 W/kg were obtained for these capacitors. Practically, regarding the

discharge times &HP/IBYEEHd Sl aprditypical earpeldoF EVEYIchd thiskinaimnereleyy density and a
maximum power density verg-abtainedydalic dn Eetoiid ke rotediat WgnRreseRifesearch was

focused on the synthesis of ILGPEs and demonstration of their ap(gfltijcation in ultracapacitors. Optimization

of electrode mat&SIEHsd LR AR YAKRGAY MmaAlhnEWsdebt Sttied epasitdrnsari8inance for the
ILGPEs was evahiadecspastédsamphg miadssoflthie @aatbreomatpribhitCanbenpeal etectrodassihrdther than

overall weight of fhgpagkaged canagitor; Based ona Seiéﬂpil%ef%_ 2&6“8?@0%19}?&“0@%?&
active-material-based performances ca be Converte (multiplying by a factor of 0. ) to the
performances fomaioatkabedssapksitorifiT tisieon) mse lnss i @ Radkeiotdersé (0¥ dmeidhisetrics (4 - 5

Wh/kg, 1,000 - 1&9&.‘4’%@&8@&%@99&%&‘@9&%&'&&%@% Btﬁ{l%si%gﬁlﬁwﬁl@ci‘ﬁ’i@%rﬁ!ﬁ%@‘?hemica|
window of ionic liquids over 20conventional organic electrolytes, and thus the larger maximum cell

voltages for such 4pLatisisngarobiif siPRistsE foinrisesRe v At R o db I8 iRsitiftu Mo%shergy and
power densities of it aaagatitoisfabyieaied ftmimilfodB Ry Maximtbeatviakiowmnilasimumndaximum

energypowerenergy densitypower densit L%ﬁ’Eden itydensityfor kaged cell* for, packaged cell*
Wik ) RS T B RIS o A St (P

ILGPEs occurs in the range of 250-450°C with the majority above 350°C, indicating the

high thermal stability of these ILGPEs.

These results support the contention that ILGPEs, especially [EMIM][Tf,N]
containing ILGPEs, are highly thermally stable gel polymer electrolytes and can be used
15  atan elevated temperature up to 350°C. High thermal stability of these ILGPEs ensures
the long lifetime and duration of electrochemical devices. Considering the commonly
used operation temperature of about 60°C for HEVs, these ILGPEs are highly suitable

for ultracapacitors for vehicular applications.

Application of ILGPE:s to electrochemical devices was demonstrated by their use

20  in the fabrication of ultracapacitors. The ultracapacitor was fabricated by sandwiching a
piece of ILGPE with two identical activated carbon electrodes. Any type of ILGPEs
discussed above can be used to fabricate the ultracapacitor. Each electrode had a size of
1.5 cm X 1.5 cm. Prior to use, the aluminum foil current collector of the electrode
assembly was attached onto a polypropylene plate with epoxy. To ensure the good

25  contact and low interfacial resistance between the electrode and the ILGPE of the
capacitor, the electrodes were pretreated with the ionic liquid [EMIM][T{,N] prior to
capacitor assembly. This was done by putting a small amount of ionic liquid on the
electrodes and then placing the ionic liquid-containing electrodes under dynamic vacuum
for two hours. The ionic liquid that was used for ILGPE synthesis was employed for

30  electrode pretreatment. By doing this, gas bubbles were excluded from the depth of
electrodes, and the ionic liquid can penetrate into the bulk of the electrode materials.

Subsequently, the ultracapacitor was assembled by sandwiching the ILGPE with the two
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2842 PVdF-HFP/[EMIN4][Tf2N] 15 7000 5 2450 PVdF-HFP/[EMIN4][Tf2M/zeolite 20 7791 7 2727 25
*Estimated by multiplying the active -material-based pmformances by a factor of 0.35 Finally, we
performed a preliminary cycle life test for an 1LGPE-incorporated capacitor. Based on the fact that all
capacitors made in the current work were fabricated in ambient air, the presence of moisture and oxygen
in the cell may limit the maximum cell voltage of the capacitor. Therefore, for the proof-of-concept, we
cycled the capacitidligsidgitrerai R indesolidges of hy/caracehpwereridigd athefpox nriitial decrease

of -20% in the firﬁ\zﬁﬁﬁm@ﬁglm%mrgydrpmmg@ﬂwﬁnglppmiygg&gaﬁg@m}% over the entire

time tested. The test was stopped at the 100,000th cycle. The excellent cycle life achieved indicates the

possibly longer cllEESthisEreps PGS papsEitbrec v st doverr A arésn FraritestiaRsrEbacitors in a dry
glove box will alleysthecscaacprus o iPheqyalaniom, Npfhareallyolags ©f davh) needdiaaiove promising

results prompted the construction of prototype ultracapacitors using plasma-etched, alggned CNTs as the
electrodes and &R SRR GRUIGE A eHARARIAT SRR ARETRFT, BARS B (REURERHSYEEand the same
ionic liquids werelifégente fabejeateocapaaitosdas eefiatEhRecenfenvaloatifgpthrdC Ndiocg patii@ss. 15Aligned

CNT arrays were si\‘(ﬂmeﬁized tgy vaeuUm %hemical vapar dei)(asig 0,905 ngASI W fert?alggse 'descri_bed
S, properties of the

elsewhere. Contrdl ing the reaction tm%lél%lengnﬁ?es Sﬁtrrg 8%gréyﬁt esis 0 allg%r N

nanotubes could be adjogtéd vbarthe pitiracdpaclioicapaditdntbibiscuediratigneddailetiloarbiactrodes with
the nanotube 1. o des and a PVAF-HFP/[EMIM][TfN]/Zeolite ILGPE shows a rectangle shape (Fig.
10 19A, top), typical for a capacitor. Also, a cell voltage of up to 4 V can be determined
from the cyclic voltammogram. Further, in the AC impedance measurement (Fig. 19B,
bottom), capacitive behavior characterized by a nearly vertical line of the Z' ~ Z" plot for
the same cell has been confirmed. From the Z' ~ Z" plot, a low effective series resistance
(ESR) of about 5 Q of the capacitor was determined, indicating the high conductivity of

15 the ILGPE used and the low interfacial resistance between the electrode and the ILGPE.

Gavlanostatic charge/discharge behavior of the same capacitor was investigated
at different rates. An example charge/discharge cure obtained at the rate of 10 mA/cm?
is shown in Fig. 20A (top). From the straight line portion of the discharge cure, energy
density and power density of the capacitor at different rates were obtained (Fig. 20B

20  (bottom)). In the range of discharge times of 3 ~ 30 seconds (the typical discharge time
for HEVs), corresponding to the discharge rates of 10 ~ 40 mA/cm?, a maximum energy
density up to 20 Wh/kg and a maximum power density up 7000 W/kg have been

achieved.

As part of synthesis of ILGPEs, a preliminary screening of ionic liquids was

25  performed in terms of their capacitor performance relative to the most frequently used
conventional organic electrolyte (1M EtsNBF./acetonitrile). Several ionic liquids
covering the imidazolium, phosphonium, ammonium, and pyrrolidinium groups were
tested. All ionic liquid-incorporated capacitors showed a classic rectangle-shaped cyclic
voltammogram similar to that of the acetonitrile electrolyte-based capacitor. Better

30 performance (energy and power densities) was obtained for the imidazolium group,
which is believed to be due to their relatively higher ionic conductivity and lower
viscosity than other groups. Electrolyte properties of imidazolium ionic liquids, 1-ethyl-
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specifications of the tube length of 150 -200 tun, tube diameter of 10- 15 nm, and 20 spacing of tens to
hundreds of nanometers were obtained. A gold layer was deposited to the (upper) tube tips of the aligned
CNT film and the resulting CNT / gold assembly was physically removed from the silicon wafer using a
commercially available double-sided conducting tape. Finally, water or oxygen plasma etching was
applied on the CNT film. After the plasma etching, the amorphous carbon layer that covers the CNT film

can be 25 properyefndiadagithonteiearagivhpiie G PRldhdetiplasdmatdamderalivas able to cause
a controllable disiptrgratiemefdheraraphiis sVHRtITe J8R0IAY R he LRNREALaaMeCNT end-caps.

Electrochemical and capacitive behavior of aligned CNT electrodes in jonic liquids was investigated using
a PGSTAT30 poféﬁ%@?ﬁf‘ﬁﬁ?@é@é@??&wg@g[&mwgéﬁ@3\1/“. S9RPATisA SrLhBAE Yhde performed in a
three-electrode eleaisoichiervieatddelt consistinglegsentialiynaf dheaplignediiNdaele ivaded@.5 x 0.5 cm?2) as
the working Iectgpg:gbla lsaat}lejl%Vﬁl’izfr?z%ﬁ glangled'@meter) as the auxiliary electrode, and a silver wire (1.5
mm diameter) as the qL}’aSHeference electrode. Investigation was also performed for an activated carbon
electrode (specific surface area: 1000- 2000 m2/g, thickness: 150 um) that is currently employed for
commercial supef@&iaditor8 Bl Hitits ERatH R HRmINeSi iz Biftr edtran dorb OFktd Gy, 41[BF 4]),
1-ethyl-3-methyliATIRY GG SHHiSromethanesulfonate GEMEVIfICF3S031), and 1-ethyl-3-
methylimidazoliumbis(trifluorometh fdesy Dt tep@EMIL) 41[TF2N]Fopagitorpenfemagesd igma-Aldrich.
Electrochemical and capaifive behayjglfithe aliﬁlﬁ%fﬁyCNT%a’{bﬁtg‘ﬁecefbnic Gy was dgigfmined by the
properties of both the aligned CNTs anddhe ionic diguiids. First 0H)10 all, ptasma etching/was
demonstrated to be | Yot in improvin§ the charge’ capacity ghd charge’storage/déf{ery capability for
the aligned CNT elecffmd@sp‘foljthout etafing, the CNT electrode showed adow currentsbig. 26). After
etChing’ the curre il i“ s' eeriéd by cyclic volta ; et *(cn rate: .l. 3 ner7-*an 0 itr nStrated
previously that pla§ifia.etehiiid, can ioBeny Emeve e, ambiiiions cahimlaye) hat Gavers the CNT
15film withol®t dameging the GNT svklestrochesmieallyythig indicates the exposure of the open
(loosely-packed) nanosgrysiuis:-Ofihe el tonihe, siReirRier Gansarueaths el defingdespacing (tens

to hundreds of nanometersg of the CNTs ensures an intimate contact between the nanotubes and the
electrolyte ions rESRGAT IRBFLY SR AT AR P EREr L e AR CEGHAIEPYSIoEEa hlasma
treatment was ablétte calitsBqaidfebindtroltahie: digintecrihionagé dier grapipiticisirdtiviigy ikading to the
opening of some CNIs on.the ecpd-c%;%,sb&ig\dené}h fz%ct. that dianfhetersc{alo- 15 nrr(r)g of these tubes are

larger than the iotrllli%he|alr(r)1%§tcecr(§no}’1 fhe idhic Ilqﬁﬂ <5 seeszev'%g%(f%l%fl ]I]:lgf.: 5% tlz"%ullrﬁrtlegrnap\’/valls of the opened

tubes of thel CNTIENEVE|BdirbeHebrishil ynadeatsitsiéormnanece levtidslyiecovine srdimpic reopdacitedy in an

enhanced overal|siitaea &repRRd:fRIGNER dElasNPOIS 2R apge sRRlibpanshtvsdmproved capacitance
for the CNT electrode from 35 F/(BJ/ItO 440 F/g, after etching, clearly demonstrating the significant
enhancement of BIASYRS SEHMIMIITERNkHBFH0sIE lignid el RaddbrsWEH afseP i AHEN8I88 ma etching
technique is alsoiosieflidjiidsespoviaDstoseirbanpied datalysis ool dheotiNdiihgardacaoRs shown in
(Fig. 6), after etching, an open, (logsely-packed). nanostructure has been.achieved for.the 30 CNT film
Thos, wel-aefinel Bk e e L LR S o
resulting in M probedpegpaitariteofomtmic Nquis extrodethE interércipl otongace pletsiern theatment was able to
cause a controllahlediginiggration Qfothe, alanhiticsiit fiHiggRMRG RS RReRIPGIf Seme CNTs on the
end-caps. Given the fact that diameters (10 - 15 nﬁr%) of these tubes are larger than the ionic diameters of

the ionic liquids (B4 75Y B it ErHaT A 5 BB SRt b¥<L SPRREENTS can be electrochemically
accessible to the e'eCUQ%%gTJEﬁlHMM@%E@@a%&E@JL ﬁ%ﬂ)ﬁ)?ating [EMIM][Tf,;N]-containing

ILGPEs showed better performance than those incorporating [EMIM][BF4]-containing

cased &f

25  ones, which is consistent with the results observed for capacitors fabricated from the
liquid form of ionic liquids (Table 2). This indicates that regardless of the form (either
liquid or polymer gel) of the electrolyte, viscosity of an ionic liquid plays a more
important role than its ionic conductivity in influencing capacitor performance. Having

lower viscosity, [EMIM][Tf,N] based ILGPE electrolytes produced higher performance
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5surface area and introduces additional charge capacity to the electrode. Moreover, etching on both sides
of the CNT film can further improve the charge capacity for the CNT electrode. As shown in Fig. 29, after
etching on both sides, the CNT electrode shows a capacitance two times higher than that of a one-side
etched electrode and more than ten times higher than that of an untreated electrode, clearly
demonstrating the 10 significance of etching. Without etching, the appearance of some CV peaks of a
CNT electrode (Hiy.themapasgbBastiberddisdighe epasite pefesithias-daMNI Ihader s in the CNTSs.

Etching effectivelyjemoyes a9assly RpAERS ariayaisiIMiirENTRRBC NS aAsMES a stable
electrochemical behavior for the CNT electrode. Therefore, plasma etching was used for preparing all of

the aligned CNT e &lseHdtrdimafP Yot g aNERve Prengities HEVdis oee nstsebiportant factor
in determining theneleiiciebemnyicsitiandemeaciivedoetayyiEnoMig CNITsoAmsng ive gralips of ionic
liquids (imidazoliy ridipiu rrolidinium, phosphonium,. and ammonium), the imidazolium group was
selected becfg;usgfg(f,tﬁ(gyr{gl%fv%%%&%%%%r?% X@H&@%i@?&ﬂgﬁ%o [Gwer viscosity (two 20important properties
for electrochemical appiicatiems)jtdrusteredrwtiedaficazoliin gtomnmbareadohicaiguigts] (Waving the best
combination of large electrochemic i , high jonic, conductivity, and low viscasity) that have been
fosted n the abouR HIHA A REaT oLt e e B e IR T e e
summarized in Frgll2pltagsinhithesbgteatijoshupe Glesnierd obai¥dier aligradhONToakstenddes in all

three ionic liquids{HgicdgbchRi e RN ATEPENTHWAS dRIGETMHIR MR cambingd effect of

viscosity, ionic conductivity, and ion size of the ionic liquids. For example, IEMIM11BF41 has the highest
viscosity, thlfs, it HigREIGARS A HBUENABF EHa SRR SEBAE LS Vielg SEas ipsA&Mtin facilitating the
transport of ions iataviheSBdeukledayaiteithedGivmh aletiioideotm comeashi¢hgunpst import factor of
IEMEV111Tf2N1 |s,i viscosity, the | t among all three ionic liquids. Low viscosity 0
EMIMIATIONT N A SO LB T P ATt Bl i) e rger anion
size. With moderatd\igdositthantpasifon SiraciEn vl OF 86081 dloP3Binppopiuerd eagimitar capacitance

for CNTs. However, B@%AE&M?E@%%M Eaécﬁlé)t’li?g. YNSIRANiFESRAASS &iPatheRds of the CVin
1EMEV111CF3S031 suggest a slow charge/discharge process of CNTs in this ionic liquid. Due to this

slow process, a PPONGEREAaIte IRISEPIFRAPIAWESBREIATs has been observed in IEMI1),411CF3S031

Supon the increase of seanLAlR N GANRSPR T SIARIESARAGIARER Waschggeved for the CNTS in
1EMEVI1H3F41 and IEMEV111CF3S031 upon increasing the scan rate up to 100 mV/s, indicating the

fast charge/dischyaprbtisshypeliredaraeieys bt ABums denyisoy! €apdamyvemehissior of CNTs in
these ionic liquidgavag alsavimestigadeiktising 0-RECINRpRARBESSPeEIts a0y ARG’ e yGNTS show a

fquid functonod WOI 45 ISR PSS o e ERELS, CIABGEE B PR AL and
|IEMEV111TX2N 1EBV§giSifthe. bettelioepauitiven pé tiordiaheeof CNT.Sikgyese we dodimditiesds (Table 5).
However, the MOgS: §ﬁ%HBXXIYO%%%Qﬂﬁlé@elﬁ%ﬁéﬂ%&g’éﬁsﬂwle 3 below. As can be seen,

relatively lower performances were obtained for ILGPE-incorporated capacitors. This

should be associated with the relatively lower ionic conductivity of ILGPEs compared to

that of pure ionic liquids (Table1) and the more difficult transport of electrolyte ions

25  within a solid-state polymer network of the ILGPE and/or between the ILGPE and the

electrode. Nevertheless, these figures-of-merit are still promising for solid-state-

electrolyte-based capacitors, especially when considering the overall advantages of the

solid-state electrolytes over liquid ones such as reduced reactivity, reduced leakage,

improved safety, better shape flexibility, better processing characteristics, and better

30  manufacturing integrity.
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15indicates its relatively poor capacitive behavior. At high frequencies, a 45 Warburg region, the
consequence of the distributed resistance in a porous electrode, was observed for all ionic liquids. This 45
Warburg region expands following an order of IEMI1),411BF41 < [EMEV1][11f2N]< [EMEVI]1CF35031,
indicating the increase of the distributed resistance of the CNTs in these ionic liquids according to this
order. In the 20cell set-up for this experiment, it was difficult to maintain a constant distance between the
CNT electrode ad@tlse’ PPovieareancitiahyatecitpotiabrvakiadrona HMAMY EoMbarkaeid Rorertaetive series
resistance, i. e. , {pg sempigation of electrolyte resistance, electrode resistance, and contact resistance)
in different ionic liquids. However, EDR, the equivalent distributed resistance related to ion transport at
the electrode interfac_, i d“z‘yg’éd idicatc_)r t ml‘)f%—!_yontransport b‘%ﬁ%ﬁg@’(the |
electrode/electrolyteimariase Qfdia-Gd) different ion A tow EDRwdld be expected for a
fast/easy ion transport attHERMgiigde/electrolyte interface. This suggests that?ffie3ease of ion transport at
the CNT/ionic liquidyipieanaolone g.order of IEMEJA1H3F41 > [EMIL),41156N1 >
[EMEVI][CF3503dutdable-byAecordingly sanhigherdomcresisian ce-3pv(intefacialresistance between the
electrode and the ionic liquid) due to the slower/more difficult transport of ions at the CNTs is confirmed in
IEMI1),411CE35031. This will result in-a lo e storage/ delivery capadhility for the CNTs in this ionic
liquid. Moreogler, a freq%lé%lgja/]'ig%)@¢ gflal(ﬁsb(\glgggﬁ 0 6Ve %93 %%ﬁ%’?ﬁé}éﬁse%&/l%gplgﬁ%%ge of a capacitor
material. At a frequesertyleigities efan foeniriee™athehpeal dficoR th& vpdidelreecistfwchiehesy dependent
and very small capacitanceAilhbeQRigined «ALA likaLenamReIgw taisMalue; hesgsistapse changes

weakly with frequency and the capacitor behavior tends to approach that of a pure capacitance. The knee
frequency decred4ERBNEMAY S ThAIGHHEY oPIRMMEV/ ket ebiipad By theta PARPELEMD, 411CF3S031,
suggesting the capatitie bebaviag afdlaabMNIstimisess iduediguiisHee/piasbamgecoidinytg, this order.
Having the Il%wesg'f kggﬁn He uenc de1nISEIt\/IEV éLlCF.BSosl roduces t&g sr(’%lheglé1 ?Bae}giﬁiveia property for the
CNTs. Poor capactllﬁve per ormance of 1t ,Eﬂ‘&%% determined by AC mﬁ;e ance ELO
spectroscopy is cbnsidfentatiththhethe psesyrhrstaichChAsivduied siothertrdrsient FeSbbnsedt both ends of
the CV (Fig. 32C) anshha laCEast BarRacianarloNs &t 8Jugsean iR (Fide 3Rkedable S.

Capacitive behavior of aligned CNTs and activated carbon éAC) In different ionic liquids 15 Sample EDR
(a) Knee frequen%%ﬂ(‘i‘flﬁﬁ‘qﬂ%l’%%ﬁ%‘% Wﬁ@a&@ﬁ@%tudle . Capacitor performance for the

ILGPEs was evaluated based on the mass of the active material (carbon) of electrodes

15  rather than overall weight of the packaged capacitor. Based on a simplified estimation
method, the active-material-based performances can be converted (multiplying by a
factor of 0.35) to the performances for a packaged capacitor (Table 4). The results
exceed the performance metrics (4 - 5 Wh/kg, 1,000 - 1,800 W/kg) of currently available
ultracapacitors. Again, the wider electrochemical window of ionic liquids over

20  conventional organic electrolytes, and thus the larger maximum cell voltages for such

capacitors, is the primary cause for this observation.

Table 4. Maximum energy and power densities of ultracapacitors fabricated from

ILGPE:.
Maximum Maximum Maximum Maximum
energy power energy density power density
ILGPE density density for packaged cell* for packaged cell*
(Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg)
PTFE/[EMIM][T,N] 17 8120 6 2842
PVdF-HFP/[EMIM][Tf,N] 15 7000 5 2450
PVdF-HFP/[EMIM][Tf,N]/zeolite 20 7791 7 2727

25 *Estimated by multiplying the active-material-based performances by a factor of 0.35
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CNTs in [EMIM][BFT 4.6 0.87 25.2 CNTs in [EMIIV1][Tf2N] 8.2 0.60 24.3 CNTs in [EMIM][CF3S03] 84.5
0.13 4.0 AC in [EMIM][Tf2N] 39.3 0.029.4 In short, determined by the low EDR, high knee frequency,
and high low-frequency line slope, capacitive performance of the aligned CNT electrodes in these ionic
liquids can be decided to be IEMII),411BF41 > IEMEV111Tf2N1> IEMII),411CF3S031. However,
considering the overall requirements of high performance, safe operation, and 20long cycle life for
ultracapacitors, IEMEV Hip@F4ve prijorpebe Ritdigangy cele diglestéongibial Pniseaiiptahd relatively

narrow electrochggpigabyvinsewoinateaeh dMib dpdcliaih RS Paer HRIAraRed R b ihakest ionic liquid

because of its large electrochemical window, low viscosity, water immiscibility, and high decomposition

temperature, enstiRPKYHIESAORRETIEE AraabHycARd b Fedunmd it hepatinyre
25|EMD,411Tf2Ntldeshegstiatescspypetiorblaeimocfomiegiant capacHiveveerfdun arcamicaigned CNTs

over the currgntly employed activated carbon,electrode materials..Fast charge/discharge process and
thus a high chpac e B e B kSRR g (w10
100 mV/s). Howev&%an thedupt PARY Ieksiesy thaene hwiiathedtyishlel Taetmigevstdpelptahlactivated

carbon electrode @ the entire time tested. The test was stopped at the 100,000™ cycle. The excellent
cycle life achieved indicates the possibly longer cycles of the ILGPE-based capacitors.
Moreover, careful fabrication of capacitors in a dry glove box will allow the capacitors to

10 be cycled to a higher cell voltage of 4 V.

The above promising results prompted the construction of prototype
ultracapacitors using plasma-etched, aligned CNTs as the electrodes and selected ionic
liquids as the electrolyte. Activated carbon (AC) electrodes and the same ionic liquids

were used to fabricate capacitors as reference for evaluating the CNT capacitors.

15 Aligned CNT arrays were synthesized by vacuum chemical vapor deposition on
Si0,/Si wafers as described elsewhere. Controlling the reaction time and pressure during
synthesis of aligned CNTs, properties of the nanotubes could be adjusted. For the
ultracapacitor study in this work, aligned CNT film electrodes with the nanotube
specifications of the tube length of 150 ~ 200 wm, tube diameter of 10 ~ 15 nm, and

20  spacing of tens to hundreds of nanometers were obtained. A gold layer was deposited to
the (upper) tube tips of the aligned CNT film and the resulting CNT / gold assembly was
physically removed from the silicon wafer using a commercially available double-sided
conducting tape. Finally, water or oxygen plasma etching was applied on the CNT film.
After the plasma etching, the amorphous carbon layer that covers the CNT film can be

25  properly removed without damaging the CNTs. Prolonged plasma treatment was able to
cause a controllable disintegration of the graphitic structure, leading to the opening of

some CNT end-caps.

Electrochemical and capacitive behavior of aligned CNT electrodes in ionic
liquids was investigated using a PGSTAT30 potentiostat purchased from Eco Chemie
30 B.V. The measurements were performed in a three-electrode electrochemical cell
consisting essentially of the aligned CNT electrode (0.5 x 0.5 cm?) as the working

electrode, a platinum wire (1.5 mm diameter) as the auxiliary electrode, and a silver wire
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disappeared accompanying with the rapid decrease of its capacitance (Figs. 33A-B), indicating a slow
charge/discharge process for activated carbons in the ionic liquid. A very high capacitance (-430 F/g) has
been achieved for aligned CNTs in IEMEV1111T2N1, which is much higher than that (-50 F/g) of the
activated carbons. Although they have a 5 high surface area (1000 - 2000 m2/g), low mesoporosity and
thus low electrolyte accessibility of activated carbons is likely responsible for this observation. Again, poor
capacitive behavidoanheizstirated thabopicelsbecesletirndd byvigiaigiea MEDRSIONE RISedFequency,

and smaller low-frequanealingslPas-aemrasnaiiosthese atiheplianash&NTs (liablese)13@These results
prove the concept that superior electrical properties and%%orosity of aligned CNTs can be utilized to

produce high eleb PSR EHIrEHY ARG dBENBMSEHTEE 1BFHBAEHPTS IR aibs Y sfould be

mentioned that thecteyétively dligh waadsiybbianidHsuME BBIDHpakiy t6-aanvdittinhadxagueous and

organic elect_golytt%%lilso r%iS%ﬁq‘éﬁ@éﬁ%&?@ﬁ%ﬁ\ﬁﬁﬂ%@%@%ﬁ C{:\P_el[itcl:}f;}gg)_ns (including 15ultracapacitors).
, with their

However, the discovery here indicates that ique properties, aligned CNTs are ideal materials
to overcome thispegbienndadely s depseitamribybividonzbinide s [ENYMT fo¥ ihese atighes#CNTs is higher
than that obtaineg i, LM fH23@#{or a similar electrode material, namely, a CNT array electrode prepared
by chemical vapor deposition in the template of porous alumina. This demonstrates that 20the
template-free synthesisEuuirtoReplRamadciapinii(opemning) pfdecslige:e ONDy@dta itk pipi@ct are better
approaches to prepare, CNTs with.highly aligned and,open stn&;yges high surface area, ensuring
their higher capa\é/i 5%8? el\?g%ﬁg%%? elﬁ%?g)?ﬂ)o{%ﬁhggﬁlcﬁﬁes%n, 6 l%grr%r%l&gg-cf?é ms?nﬁ?ﬁ%ipproach
was used td @btaitl. mighiyaaslighieg VeI forstitred tpkecitopaaplicatioproy Highatimesenvafiyanotubes and
well- 25 defined spacingbeiyeandif Hpes movidedhe GliswithraRigh aurfacraie@andghioh

electrolyte accessib'lé;% ensuring a high capacitance, fast chla}{?e/discharge process, and excellent
capacitive behavibf %C@Wﬁh?%?éﬁﬂﬁ&éﬂﬁrﬂ%%ﬁi@% ersiclifta BEHIFgh AL HERYDemonstrated

to be very useful dntrerapMing:the @meipheusicaitondayar frometncidopsiniade afibesGhhhtfilm and in

opening end-caps, of the CNTs, enhancjng 30the overall specific, surface area of the C ilm and the

clectiont acoooDl STHHE G PRSI S L AP o R L ST Kignifcantly

improve thel éapdditancd ot then@E fim(@dstrddimsiorhehecalbyirtiiraddonicslibeickplsMEYADd TI2N1, the

optimized aligned fehis (m SIRRUGIRAASIE SieheeNTINE U NINES ARAAIINGEI(4S0 F/g vs.
ina

50 F/g) and faster charge/discharge process than an activated carbon €lectrode. Finally, the CNT
capacitors (CNTAESNGErPRARg T YR e IR 1Of BisIthe 84k @ 1dRiEiids. Both
capacitors showednielidefinet ke ataogises bapth EN& (b9 i34LrBudintt higmps®ARhptiadecthe large

electrochemical valp%o%&t e |oné(i liquid em r(I)%/egli,dallar e cell volta‘ge of 4V was observed for both

capacitors. Chargcl)ng disc a?g%tﬁo Se AEAE" pacrzll 5 Bith AN Hereased Ss%ba{ﬁ 558" %M 5 to 20 mvis

resglted in an inoreasédﬂdcrd'emtegl@vi@veﬂlmgtwhiit@mwmf kvdlisgan theteperaf wi\4shd 0did not lead to
the increase of thegTaNhasAXRESIasISIRAE . AlaiiYaHIEhaneed CUirRiand astiunk CV (shown by

arrows) were observed, indicating poor char%e storage/delivery capability and slow charge/discharge
process of the AdigetdpachoIrigtanaray! trioaidingidd waihited foetrd \oir dtidyte accessibility
and poor capacitiveibehadepafdherstvatrdsarbensitorernbiarhithaccdysble capasitefrshayvs an 15

increased current (shown by arrows) and remains the well-defined rectangle GV, upo
e e g e S B B S L s erctelvery
capability afl fastotvarigblgisthdrge pproveds:apioreovefougho i ictiegttadd fvorthEd CId TélkdOapacitor

showed an additiphal, feA QX RFCaSS A ARUNG 4iYe MRS MABERE e G RIESENGE Qi irace amount
of firmly-bonded catalysts in the CNTS,
Furthermore, the results demonstrated that the plasma etching technique is also

useful in removing loosely-bonded catalysts from the CNT film surface. As shown in
(Fig. 6), after etching, an open (loosely-packed) nanostructure has been achieved for the

30  CNT film. Thus, well-defined spacing ensures an intimate contact between the CNTs
and the electrolyte ions, resulting in improved capacitance for the CNT electrode.

Further, prolonged plasma treatment was able to cause a controllable disintegration of
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20whose electroactivity can be triggered upon charging the capacitor to a high voltage. It is likely that,
different from the loosely-bonded catalysts, the firmly-bonded catalysts cannot be removed from the
CNTs by plasma etching Importantly, this additional redox process is fast and reversible, introducing
additional pseudocapacitance and thus charge storage capacity to the capacitor. 25Capacitive behavior
of these capacitors was further investigated by AC impedance spectroscopy, showing vertical lines at low
frequencies for bheaipudnersqrig. Bajimronherepa@impadan N Spestie expeaitiveyendidor

parameters of capaciiRraArfRYMMALiZedASINIAP IR AR ¢a0Pt L a1 iBrtiilahdsbvas observed for
both capacitors, suggesting the similar electrical conductivity of the two types of electrode 30 materials

employed. HowelR8H il digcapadioiniaibe alls @i s gReeedrtarteL e SR8 B% Warburg region,
indicating a high ¢hertatiahiesigtanesibirdatstanddidigw! raizdppiboéclectialiyie ipnsfat the
electrode/electrolyte interface of the capagitor. Poar capacitive avjor. of this capacitor can be
Confitmed by s S SR B 1 o M SRS R R MR P 6
Capacitive behavishasdpbefbriiancéthe GRYAddperatois tiRidoipoeie tharhdedeofaphesiz dpaidtor ESR (a) EDR

(a) Line slope at Wfé%&%agieﬁsigﬂ&@nfﬁﬁwQ@Yﬂf@)egmﬁ’g(on both sides, the CNT electrode
shows a capacitance two times higher than that of a one-side etched electrode and more
than ten times higher than that of an untreated electrode, clearly demonstrating the

10  significance of etching. Without etching, the appearance of some CV peaks of a CNT
electrode (Fig. 26A) may be attributed to the presence of residual catalyst materials in
the CNTs. Etching effectively removes these loosely-bonded catalysts from the CNTs
and thus ensures a stable electrochemical behavior for the CNT electrode. Therefore,
plasma etching was used for preparing all of the aligned CNT film electrodes in the

15  following work.

Electrolyte choice is another important factor in determining the electrochemical
and capacitive behavior of the CNTs. Among five groups of ionic liquids (imidazolium,
pyridinium, pyrrolidinium, phosphonium, and ammonium), the imidazolium group was
selected because of its relatively higher ionic conductivity and lower viscosity (two

20  important properties for electrochemical applications). Further, in the imidazolium
group, three ionic liquids (having the best combination of large electrochemical window,
high ionic conductivity, and low viscosity) that have been tested in the above
ultracapacitor research, were selected. Physical properties of these ionic liquids are
summarized in Fig. 27.

25 Similar butterfly-shape CVs were obtained for aligned CNT electrodes in all
three ionic liquids (Fig. 32). Capacitive behavior of CNTs was determined by the
combined effect of viscosity, ionic conductivity, and ion size of the ionic liquids. For
example, [EMIM][BF4] has the highest viscosity, thus, its higher ionic conductivity and
smaller anion size (Fig. 27) is important in facilitating the transport of ions into the

30 double layer of the CNT electrode. In contrast, the most import factor of [EMIM][Tf,N]
is its low viscosity, the lowest among all three ionic liquids. Low viscosity of
[EMIM][Tf,N] offsets the negative effect from its relatively lower ionic conductivity and

the larger anion size. With moderate viscosity and anion size, [EMIM][CF;SOs] also
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(VVh/kg) P.m (kW/kg) Emax (VV1i/kg)* Pmax (kW/kg)* Activated carbon 1.55 8.2 10.1 0.09 19.6 6.3 6.9
2.2 Aligned CNTs 1.51 0.5 14.1 54.3 148.1 315

produced a similar capacitance for CNTs. However, the less symmetric CV and the
slower transient response at both ends of the CV in [EMIM][CF;SOs3] suggest a slow
charge/discharge process of CNTs in this ionic liquid. Due to this slow process, a
pronounced decrease in capacitance of CNTs has been observed in [EMIM][CF;S03]

5  upon the increase of scan rate. In contrast, a fairly stable capacitance was observed for
the CNTs in [EMIM][BF,] and [EMIM][CF;SOs3] upon increasing the scan rate up to 100
mV/s, indicating the fast charge/discharge process of CNTs in these two ionic liquids
(Fig. 30).

Capacitive behavior of CNTs in these ionic liquids was also investigated using

10 AC impedance spectroscopy (Fig. 31). CNTs show a vertical line at low frequencies in
all ionic liquids, a typical capacitive phenomenon, indicating that all ionic liquids
functioned well as electrolytes for the CNTs. Steeper lines obtained in [EMIM][BF,4]
and [EMIM][Tf,N] suggest the better capacitive performance of CNTs in these two ionic
liquids (Table 5). However, the more shallowly sloping line in [EMIM][CF;SOs3]

15 indicates its relatively poor capacitive behavior. At high frequencies, a 45° Warburg
region, the consequence of the distributed resistance in a porous electrode, was observed
for all ionic liquids. This 45° Warburg region expands following an order of
[EMIM][BF4] < [EMIM][Tf,N] < [EMIM][CF3S0s], indicating the increase of the
distributed resistance of the CNTs in these ionic liquids according to this order. In the

20  cell set-up for this experiment, it was difficult to maintain a constant distance between
the CNT electrode and the Pt wire auxiliary electrode, making it difficult to compare
ESR (effective series resistance, i.e., the combination of electrolyte resistance, electrode
resistance, and contact resistance) in different ionic liquids. However, EDR, the
equivalent distributed resistance related to ion transport at the electrode interface, is a

25  good indicator to measure the ion transport behavior at the electrode/electrolyte interface
of the CNTs in different ionic liquids. A low EDR would be expected for a fast/easy ion
transport at the electrode/electrolyte interface. This suggests that the ease of ion
transport at the CNT/ionic liquid interface follows the order of [EMIM][BF.] >
[EMIM][Tf,N] > [EMIM][CF;SOs] (Table 5). Accordingly, a higher ionic resistance

30 (interfacial resistance between the electrode and the ionic liquid) due to the slower/more
difficult transport of ions at the CNTs is confirmed in [EMIM][CF3SOs]. This will result
in a low charge storage/ delivery capability for the CNTs in this ionic liquid. Moreover,

a frequency “knee” can be used to evaluate the frequency dependence of a capacitor
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51.8110.3 *Performance of packaged cells, estimated by multiplying the active-material-based
performances by a 5factor of 0.35 In contrast to the AC/IL capacitor, excellent capacitive behavior
was obtained for the CNT/IL capacitor. This can be clearly supported by its much lower EDR, larger slope
of the low-frequency line, and higher knee frequency than those of the AC/IL 10capacitor (Table 6). Highly
aligned and open structures and excellent electrolyte accessibility of the aligned CNTs are responsible for
these findings. Weattstide d thafedieydi dhegibendie okeee GheTaal papatilsy iBRediarédalso much higher

than that of mostQmMMSraiginRYriableHIERGARAEHAM YUl BE Sokaiel. IREIUGiaLhgar BRECially
designed for high power aﬁglications, suggesting that most of the stored energy of the 15CNT/IL

capacitor is acceZEio1aYt MSGENARSS SRRGH UK pith-Fa eyt RS A A58AY8 means better
power performaneeaditdeppasidiagplichiipns: capackuitheMeoiacthesgoapatitersywaod subdjected to
galvanostatic chayge/disc a iffere r ities. As an example, the
charge/discr?argzt‘ﬁ gu?@gé% %ﬁlﬁﬁg@rﬁéggﬁ'ﬂ@eﬂggﬁj& @%@Mﬁgﬁ%@ﬁﬂﬁéﬁ%ﬁ% é Jown in Figs. 37A-C.
20 As can be seeaprisionbehigtivafahsrodbdsswhssobtainbduids deerastlacsaphioitdr BNddedied by a bent
discharge curve apdithenanserainhiakdafiniyo e inghaias stiagatlinenbsaimehighyinigracial resistance
and slow/difficult ion transport at the interface between the activated carbon and the ionic liquid are
responsible for tHLBFBBIEMDHIShtrast, the CNT/IL capacitor can be charged/discharged rapidly. The
well-defined 25discharge straigiidiviepetearasierapsagsdhsiahialstarec engrgyCahipelaapacitor can be
delivered rapidly. Increasing the cell voltage from 3 V to 4 V resulted in a relatively slow charge process
for the capaiitor HH L e NG 5 B i A AP o e B BB O e ae
discussed aboveafdroRigadS6AIR Y- N élierthele sod durdes e prefepadilennandSiNIctare digh tivenaligned
CNTs, the storedrgg@pgé( 5l can be 30delivered rapidly. Importantly, use of the high capacitor voltage
and the introduction of pseudo-capacitance to the CNTs can further enhance performance of the
capacitor (Fig. 28yble SFiGmatitvdibolarige dfialiger d§idiFeendiadifferedht ahar (i Gesdifereavergy and
power densities Vi batediated for these two capacitors and are presented in Ragone 5plots (Fig. 28).
For the AC/IL capacitor, upon the increase of the power density, the energy density decreases, a typical
phenomena for most conventional ultracapacitoE?Rrhis meahns tHateeto adhieve a hi ih power for the
capacitor, its energy storag@&pacity will decred& rapidly. Thiféeﬂgtg%ng been aatpé]v I3MRfor

. . . N s . \ N 0 requencies .
conventional ultracapREiREMINRRIrast, the CNTJL capacitor shegys a mrgh‘pomr‘de‘g%rty‘a‘t‘a‘mgﬁ

energy density, 10 indisatipgiatting high energy.stored in CNTean be|delivered veazysrapldly to aghieve
a high power. Foéﬁnﬁaﬂ@i&ﬂi@ﬁ@zﬂergy densifi¢-df 100 Wh/kg ¢alid be maintained at4?
AC in [EMIM][Tf, 39.3 0.02 9.4

In short, determined by the low EDR, high knee frequency, and high low-

frequency line slope, capacitive performance of the aligned CNT electrodes in these
ionic liquids can be decided to be [EMIM][BF,4] > [EMIM][Tf,N] > [EMIM][CF3SOs].
However, considering the overall requirements of high performance, safe operation, and
20  long cycle life for ultracapacitors, [EMIM][BF,], may not be the good choice due to its
water miscibility and relatively narrow electrochemical window. Instead, [EMIM][Tf,N]
has been determined to be the best ionic liquid because of its large electrochemical
window, low viscosity, water immiscibility, and high decomposition temperature,

ensuring high performance and long cycle life for the resulting ultracapacitors.

25 [EMIM][Tf,N] demonstrates superior electrochemical and capacitive
performance of aligned CNTs over the currently employed activated carbon electrode
materials. Fast charge/discharge process and thus a high capacitance (Figs. 32A-C) of
aligned CNTs remained upon the fast potential cycling (up to 100 mV/s). However, at a

scan rate higher than 5 mV/s, the typical rectangle-shape of an activated carbon electrode
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power density as high as 100 kW/kg. Unique properties of aligned CNTs discussed above are responsible
for this significance. From these results, maximum energy density (Ema") and maximum power density
(Pmax) of the capacitors are obtained and included in 15Table 6. It should be stressed that energy and
power densities of the CNT/IL ultracapacitor are also higher than those CNT ultracapacitors (aqueous
electrolyte-based) reported in the literature. This should be due to the use of not only highly aligned CNT
electrodes but aldisdiiptueibeteoemenios Wihdsvapdiddigeitison theaprataae prigect3 mBeed, as proposed
and demonstrategqihig GominatioRoeiiie HRIpeRIORsI ias ot 20alignethGN Tswillyshosg of ionic liquids

is an innovative aspect of the work and holds the potential to revolutionize ultracapacitor technology. A
number of variatibri¥ B FABHEMSdRS OF i v SRtoARiy W Ulignehiolha B Y SEBIED Jprovide for

some features ofwhelhrivenitbrhigittratipdoidiag B ersthEactexa plebiononalditergiative kembodiment, the
solvent or swelli ent, which 25in this insta is identical with the,ionjc liguid, remains in the ILGPE
Commasition- T D e exemple
only one of the patyasahdicorhponeind ¢erbor patilbtdyvstrenstisrier Hejsiebsaiydidditidgalnasgh can be novel

properties for th%%&&@@%ﬂé}%&%@ﬁ%’c@}%ﬁc@ﬂ%é%&h‘ﬁ%@@ﬂ _%s%@@ﬁi’lﬁ@ﬁ%@_@ use of the
ILGPE composition in which the ionic liquid remains present 30 is the dissolving or solvating of one

polymer componEReaf SN Bfp AL ST WReIEPSh B P8 IS A e8RS SRt 95 the ible with the
simple ionic liquidNTrogie mixing or kneading of this multiphase system it is possible for the ionic liquid
to migrate into the phase which is incompatible with the simple ionic liquid. ~ In another embodiment,
the dispersibh of the iorliRefig e e SR8 SR AR Rt @ BYHESARI P M Mg process.
Here, the ionic liglighisl lnougbid mowciontaat witkiuvandi ghemnthotbugilyl aridedpadttiyvédhe molten phase of the
polymer host. Another methad bri he ionic liquid info contact with .the solid phase .of the polymeric 5
Component. melte g At HBe St R A o o St WAty B T SURERer host Gne
way of achievingltigis Vsstosus@medhiinicds eoixirigiod theqpoiptierahagteans amedsaigdiquid by means of an

extruder or stirreg@g@&g{&qgig;%@m@g%g% A0 DERIRHENCS, 5% GINER (nbdig of the individual
components of the ILGPE compaosition in a single- or twin-screw kneader, the polymer host being molten.

It is also possibleERBORTEBDy Y NEE S BISEOYRR AresoN s the-idnik fgliHridYelatively high
temperatures dupngéhenixingPEeessroidéar haitithetpolwsremd ask pashiha.iouiw liguid to be dissolved
in a solvent. In one embodiment, the polymer host, which compyi recipitated, spray-dried, or
lonsommerature R B R B R e
addition of a solvent WHich@afemdissoia tretidiionidaiglidand carBT digspklecthalppiypasdc component,

thus giving homageneays,dizRerHaR QlitisdRIGIAMIL B ARG ARIBRL £ORRSIURB AL fyention. I

other embodiments, the ultracapacitors of the present invention are used in applications other than hybrid
electric vehides. B Feapifplesei nvagirsiimm Braasmicdcitig (eraring) weess durerarelust dhibuters,

cellular telephongsejpageesevidepprmakado prepAQIENTs el Kamis. inghadicabpleciiepictsthey can be
used for portableaglgflllg%r:ﬂlatgrs, dru dellv.e%y unltﬁ %nd neur.ologelg\% stlmulatot[s. lgs he military and

surrace ared, ensurin their higher capagitan VEen 11 1gnic liqui . . .
defense, the ultracapacitors can be used| speua%zecf hobife power applica iGhS uch as communication

devices, unmanned aenakygtliGiRs, SRacaplal-prehenirmd 4pissien sysiams opinnmnentally friendly
solid-state lLGPEaﬁgCnaéla E‘Elnfesfpog u tlgcea[l;g'(g%er ggp i@a%%ns. High alignment of nanotubes and well-
25  defined spacing between the tubes provide the CNTs with a high surface area and high
electrolyte accessibility, ensuring a high capacitance, fast charge/discharge process, and
excellent capacitive behavior for the CNT film electrode in the ionic liquids. Plasma
etching has been demonstrated to be very useful in removing the amorphous carbon layer
from the top surface of the CNT film and in opening end-caps of the CNTs, enhancing
30  the overall specific surface area of the CNT film and the electrolyte accessibility of the

CNTs from both the external and internal surfaces so as to significantly improve the

capacitance of the CNT film electrodes. In the optimized ionic liquid, [EMIM][Tf,N],
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25electrochemical devices (such as batteries, electrochromic devices, sensors, photoelectrochemical
solar cells, and light emitting electrochemical cells) with high performance and extended lifetimes. The
present invention, in various embodiments, includes components, methods, processes, systems and/or
apparatus substantially as depicted and described herein, 30 including various embodiments,
subcombinations, and subsets thereof. Those of skill in the art will understand how to make and use the

present inventiorihgfentignast stisnadgNie fbie séastigisclbeermederdiehpie seaw snvantibhighievarious

embodiments, in@HM&%R&QY&@WQ/%d%V&?P/%@f%&S% nydheralsenee.of iigmm et dgricted and/or
described herein or in various embodiments hereof, including in the absence of such items as may have

been used in preSARY &  or processes, e.g., for improving performance, achieving ease anthor
reducing cost of implentemtafiahe S Niectpregoin gNIrlsSieneabihgaint entidhdaps beensrdasented for

purposes of glusiiafion and desription., T e [aregoing is.not byenred i miLie, IngRtopyg the form or
forms disclosed heréin. In the 11‘%rego ng Detailed 'Description for examplfe, various features of the

invention are grotfped 164ebndifiione ot Mbr&enid duitargstsi¢eir hbepueposmdivewedmiiniitg the
disclosure. The feglies\pihe emiodimentfetheA0dnyepionmay Recomiingd in alternate

embodiments other than those discussed above. This method of disclosure is not to be interpreted as
reflecting an inte taFRIREITECRNR &Y MEAhERIEHGiPaD b feasfidraanaly HneXis el fecited in each
claim. Rather, asrtbd ttallowingaclaisas saflaat, Huentivefasipe diskasindess thanrak feaires/ef a single

foregaing diglosgq embodiment, Thus. e following, dlaims are fiarehy, Ieincorparated into this Detailed
Description, with each claim stan Ing on its own as a seﬂ)araefe' prel‘erré% embodiment of the invention.
Moreover, thoughutientet siphicmioEh &hovertionrioss imsiedddedesskiptioriog oper oharsisre embodiments

and certain Variaﬁt%?&é’/ﬁ@h%‘?ﬂUﬁ‘ﬁ%ﬁﬁﬂ?aQ&Q%W@B@E%%cﬁ%‘%@BP@&&E‘Ef aRdvnedifigaiqns are within the
no

scope of the invention, e.g., as may be 20within the skill an wledge of those in the art, after

understanding th jsfesant BB wdBS HEHRISS (8 Bsta FigRESNRiReFsERINE ARER9Stive
embodiments to tapaextenbfarmitietthinetiding alieonatdnitserelangsaliEandinicRaikalestructures,
functions, rgnges or steeBs to thto SEO%%iweéj wh gggrror not ﬁ%cgg It(?erglget&énttgrig%\geable and/or

. ncrea C cn TTOWS INains - .upon . .
equivalent structures, functions, anges rs?ep are diSclose erein, and w outlnPendlng to publicly

dedicate any patehtediie/disojecgingattero 2fhadis dfagmedAsB L imdicdtiag Hp axitdicntshapgising:
storage/delivery capability and fast charge/discharge process. Moreover, upon cycling to
4 V, the CNT/IL capacitor showed an additional redox process at around 2 V. This may
be due to the presence of the trace amount of firmly-bonded catalysts in the CNTs,

20  whose electroactivity can be triggered upon charging the capacitor to a high voltage. It
is likely that, different from the loosely-bonded catalysts, the firmly-bonded catalysts
cannot be removed from the CNTs by plasma etching. Importantly, this additional redox
process is fast and reversible, introducing additional pseudocapacitance and thus charge
storage capacity to the capacitor.

25 Capacitive behavior of these capacitors was further investigated by AC
impedance spectroscopy, showing vertical lines at low frequencies for both capacitors
(Fig. 36). From the AC impedance spectra, capacitive behavior parameters of capacitors
are summarized as in Table 6. As can be seen, a similar ESR was observed for both
capacitors, suggesting the similar electrical conductivity of the two types of electrode

30  materials employed. However, the AC/IL capacitor shows a very high EDR and an
expanded 45° Warburg region, indicating a high interfacial resistance and a slow/difficult

transport of electrolyte ions at the electrode/electrolyte interface of the capacitor. Poor
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(a) first and second electrodes, the first and second oppositely charged electrodes 5 primarily comprising
carbon nanotubes; and (b) an electrolyte material, comprising oppositely charged ions, in contact with
first ends of the first and second electrodes, wherein at least most of the first ends of the carbon
nanotubes are open to permit the ions to access interior surfaces of the nanotubes, wherein the sizes of
the ions are less than interior diameters of the carbon nanotubes. 102.The ultracapacitor of claim 1,
wherein longitudi¢fikeikes bfhayjenst thissersoiie exrbesondnoadousiarengllsiantbiie pawallel to one
another along suistaptia/utbesantive-lengih afdhgdaangtibe and wherein at least most of the carbon
nanotubes are carbon nanotubes. 3. The ultracapacitor of claim 1, wherein at least most of the
opposing 15secoleberfts(aptrdizafisdavirvord beddnmectinf widogpaoitel electrodes are open. 4. The
ultracapacitor oEiamdel, whES8in dillBastlimodbtf theloadon nanotubes have lengths of at least about 75

microns, inter- rﬁfggﬁ'cn'h&n tue pé@ihgsf&%ﬁgmgirﬁﬁa;ﬁ)b‘dut myogt(mgq rrﬂ,\,%m d a@%ﬁ%@ fanging

from about ( 6 20511

yésRioR Gam205.The quLdeu&é of ictaiyet, whergyt the eug;_(g‘tguﬁi) tematerial
comprises an Kniediguid and. polymer Host 1n.the formsof a selfisyppartingiilm, (wherein the iarac Tiquid
has a melting poitfegémormofethan! alibut 100 degrdes)@elbiusia decorpasitafrtempenature of at least
about 200 delgreé§'C¢8(4id%, a viscosity of no more than about 200 Cp, an ionic conductivity of at least
about 0.1 mS/cm, and an electrochemical window of 25at least about 2 Volts. 6.The ultracapacitor of

claim 5, wherein: (1) theriqiigiiig GeMPYIBESIpdKGH IRashaeHation Selssirg Waihenmeagep consisting

essentially of the Loll Wi ﬂcomp,ound%and mixt re? thereof: R P6sx Nﬁrlz e X-R5 N R3 Pyrazinium
Imidazolium the CN capacitor. This can be clearly supported by its much lower EDR, larger

slope of the low-frequency line, and higher knee frequency than those of the AC/IL
10 capacitor (Table 6). Highly aligned and open structures and excellent electrolyte
accessibility of the aligned CNTs are responsible for these findings. We noticed that the
knee frequency of our CNT/IL capacitor (54 Hz) is also much higher than that of most
commercially available ultracapacitors (usually < 1 Hz), including those specially
designed for high power applications, suggesting that most of the stored energy of the
15  CNT/IL capacitor is accessible at frequencies as high as 54 Hz. This larger frequency

response means better power performance in demand applications.

Furthermore, these capacitors were subjected to galvanostatic charge/discharge
tests at a range of different current densities. As an example, the charge/discharge
curves obtained at a moderate current density of 10 mA/cm? are shown in Figs. 37A-C.

20  Ascan be seen, a slow discharge process was obtained for the AC/IL capacitor
evidenced by a bent discharge curve and the uncertainty of defining a discharge straight
line. Again, high interfacial resistance and slow/difficult ion transport at the interface
between the activated carbon and the ionic liquid are responsible for this problem. In
contrast, the CNT/IL capacitor can be charged/discharged rapidly. The well-defined

25  discharge straight line clearly demonstrates that the stored energy of the capacitor can be
delivered rapidly. Increasing the cell voltage from 3 V to 4 V resulted in a relatively
slow charge process for the capacitor. This is believed to be due to the introduction of
the redox process at a high voltage (as discussed above for Figs. 35A-B). Nevertheless,
due to the preferable nanostructures of the aligned CNTs, the stored energy still can be

30  delivered rapidly. Importantly, use of the high capacitor voltage and the introduction of
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RA R5 R3 N + Ri R3 N + g2R2 H PyrroliniumPyrrolidiniumPyrrolium Swherein 121, R2, R3, R4, R5, and
R6 of the cationic components are identical or different and are selected from the group consisting
essentially of: (i) a hydrogen; (ii) a halogen; (iii) a hydroxyl; 10(iv) an amine; (v) a thiol; (vi) a Ci to C25
straight-chain, branched aliphatic hydrocarbon radical; (vii) a C5 to C30 cycloaliphatic hydrocarbon
radical; (viii) a C6 to C30 aromatic hydrocarbon radical; 15(ix) a C7 to C40 alkylaryl radical; (x) a C2 to
C25 linear or brapihde-edpskttiech{@ifacarbbrepadiedidigvirgiarafaptioncdyf dhecepasisre(Rgteroatoms,
such as, oxygen,gitrogen or sulfur; (xi) a C2 to C25 linear or branched aliphatic hydrocarbon radical

having 20interruption by one or more functionalities selected from the group_consisting essentially of: (a")
a carbonyl: (b") an e Ste}érom the discharge curves obtained at different current densities, energy and

power densities were calculated for these two capacitors and are presented in Ragone

5  plots (Fig. 28). For the AC/IL capacitor, upon the increase of the power density, the
energy density decreases, a typical phenomena for most conventional ultracapacitors.
This means that, to achieve a high power for the capacitor, its energy storage capacity
will decrease rapidly. This has long been a problem for conventional ultracapacitors. In
contrast, the CNT/IL capacitor shows a high power density at a high energy density,

10 indicating that the high energy stored in CNTs can be delivered very rapidly to achieve a
high power. For example, a high energy density of 100 Wh/kg can be maintained at a
power density as high as 100 kW/kg. Unique properties of aligned CNTs discussed
above are responsible for this significance. From these results, maximum energy density
(Emax) and maximum power density (Pp,x) of the capacitors are obtained and included in

15  Table 6. It should be stressed that energy and power densities of the CNT/IL
ultracapacitor are also higher than those CNT ultracapacitors (aqueous electrolyte-based)
reported in the literature. This should be due to the use of not only highly aligned CNT
electrodes but also high-electrochemical window ionic liquids in the present project.
Indeed, as proposed and demonstrated, this combination of the unique properties of

20  aligned CNTs with those of ionic liquids is an innovative aspect of the work and holds
the potential to revolutionize ultracapacitor technology.

A number of variations and modifications of the invention can be used. It would
be possible to provide for some features of the invention without providing others.
For example in one alternative embodiment, the solvent or swelling agent, which

25  in this instance is identical with the ionic liquid, remains in the ILGPE composition. This
is particularly advantageous for multiphase polymer systems in which, for example, only
one of the polymeric components is compatible with the ionic liquid. An additional result
can be novel properties for the multiphase system, preferably at the phase boundaries.
Another possible use of the ILGPE composition in which the ionic liquid remains present

30 is the dissolving or solvating of one polymer component of a multiphase system, where
another polymer component is incompatible with the simple ionic liquid. Through
mixing or kneading of this multiphase system it is possible for the ionic liquid to migrate

into the phase which is incompatible with the simple ionic liquid.
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(c") an amide, where R' selected from the group consisting essentially of hydrogen, CI-Cu straight-chain,
branched or cyclic alkane or alkene; (d') a sulfonate; 5(e') a sulfonamide, where R' selected from the
group consisting essentially of hydrogen, CI-Cu straight-chain, branched or cyclic alkane or alkene; (xii) a
C2 to C25 linear or branced aliphatic hydrocarbon radical terminally functionalized by ClI, Br, F, I, NH, OH,
NH2, NHCH3 or SH; 10(xiii) a C5 to C30 cycloaliphatic hydrocarbon radical having at least one
heteroatom selected frdmatiaehgr stbeBmsivtify isperstiallgf shoionic Samdd optaekiipesubstituted with at

least one of the fRlRWIREIEal (REs Blake Wi nfdis MHEmNHEHB8sSHErEX Mk fofid figuii Blkydaryl radical
heteroatom selected from the %r%lgj{ﬁconsistin essentially of 0, N, S, and optionally substituted with at

least one of the fHIBWARG<EA™! pee S ahineras A Brdhe Moy phreeablbs PabiRsr Botstituted with
at least one of thaiotl@wingHol Bings, theNdhiQiduiN iy dbnkedd 3o GEsa2a(phihe 5He foBheyicloaliphatic
hydrocarbonyadica),subsituleh \ih ahisash one, of the fallowing, Gl Bt s | Nt D N2 NHOHS or SH
(c") a hydroxyl, ((5('3 an amfne‘;a‘?e\% 2 t‘hYé’P 5 ?X\?) a pofyet er of the type 8()115 %]) 1°R8 or block or
random type -0-(PPRymerytost] Oneorny-pgehivaregritas e tsusst mestoliesimikisarish¢aolRieidestinear or

branched hydrocgrhan fagicalAVIHGEam & 18 &GatRPH-AtRmS: SRR RE. isfplingakorhganched

hydrocarbon radical having from 2 to 4 carbon atoms; and (c-) wherein n is from 1 to 40; and
preference is given to mixing of the individual components of the ILGPE composition in

a single- or twin-screw kneader, the polymer host being molten. It is also possible for

10 the polymer host to become dissolved in the ionic liquid at relatively high temperatures
during the mixing process, or for both the polymer host and the ionic liquid to be
dissolved in a solvent. In one embodiment, the polymer host, which comprises
precipitated, spray-dried, or (low-temperature-)milled polymer, for example, is mixed
with the ionic liquid, where appropriate via addition of a solvent which can dissolve the

15  ionic liquid but cannot dissolve the polymeric component, thus giving homogeneous
dispersion of the ionic liquid in the polymer composition of the invention.

In other embodiments, the ultracapacitors of the present invention are used in
applications other than hybrid electric vehicles. For example, in consumer electronics,
they can be used for notebook computers, cellular telephones, pagers, videocameras, and

20  hand-held tools. In medical electronics, they can be used for portable defibrillators, drug
delivery units, and neurological stimulators. In the military and defense, the
ultracapacitors can be used in specialized mobile power applications such as
communication devices, unmanned aerial vehicles, spacecraft probes, and missile
systems. Environmentally friendly solid-state ILGPEs can benefit a wide range of other

25  electrochemical devices (such as batteries, electrochromic devices, sensors,
photoelectrochemical solar cells, and light emitting electrochemical cells) with high
performance and extended lifetimes.

The present invention, in various embodiments, includes components, methods,
processes, systems and/or apparatus substantially as depicted and described herein,

30  including various embodiments, subcombinations, and subsets thereof. Those of skill in
the art will understand how to make and use the present invention after understanding the

present disclosure. The present invention, in various embodiments, includes providing
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(d") Rg is hydrogen, or a C5 to C30 straight-chain or branched hydrocarbon radical, or a C5 to
C3ocycloaliphatic hydrocarbon radical, or a C6 to C30 aromatic hydrocarbon radical, or a C7 to C40
alkylaryl radical; and 5(xvi) a polyether of the type -0-(-R7-0-)11-C(0)-R8 or block or random type
-0-(-R7-0-)11-(-R7-0-)Th,-C(0)-R8,wherein at least of the following is true: (a-) R7 is a linear or branched
hydrocarbon radical having from 2 to 4 carbon atoms; 10(b") R7, is a linear or branched hydrocarbon
radical having froteVes e arprasatanise ahseiec)ohviiernsinon depirsed anddondessnticyRig 18 Hydrogen, or a

C5 to C30 straigRtchaiRAbRIANGHELEreof, including in the MYQHREIIQOH aclicaks A8 kR d@Lipcycloaliphatic
hydrocarbon 15radical, or a C6 to C30 aromatic hydrocarbon radical, or a C7 to C40 alkylaryl radical; and

(B) at least one aRfShEBIEYRY fIOMThEr GFEtH Eorishstilty BHIBHIAIRPTPEIRSE, BHIYNEES N(CN)2-;
BF4-; C104-; PFandR5R3tcRE 06t swhepteReisaivalkyl group, substituted alkyl group, or phenyl group;

(CF3)2PF4-,(CF3)3PF3:, 20(CF3)4PF2 , (CFR)5PF . (CF3)6P . (CF2S03 )2, (CF2CF2503 )2, (CF3502
AR AR e L AT L S B s a A
(CF3(CF2)7 So3ilhmdatnrtendslebrsteiotn aht fyaariagainiiengaigerde host tikedeteeted feohe the group

Consisting essenﬁﬁw&ffbﬂﬂgtamma&mm QRB@Y&%&&E ge!méafiﬁacaplﬁiys@e%ﬁe!yvinyls,
polyacrylics, 25po|yha|o-o|ef|nséé)olydlene_s, polyoxides/esthers/acetals, polysulfides,

polyesters/thioestEFOUS SR s RA N RIS s SEATRShIaSeLRhiB RS RA MO HERAsiaR L Hidureas,
polyimides/thioimigdasrpaly ankyelidasihhalaydrides,. piilycarhonaiedithintadinaatas taelyimines,
polysiloxanes/silanes, .polyphosphazenes, polyketones/thioketones :

Polysultonel suSE S e s SIS HERBSHONTR: dan thove djeusscq atongy
ultracapacitor of dkiinmsthahetdincthauesl ecadlindaitepreidd rheeflcomprisasteniimshgaiic filler, wherein at

least most of the fjligr PAMHICIGR ARG RS UHRC F-a1GRs h A JRaStABANT L0 PP e MaimuUM dimension of

about 50 micrometers, and an average pore size of less than about 10 micrometers. 58.An ultracapacitor,
comprising: BhrsEa e SO et decEbmyrding wrIEdigdpder Ransthisayrenef a

single foregoing disclosed embodiment. Thus, the following claims are hereby
15  incorporated into this Detailed Description, with each claim standing on its own as a
separate preferred embodiment of the invention.

Moreover, though the description of the invention has included description of one
or more embodiments and certain variations and modifications, other variations,
combinations, and modifications are within the scope of the invention, e.g., as may be

20  within the skill and knowledge of those in the art, after understanding the present
disclosure. It is intended to obtain rights which include alternative embodiments to the
extent permitted, including alternate, interchangeable and/or equivalent structures,
functions, ranges or steps to those claimed, whether or not such alternate,
interchangeable and/or equivalent structures, functions, ranges or steps are disclosed

25  herein, and without intending to publicly dedicate any patentable subject matter.
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(b) a solid-phase electrolyte material comprising an ionic liquid and a polymer host, the polymer host
forming a self-supporting film comprising the ionic liquid. 9. The ultracapacitor of claim 8, wherein the
ionic liquid has a melting point 100f no more than about 100 degrees Celsius, a decomposition
temperature of at least about 200 degrees Celsius, a viscosity of no more than about 200 Cp, an ionic
conductivity of at least about 0.1mS/cm, and an electrochemical window of at least about 2 Volts. 10. The
ultracapacitor of ¥Ahiockyneeisi: (1) the ionic liquid comprises: 15(A) at least one cation selected from
the group consisting essentially of the following compounds and mixtures thereof: R4 R5 0 x-eNH X-C)1,c
x-1:( x- Fi6-NR2 ,eN )-4 x R6R2 R6R2 R6 R3 R5 R5 NR3 R5 N R3 R3 T R5 R2 IR4IR4
PyridiniunPyriclaziniumPyrimi@itHSSRAI AT MMRES2Siium R4 R594 pIR4 pi 121 N X-N x-x-x-

(a) first and second electrodes, the first and second oppositely charged electrodes
5  primarily comprising carbon nanotubes; and

(b) an electrolyte material, comprising oppositely charged ions, in contact with
first ends of the first and second electrodes, wherein at least most of the first ends of the
carbon nanotubes are open to permit the ions to access interior surfaces of the nanotubes,
wherein the sizes of the ions are less than interior diameters of the carbon nanotubes.

10 2. The ultracapacitor of claim 1, wherein longitudinal axes of at least most
of the carbon nanotubes are substantially parallel to one another along substantially the
entire length of the nanotube and wherein at least most of the carbon nanotubes are
carbon nanotubes.

3. The ultracapacitor of claim 1, wherein at least most of the opposing

15  second ends of the carbon nanotubes in the first and second electrodes are open.

4. The ultracapacitor of claim 1, wherein at least most of the carbon
nanotubes have lengths of at least about 75 microns, inter-carbon nanotube spacings
ranging from about 5 to about 1,000 nm, and diameters ranging from about 0.25 to about
250 nm.

20 5. The ultracapacitor of claim 1, wherein the electrolyte material comprises
an ionic liquid and polymer host in the form of a self-supporting film, wherein the ionic
liquid has a melting point of no more than about 100 degrees Celsius, a decomposition
temperature of at least about 200 degrees Celsius, a viscosity of no more than about 200
Cp, an ionic conductivity of at least about 0.1 mS/cm, and an electrochemical window of

25  atleast about 2 Volts.

6. The ultracapacitor of claim 5, wherein:

(D the ionic liquid comprises:
(A) at least one cation selected from the group consisting essentially of the following

compounds and mixtures thereof:
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N- N R3 11Ri R3 SH2 113 OH2 H4 1;1R2 R4- N -R2 R2 R3lI -I-
PyrazoliumThriazoliumOxazoliumTriazoliumAmmonium R4 X-X- R311-1- niR311-1- n1R3 n R2n2 H
PyrroliniumPyrrolidiniumPyrrolium H PiperidiumPhosphonium 20wherein 121, R2, R3, 124, R5, and R6
of the cationic components are identical or different and are selected from the group consisting essentially
of: (i) a hydrogen; (ii) a halogen; (iii) a hydroxyl;

1
Re _PRe Ro Tt x-
@ (+) x= NN
AH RS T Ry
Rs R3 Ro
Pyrldlnlun Pyrldazmlum Pyrimidinium Pyrazinium Imidazolium

] l

R4 Rs Ry Ry R Ry
/Zé<N X /Z(TBBI\ x /ZCTBE\ X NéN/ X" fh X~
N>R, r{ SR, Rr{ ©O /L \

R —N-R
2R4’.\‘F‘2R4|+2

R3
Pyrazolium Thriazolium Oxazolium Triazolium Ammonium
R4 R Ry
Rs5 Ra  Rs > R
N Re 2 4

~
R NTRy RS NATR T bR N R Fr

Ro Rz H
Pyrrolinium Pyrrolidinium Pyrrolium Piperidium  Phosphonium

] ] ]

5  wherein Ry, Ry, R3, R4, Rs, and R of the cationic components are identical or different
and are selected from the group consisting essentially of:

(i) a hydrogen;

(i) a halogen;

(iii) a hydroxyl;

10 (iv) an amine;

(v) athiol;

(vi) a C; to Cys straight-chain, branched aliphatic hydrocarbon radical;

(vii) a Cs to C3¢ cycloaliphatic hydrocarbon radical;

(viii) a Cg to C39 aromatic hydrocarbon radical;

15 (ix) a C;to Cy alkylaryl radical;

(x) a C;, to Cys linear or branched aliphatic hydrocarbon radical having
interruption by one or more heteroatoms, such as, oxygen, nitrogen or
sulfur;

(xi) a C; to Cys linear or branched aliphatic hydrocarbon radical having

20 interruption by one or more functionalities selected from the group
consisting essentially of:
(a’) acarbonyl;

(b’) an ester;
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(iv) an amine; (v) a thiol; (vi) a Ci to C25 straight-chain, branched aliphatic hydrocarbon radical; (vii) a C5
to C30 cycloaliphatic hydrocarbon radical; 5(viii) a C6 to C30 aromatic hydrocarbon radical; (ix) a C7 to
C40 alkylaryl radical; (x) a C2 to C25 linear or branched aliphatic hydrocarbon radical having interruption
by one or more heteroatoms, such as, oxygen, nitrogen or sulfur; 10(xi) a C2 to C25 linear or branched
aliphatic hydrocarbon radical having interruption by one or more functionalities selected from the group
consisting essentially of: (a') a catbonyin @idn whees R 5ederiad hpmdee wieepcRssdiegted from the group

consisting essentially of hydrogen, Ci-%gﬁqugge@r@p@ggrg%wgﬂgﬁlg%@hga@[kene; d)a
sulfonate; (e") a sulfonamide, where R’ selected from the group consisting 20essentially of hydrogen,

C1-C12 straight-chain, branched or cyENESIREAB S AlKERR: (xii) a C2 to C25 linear or branched aliphatic
hydrocarbon radical terminally funttionadidéshixg;Cl, Br, F, I, NH, OH, NH2, NHCH3 or SH; (xiii) a C5 to

C30 cycloalighatic hydrocarbon r edjcalarggl\fion at 01Ieasrtlecr)er; ,ZSSeEe%E%q%I% v selected frosrp the group

LT . 14e, W. € group C 11,
consisting essentially of 0, N, S, and optionally substituted with at least one'o tﬁe%ﬂom%g Cl, Br, F, I,
NH, OH, NH2, NHCH3 or SH;  (xiv)eas@iabyo4dyshogem/ Cradicsir Heberbatorhraetbeded from the group
consisting essentially of 0, N, S, and op{ignalfxsuRstifuted. with at least 30one of the following: (a”) a C2

to C25 straight-chain, branched hCydrocarbon radical substituted with at least one of the following CI, Br, F,
| NH. OH. NH2. NHCH3 of*&4a C2 to Cys linear or branced aliphatic hydrocarbon radical terminally

functionalized by CI, Br, F, I, NH, OH, NH,, NHCHj; or SH;

10 (xiii) a Cs to C3p cycloaliphatic hydrocarbon radical having at least one
heteroatom selected from the group consisting essentially of O, N, S,
and optionally substituted with at least one of the following Cl, Br, F, I,
NH, OH, NH,, NHCHj3; or SH;

(xiv) a C7to Cyp alkylaryl radical heteroatom selected from the group

15 consisting essentially of O, N, S, and optionally substituted with at least
one of the following:

(a”’) a C; to Cys straight-chain, branched hydrocarbon radical
substituted with at least one of the following Cl, Br, F, I, NH, OH,
NH,, NHCH; or SH;

20 (b’’) a Cs to Csg cycloaliphatic hydrocarbon radical substituted with
at least one of the following Cl, Br, F, I, NH, OH, NH,, NHCH3; or SH
(c’’) ahydroxyl;
(d’’) an amine;
(e’’) athiol;

25 (xv) a polyether of the type —O—(—R;—0-),—Rs or block or random type
—O0—(—R7—0-);—(—R7—0O—-)y,—Rg,wherein at least of the following is
true:

(a’’) Ryis alinear or branched hydrocarbon radical having from 2 to
4 carbon atoms;
30 (b”’) Ry is a linear or branched hydrocarbon radical having from 2 to
4 carbon atoms; and

(c’”’) wherein n is from 1 to 40; and
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(b™) a C5 to C30 cycloaliphatic hydrocarbon radical substituted with at least one of the following ClI, Br, F,
[, NH, OH, NH2, NHCH3 or SH (c") a hydroxyl; (d") an amine; 5(e") a thiol; (xv) a polyether of the type
-0-(-R2-0-)11-R8 or block or random type -0-(-122-0-)o-(-R2-0-)m-R8,wherein at least of the following is
true: (a-) R7 is a linear or branched hydrocarbon radical having from 2 to 104 carbon atoms;
(b™) R7, is a linear or branched hydrocarbon radical having from 2 to 4 carbon atoms; and (c-) wherein n
is from 1 to 40; and (d") Rg is hyddogeRsét ydrsaen ©86 Sirtidht-sihorisraneheachsiydrocarbon radical,

or a C5 to C3ocycloaliphatic hydrocarhgRiadiesh QR4 612 €38 apmasaibystioaairanical, ora C7 to
C40 alkylaryl radical; and (xvi) a polyether of the type -0-(-R2-0-)11-C(0)-R8 or block or random type

-0-(-R2-0-)11-(-R2-0-)m-C(0)-R8,wher&i 1054t thE 0 a1anaii iy et i€r 4 firidAr or branched
hydrocarbon radical having from 2 to 4@Gadbonaaidbrmdic{h™i]7, is a linear or branched hydrocarbon radical

having from 2 to 4 carbon atoms; and 25(c-) wherein _i_%o_ 1t9.40; and % Rg is hydrogen, or a C5 to
C30 straight-gchain or bran?ﬁ\gb %98?}6%%83 %%t%gfggl,cgr(; 5@015@%0638 c o%ﬂlg(J 1{?1) |lé ryr(:?i‘Pt}aﬁ&rsltnrbon radical, or
a C6 to C30 aromatic hydrocarlgr radlicaRe0a)c1-R,C00 alkglanyiRadicakiand 30(B) @t least one anion

selected from the group consis@nlgogvsger%t'kall of F-; Cl-, Br; I-; NO3-; N(CN)2-; BF4-; C104-; PF6-; RS03-;

RCO0O0-; where R is an alkyl grou(f), su]bgtlltu_trél "alkyl group, or phenyl group; (CF3)2PF4-, (CF3)3PF3-, 53
(CF3)4PF2 , (CF3)5PF , (CF3)6Ra (OFR803 JefcricresgdydrqargsoadioNharedmpEra)2Co ,
(CF3S02)2CH , (SF5)3C , (CF3S02)3G 186 ERIREG2(CF3)2012P0 , (CF3(CF2)7 SO3 , and mixtures

thereof; and . . .
10 (b>’") Ry is a linear or branched hydrocarbon radical having from 2

to 4 carbon atoms; and
(c’’”’) wherein n is from 1 to 40; and
(d>>’”) Rgis hydrogen, or a Cs to Cj straight-chain or branched
hydrocarbon radical, or a Cs to C3pcycloaliphatic hydrocarbon
15 radical, or a C4 to C3g aromatic hydrocarbon radical, or a C; to

Cyp alkylaryl radical; and
(B) at least one anion selected from the group consisting essentially of F~; Cl-, Br~;
I"; NO3™; N(CN)y™; BF47; ClO47; PFg™; RSO37; RCOO™; where R is an alkyl
group, substituted alkyl group, or phenyl group; (CF3)oPF4", (CF3)3PF3-,

20 (CF3)4PF7~, (CF3)5PF, (CF3)gP, (CF2S0O37)2, (CFpCF2S0O37)), (CF3SOp”
)»N-, CF3CF2(CF3)2CO', (CF3S077)2CH", (SF5)3C-, (CF3S09)3C,
[O(CF3)2C2(CF3)70]2PO~, (CF3(CFp)7 SO3-, and mixtures thereof; and

(II) wherein the polymer host is selected from the group consisting essentially of
homopolymers and copolymers of polyolefins, polystyrenes, polyvinyls, polyacrylics,

25  polyhalo-olefins, polydienes, polyoxides/esthers/acetals, polysulfides,

polyesters/thioesters, polyamides/thioamides, polyurethanes/thiourethanes,
polyureas/thioureas, polyimides/thioimides, polyanhydrides/thianhydrides,
polycarbonates/thiocarbonates, polyimines, polysiloxanes/silanes, polyphosphazenes,

polyketones/thioketones, polysulfones/sulfoxides/sulfonates/sulfoamides, polyphylenes,

30 and mixtures thereof.
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(1) wherein the polymer host is selected from the group consisting essentially of 5Shomopolymers and
copolymers of polyolefins, polystyrenes, polyvinyls, polyacrylics, polyhalo-olefins, polydienes,
polyoxides/esthers/acetals, polysulfides, polyesters/thioesters, polyamides/thioamides,
polyurethanes/thiourethanes, polyureas/thioureas, polyimides/thioimides, polyanhydrides/thianhydrides,
polycarbonates/thiocarbonates, polyimines, polysiloxanes/silanes, polyphosphazenes,
10polyketones/thioketores, pdlaulftasaryeiton dbsrsdifyheiuis/dglfbeatins nptyish{lenes, and mixtures
thereof. 11.The ultiagapacitonefalaimrwiesein te-pelyneohostfisseaciack ieve dhargreup consisting
essentially of homo%oalfymers and cogol mers of polyolefins, polystyrenes, polyvinyls, polyacrylics,

|

polyhalo-olefins, H6fyfiehlsast BRaRI oS a Asa iR i iahd iRtts LB ELRsiERniBd &frs,
polyamides/thioamédes; pobysirethidnesiimob@thHhes;rpokreas/thioureas, polyimides/thioimides,
polyanhydridgs/thianhygrides jpalycarbprtesithipraspenates, polyimines, polysiloxanes/silanes,
polyphosphazenes, polyketones/thioketones, %olysulfones/su oXi ?%/?sulfonat s/sulfoamides,

Ifoxide
polyphylenes, and mixt{HelthaPE SFB S FHE Ut S RBH RS B SRR B IRRIRCth& Solid-phase electrolyte
material comprises a substamlighiphasndecidugtivepierargamipfitie g, whersi hqtideast apoktradfrthe filler

particles have a S%ﬁ@@ﬁ@g@l@rﬁéﬁ{dﬁ%ﬁrﬁiﬂg%éﬁ—%ﬁ&rﬁWHﬂbﬁmﬂgmﬂﬂ ﬁ@ﬁﬂi 50 micrometers,
and an average pore size 0 s than about 10.micrometers.. 13. The ultracapacitor of.claim 8,
d ? fl b Oni; Sh%ﬁ‘f E’ﬁf f.claim 8
s a

wherein a molar ratio of ionic |qleJiu ttrgcﬁg%:clﬁ%ﬁ)(fe? abnét r%féesll}r%lrenl% i%llji%l %6 (5131gf8:1f 14. The
ultracapacitd? of efaingrotheneihotid R slegredssedioms eadsoninati &awrsdes afrat priiabifrcomprised of
carbon nanotubegyovkereds eélieastiess oy thentirsiopntha0isba coooy nanatubesdaseegeast to permit the
ions to access integﬁior s%rfaf:ﬁ og}he nanotu9e§ agd wh?rein the .?izels o[ t‘%e t{prl and anions in the

. T . d t abouf U.1my>/C ,andanee ochemjcal window at’least abou OILS. . .
ionic liquid are less H6than interior Jlnameters of t e carbon nanotu%es. B he'u tracapacitor of claim
14, wherein at least mok?-of the'e 4HeinraHot@beksiatd-atibgied carbon nanotubes. 16. A method,

comprising: (a) cdntactingialppienpasiswith an organic solvent to form a first composition; (b)
contacting 48 tonic 'k‘}H'%t"i’éﬁlttQEefé%?foﬁos@ig&éatk‘?&hQHQ group consisting essentially of the following

compounds and mixtures thereof:

R4 R4 Ry R4 Ry Rs
I
Rg Ro  Rg Ro  Rg N2 Ren N P2 7@< -
@ X~ @NH X~ @ X~ I@I X~ R/NYN\R
’ 1
Rs '.\l Rs Rs '\.l R N "Rg Ry N TRy 3 Ro
R4 R4
Pyridiniun Pyridazinium Pyrimidinium Pyrazinium Imidazolium
R4 Rs Ry Ry R Ry
- N N - N=N R
CANR DX SN U@\ X "X
N Rf Ry S "Ro Rs O "R R4—N-R
Rs 1 Rs 2 Rs3 2 py N TR 2
Ro A | +
3 R3
Pyrazolium Thriazolium Oxazolium Triazolium Ammonium
R+ R Ry
R4  Rs Re  Rs ° R Ro Ry
x=- ®  Rg—PTx~
A X X s XT TR
Ry N+ R; Ry N+, '8 RS NFRg R R
2 o H H Ry
Pyrrolinium Pyrrolidinium Pyrrolium Piperidium  Phosphonium

20  wherein Ry, Rj, R3, Ry, Rs, and Rg of the cationic components are identical or different
and are selected from the group consisting essentially of:
(i) a hydrogen;
(ii) a halogen;
(iii) a hydroxyl;
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(c) removing at least most of the organic solvent from the first composition to form a free-standing film
comprising the polymer host and ionic liquid. 17.The method of claim 16, wherein the polymer host is
dissolved 5substantially in the first composition, wherein the organic solvent is removed from the first
composition by heating the first composition to a selected temperature under a vacuum, wherein the
selected temperature is higher than a boiling point of the solvent but lower than decomposition
temperatures of the ionic liquiceaaaelymer host, and wherein the first composition is spread onto a
substrate during step (c). 1018 dfiae method of claim 16, wherein: (I) the ionic liquid comprises: (A) at
least one cation selected from the (t;roup consisting essentially of the foIIowin%ﬂcom younds and mixtures

thereof: R1R4 R5 i Rex NSRY K3t 9 Ex sURjglthfinkbrangiogaliphatg Rstiscahaniatifbyrazin iumimidazo
[ium N- N ;pc\ X - R41;1R2iR3 Qxaxyljunelvidgticingdrocarbon radical;

5 (viii) a Cg to C3¢ aromatic hydrocarbon radical;

(ix) a C; to Cyp alkylaryl radical;

(x) a C, to Cys linear or branched aliphatic hydrocarbon radical having
interruption by one or more heteroatoms, such as, oxygen, nitrogen or
sulfur;

10 (xi) a C; to Cys linear or branched aliphatic hydrocarbon radical having
interruption by one or more functionalities selected from the group
consisting essentially of:

(a’) acarbonyl;
(b’) anester;

15 (c’) an amide, where R’ selected from the group consisting
essentially of hydrogen, C;-C, straight-chain, branched or
cyclic alkane or alkene;

(d’) asulfonate;
(¢’) a sulfonamide, where R’ selected from the group consisting

20 essentially of hydrogen, C;-C, straight-chain, branched or
cyclic alkane or alkene;

(xii) a C, to Cys linear or branched aliphatic hydrocarbon radical terminally

functionalized by Cl, Br, F, I, NH, OH, NH,, NHCHj; or SH;

(xiii) a Cs to C3¢ cycloaliphatic hydrocarbon radical having at least one

25 heteroatom selected from the group consisting essentially of O, N, S,

and optionally substituted with at least one of the following Cl, Br, F, I,
NH, OH, NH,, NHCHj3; or SH;

(xiv) a C7to Cyp alkylaryl radical heteroatom selected from the group

consisting essentially of O, N, S, and optionally substituted with at least

30 one of the following:

(a”’) a C; to Cys straight-chain, branched hydrocarbon radical
substituted with at least one of the following Cl, Br, F, I, NH, OH,

NH,, NHCH; or SH;
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R5 R4 R5R4 R5R4 R2i X N -1>Fli R3 N + Ri R3Ri R5 INR3R1R2 g2RR2 HH R4 Pyrro lin iumPyrro lid in
iumPyrroliumPipe ridiu mPh osph o niu m wherein 121, R2, R3, R4, R5, and R6 of the cationic
components are identical or different and are selected from the group consisting essentially of: (i) a
hydrogen; 20(ii) a halogen; (iii) a hydroxyl; (iv) an amine; (v) a thiol; (vi) a Ci to C25 straight-chain,
branched aliphatic hydrocarbon radical; (vii) a C5 to C30 cycloaliphatic hydrocarbon radical; (viii) a C6 to
C30 aromatic hydrocarbon radicdp’ (ix} &7 ¢eoCxdealkshatig| vediearbspdpdi@bstbuRseined or branched

aliphatic hydrocarbon radical havipg iteHURLAR BY ARELE MSFeFNERIPAIPIMI S UKRI@H, @X¥IEN, hitrogen
or sulfur;  (xi) a C2 to C25 linear or branched aliphatic hydrocarbon radical having interruption by one

or more functionalities selected ff6m tﬁ@yéifBGbl;lOconsisting essentially of: (@) a carbonyl;
(d’’) an amine;
5 (e’’) athiol;

(xv) a polyether of the type —O—(—R7—0-),—Rgs or block or random type
—O0—(—R7—0-);—(—R7—0O—-),—Rg,wherein at least of the following is
true:

(a”’) Ryis a linear or branched hydrocarbon radical having from 2 to
10 4 carbon atoms;
(b>’) Ry is a linear or branched hydrocarbon radical having from 2 to
4 carbon atoms; and
(c’’’) wherein n is from 1 to 40; and
(d>’) Rgis hydrogen, or a Cs to Csg straight-chain or branched
15 hydrocarbon radical, or a Cs to Cspcycloaliphatic hydrocarbon
radical, or a Cg to C3g aromatic hydrocarbon radical, or a C; to
Cyp alkylaryl radical; and
(xvi) a polyether of the type —O—(—R7—0-),—C(O)—Rg or block or random
type —O—(—R7;—0-),—(—R7—0-),,—C(0O)—Rg,wherein at least of the
20 following is true:
(a””’) Ryis alinear or branched hydrocarbon radical having from 2 to
4 carbon atoms;
(b>’”) Ry is a linear or branched hydrocarbon radical having from 2
to 4 carbon atoms; and
25 (c’’”’) wherein n is from 1 to 40; and
(d>>’) Rgis hydrogen, or a Cs to Cs straight-chain or branched
hydrocarbon radical, or a Cs to Cspcycloaliphatic hydrocarbon
radical, or a C4 to C3g aromatic hydrocarbon radical, or a C; to

Cyp alkylaryl radical; and
30 (B) at least one anion selected from the group consisting essentially of F~; Cl-, Br~;

I; NO3~; N(CN)»~; BE4™; ClO47; PFg; RSO3~; RCOO-; where R is an alkyl
3 2 4 4 6 3 y

group, substituted alkyl group, or phenyl group; (CF3)oPF4", (CF3)3PF3~,
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(b") an ester; (c") an amide, where R' selected from the group consisting essentially of hydrogen,
Ci-C12 straight-chain, branched or 15cyclic alkane or alkene; (d") a sulfonate; (e') a sulfonamide,
where R' selected from the group consisting essentially of hydrogen, C1-C12 straight-chain, branched or
cyclic alkane or alkene; 20(xii) a C2 to C25 linear or branced aliphatic hydrocarbon radical terminally
functionalized by CI, Br, F, I, NH, OH, NH2, NHCI-13 or SH; (xiii) a C5 to C30 cycloaliphatic hydrocarbon

radical having at least onerhgiEFoatonF seRicted Fr)gP th€ 556 0p oanEIBHOH Ss3enjialliFgs 0o N, S, and
optionally substituted with at least one of the followfig%"CI, Br, F, I, 25NH, OH, NH2, NHCI-13 or SH; (xiv)
a C7 to C40 alkylaryl radi®hh hétrbatohs asetdaFromamedlouphasSistinEseSatially of 0, N, S, and

optionally substituted wi e f the fallowing; a").a £2 to C25 straight-chain, branched
hydrocarbon radical 305@)@%@&%&?&?&%@@drigi%%%%%ﬁgéihan Imﬁ(?u S ﬁjﬁﬁ%ﬁpﬂ NH2, NHCI-13 or
SH; (b") a C5 to (@30vbycioaliphelioniey decarbdec ratifcah shibstitupedwishrat deastidheodf the following Cl,

Br, F, I, NH, ©H, 3 o)s a6l 8e @ AdRIYo1vac a polyether of
the type -O-(-%Z?E%l%%- 8 I topti ek &%%%ﬁgﬂéﬁ)’%}l%@%@ylﬁ R,%Sl,}\]/vhlg}é)isﬁ at least of the

or block or random type 5- F h
following is true: f’glylﬁl?“lgl%\ﬁf?ﬁ’éé?%q‘ﬂ}%?n83@8’?\%%%5?5%%%‘&&?1%% hcb)esrrom 2 to 4 carbon atoms;
(b") R7, is a linearobyebiantiniech tayd roderole v isanidavingl Yroeth2nts/ b salbors.atoms; and (c-) wherein

n is from 1 to 40; nd{dhyRe ey dirgandrRiGaite Co0wikgianehain gl Brasghed hydrocarbon radical,
oraC5to CSOCycI(;l)z%IL?hatic h/¥droc rbon radical, or a C6 to C30 gﬂmatic % ocarbon radical, or a C7 to
C

15C40 alkylaryl BofyEs ;bgﬁe(l]tes hiocarbonates, polyirines, polysiloxanes/silanes, potyphosphazenes,

10 polyketones/thioketones, polysulfones/sulfoxides/sulfonates/sulfoamides, polyphylenes,
and mixtures thereof.

11. The ultracapacitor of claim 9, wherein the polymer host is selected from
the group consisting essentially of homopolymers and copolymers of polyolefins,
polystyrenes, polyvinyls, polyacrylics, polyhalo-olefins, polydienes,

15  polyoxides/esthers/acetals, polysulfides, polyesters/thioesters, polyamides/thioamides,
polyurethanes/thiourethanes, polyureas/thioureas, polyimides/thioimides,
polyanhydrides/thianhydrides, polycarbonates/thiocarbonates, polyimines,
polysiloxanes/silanes, polyphosphazenes, polyketones/thioketones,
polysulfones/sulfoxides/sulfonates/sulfoamides, polyphylenes, and mixtures thereof.

20 12. The ultracapacitor of claim 8, wherein the solid-phase electrolyte material

comprises a substantially nonconductive, inorganic filler, wherein at least most of the

filler particles have a surface area of at least about 10 m2/ g, a maximum dimension of
about 50 micrometers, and an average pore size of less than about 10 micrometers.

13. The ultracapacitor of claim 8, wherein a molar ratio of ionic liquid to

25  polymer host ranges from about 0.1:1 to about 10:1.

14. The ultracapacitor of claim 8, wherein the first and second carbon-based
electrodes are primarily comprised of carbon nanotubes, wherein at least most of the first
ends of the carbon nanotubes are open to permit the ions to access interior surfaces of the
nanotubes, and wherein the sizes of the cations and anions in the ionic liquid are less

30  than interior diameters of the carbon nanotubes.

15. The ultracapacitor of claim 14, wherein at least most of the carbon
nanotubes are aligned carbon nanotubes.

16. A method, comprising:

(a) contacting a polymer host with an organic solvent to form a first composition;
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(xvi) a polyether of the type -0-(-127-0-)11-C(0)-R8 or block or random type
-0-(-127-0-)11-(-R7-0-)Th,-C(0)-R8,wherein at least of the following is true: (a-) R7isa
linear or branched hydrocarbon radical having from 2 to 204 carbon atoms; (b") R7, is a linear or
branched hydrocarbon radical having from 2 to 4 carbon atoms; and (c-) wherein n is from 1 to 40; and
(d") Rg is hydrogen, or a C5 to C30 straight-chain or branched 25 hydrocarbon radical, or a C5 to
Ciocycloaliphatic hydro€arburieadican iopia BBt CBOhsrbrriaepgeifstadon radical, or a C7 to C40
alkylaryl radical; and (Bj.& tré%ﬂﬁ&x@@t @EHM'@GFQQJEQQ&H&QI&%@ £ORsiaing € {yogfi5-; Cl-, Br; 1-;
NO3-; N(CN)2-; BFLI-; C104-; PF6-; RS03-; RC00-; where R is an aIkyI 30group, substituted alkyl group,
or phenyl group; (GBS FeEsandiedjpeomprisieg e poyrerespid eSB! (CF2503 )2, (CF2CF2S03
)2, (CF3S02 )2N, CFBUFZ(CHﬁ)ﬁﬁtﬁqd(achzézmrﬁ(ﬁlﬁs)[aﬂyn(e@ﬁ%m)ﬁ@lved
L0(CF32C2CFYR018RY,, (CRAGEAIT S0% andmixtures fheteat, nd (1) wherefn g polymer host is
selected from the group co 5{13|st|ng essentl homopo ymers an copolymers o po yo eflns
polystyrenes, po@ﬁh‘gﬂ@ﬂ@@lyaﬁm|bsat5}§d%%t@-m@fm§ltmlwFewé@t?sbq%mﬂ@sfémgacetals
polysulfides, polygsiehs/tHiQestese %&%@@ﬁﬂé@ﬁ%&%@h&%ﬂ@%ﬁﬂ%&lm%ﬁm&%t

polyureas/thioureas polylmldes/th|0|m|des polyanhydrides/thianhydrides, polycarbonates/thiocarbonates,
polyimines, poIyst?lti)l%?{%%?%ﬂ%ﬂ‘é‘ém&ﬂ%ﬂ&éﬁﬁﬁ%ﬂlé%g ﬁd%‘é’f&ﬁ@gﬂﬁaﬂéﬂ%iﬂ%‘?er host, and
polysulfones/sulfaxices/ sulfinatesipulidamidesc adtyiphy keibesatd Gardgsixiutes thereof. 19.The method of
claim 16, Wt118re|n the |o{r§|cJ[1Q?u an% ameltln P9 nt of no more than about 100 degrees Celsius, a
decomposition temperature 0 atleast ab 0'C egrees Celsius, a viscosity of no more than about 200
Cp, an ionic conchthﬁtg@l@ﬁé}Hléé@pamm%O 1 mS/cm, and an electrochemical window of at least about 2
Volts. 1520.The methd p{LlQitnlSWierRine SiaP KRk tr&tsqamgggs@mﬁ?r&@a{e%m% gsa
substantially nonconductive, inorganic filler and wherein at least most of the filler particles have a surface
area of at least about 1@%27@@%&%%%%‘?@%& of about 50 micrometers, and an average pore size
of less than about 10 mlcrometers ALA method Fg,?omprlsmg %Q(a) first fmmlmg a self-supporting polymer

film comprising a fost ol Ref\/ﬁz f -
TN CEIOEIN Y s

Rs | Rs Rs
R4 R4
Pyridiniun Pyridazinium Pyrimidinium Pyrazinium Imidazolium
/R1 Ry R1
N
- - - - R
Jhoc Jgh e S o gl e m oo
R2 Rs Ry Ny Ra—N-R
A | +
3 R3
15 Pyrazolium Thriazolium Oxazolium Triazolium Ammonium
X~ _ _ +
/
N+ R R1 R
R2 H
Pyrrohmum Pyrro||d|n|um Pyrrolium Piperidium Phosphonium

wherein Ry, R,, R3, R4, Rs, and R of the cationic components are identicail or different
and are selected from the group consisting essentially of:
(i) a hydrogen;
20 (i) a halogen;
(iii) a hydroxyl;
(iv) an amine;
(v) a thiol;
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(b) second contacting the film with an ionic liquid; and (c) heating the film and ionic liquid, while in
contact with one another, to a selected temperature above a glass transition temperature of the polymer
host but below decomposition temperatures of the ionic liquid and polymer host to impregnate the
25polymer film with the ionic liquid. 22.The method of claim 21, wherein the self-supporting polymer film
comprises a substantially nonconductive, inorganic filler and wherein at least most of the filler particles

have a surface area of at |€dsteboiat 46 swkhtsmaxirnehel mamsishhyfrocagbriutag@ahicrometers, and an

average pore size of less thay) akaub 10 Miclomsians i3acsathéh maihad of claim 21, wherein: (1) the ionic
liquid comprises: (A) at least one cation selected from the gro$ consisting essentially of the following

compounds and mixtures tH&ieSrCRa Gugomaic kydrpearbonradicgl s g »3'0 R2 Ris N R2 2ia R3
OxazoliumTriazol i um  Xe%) NR) RINRERIGIRRA ;PyrroliniumPyrrolidiniumPyrrolium

5 (x) a C; to Cys linear or branched aliphatic hydrocarbon radical having
interruption by one or more heteroatoms, such as, oxygen, nitrogen or
sulfur;

(xi) a C; to Cys linear or branched aliphatic hydrocarbon radical having

interruption by one or more functionalities selected from the group
10 consisting essentially of:

(a’) acarbonyl;

(b’) an ester;

(c’) an amide, where R’ selected from the group consisting
essentially of hydrogen, C,-C, straight-chain, branched or

15 cyclic alkane or alkene;

(d’) asulfonate;

(¢’) asulfonamide, where R’ selected from the group consisting
essentially of hydrogen, C,-C; straight-chain, branched or
cyclic alkane or alkene;

20 (xii) a C; to Cys linear or branced aliphatic hydrocarbon radical terminally
functionalized by Cl, Br, F, I, NH, OH, NH,, NHCHj; or SH;

(xiii) a Cs to C3¢ cycloaliphatic hydrocarbon radical having at least one

heteroatom selected from the group consisting essentially of O, N, S,
and optionally substituted with at least one of the following CI, Br, F, I,
25 NH, OH, NH,, NHCHj; or SH;

(xiv) a C7to Cyp alkylaryl radical heteroatom selected from the group
consisting essentially of O, N, S, and optionally substituted with at least
one of the following:

(a””) a C,to Cys straight-chain, branched hydrocarbon radical

30 substituted with at least one of the following Cl, Br, F, I, NH, OH,

NH,, NHCH; or SH;

(b>’) a Cs to Csg cycloaliphatic hydrocarbon radical substituted with

at least one of the following Cl, Br, F, I, NH, OH, NH,, NHCH; or SH
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R2 x- R(p R3 H R4 Piperidium R4 R3- PI- X -/ RiP2 Phosphonium  wherein RI, R2, R3, R4, R5, and
R6 of the cationic components are identical or different 5and are selected from the group consisting
essentially of: () a hydrogen; (ii) a halogen; (iii) a hydroxyl; (iv) an amine; 10(v) a
thiol; (vi) a Ci to C25 straight-chain, branched aliphatic hydrocarbon radical; (vii) a C5 to C30
cycloaliphatic hydrocarbon radical; (viii) a C6 to C30 aromatic hydrocarbon radical; (ix) a C7 to C40
alkylaryl radical; 15(x) a C2 to CZ8 ine&vyéiokytinched aliphatic hydrocarbon radical having interruption by
one or more heteroatoms, such ag; 9xyggRinRitrogen or sulfur; (xi) a C2 to C25 linear or branched

aliphatic hydrocarbon radical hav(iqg)inttel:l{rlfption by one or more functionalities selected from the group
e a thiol;

(xv) a polyether of the type —O—(—R;—0-),—Rs or block or random type
5 —O0—(—R7—0-)—(—R7—0O-),—Rs,wherein at least of the following is
true:
(a”’) Ryis alinear or branched hydrocarbon radical having from 2 to
4 carbon atoms;
(b”’) Ry is a linear or branched hydrocarbon radical having from 2 to
10 4 carbon atoms; and
(c’”’) wherein n is from 1 to 40; and
(d>”’) Rgis hydrogen, or a Cs to Csg straight-chain or branched
hydrocarbon radical, or a Cs to Cspcycloaliphatic hydrocarbon
radical, or a Cg to Csp aromatic hydrocarbon radical, or a C; to
15 Cy alkylaryl radical; and
(xvi) a polyether of the type —O—(—R;—0-),—C(O)—Rs or block or random
type “O—(—R7—0-),—(—R7—0—-),,—C(O)—Rg,wherein at least of the
following is true:
(a””’) Ry is alinear or branched hydrocarbon radical having from 2 to
20 4 carbon atoms;
(b>’") Ry is a linear or branched hydrocarbon radical having from 2
to 4 carbon atoms; and
(c’’’’) wherein n is from 1 to 40; and
(d>>’) Rgis hydrogen, or a Cs to Cs straight-chain or branched
25 hydrocarbon radical, or a Cs to Cspcycloaliphatic hydrocarbon

radical, or a Cg to C3p aromatic hydrocarbon radical, or a C; to

Cyp alkylaryl radical; and
(B) at least one anion selected from the group consisting essentially of F~; Cl-, Br~;

I"; NO3™; N(CN)s™; BF47; ClO47; PFg™; RSO37; RCOO™; where R is an alkyl
30 group, substituted alkyl group, or phenyl group; (CF3)2PF4", (CF3)3PF3~,

(CF3)4PFy", (CF3)5PF-, (CF3)gP, (CF2S0O37)2, (CFCF2S0O37)2, (CF3S05”
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20consisting essentially of: (a') a carbonyl; (b") an ester; (c') an amide, where R' selected from the group
consisting essentially of hydrogen, CI-Cu straight-chain, branched or cyclic alkane or alkene; (d') a
sulfonate; 5(e") a sulfonamide, where R' selected from the group consisting essentially of hydrogen, CI-Cu
straight-chain, branched or cyclic alkane or alkene; (xii) a C2 to C25 linear or branched aliphatic
hydrocarbon radical terminally functionalized by CI, Br, F, I, NH, OH, NH2, NHCH3 or SH; 10(xiii) a C5 to
C30 cycloaliphatic hydroeairhaiF jattidalfadiiay atiessd snedittefdaigar S€lEgs) fsam the group consisting
essentially of 0, N, S, and optionally substituted with at least one of the following Cl, Br, F, I, NH, OH,
NH2, NHCH3 or SH; (xnb?&?l&lﬁ@ﬁﬁﬂ@l&?ﬁ ré@ﬁ?épﬁéfér%(aﬁofﬁ%b‘l@éfé@?@ﬁﬁeﬂfeaﬁﬁoup 15consisting

essentially of O, N 'I)SWEBQQBF?H@B@{ YosHRSUtHIGdWith @b least e QBHE%tﬁﬁQQ\é\é'é}ﬁraﬁ? b8 C210 C25
straight-chain, branche dro on adlcal ubstituted Wliﬁ, at least one of Lhe fE‘@OWIB%CL Br, F, I, NH,
y

OH, NH2, NHCHZ 8 ﬁ(soa“j‘ C&%" %"E‘f?d’ %}81?5% SRRV RTSREIS P A CaPSOBSHIfEY with at least
one of the foﬁowm@}m,l@p,qul,nﬁ Ry dDrre NPy NI S [ S Gieke (a) polraltbstss; (d") an amine; (e") a thiol;
25(xv) a polyethqfogfeﬂa&stumes@e{s13&;@&9&39%1%%&1&@kpw@e@h@msmeuremanes,

O-C1270)" (1200 SR eI 3t iseel ol e 01w 5 hg: (.7, g near o branched
hydrocarbon radicar having from 246 % Carbon ato P = ’

polycarbonates/thlocarbonates polylmmes polysiloxanes/silanes, polyphosphazenes,
polyketones/thioketones, polysulfones/sulfoxides/sulfonates/sulfoamides, polyphylenes,

10 and mixtures thereof.

19. The method of claim 16, wherein the ionic liquid has a melting point of
no more than about 100 degrees Celsius, a decomposition temperature of at least about
200 degrees Celsius, a viscosity of no more than about 200 Cp, an ionic conductivity of
at least about 0.1 mS/cm, and an electrochemical window of at least about 2 Volts.

15 20. The method of claim 16, wherein in step (b) the first composition further
comprises a substantially nonconductive, inorganic filler and wherein at least most of the
filler particles have a surface area of at least about 10 m2/ g, a maximum dimension of
about 50 micrometers, and an average pore size of less than about 10 micrometers.

21. A method, comprising:

20 (a) first forming a self-supporting polymer film comprising a host polymer;

(b) second contacting the film with an ionic liquid; and

(c) heating the film and ionic liquid, while in contact with one another, to a
selected temperature above a glass transition temperature of the polymer host but below
decomposition temperatures of the ionic liquid and polymer host to impregnate the

25  polymer film with the ionic liquid.

22. The method of claim 21, wherein the self-supporting polymer film

comprises a substantially nonconductive, inorganic filler and wherein at least most of the

filler particles have a surface area of at least about 10 m2/ g, a maximum dimension of
about 50 micrometers, and an average pore size of less than about 10 micrometers.
30 23. The method of claim 21, wherein:
(D the ionic liquid comprises:
(A) at least one cation selected from the group consisting essentially of the following

compounds and mixtures thereof:
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30(b") R7, is a linear or branched hydrocarbon radical having from 2 to 4 carbon atoms; and (c-) wherein
nis from 1 to 40; and (d") Rg is hydrogen, or a C5 to C30 straight-chain or branched hydrocarbon radical,
or a C5 to C3ocycloaliphatic hydrocarbon radical, or a C6 to C30 aromatic hydrocarbon radical, or a C7 to
C40 alkylaryl radical; and 5(xvi) a polyether of the type -0-(-R7-0-)11-C(0)-R8 or block or random type
-0-(-R7-0-)11-(-R7-0-)Th,-C(0)-R8,wherein at least of the following is true: (a-) R7 is a linear or branched
hydrocarbon radical haying from 2 tg;4 carbon atems; 10(b") RDZ is a lineBr orfgranched hydrocarbon
radical having fromy Barbe ranedc ) whérein 21 to 4 d {<d ") Rg is hydrogen, or a
C5 to C30 straight-c or’branc éamfydrocar ,l'@d’fcal':@iﬁaﬁ-ﬁ ajiphatic hydrocarbon
15radical, or a C6o d%o &romBsic hydrocartien radicl, ofé C7 to F@40 alkyl_aryl radlcal and (B) at least

one anion selected ﬁymﬁ the grw@&én@stlng@%@mally Ofeizzalm BT 1-inNQ3uN(CN)2-; BF4-; C104-;
PF6-; RS03-; RCO0-; where R is an aIkyI group substltuted alkyl group, or phenyl group; (CF3)2PF4-

(CF3)3PF3 20(CF3)4PT2 | (C ‘(CFZSOS )$1(CF2CF2803 )2, (CF3S02 )2N ,
CF3CF2(CF3)2C0 , (63502 )2 (S}FJ:S)3C F3<SOZ 10>(CF3)2E£2(§F3)2012P0 (CF3(CF2)7
S03, and mixturegfhéfeofrane II £in Pol Iectadmmm the group consisting

essentially of homopdigmers and copolymers of polyoleflns F@olystyren ,+polyvinyls polyacrylics,
25po|yha|o oIef|n§yp@1yd1enes TpQﬂWMrdes/e@hequ/racetalﬁlep@IysuIfldemopowesters/thloesters
haﬂes polyurﬁ1as/th|oureas polylmldes/th|0|m|des
A
h carbqjgzS Qg/lmlne%g polysiloxanes/silanes,
Quﬁones ul xMesV*ngﬁ%ates/sulfoamldes

R4 N+ Rs R1 Ro

H R4

R2 H
Pyrrolinium Pyrrolidinium Pyrrolium Piperidium  Phosphonium

wherein R;, Ry, Rz, R4, Rs, arid R¢ of the cationic componen’ts are identical or different
5 and are selected from the group consisting essentially of:
(i) a hydrogen;
(ii) a halogen;
(iii) a hydroxyl;
(iv) an amine;

10 (v) athiol;

(vi) a C; to Cys straight-chain, branched aliphatic hydrocarbon radical;
(vii) a Cs to Csp cycloaliphatic hydrocarbon radical;

(viii) a Cg to C39 aromatic hydrocarbon radical;

(ix) a C;to Cy alkylaryl radical;

15 (x) a C;, to Cys linear or branched aliphatic hydrocarbon radical having
interruption by one or more heteroatoms, such as, oxygen, nitrogen or
sulfur;

(xi) a C; to Cys linear or branched aliphatic hydrocarbon radical having
interruption by one or more functionalities selected from the group

20 consisting essentially of:

(a’) acarbonyl;

(b’) anester;
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(c’) an amide, where R’ selected from the group consisting
essentially of hydrogen, C;-C, straight-chain, branched or
cyclic alkane or alkene;

(d’) asulfonate;

(¢’) a sulfonamide, where R’ selected from the group consisting
essentially of hydrogen, C;-C,, straight-chain, branched or
cyclic alkane or alkene;

(xii) a C, to Cys linear or branched aliphatic hydrocarbon radical terminally
functionalized by CI, Br, F, I, NH, OH, NH,, NHCHj; or SH;

(xiii) a Cs to C3p cycloaliphatic hydrocarbon radical having at least one
heteroatom selected from the group consisting essentially of O, N, S,
and optionally substituted with at least one of the following Cl, Br, F, I,
NH, OH, NH,, NHCHj3; or SH;

(xiv) a C7to Cyp alkylaryl radical heteroatom selected from the group
consisting essentially of O, N, S, and optionally substituted with at least
one of the following:

(a”’) a C; to Cys straight-chain, branched hydrocarbon radical

substituted with at least one of the following Cl, Br, F, I, NH, OH,

NH,, NHCH; or SH;

(b’’) a Cs to Csg cycloaliphatic hydrocarbon radical substituted with

at least one of the following Cl, Br, F, I, NH, OH, NH,, NHCHj3; or SH

(c’’) ahydroxyl;

(d’’) an amine;

(e’’) athiol;

(xv) a polyether of the type —O—(—R;—0-),—Rs or block or random type
—O0—(—R7—0-);—(—R7—0O—-)y,—Rg,wherein at least of the following is
true:

(a’’) Ryis alinear or branched hydrocarbon radical having from 2 to
4 carbon atoms;

(b”’) Ry is a linear or branched hydrocarbon radical having from 2 to
4 carbon atoms; and

(c’”’) wherein n is from 1 to 40; and
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(d>”’) Rgis hydrogen, or a Cs to Cs straight-chain or branched
hydrocarbon radical, or a Cs to Cspcycloaliphatic hydrocarbon
radical, or a Cg to C3p aromatic hydrocarbon radical, or a C; to
Cyp alkylaryl radical; and

(xvi) a polyether of the type —O—(—R;—0-),—C(O)—Rs or block or random
type “O—(—R7—0-),—(—R7—0—-),,—C(O)—Rg,wherein at least of the
following is true:

(a””’) Ry is alinear or branched hydrocarbon radical having from 2 to

4 carbon atoms;

(b>’") Ry is a linear or branched hydrocarbon radical having from 2

to 4 carbon atoms; and

(c’’”’) wherein n is from 1 to 40; and

(d>>’”) Rgis hydrogen, or a Cs to Cj straight-chain or branched

hydrocarbon radical, or a Cs to C3pcycloaliphatic hydrocarbon
radical, or a C4 to C3g aromatic hydrocarbon radical, or a C; to

Cyp alkylaryl radical; and
(B) at least one anion selected from the group consisting essentially of F~; Cl-, Br~;
I"; NO3™; N(CN)y™; BF47; ClO47; PFg™; RSO37; RCOO™; where R is an alkyl
group, substituted alkyl group, or phenyl group; (CF3)2PF4", (CF3)3PF3~,
(CF3)4PF7~, (CF3)5PF, (CF3)gP, (CF2S0O37)2, (CFpCF2S0O37)), (CF3SOp”
)»N-, CF3CF2(CF3)2CO', (CF3S077)2CH", (SF5)3C-, (CF3S09)3C,
[O(CF3)2C2(CF3)70]2PO~, (CF3(CFp)7 SO3-, and mixtures thereof; and
(II) wherein the polymer host is selected from the group consisting essentially of
homopolymers and copolymers of polyolefins, polystyrenes, polyvinyls, polyacrylics,
polyhalo-olefins, polydienes, polyoxides/esthers/acetals, polysulfides,
polyesters/thioesters, polyamides/thioamides, polyurethanes/thiourethanes,
polyureas/thioureas, polyimides/thioimides, polyanhydrides/thianhydrides,
polycarbonates/thiocarbonates, polyimines, polysiloxanes/silanes, polyphosphazenes,

polyketones/thioketones, polysulfones/sulfoxides/sulfonates/sulfoamides, polyphylenes,

and mixtures thereof.
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