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WO 2034{r894 B2HoMCHedredtRfle (UFa6e! tyHcally corresponds to the first two
or three molecules from the surface. There is no distinct physical dielectric in
an EDLC, which is provided instead by the electromagnetically determined
Helmholtz layer. Nonetheless, capacitance is still based on a physical charge
separation across an electric field. Because the electrodes on each side of
the cell store identical but opposite ionic charges at their surfaces while the
electrolyte between them (but beyond the Helmholtz layer) is depleted and, in
effect, becomes the opposite plate of a conventional capacitor, this
technology is called electric double layer capacitance. The electrodes are
physically separated by a porous thin film spacer similar to electrolytic
capacitors or lithium ion batteries. Present EDLCs have frequency response

(response curve or RC) constants ranging from milliseconds to seconds.



However, commercial EDLCs (sonetines called
ultracapacitors) are presently too expensive and
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shapes governed by the precursor template material have demonstrated
capacitance approaching theoretical values except for losses introduced by
the formation of electrode materials made from the carbon particles.
[0005] Performance can be optimized by increasing the useful surface of
the carbon sufficiently that both more capacitance and less cost (from less

material required) are achieved. In principal, there are two ways that



WO 2007/ 091995 PCT/ US2006/ 003964 3 capaci tance can be

i ncreased. The primary way i s an enhanced effective
wa@200bom9sur f ace. The | UPAC nanot echnol ogy def i PCT/U82006/603964

potentially helpful for organic electrolyte's

conventional w sdom on feature3di mensi ons: m cropores

are s 2nm nesopores are >2 and s50 nm and macropores

are > 50nm The conventignal goal is therefore t ,
genERRAGIINGRGAMPS ICHRESEP o BRSTITIGHY WRK IS an BoftEIced siective

secendan léuM‘@cYe ThefllOpRES hé?fbté&fhn@l‘o@%ﬁéﬁﬁﬁ‘oﬂ%&ﬁftérﬂlafﬁy helpful for
taking full advantage of the carbon surface that

exi gtoanicaiectiohde’ sgravetiesak Wisdera sorfeaturedinmangiong: micropores
car Prcén< ERWﬁ{eréor‘éQ rgp@gﬁ n&’@ﬁﬂfﬁ& R4 ﬁtc')}j@%dgH% %F‘é}% gonm. The

col I'ector
nm ccom&ntidioal gazl mtlzeref;me fca@eﬂrxeraltyenwomermeﬁmmrd)mﬂ sigface.

i O T T N S

sh aae\ziantageaofnae icarboa ssirfaee thas existsu tHob nostaangl densitp vexrsons,

several ncreases in dianmeter (5,t0 20 nicrans .

> v B Rrewsetdipom BoRGS S comamsb basked s Be urepEidRRer foi to
d5os@he &epits; fPsallac0as ds@@u&r@nwﬁ/\abkumnméwcew@owe
so that the small er rticles fill voids betwe

| ar B%’F‘C‘eﬁéﬁeﬁﬂ ¢ B8 rar[og@dypaqlge@rﬁﬁ ghtly ﬁ‘stpﬁéé@leapénve”t'ona“y’

pol 'p:»,wnéemfhamm@m@@rwa ped RCKpaHIcle dBRSHiEYibGRSh RRging

adj ust ed somewhat by the shape of the size
di sPYensgve@hiolgtingesasep indigmelrsi(d (o340 mmeops pevertised Wil h

mat Rﬁfa%yf Bﬁ?@sorfé % fﬁpmmsywﬁmgéégﬁ% rhierd?@ actBfd®fy to Iﬂaxwell

orders u | arger than't macr opor es
| upmteaé%WﬂBbao thaémewu@lerpedwlﬂsdalvpgds\/htheem Iargerro
el i gLafg term nol ogical confusion in this

dis u33| on, mcron scale material voids are called
mat g0 poﬂ'esht(nnaltydhesé arepqulyesspeyge ltaoddirsﬂaakglgissﬁackmg

par DR SARIEER Sod ShEBRERRT 17 sR0ar bt el SPREAh. Fines
i nt remlimee/oai/mumepbrositmtsumshaterlalam&@ dreroenmaiiy tHoeight to be
capaci tance is

conHRss aitbet BF magnlids AReEERREs reckztmotd 1 UEER gagniton,
ful bithslembbendiealigrathin it. ﬁhﬁel%ﬁét@&émﬂﬁ@@ghbér@mfuéi@w ifnfthi%
i de carbon Hel @E’ﬁltz capacity'

Ki n%ﬁ%%"%é’ﬁﬁ@”&?a FePRIIASR eéﬂ'?é‘é’@uﬁr 't%§‘ mteﬂal

Car E@fbsnﬁ t8 efitiAgHIBRTEA! thaMAnbsoE S@tacBiNes bh 88 within carbon
); nore recent papers place the range in organic

eI eéﬁrrt'éie;ﬂ es between 3 and 20. Conventional w sdomis
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capacitance, and term, compaction loss. Intrinsic capacitance is the ideal
capacitance of the total effective carbon surface when fully double layered.
The closest measurement to this idea is “carbon Helmholtz capacity” or Cy in
uF/cm2 Kinoshita compiled many reported Cy measurements in Carbon

Electrochemical and Physical Properties (1988); more recent papers place the

range in organic electrolytes between 3 and 20. Conventional wisdom is that
the orientation of graphite crystallite exposed edges plays a role in explaining

these differences. Most (if not all) of these Cy measurements are based on



the orientation of graphite crystallite exposed edges
plays a role in explaining these differences. Most

w@ pdo7netovaml | ) of these CH measurenents are baseCI/os200€n03964
2007/ 091995 PCT/ US2006/ 003964 4 three el ectrode
ref erence neasurenents of capaéitance and a BET
surface esti mat e and therefore include both

acti and any surfac asurenent er
ot T80 BRI ro12renes MaetHisusi iy Cabaciee 4ng § B svace
NuC s ble\adatle RA6B OMClSdY BGE RoFPASHEH |§s§én<maﬁy SRPARS
that cannot contrjbute substantial organic

el eBi6aSHEAENE &FRE INtradeed Ribthe BET methasibiagyy Syirprisingly, since
expefucheftivdted @éib’éﬁ's@ﬂ‘abé‘ cohdidts bﬁmcr&;%r@@ that Eéﬁnc;t%ontnbute

cone fromthe material porosity of or me
el eéﬂb%@@l%ﬁf%ﬂi%lectmﬁm@Pp@tﬁﬁa@tsome @fdbg obsewn@

di f ERs&SMsEnthl VariBliGh indiff nP&arB LA ¢ coﬂ’?eI i a ﬁ!é n%terial

intrinsic capacitance of a car on an fiona
speepiosiy otthedeinehelectgdeamsienghow f or ned el ect rode

h .
gucl 1o o REMdioh bebigine difetehed n FRE IS 3 PEReRY®
abobetv@emnthe intimic Sqvcitaie eet eceabori agditre waditioral specific

i I
[ Sodainel 64 Sapnal RrisPEironnt By ali el R
s: Pfﬂdas’ﬂay Wesmymxpﬁﬁs@ug?stématragzgmmagﬁ?rﬁlosg r&h‘gmg from a low of
\ear fa% tg’%r@E 09YeL 8 f/qﬁg]g_aé@iﬂws.% algp yany W@%@&\éc frede,

andtHic:lklhtau@ﬂft?an@tI@Jﬁi/enéthat%/ﬂélSt conpletely cut off from
el e ;yt e random restrictions (unwetted

sur q'?é@ MRAGIPR (GSEe% cdgtaatediom ﬁb'ﬁa%t)/ﬁtseeﬁ'fﬁie
easphancérd. Fars@lraridddh p mw%m&éfduﬁérﬁ%?e; rlésults in

shaped i nt er| ocki ng particles ranging froma
of RgRYEfiapls rpateralwidsmSeEl Meidg rEmet kast long sns@itgrt@ws and

to éﬁﬁé‘(j& chilp l@?élﬁgut&H’H}?Jnt%ée%&r%lng%deﬁﬂ'egf?ﬁﬂ&fso@ﬂwetted

bl ocked by adjacent solva el ectr i ons
chapyéages Avaestsichen ﬁmélletrébarcebouﬂ@nfrureaaw animagsat the

tra l%étloﬂ flr rfy@h)éé%j giltén q%ﬁﬂn@%a'rﬁclé*a%ﬁgﬁgsﬁ%np afew tens

Recen researc sur
s u beft rmﬂoimterprto pao‘ewwmnromrfs daarneytpr-cm bashowrteksakibbeing

5 Ao AR BB Bl S i ctonte fons

aveoragaea bleargehémlacé@ﬁn i dddide. No faHheH iREsORESpOAMINg ]
0 Van rt decor at m cron size

L, YR e SSRGSl ecel P ERE S SR S

r esthat etsadstaﬂ@al @rr‘orbﬁﬁd?ﬂ@ﬁa typral ddtivaenl@tesh i8factuans

si nce there% PP epossl |I|tg
agglomerations of finer particles produced by activation. One study shows
them to average less than 100 nm, but to cluster onto (owing to Van der Waal
forces) or to “decorate” micron sized larger particles. The result is that such a
restricted region becomes locally depleted of ions, since there is no possibility
of further mass transport into the region. The region’s surface is underutilized.
Second, packing smaller carbon particles into material voids for more surface
results in displacing electrolyte from within the material to beyond it,

increasing ionic conductivity and mass transport requirements from beyond
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BRIEF DESCRIPTIONOF DRAWINGS
[0014] Figure 1 is a graph depicting the final volume fractions ® for the
amorphous packings as a function of aspect ratio a. The solid line is a

theoretical fit from the random contact equation ®a=5.1. The inset shows a
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fractions ¢ for the anorphous packings as a function
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fit fromthe random contact equation O a=5.1. The
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magni fi ed view of the same graph at |ow aspect ratio.
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remain in or on the fibers after the activation process.
[0021] The term “fiber” used in reference to polymers and carbon refers
to filamentous material of fine diameter, such as diameters less than about 20
microns, and preferably less than about 10 microns, such as the type that
may be obtained using conventional spinning processes.
[0022] The term “nanofiber” used in reference to polymers and carbon
refers to a filamentous material of very fine diameter less than 1 micron, and
preferably nanoscale (100 nanometers or less in diameter), such as the type

that may be obtained using an electrospinning process.



refers to a filanentous material of very fine dianeter
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that may be obtai ned using an el ectrospi nning process.
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Carbon Fibers [0024] Carbon fibers enbodying features

of the present invention can be prepared by any known

process. In general carbon fibers are prepared by
po'ﬁgﬁﬁéjzz' NAcAvARAEERbohFibesm a pol yner fiber and

carponizing at l[east a portion of the pollymer fiber
t o [0024] de a Ceaboroiipars sabodying festures ohHie B PB%'P"é“Y?zEﬁ%&a”

act k%éé ﬁ%e?)g@f@g%r’]?%omﬁ’%e@tIh%g%r’ai:@érboﬁﬁégm d&te precrared by

Kyo 00, 38: 269-286, have summari ze
av apdlgbbezingretrhonerde ferpt aPalVRGT R GRIRORIEPEGhleast a

fib - da g cab§MibdgEng. . 2000,
17(%rﬁ%?@{@ﬁy@%@@ﬁf&@egdégc%nd a_(l:t I vation of

pr ef00aEE| y ac@arben tbers zahbda actiyaied usipg Bgy kaawn methods.  For
catal yti.c | i |an EHES ilabl
o oG Rt Rl 200 B 26T o0 Rk eidieg avaliable
ar emetrexisfobeattainimguinSsopampplsi caatvorofibeser Hang ebal., Korean J.

11/ 211, 894 ' , : - .
conCBRreEgy- chaf 8P 2aL-2Hg; akHibed fisBoodactiBion of |

by pefRiuelycetivatedeatdon, fiberebstusthedcatalytic gasifi¢asion. Preferred
activation of the carbon.fiber.

' to en
f or Retasi fonarepadeq FHBAN fRer i RpipTedmestPagiiise
11/ dddor$84 in U®. Eationdderislaiced 121 (89, filed dugubo2are005; the
from ot her net hods of _gre aration c al so be ]used in
t hi SMiTRRIEGHO! (1BbaRRCT NGRS G by rglerence.
act jQeaiie brieadHRRm Edrer thelctivdtRnf &Reddrbonh fivemntbiemsure
conprise di anmeters of about 10rén crons, or |,

ot hEIeSOBBBNTIElRs B eaBBgt I Urt PRIiEalign Segauo. 121,894

ot helowRNBOALHRIES c&boapesls fdrmdl Bo BN rhéBsds bMpreparation
enbodi nents of about 500 nmor |less, in other

enb6an gisatbs WieddpHie iIMveotioim or 1 ess. The preferable

di a dep R embS@mBRRC #Sadisadd cartone®ers bftBe present
fib omf?jnat eﬂﬂ%‘?{ [Or827] mThe activat ed cgr bon fj bersp

of irventioresemprisedienetesh ohakait J8maisrongior éesst Reingl

not e?d%%‘n%rﬁy%; a66i)s mg&8n§b|2|%ﬁé’,fi? B@fe?%n‘i HinReH€ 8Earyut 1

the tiber ~“surtraces and Into the fibers during

act imierioham letsp enatbeembodimpniscd aboUthP rm optesSelnraiber

enbadi nment | h AN t-h M :

. ’ g t ds on

nan 85&?@?%%’?%9&8‘@%@2‘?)60% églegg Thé 5r¥fe?eflblé' diameter depends
the process used to create the fibrous material.
[0027] The activated carbon fibers of the present invention have pores
(i.e. they are not smooth surfaces). The size of pores introduced on the fiber
surfaces and into the fibers during activation depends on the process, and a
preferred embodiment is the catalytic activity of a nanoparticulate metal oxide
catalyst, its amount, and/or the size of its nanoparticles as well as the
conditions of activation. In general, it is desirable to select pore sizes large

enough to accommodate the particular electrolyte used to an optimal surface



catalyst, its anmount, and/or the size of its

nanoparticles as well as the conditions of activation.
wopoogeyeal , it is desirable to sel ect pore siREFUSBEDgE3964

enough to acconmobdate the particul ar electrol yte used

to an optimal surface WD 2007/891995 PCT/ US2006/ 003964

8 packing but substantially larger in order to prevent
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contact and potential surface occlusion per unit
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[0031] A regular number of contacts on longer conducting elements with
reduced numbers of total grain boundaries through the material to the
collector foil improves electrical conduction and reduces ESR. The long
narrow void channels in cylinder packings have electrolyte diffusion and ionic
conductivity advantages, similar to carbon fiber cloth, but without the same
material density limitations and at lower cost since the weaving step is
avoided. Ordinary carbon papers or felts are comprised of a highly
polydisperse aspect ratio distribution of mostly longer fibers that cannot

achieve the same random packing density and total surface. Ordinarily, the



material density limtations and at | ower cost since

the weaving step is avoided. Odinary carbon papers
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aspect ratio distribution of nostly |onger fibers that
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tot al surface. Ordinarily, the WO 2007/ 091995
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[0034] In general, the population of fragments for maximal random

Py

packing has an average length of one to five times the diameter; that is an
aspect of 1 to 5. Aspect ratios less than 1 constitute fines that can “clog”
material pores; higher aspect ratios do not pack as densely. An aspect ratio
can be selected for a specific device characteristic; for example, for power
density more material porosity is desirable to enable electrolyte mass
transport (higher ratio), while for energy density more surface from a denser

packing might be desirable (lower ratio). In practice, milling and screening



aspect of 1 to 5. Aspect ratios less than 1 constitute
fines that can "clog" material pores; higher aspect

WO 20070%199% not pack as densely. An aspect ratiPRPCT/US2006&3964
selected for a specific device characteristic; for
exanpl e, for power density ndPe material porosity is
desirable to enable electrolyte mass transport

(1 ApSborn e b TR SAF PE G e

r at érginedringeaifnigoal. milling and screening WO

200 995 PCT/U 2006/ 003964 :
HOBRE o G218laes B Sipee s ohabatr SyErure 5 Harind ther
t hetotee BOHAGS Nt mod@slr@cnegmﬁéult tm@e%]nmbbrtemrte raghievasingle

the djameter of fiber S re ncreas t heir
{ o it Bivec kafos; SopELBALEWRE PRSI 1oy i Bie] py bner

| NPpipaivRIE! fikkr3CFhed. ToSinBi@itain cehdiictivigsdend thedibedSixis and not
Sonmewhat | ower packing density is offset bé\;@\{ her

i ndiPPEkER ©OPiMRIY Galn RRUBdares, RRIAEtPhMERHTCRYeyPgg length is

al 0ggidibed. I 86madnthoditethis wWitAt7 RIEHEE diafftteahar HidieRgth
boundaries, a practical mninmmaverage length is
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di a5Bfi&bnididestef Mbers! lterﬁQ} l'Sb 16BcrBR Ié@t%%ﬁ% a§bec§rr‘atlo 2. For

aspect ration around t . I n some enbodi nents wt
m c«?lgﬁr@ﬁp@ﬁé@@pﬁws@e@w eneviergreinidiamptier oh pt@é@fmmleagt@dnay

al AMRESYH fé\ﬁtrﬁlgro%s fgrocfondﬁétﬁlﬁg frcg?dﬁergb ‘?.Zér}geﬁpl%'hés bk %rease

one mcron 1 n I aneter remal n
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[ 0037] Heterogeneous M xture of Carbon Fi ber Fragnents
[OO@,Q% is also within the scope of the present

i nv fbn t Heferpgeneous Mixtwreaf Carban Fibesfragmepts ed

Caf foess] | be'it i§ 5%9%f?ﬁr$the7§&8pé bf t% p‘P@&LHt fHviefifion W\)@ 2
nprise fragnents wth reasonably honbgenous | engths
an dmultlmodal mixture of activated carbon fiber fragments. The first population

would comprise fragments with reasonably homogenous lengths and
diameters. Other populations of activated fiber fragments would contain
substantially the same diameter as the first population, but would have longer
lengths and higher aspect ratios.

[0039] As density and total surface are not critically dependent on some
long fragments (at substantially higher aspect ratios) in a mix of relatively
homogenous smaller ones, it is possible to have a second population of fiber

fragments with longer lengths than the first population without substantially



di aneters. Ot her popul ati ons of activated fiber

fragnments woul d contain substantially the sane
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eI ectrode material. [0042] Fibrous Materials [0043]

3«9@ &2 fbthe resent invention can be further
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disclosure or definition from the present application, the disclosure or
definition herein shall be deemed to prevail.

[0044] The density of the resulting “paper-like” fibrous material, such as
coated onto a current collector foil, is an engineered property of the length of
the fiber fragments compared to their diameter (their aspect ratio), the
polydisperse distribution of the lengths compared to the average diameter,
and optionally post deposition densification (e.g. by pressure). If length
approaches diameter, then the fragments will be more like conventional

particles and pack more densely with less porosity in the resulting material. If



definition herein shall be deened to prevail. [0044]
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[0047] EDLC electrodes are typically made of activated carbon bonded
directly or indirectly onto a metal foil current collector, although metal oxides
can be used. In accordance with the present invention, activated carbon
materials prepared by the methods described herein may be applied to
current collectors together with additional metal oxides or the like for hybrid

characteristics including enhanced pseudocapacitance.



ot her enbodi nents, |ess than or equal to about 100
m crons. [0046] Capacitors [0047] EDLC el ectrodes are

wo yprogloby nmade of activated carbon bonded di PEDUE2006003964
indirectly onto a netal foil current collector,
al t hough netal oxides can be13sed. In accordance with
the present invention, activated carbon materials

prepar by the thods escri bed herein may be . |
appfq%égft o ASHRREIS" B @agdrﬁgtuar%@%ft & preseinvention includes
addpt leastadnerdé@todeXdf dagpd teddiBed hkreid. Ofn dbne Bhbodiments, the
characteristics includi ng enhanced pseudocapacitance.
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droxi de (KOH). Any of these electrolytes

pot S|ru%¥
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solvation spheres are smaller. This would allow, for example, ultracapacitor
devices to be tailored to RC requirements irrespective of carbon manufacture
by changing the electrode packing density via aspect ratio, and by changing
electrolyte. Hybrid devices would naturally have a wider range of total RC
characteristics since they combine the EDLC with the PC capacitive
phenomena. The practical range for use in hybrid electric vehicles is less
than about one second to over about 15 seconds, and for distributed power
less than about 0.01 seconds to over about 1 second.

[0051] Activated mesoporous carbon fibers or fibers, or their respective
fragments, embodying features of the present invention may be incorporated



sol vation spheres are smaller. This would allow, for
exanpl e, ultracapacitor devices to be tailored to RC
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rati o, and by changing electtlyte. Hybrid devi ces
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PCT/ US2006/ 003964 15 CLAIMS 1. A non-woven fi brous
mat eri al consisting of activated carbon fi ber

fragnents having substantially simlar |engths and

di anmeters, wherein the



average aspect ratio of the carbon fiber fragnent is
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10.  The non-woven fibrous material of claim 1, wherein the compaction
loss is less than 30%.
11. A non-woven fibrous material comprising a first population of activated
carbon fiber fragments, wherein greater than about 50% of the first population
of activated carbon fiber fragments has substantially similar lengths and
diameters, and wherein the average aspect ratio of the first population of
activated carbon fiber fragments is between 1 and 20.
12. The non-woven fibrous material of claim 11, further comprising at least
a second population of activated carbon fiber fragments whose average
lengths exceed those of the first population of activated carbon fiber

fragments.



14. The non-woven fibrous material of claim11,
wherein the average dianeter of the carbon fiber
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18 The electrode of claim 17, wherein the non-woven fibrous layer
comprising a first population of activated carbon fiber fragments, wherein
greater than about 90% of the first population of activated carbon fiber
fragments has substantially similar lengths and diameters, and wherein the
average aspect ratio of the first population of activated carbon fiber fragments
is between 1 and 20.
19.  The electrode of claim 17, wherein the thickness of the non-woven
fibrous layer is less than or equal to about 200 micron.
20.  The electrode of claim 17, further comprising at least a second
population of activated carbon fiber fragments whose average lengths exceed

those of the first population of activated carbon fiber fragments.



