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VESOPOROUS ACTI VATED CARBONS TECHNI CAL FI ELD [ 0001]
The present invention relates to activated carbons and

woaoomakéssds for their preparation. The acti vat edT/US2007/004182

carbons are engi neered to have controll ed
mesoporosities and may be used in all manner of

devi ces that contain activated carbon materi al s,
including but not limted to various el ectrochem ca
devices (e.g., capacitors, batteries, fuel cells, and
the like), hydrogen storage devices, filtration

devi ces, catalytic substrates, and the I|ike.
BACKGROUND OF THE | NVENTI ON [ 0002] In nany emerging

t echnol ogi es, MESOPOROQYUS ACTIVATEL CARBONS eof ,
there exists a pressing need for capacitors with both

hi FEGHBIGALaRIERDgh power densiti es l\/Uch research
ha&b n devoted to this area, but for y practical

031t i onthe prasertinMgRianIreidtes ie ARG ew@gnsaueﬁo methods
cefdr tenBreishraedi. crmactm@e@b@@bhs &id un@h@éwtbdﬁave controlled

current technol o qg%l % sl na una @t able in

pelMCSPREIRSACS RN B3Y Rediserin & é‘?a””ﬁﬁu PYRES Hatgantaing

of aumIayecachmfanme&aarsc mclm@ga&wcﬁmﬁﬂ&@ftﬁd/ahbué BRctrochemical
artnment o ne see . ogress Re

P U5PE I pagaPRELEY, e, 1Bl S5 RRnETS Jisdobirogsn storage

2006éviaes| fifratorlielicdsy cBzhftie dadbstrateiscang thHgt likeage by

Gyuk, manager of the Energy Storage Research Program

. anced Capacitors
%AGG%%BIUQQO?F fg%oﬂﬁ?vg ec@}ic doubl epl ayer
cafeofizjor s IbEDh@emrglhg nmpaigté&re_@ch@mabhzcles and hybrids
psgu cto or aC|. ars).. ar
P S1E0867 0715 oo p PreeienFesi Fof REBSHIRTE Wit iy enproy ana
f oh:gi;mﬂwermdnsdwsl blush ré$esmrpin heambgen tdek/bmgesmisrarea, but for

adx@aﬁ]\& éﬂ'gctp(%tl I%g?{ma%%ﬁ? gu&? 8? %&hﬁ& 'efsectrscn\? hLi'% fgg{ ge\fli pno%vered

the e ower'i nternal
r ege@p@ﬁcemé nmmm rmsrcwds,vwream techniobsgyrie snayganat er or

ESB)\aééé SHE KY B ﬁ&%%c%%ﬂst%ng %‘P osqeﬂ’ﬁ t¥mafiiidin area of

| owerin cost . Ot h e Ca lve enorrena ar
br veRyl activaresrAreldsuss| asvsppuswad bEltle@Dapertdmm loéEhan;gsfrsee
ca
o DR P SRs et 6 Knlty Kblege e A ahY Bitvelbinid 2005
r o(HAR" 2RAGANG R|s@ddtilisy Sa«'éeuﬁ}g@t@@%ﬁmm by Gatukdmanager of the

CUEh@Fﬁy S@ré@@h@‘se&%ﬂ EF’r@I;ra@n I9OH (ORI 140 "snéégchs 48, Advanced

al ym num or oil, to store charge'b
a‘apacnorsWor%J ummtt2006 ge by

[0003] Electric double layer capacitors (EDLCs or ultracapacitors) and
pseudocapacitors (PCs or supercapacitors) are two types of capacitor
technology that have been studied for such applications. The primary
challenges in advancing both of these technologies include improving the
energy density, lowering the internal device resistance (modeled as
equivalent series resistance or ESR) to improve efficiency and power density,
and lowering cost. Both of these capacitive phenomena are briefly introduced
below.

[0004] Electric double layer capacitor designs rely on very large
electrode surface areas, which are usually made from “nanoscale rough”
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physi cal separation of ions froma conducting
el ectrolyte into a region known as the Helnmholtz | ayer

wokioch2d3e6 ns | mredi at el y adj acent to the el ect PCT{®S2007/004182

surface. See US 3288641. There is no distinct physica

dielectric in an EDLC. Nonet hel ess, capacitance is

still based on physical charge separation across an

electric field. The el ectrodes on each side of the

cell and separated by a porous nenbrane store

i dentical but opposite ionic charges at surface double

| ayer interface with the electfolyte solution in

ef fect becones the opposite plate of a conventiona

capaetal oxidéoor betivated esibons esatetmmea eurrehtcaiector made of a
are resent nsjve

nd
P o, S s ARUEREE ersorRan I RotS pPRRe v ig
as phybicaldsepahatidresf iang frarrea esadudtingtedactralytesntal @ regigreknown

bacRape HedbBefi P B Brh ReRietal sifoent LheligRle
SI zrfabeuSele biS 32886 s Thabmistnoldigtinatnphysicaldielgstrious an EDLC.

©| Jidieheibse. YorBbinRASk ARBHkedsR pHIEAN orifla® L8R Efion across

I ol 'to acconmo on s
t hearr eepmctfneub Ehe etectrodes on @ash isidecfdbe celt andiseppated by a

© EE5L R RS g BTN MBI v
( 2oengr intgdfape adihribe rmntrqwts@‘pluﬂomraeﬁecatéﬁ@ﬂ@sabe)opposne
A3 517 atef & <§ ﬁ)lonﬁ %ﬁ%gl?érsfer 5O @I&t%e@cﬂﬁ%bgﬂ fargeOm

he outer ectrode surface for electrol yte exposure
an CPOU@FPTQ'E] ERIEHare pregantlyY 9ocrxprepaive anerinsyfficienty apergy

t ot fns836LFhh B phSitRmsidieh %s&fy%nh %hlc@&é{@ bR Ssed instead in
threshol d size tﬁ better, hi s imal Ly increases

t ot HNalbEiFeHREMAFEN @@E%‘&h?\eﬁ frpgics 5‘?'@‘@? sglimaemapepackup.

unotaleog?bl e lthggahéeauyfa%ueﬁt@mﬁémmw@Ipbr@l QKZEQ#@QICI l§>é a{ least
aval | a

e rface. It has bee t hat re
b oRRSU 42 0r R skeRUa FlaCE bSO Sas o 253 pifor an
r e%@nk@@d&cﬂ%&éﬂ@?&corﬁﬁ%d@&é tﬁmﬁ%ﬂ%@%@id a&aé)reammve
on Stracts en
act¥ 9%(@5*%3%%%”&%%]*3% [FHoEO 'bd’go 8 f%H?'mm”Z
el eddubde et ca;hdaqltlausel 8es JnEkehpaias. $oc. er48(a)emw-29mm(2oo1 )
accor to, the it e_nust
o D RSy & oSSR Lot B ATe£ABED 72008 PBHY also
eI eshioutd pé accesmsbledronh thegeuter tlectiod® sudaled for etd ofielydel exposure

| gl QLHhe ARG BEREASEVar LS. HRETHBL £ B8 pores

form or organi c el & ytes,
portberesamjuet dotne this theeshaidygize theabetBer; aﬂtmmmaXImally increases

S NEES %W?E%g r&. eé%&h%ﬁaﬁlﬁ/ el Pﬁr‘é“é %E'I}?m‘&%%ﬂéﬁe%c&ﬂ& they

or der

hav@orpmréﬁwlwdleyrmtiptal gmlfaé?@esurf%@ Itfhaas t@mcyvn that pores
much above 13nm, although contributing capacitance, may reduce total
surface. See Carbon 39 937-950 (2001) and Eurocarbon Abstracts (1998)

841-842. Conventional activated carbons used in such ELDC devices have

many electrochemically useless micropores (i.e., below 2 nm according to the
IUPAC definition). The pore size must be approximately the sphere of
solvation of electrolyte ions, or larger, to accommodate solvated electrolyte
ions necessary for the Helmholtz layer to form. See USP 6491789. For
organic electrolytes, these pores should ideally be larger than 3 —4 nm since
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Carbon 40 (2002) 2613. In the best highly activated
el ectrochem cal carbons reported in the literature,

wa@edoaato3seasured EDLC is | ess than 20% of t heoret/Usz07/004182

(based on BET neasured total surface) due to

subopti mal pore size distributions, with a |arge

fraction (typically nore than a third to half) being

m cropores. See USP 6737445. A separate problemwth

hi ghly activated carbons in el ectrochem cal devices is
their increased brittleness and | ower electrical
conductivity, with experinentally determ ned

conductivity as lowas 7 S/cm [0006] Pseudocapacitors

c asolvaetdulielettrblgeidns haeé eirhensitreson e order of 1.7nm to 2 nm, and

[ [ f. th :
D SRR SRBAE o 3l v BRilighl el ShfRce. See. dor prammrre
of erpem d0t(2602), 2618. o thebalhe st rhvlg’rdada(;tkviamd el_eettoxl)emical carbons
R84S, Bl o BhPE AR FUELREE ECR LOBLE ran 2o o
al lthetzetichl dbpsertes B&F measliredrigtat hunfage) eiuettarsgboptimal pore
CONPAT AtribBLLAE VA §ié€g& %bﬁ%@?ﬁéﬁa@sﬁa 3 ifird to half)

charge separation process I eudocapacitors

t elp@noMiIoROIgSghee UXP 6635414t A senaisteEpiabiemadithubightyt

t hQ chigMBH Haph ShSh e diricheMiGaR e URE Y fLthelr iﬁé@ﬁ&%@ﬁgﬁleness and
storage nechani sns, and so are nore battery [1ke than
capet @ectricricondustvity, with\axpesmeatally detergaed gpaductivity as

r angiy ag # smmseconds to hundreds of seconds. Redox
psiudocapacitance devices (cal | ed supercapacitors)

ha

QORI gEvEYRRAPACHRRTERR; R Pyjit Pasedon glegipcheriiert
ar @s¥adycaERABAtY b shieot BrddrvesSéleblirosstptdm bEgrRErbReions
Coh B s o, " Bolenb et foco reacton a e
ihn?é'dém‘mh' Iﬁla(:eemgigsgw W'f dé;?éti@pﬁf éeahaw?gs;tmhgaﬁ These
1 | C.l €S. are. rar 00 ex nsi| ve or Ssu
L2 b St PRacstsnes AR o Be S RERRGE: s s mRg Sl do the
exip&lrel'y_rmobdfdwap;cpdecta:fstm&pata'rg@Isepariatioplpe&ﬁss_ in EDL(%.
(0] [ Gl WAl n [ e er re N S
¢ R Repd it fha a0t Kidhes 1O EhpBbBRIRY Lilites hegpuse of
on the renggsiblcalketrochermealdatiresyf thé ehdwei sterageuhdctrmisms, and
th i i r Cl
oAl batd fike HarkSacfoRRECIPrEBER ARl Re
apponstants rengingfiomsseepbds & bundreds of se¢rrsise RedI008]

S paRLoB gL VR BEP GRS hpk R BOBIEL B o2l flciopeo

wi RnEreEsally fer editary|upedyit are vewi expgasive siviedotihg isest of

OPQIALIENYRIrk 2ARA dXeR (RRRY)) HRE i RBaisThese i ncl ude
[0007] Commercial EDLCs today are too expensive and insufficiently
energy dense for applications such as hybrid vehicles. PCs are far too
expensive for such uses. Although both charge storage mechanisms may co-
exist in both types of capacitors, in present commercial devices one or the
other predominates. If the two mechanisms could be cost effectively
combined on a large scale in one device, the device would have the
characteristics of both a power capacitor and a battery, and might find

substantial markets in applications such as hybrid electric vehicles.
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physi cal activation using carbon di oxi de, steam or
air, chemcal activation using for exanple KOH, NaCH

wW@e00F3R38q car bon aerogel s, various tenpl ati ngPCT/US2007/004182

techni ques, and carbon nanot ubes or equival ents.

[ 0009] Both physical and chem cal activation have been
shown to create two kinds of surfaces. Traditionally,
it has been thought that nost surface enhancenent
comes from enl arging preexisting mcropores caused by
t he di sordered graphene crystahllte (or equival ent)
carbon mcrostructure. The acttal m crostructures of
nany carbons contain surprisingly little graphene

pouesg of $mr9m'@ﬁmeczipp%€cﬂmndwoatucﬁngaadugh sunfape
ngérl H{rﬁét‘e‘ég%lgw ?ﬁ%ﬁ%@?ﬁ ?Je]ﬁwl (ﬁgﬁblg eléétquytes at their
cugusitaie higher operatingenitageehavesheers aadéitakens These include
|, Re S
30Pé%$§ca§ %@%yélﬂqﬁ%b$ cﬁ&a{ﬂ%ey cowpé?'ﬁ% xmical activation

t hesing)foéxampledsOH; Na@ﬁs:rmemmmon [aeregeis.Masious

ﬁgv%q% 923‘{“6‘9‘5“%8{1@%6@%% aval %ﬁ%ﬁ?ﬂl&megﬁg?! |an

Ky (@009]| nc. Bothl masinal and Ichemivd) actSetiopheye dgenghonmn to create
t h%m? %n\dg(ﬂf% eé Olrr?éq%ﬁ%ﬁﬁg h-gg‘ﬂ@%ﬂl tﬁgé(gl_ﬂt%ﬁtr rﬂ@%ﬂ Qlce

nmposi um 1 n
t oenbelusemﬁmfecrqms ti@mee@@ﬁgm MﬁéXlﬁﬁnm@ﬁeerWaused by the

actd'is\b%érgﬁ gfégﬁér@crtygﬁallﬁé‘(&%huﬁ}%m ) ESrboAMHicRayRtire. The

sone di nens | ow sol vated 1ons to enter and
us @ctual mierestryctyers plgnagy ceikens gPaiain FURHEEol itie gephene

f Olhedlauty f 4 EsERAST S Kchds T8 S ahd PhME coﬂ’i@.ﬁi’atl&s as well
105(29) 6880-6887 (2001). These pores are . ra

di 26rthe geaveNtianal B0 (OFRPkYte. benasge)Miich therotors induces

NORyuBVARR. FoF bRareat Bo&vmemR&ad wam SCitical R@wems:hcamd State
by x-ray crystallo

Y s et Sk e aRan Adag) Fergfos ieweritaind e N HBARY of
Th Qrfn&ﬁi%ﬂﬂﬂoﬂéks@eﬂf\f{ﬁéﬂ fr%q&fet:lﬁ'saﬂc‘hrbbﬁ ok higHigoidared polymer
surtrace as hnan ar tli S 0 Ca S

ot e s g e e e KRR S Rl faPiamerican
Thagmof,aat.y Pmstaemuet m\beSbepsoctdmﬂnglsoOmne @"rrbIyinersafor

B RoRed d3s Btk A Pag S A im0 BudEhel: 11-14 Sept.
det2d05uF he diigtdy tcn'thomsnnmgw Poee stsudtht is'Widemedibe activation

eXI b e A Qlodile 4 45 n%%c%@d@%ﬁ%ﬁ@ allow solvated

ew mcrons in anet er
DE-@@ zﬁemeNanq uge @t lenshe q@m ofghenintgrnat 9ptﬁ)ﬁurface for double

G5 ALt ARita AN AR . Sché bﬁﬁi(g @bé 0.88830b1). Th

enférgﬁt pac't"?vatl on. ﬂgg tro ﬁ m Soc. Wg é ese

E1gg;rgggga (amgtgup)ly didbyted, Lﬁttleasg |raa|| turbostratic non-grap mzmg
carbons. Randomness is easily shown by x-ray crystallography. See Harris,

Critical Reviews in Solid State and Mat. Sci. 30:235-253 (2005).

[c010] The second kind of surface is additional exterior surface as
nanoparticles of carbon are spalled or etched away by convergence of
activated micropores. These features tend to be less than 10 nm (individual
carbon subunit pitting) to less than 100 nm in diameter (subunit agglomerate
spalling), and the detritus tends to form aggregates that “decorate” the
exterior surface of the larger carbon particles (typically a few microns in



10

15

20

25

30

substanti al anmount of exterior surface sinply caused
by roughness fromspalling and pitting, quantifiable

w@ewonelizsg to the | UPAC definition of rugosityPCIOE®07/004182

rugosity can be quite substantial, nmay account for
over a hundred square neters of surface per gram and
conprises a significant contribution to total double

| ayer capacitance (typically ranging fromnearly all
toas little as one third). See J. Power Sources 154
(2006) 314-320. Exterior carbop surfaces have been

m cr ogr aphed usi ng STM and TEM and represent many fold
i ncreases over ‘unactivated carbon precursor. See

Pr aeenster)g SeelDOBE®rdjeét PE-FG€26s OBMT4AZ96, e 2005. Similar

Selbesn ooy HEnpBARIaR AN AL RURS bnddical

" chetivatianl Per ol GlentedhemeSak. 5 H6) E(bﬂ%-sEZQﬁt(ﬁOﬂé). The resultis a

SR SbU O S SRS LRGSR LG KA Bk
c appaliing and gétting,) quanitifiabl8erecordimg m:medbll?aﬂc definition gbrugosity.

g? Fé% @%\%@cgﬁge @uﬂgts'h%t)ébh ﬁga&aagdc%gﬁgfff ﬁf/éntt% ﬁgn@ﬁéd square

Iversit
EI owtersodfeaviriace ypeFg3o| mqvmpﬁ@&m@ glondigabt centeibution to total

%Bhﬁﬁqgfﬂlsé‘ﬁﬂ c%ﬁ&ngfpléé\ r-la—ﬁ?ﬂ?‘ﬂdm}‘ﬁebﬂ ah 'f@tab‘ﬂﬂle as one

esource El ectr ochem cal

SC itirdDe S(%E@OW@a%@JW@%ﬂ 84 (2006) S1¢e320n| KepEPR GarbauRurfaces
el egle pelh "ﬁnchﬁré’ph&ijUsmg @'M]ané;br‘E*M and UW@S&\QW}I fold

ext erior surface bhecones sel repl icati ng h
t héi@eases Qvarunechyated g’aWCﬂP"86W\§@ht$‘%ﬂﬁf°°ﬁﬁ%ﬁg€eflf thy &

ChegggRAbrs¥ol AYRahY TddHhotdB/ thidht8atidnah spm&mnsm Bli&apest 11-
car bon subunijt agsgé?ega es and t he

t‘ I n n
e Spe 200 (1 AP CT heSwa 05 vere gt e S gl gned” meta
S UlaeBticties vaihnsl mtmﬁtad\ebypﬁleseﬁdreanggwnty from by 30

f ' h di
B e
r eSElécttlﬁoéntml tGCImt?ﬁl 367 T3 70 { 1e84) and Hikxstaiptia beac:tors (written by

n 0 the e.a r,enoving a

S0 et CBhwa (riFe Sieg ot Chtefie 2BRYE I R rap R

p| eEm:yok)pedmdpapemneI@by thetElewttaahieaticy/ m@eand@echnology
ThBemahGR FRsBLrcBRERIRE v gkt BRfter fbr clBohdlfRaPsBRnCo

vv| t(h’aﬁ@héesmw:estam I@aseri/etl.mzve{gigt oner at es and

[ ndwmplg% trggg%g Cmblgggsel ves are affected by

proof of self replicating
ext[eﬂiﬂa]l r ugosh eyrugase gwtlmnrﬁe@er(qmwfﬁge breomearsel replicating

I eSERY hBrdiBiOsdiffnifiRg ith &ir@@hf?&%‘ﬁ ﬂ? IBQ% Plemical activation.

actlvating nmesoporous carbons) activating
The spalling of nanoparticulate carbon subunlt aggregates and the pitting of
the remaining surface at the level of individual carbon subunits, both
demonstrated by direct imaging references in the preceding paragraph, reach
a maximum rugosity beyond which additional spalling or pitting results in a
new surface that is substantially equivalent to the old. As a simple analogy,
removing a stone from a pebble beach or a grain of sand from a piece of
sandpaper does not materially change the overall beach or sandpaper
surface; it is as rugose as before. Such a surface may even become less

rugose with higher activation if the agglomerates and individual subunits
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conmer ci al carboni zed KYNOL for periods ranging from
15 mnutes to 1 hour in 30% steam nitrogen at 9000C,

wW@pee7ax88¢ ni ng the resulting exterior surface BSI/O§R007/004182

standard BET isotherns, DFT isothernms, and SEM i nages.
Precarboni zed KYNOL is known to be difficult to
subsequently activate due to very limted

m croporosity. Therefore, even with 1 hour activation,
the region of KYNOL carbon affected by activation did
not extend nore than 500 nanomgters into the 13 mcron
di anmeter material. The surface-obtained at 15 m nutes
was 110.6 square neters with from4.6 to 7.2% nmass

I oaffemwee§afe‘ aftected biaatvhtivn. Exb@mrhemaspao& o?sélﬂtéiﬂn&atmg
That S a n

8- 10% A
- aerteradlirudorhones apRCLRRINS Mk 6t Tershelth bid the herein
a qmldjlrseal rhegodt oa@nt:hwaihgoneédpmousﬁmtbbm@) muaétaﬁaag are
Vi sua simla ca and sho
< pEprendsi st Ate K R T ARt eRRinedortnG Bihis.ioy 1 nour
10Gn 80 %estpamitittogén aad0deNC \untihamhﬁmsgltﬂ'aermﬂniltir@ exgedor surface
e R B o LT B B2 el 22
i rmgecbtb;anaeu ¢ENOLIin gnd'\Em/lcabeI dBiiddlt toambeequeiyTactivate due to
es.‘\/b@hﬁ@ﬁ@b}i&’lﬁoﬁgha poet gﬁgrafg Mltl’?lf%%ftar:ﬁm%n the region

exi st.
cah KYNOL kerbon afféated by attination slighneoextend mase §@WE5@‘D

ti 'ﬁ%ﬁoHé@er%a}Rt%CthEWéCrﬁuoP&{ du% EmBRrl. 18e é}}fé‘c%%té%fwed at 15

interior pore surface. El ectrochi m ca

41 Mioytes3ras) 610 6(sas me'tt?rﬁwwafk@@ 4@t é. % maaﬁdoss. the

f undaaBa LBtainERaPNhouFvas 10D é&lﬁar@ hilehi With ¥oRf 8-10% mass
access _to internal nesopores. Pores exist in sone

r atRRSmIERL S aingany &?PF'@?{ Sugpee glighakae dorkle e roags loss and a

di ﬂu‘ébmﬂhh@rbf\éﬂch{/atﬁfﬁ tfrhet'lfhé AHDQUrfRRE.Fe Wl 8imilar at 20,000x
di stribution's shape change with activation.

See
f owmﬂﬁt@nar@t%n% ﬁP S@d’%@@'a@ lesetbgn 1@§Gm1@§@‘etef and at
( 19845t 1@08mIdedp. Qﬂégrﬂﬁ&tﬂﬁh vﬁﬂﬁthewakna&mﬁe ihéé@félr 480
(2002) .and.J. El ef{\roc %, 1( 6%{ E199-
( 2GFRPIMRHt W&ﬁl'?ﬁ‘{ GipRt pdesp %%B% E Vi I“%ﬁ”&i?u“ﬂ%s%“s on the

t herdéséf5-hOohimaas Mm;edrwmhess using TEM 88d STUEMowveV@r, DFT
and ven

] VatIOt éJortlon

g %SgOé'afég R s T T
sol[oa12yd | ott&asrbe:argﬁmvm thiabitt atdégdtevnreacaybohs,ahve @ataiior
11. t ) i

it shdpled Bad B seb e RS IS BBd dhange pgr square meter of

El ecrfiaoe iof mte@m‘cporﬂ:%l(fa):e A ERTHoCRi00ds Aatadd T[d OPB3341630

583(3?%@% ﬁzrgg@g s&h%eesgar W@%qﬁauerﬁgl rglag&%%e |rg{ |ssth8}:) d(%ablllty

r siev ervening mcrop
pr @i@n:p@s@s foriptarnal mesopores Pores exist in some random size distribution,

although the peak of the distribution will shift to larger pores and the
distribution’s shape may change with activation. See for example
Electrochimica Acta 41(10) 1633-1630 (1996) and J. Electrochem. Soc.
149(11) A1473-1480 (2002) and J. Electrochem. Soc. 151(6) E199-E205
(2004). Normally there is a substantial majority of the distribution that remains
‘ micropores under 2 nm, and even with high activation some proportion
comprising pores under 1 nm. Since the size of the solvated ions in organic
electrolytes range from about 11.9 to 16.3 to about 19.6 Angstoms in diameter
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accessing interior nmesopore surface for capacitance.
lonic sieving where one of the two sol vated

we@bk®@ctizsBeyte ions is not highly sieved and t heP@I/li82007/004182

nearly conpletely is have been well denonstrated both

i n aqueous (see J. Phys. Chem B 2001 , 105(29):

6880- 6887 and in organic electrolytes (see Carbon

2005, 43: 1303-1 3 10). The larger (sieved) ion

becones kinetically controlling for double |ayer

capaci tance. Any pore below the critical size wll

bl ock (screen or sieve) all the pore surface interior

to that point accessible through that point; therefore

t helepenbiabidn $ait aid seiventis(sdedl Eretrovhérh. 8ept 1ud(B) A91ew14

or SRAADI Lo REREE 5028 AdHRAfRae sl i S e of seved
| ntoent (reniecglagsiesing) bydntensning tnicrepores taner@eossted from
tr
bR, B0 A B R i ylorecne
V\,h|0dE thet tveo wvetedraigctailsﬁe ions isinuit highiht sieeexhaed the other nearly
( p%ﬁﬁl&ﬁ htaog ‘g);e’z)é)w wé: P&erﬂgﬁétrq@% b%‘ﬁtlﬁ%qg@{)lgg '?sé’e J.. nhd/s

n 1s"Ssievl

por&enm. hﬁﬂoﬁﬂ et(tﬁ(ﬂgh %ﬁ@@@%farwhmgadc elentrotydés {see Carbon
| oR%pst hgH 969 r1%1b?‘ FTH'Qallanért(&eQ%? yiBh %E%e@ %r?eti%?g 8&trolling

is probabl I stica | NaCCessl
pr §or double laver sapacitancer Aay por belewithe PéWai@'Zi@dMé@lOCk

al Qchéémé'ﬁ%fervéS 8il ﬁi@ﬁ&‘é‘ %ceqlﬁ’cléhbreto tA%€Poih rs%l%?;é:ﬁrough

at or very cl ose to the theoretical nmaxinmns

cartbrP il fherefors w%mr@éﬁbwtmf@@9§$ @ﬁ«?hnSéeN%pwntem a way
Phystddhastiedify@ieper@Bnt o Hdpore idifin ik Ty ?ﬁﬂeb}ﬁ%} &d

espun PAN | assi um hydr oxi de el ectrol

FurRGCRERIRS '”t?p@éhmef?(’@’)esm thegipterypning ﬁ@[‘%"%ﬁpfeeﬁr ucture is
Ccantherafara 20ditsag Survdtibh b B p Sl YRR . éstﬂlct combinatorial

El ectrqc Soc 02, 149 473-1480 f

P BOTAIL T a1 e it i orei gy algimuttioly

Caritercod@est (péréblélﬁﬁﬂthéﬁﬂé) Bds}dnABSi:nGé%d o%@ﬁéﬂﬂ pH&%lk@g

of ag{ﬁb% ect rochem cabel § for._exfol | d cahE

£1 ST el APhr bl fact "["'E) S'%‘j'”%PP%’it B'@r"? pRsgage of

evistated électrolyte lsub;smwanetfoaal themdajortyadfiivtelna) ipovasidade is

co e Lor sprface. With an .

aday ey R B et AR AF e Rk 3l b/ B Rl o Tatertals

neemw@ubsuew-g\mrgs atpof damomsiitaie rycemiomal douta fayieheapacitance

ex v ore

o oo Qe R B ef kAR e B W odfiEh 3B BE PR

rra@'ﬁqtf%yte &ysiean cfeeeoﬁpalmd Physics legtters 2003,033(6): h216-0R$8 for

Of iVl UspBHIHA fr BORLlPHAbxiBO 3

di sti ngw SI’?e @g(rgso'ns \/\%?ex'g %& /Eld\Pq:unct Mater.

t r 12081 hy? (%@ﬁ;ﬁ% for single walled carbon nanotubes W|th potasswm
hydroxide, J. Electrochem. Soc. 2002, 149(11):A1473-1480 for carbonized
PVDC copolymers in sulfuric acid, and Carbon 2003, 41:2680-2682 and
ABST 642, 206" meeting of the Electrochemical Society for exfoliated carbon
fibers with sulfuric acid.
[0013] Direct experimental evidence for the substantial and relatively
invariant contribution of a rugose exterior surface, with an additional
contribution of accessible internal mesoporosity varying from nothing to more

than the exterior (depending on carbon activation, average pore size, and
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amoni um f | uoroborate (TEMAN BF4) salt in propyl ene
carbonate solvent as the electrolyte system The

WO paognzsBe porosity ion popul ati on [and hence CBEHUS100V@4182

contribution] of the anion BF4 ranged fromzero at a
carbon average pore size of 0.89nm to about half the
total at an average pore size of 1.27nm to about two
thirds of the total at an average pore size of 1.64nm

See | keda (Asahi G ass Co. Ltd. Research Center) 1 h

I nternational Sem nar on DLC, Decenber 2006, and

Yanmada et. al. in Denki Dagaku, spring 2002. [0014]

The conbined contribution of the true exterior surface

of etedatmiyienhanbeern bbtaindd wding anclber imagnets sxbobgnce on '°F. The

r uQQI%h}lé( co@ﬁﬂut}gﬁs %%géﬁ%rgruzfggé%?@ yﬁfaegr?al%o@% eraﬁxg%e
beeﬂﬁtmurﬁbedprERh-@rv;Bd)oaxst\mrecnvabgt&dmsmg%athyimetﬁyl y
t hQREmbAAS ﬁfi‘é)roEBFaq @Iﬁ?@?ﬂls&lt% E?Sé)g"aetr%l dfoblisie'dolent as

exterior, and t ere

pr élb%lbleldmiyt@fsyﬁerm g hacmtemal lpbeosuty ieh populatign Enddidree

t h%‘épQ@l‘tlU cbﬁﬁ‘ﬁ)ﬁﬁé A?ltige gHioon @:‘;Srjaﬁéé ﬁ?&o%%hédgggﬁ €

thelr surface ance
no@é’?@gﬁ P@'ﬁrﬁﬂ%of *8Pgmt tctahptliélaifahh écptat il veragel pbeadsize of

as 1SHAaW t'%eéﬂwt nﬁ&%.&%fbftiﬁe gflﬁldattéﬁ é\%@ég & bRt ﬁz% 8%1.64nm. -

actual EDLC performnce manner ctiva

carifséeds Mia'B]G/?ﬁ%P@ l—@f KReseahdCentar) eln&m@w@al Seminar

r eQﬁﬂDLC”Bﬂéc@FnBB?mgrSﬁd YBMdeR 4! AIEDBAAi ‘Dadzza\@ns,br’;ng 2002.
:c[%‘si d el ectrol te jons can gain access throu

et | 7 GG G -l Be (P grisgeHITAg of a carbon
betpaeme mmeﬁ)cantﬂaeinenegedd gwagbsm?t bt aécfé%s?b%s@l’db%%on of

P T TC R T TR ER TN N
i S prayiakite leerldr b ttsd Ingehtdr. COBIPenOLY iBtdraal wbgﬁéasﬂnbbly
?ﬁg)rr(tay {;p&i% oﬁ" %Eqa%gt[ar_@r ﬁﬂga%gerpg%;gpa({n;ggﬂ??q@ongwq @gg@blhty of
onéeisacdesdidoto/alketioly@ratierdaaibsingdenadcesbielepiceto sieving,
D SRR 8  EPrRAah Tor E Tavspenhe
apeimplesnsightcdrube mathembticaly\rmddeled as sdbwri&ieﬁawfv,oe:nd can be
BB B DA BRORE L pBIG b AT aivates
Si rﬁprl@r@onsequence of sphere equival ent topol ogical
RRBOISE,  SeRglfstlibng o A KIS IRV M s Rogree con
Re@@a?r@hlemfﬁ@ Eseﬂ¢fesoﬂ\f¢éed:@W@trpmwnssehmireacmasghmh a
?2 s%ﬁ%néggfggar Lsgéhg%ﬂg%gg%?%ﬂﬁ% %&Tﬁ" ihGSBeWaRR FREM tHe: rigid
organization of the adsorbed Helmholtz layer once an electric field is applied
to charge the capacitor means that no further electrolyte is capable of
diffusing into the interior unless all apertures are greater than about 2.5 times
to 3 times the dimension of the Helmholz Igyer (that is, at least one adsorbed
solvated ion on each side of the pore, plué space for one further solvated ion
to pass between for further mass transport. The actual minimum aperture as
a function of solvated ion diameter depends on the geometry of the pore,
being 3.0 for circular apertures and 2.43 for square apertures as a simple

consequence of sphere equivalent topological packings. See Weisstein, CRC
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"pack shut". Take the sinplest case of carbon
nanof oans, or their equival ent spheri cal

wa@pdoraz3enpl at es. M crographs from ORNL and LLUMT/E82007/004182

commercial suppliers regularly show that the spherica
pore "bubbl es” have orifices or apertures between them
that are about one fifth the dianeter of the pores

t hensel ves, created where the "bubbl es” touch. See

U S. Pat No. 6673328 and Langnuir 2002, 18(6):
2141-2151. Such a pore |ess tﬂﬁn 30nmin dianeter may
have its apertures pack shut der charge with aprotic
el ectrolytes. Such a pore under 20nmis al nbst certain

t ocofbiky EndgciBbeaitIFINABehRfiss, 3" Eadind Wéibsteln) WeithWorld

f =T hat i i f {
e iRestergh dag.crnee BIRionTRE) BNGogIPTS ge 9A he order

apef 1 esl2nmphpértaek 195 Banaibdut Beo BAST deRaRlingbm efectrbrwe will

d th
e ahul TR e S atPIdRs 6 oh RS TianaRieie ST Sagivatent
sU§€]mwtan§mcaaamlétaﬁ.dglcrf]@'aﬁb@ﬁbhyom\&cah r%ELLNL and commercial
t he ca i s_process h .
o g AR Gy flay e SR REr P Bl Eo RS hrve arises e
deapermyreﬁ duetvs@dsretrmn #iattdne akiept @re fiftmine didmetefbf the pores

@eﬁ@(ﬁr\& He%tﬁcg lu‘éx%% %& %@gﬁ{eﬁs Ju%é.n gSE%.bPPat. No. 6673328
{ oandaadgmnw mkws)sméhmaﬂ Buck e, page dessstham@Oes in

Fif%xt%é%gr i rh%@%"i‘t@'h&e%?éﬁ pé%?%ﬁ %HBE H'mfﬁr a;%ﬁ'c

lve SI tures m Ssp erl pore w
onegectroiyteaa ﬁ:um‘ﬂ)/p@e urtster 28qmi lS@(H“Q%iIQﬁ&taGdtq Gy ffterelectrolyte

T 85 R TERf r  g ic

c ofitash haxe difigultyertering Qp%a@hﬁea;nsa)lewml%amhq@rﬁﬁheﬂcal
S pEsre% Jl@fm@ B|e¥t éa%é efncbhﬁey ﬁfaawnmﬁg vbQﬁ‘ﬁe afd nfiRMize surface,

ere onl % This results in |ocal depl eti on under

c hangéh%rafaore evﬂéﬁ@mt@m begpesticaiatedions|angishaye tbemaesti ve
sukfiB§ueht c%&.@heé Réﬁs&iaﬁﬂpﬂ%bﬁb'rﬁﬁﬂhﬁﬂa‘ﬁ‘é’aﬁrﬂeeél&'cﬁ this

capaci t ance spite the very "high cost of
t e RPPGESE PAVAPEEALONEBHCEd HSINg: @@lwmew ttﬂe 5@y RAGKIng
S plehsi6Afor BEREreSidt tsd KepRer ln%f%&@&hhﬁ:ﬂ@@@lv&hon

pr oduc e sur perl ment a resul ts ne
L BRBERS Ter BGE Y SOV Ialts ARG Gon Aok IS B8 Autghers for
f Olra A ggclégdlepha‘ical Ebfeg; aAad l&sﬁmet‘e%@d&ﬂﬂﬁmrographs about
nce Ct | vat e
ot st ARG R AL reltE e oS e A B8R S erical pore wil
Si emlyrtgnmd 102p4 of thereaber sohateld ioms farinsaxipomesurface

T R W T TR A

mateéd inadler smdemtlaa): @gHirsn spherertsatrdg 8%y A 10nm sphere has

S u%ﬁféﬁ%%lf ltt¥e Feeq%ﬂje}ﬁqor%; %aéﬂrh is[)Mer%forﬁ}? %895 This results in local
depletion under charge due to aperture blockage, and loss of effective
surface. It explains the disappointingly low specific capacitance despite the
very high cost of most templated carbons. For templated carbons with roughly
spherical pore structures, the mathematical models reproduce the surprising
experimental results nearly exactly in both aprotic and aqueous electrolytes.
See, for example, Fuertes, Electrochimica Acta 2005, 50(14):2799-2805.
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by providing |arger and nore uniformpore size
di stributions, nmuch surface has aperture restrictions

wao bav/12e8al t in | ocal depletion under charge aPdI/Es2007/004182

inability to fully utilize the interior surface.,

[0017] Kyotani, Carbon (2000) 38: 269-286, have

sunmari zed avai l abl e nmet hods for obtai ni ng nesopor ous
carbon. Lee et al., Chem Comrun. (1999) 2177-2178,
descri bed a nesoporous carbon filmfor use with

el ectrochem cal doubl e-1ayer cgpacitors. Most

commerci al el ectrocarbons fromsuppliers such as

Kuraray in Japan (BP20), Kansai Coke in Korea (MsSP20),

or [0&d e st Singce actyaied Abtasms (eitheyiptiysical asehemical activation)

COHM%‘BbfWQEVIHB\éﬁH%@ IonGEEIEOith ﬁ?%%edéwré’ Qgﬁ% their exterior

exarrp e of hem cal ctivation I nten

el Eéﬁﬁc&%ﬂrfﬁﬁ% 3re disprepationstelydmperiaet. Adbeugh sartrgt materials
NOsuéh 8¢ Geftiels antérr%étﬁg %gﬁ%sté‘&(aw)re@tﬁ%@ p?cﬁa%@nlft?&f access

KOH activation of commercl al nesopitch
£ By Provsiam argseand orRre uniferm @PreEilgg d@éq@glwr Mok surface

aChta’d abbﬁnr@fesﬁms tﬂmwaﬁm inlib&s AepRABANMIBF @ % and an
3 ?q%oth% jom 30-35 F/g (two electro
%ﬂi‘ép“sﬁa HH 48 eﬁP@SB‘Fa%epem fic capaci tance
(t mm]el eciKyaidei, oaﬂaasre%zmos»ﬁstﬁm-basn Ifgve &'J?ﬁhahiedl@f/allable
than { he best convent ona
o PIEHRARP o ol BE EfibscloBRiln SRET b S HGrCheRabommue
of (11Q§!9)t2(5 71420 78/, de$Sibelder mesdponoet eacrrefilbvafor sise withh
BE ' .
o SbLAGTIC ST A MopbRURs TR sdimprert ) éedaparbons
LTEOHQ@}@ZDIIGMSUC‘&S&S Kuraspy in JappnofBR203I Karse Qokeen Karea
ul (Mgﬁﬁﬁ%rtméamggbge t% fﬂfen"'?/ﬂaﬁxa%bbgé éon\mﬁ%ﬂal physical

itsel I N conjunction w announc
coﬁﬁﬁ'ﬂ%’i‘bﬂa' Pﬁt{waaau&ne eXampie waakmtleatnmmnctadfor EDLC

W' b@cﬂﬁbé%ﬁb@p&@§§dn@ﬁy&ﬂo§de P@&e U\§ Pél’ ﬁl%? 5577 854, Wha

o Bistbain 00a el T AIE 2654 gorm'@pwtm -y S——

F/ thasopittwand eCElR88chE Soc.e2itay abens):t Podlean bk tdBRoH
itance in a three el ectrode

f

o Do ion PR o NG thebekrispors RIog Uk GabF tAECE R ENOING

S|b frphe3(p>43§55ﬁ/g aﬂwcaenacwmef odl) b@élfi) & mr 14@F/Pbf dgRsific
milnter
LR L S AR A p—
poﬂéi@tmtl thgn the bext wonuentional physicalyl adtrva’@t:ilk oambons%aet may
er

1408 paoaRREn P 1905 18093 PELEELAle (ARERKE AR wyn e
V\oﬁwda@ﬁmats ra{lmoqga]onzxabewomomopm@@muhesnmﬁ Reports of
VaReQUBab.0AHhi @lasPEH2TRYBYE54: 35 in reporting on their

experimental ultracapacitor development for Honda Motors. Honda itself in
conjunction with Kuraray has announced commercial introduction of a KOH
activated mesopitch with activation based on U.S. Pat. No. 5,877,935 using a
precursor mesopitch based on U.S. Pat. No. 6,660,583. This material is
reported to have up to 40 F/g in two electrode cells, equivalent to nearly 160
Fl/g specific capacitance in a three electrode reference system. It is, however,
more expensive than simple physical activation, and a portion of the observed
charge arises from intercalation pseudocapacitance (as in lithium ion
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See U.S. Pat. No. 5,626,977. However, the
supercritical drying step-whether by carbon dioxide,

w0 s@pnoEys al cohol, or cryogenic extraction (fPEEES2007/004182

dryi ng) makes these carbons relatively expensive but
with at best only nodest performance inprovenents.
(See J. Appl. Polym Sci. 2004, 91:3060-3067, and
Smth (U S. Naval Surface Warfare Center) Proceedings
of the 16th International Sem nar on DLC 4-6 Decenber
2006 pp277-284). Carbon aerogel;s are usually limted
in surface area to between about 400 and 700 square
neters, although much of this surface is accessible to
el batteltbésy)t potebialgnidirnducing pycle litk Erhitatinrts. See Fujino’s paper on
su ' Qv f j
| oca% ?\Qé ggaﬂ%ﬁglclééé%r 19 Sfdcc{‘f‘%)a%tit@%‘(lg&gﬂ‘ge%éde Advanced
eI @apaoitgnse/yprldﬁexmm carbon aerogels are not
tial
?&6‘@3 A%e@bﬁé %g@g:tafﬁ r%@b%%ﬂ‘(/%‘%hg %&W«%rsa% L¥rogel.

ed carbons. ower Sour ces

1o§e98@$1§’@t 008,626,877 hHpweuppthsastpareriticsl detng siep-whether

SOy &3 f’bc?h GieRRkalsepRip f%chﬁBlubﬁc%géﬁEr@xﬂ"éE% Bfeeze drylng)
sui tabl e di nension and connection geonetr t ho

us sakes iiesp spIbopaTelaHyely sapen%\reeauw'th\/ at gwmw@gest

OhefSARRhE: %r@@éﬁéhpﬁ?'sééu U‘\&a/ Paﬁ_yﬁ'ﬂtSc?%MC §ﬁ*3@60 3067,
004/ 00914@39 These are r senté%/P n m)re _expensi ve

t h&ﬁ 6%%’5[1&!”6? Wriare eeRgdings @ the 16"

t ermstlemeloaadswmwn bbe #£6 d)eb@nibém'meG pb27map.lo/arbyn
di ssol vi,n n_hydr of. Leuorl C

e esaib e Pl G siirs GreaRatrant aoont 400 asazo0

S ulshuanecmatﬂrsl althetughl rooeh ofrtgmﬂémfaebésbccégdllﬂe wvbtekltrolyte

Kor e ”§m§ef% ﬁgnet 8E§%§§ﬁ ih i/’ﬁ ai%%{ﬁmot’%éb% can be

14 wm&cnﬁﬁloca@méthm &ves swmveaquatlm analaquambs)a@ctrolytes, the
ac %%%WE%OFI %err %Hijst{ﬂ)%?aqltiQh)g t. f*o(l"r"?‘gSnventlonal
tenpla nm on a

es aver a e car
d| Phaypica i aﬁg/a%i mr@ogpe&é { cPeupadotrgasc2QA, H OSEAOAN4.

gﬁ?jﬁgyt eAGlﬁﬁ@ bsr&acﬁﬁ;%@Qmé%ﬁ%g Héa +t)é or structure to

erture restrictions an
o Boin ParES Aitable I MGBRIPTLRS GRENaeBTRGSOmaty: One method uses

SOMm%Zﬁaeat%&%opbam oWé‘PbU@"tyﬁi&pf&%mb‘f§§s %&8«5&1 in

particles f metal is then | each

by
chibe: Ratesyt Wbﬂg@tqubZOQ%QO%%épTge%a%gr@,spa@deven more
l NnExpehsios hﬁéﬁ aé‘ﬂ&@e@%éd&u& aF ﬂwe'—@éécﬁtfospr%QQ% the template and

3%%3%? tersTecio Egiagah RN by Saotmiodn BVRIPTGRTE AEQ. Many of
cartbesbscairppns)aahe ﬁée&mstrbtydl dnsad%ﬁﬁtEiﬁWcﬂQ@&wm)aqueous
b oelu REE B2k d5enT dhdifis WiniagRE shRRRR 08 See
Hyeon’s summary overview of Korean experimental work in J. Mater. Chem.
2004, 14:476-486. One of the best experimental carbons according to this
method used aluminosilicate templates averaging 8nm; the carbon achieved a
disappointing 90 F/g specific capacitance with TEA/AN electrolyte despite a
1510m? BET surface, fully explainable by aperture restrictions and local
depletion. See Electrochimica Acta 2005, 50(14):2799-2805.
[0020] Another approach uses carbide particles from which the metal is
then leached by hot chlorine or fluorine, for example as described in
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on Doubl e Layer Capacitors Dec 5-7, 2005, pp. 249-260.
Anot her group using a sim |l ar approach has achi eved

wWAa3®7/AEgs6 but with some intercal ation PCT/US2007/004182

pseudocapaci tance. See El ectrochenmical and Solid State
Letters 2005, 8(7):A357-A360 and J. Power Sources

2006, 158(1 ) 765-772. The purported anonaly

supposedl y enabl i ng doubl e | ayer capacitance in pores

| ess than 1nm (see Chmiola et. al. in Science Express,

17 August 2006 page 1 (10.112@/science.1 132195, the

i mredi ate online publication service of the journa

Sci ence www. sci enceexpress. ora) is sinply and fully

ex flegtiectietsy apd Solid|StateUgadtsirs 9003,.HK7):ABBT-#60) and Arulepp et.

m ¢f P%&?er%ogagﬁs {%d%‘?]/ bre%gnt(fdrlpbﬂsem\éhétbﬁr{eyvé}gion of this

capacl tance recur sor

ungaipide gpeieach (dassiihgd in W%Empﬁlaomfb?ﬁée@@ed fiaon 115 to 122
t hejeldGnd exsacithats. oy P}'&%@Hﬁi@é dfmee1 §“7r%ﬁ7%ltlonal Seminar

surfiace for a given volunme of material and therefore

anoibe ﬁYQf)@?FEﬂ%tOéS(thq %r7 203 npx 8APt2504 HePRr group

[ OQ&ikh a'&imilana cﬁﬂ’@‘s%ﬁfbvéa el%sswgf @@tt\ﬁsm some mtercalatlon
nanomds%cl | es, TDA carbons made accord E)g

No PS@UGESRPAgEANGS: SepdrBrirerhesticaianchPp) Né(ﬁ‘r‘ bﬁ%?fs 2005
fg gmmﬂ%ued@bhaw Poaee SduRES Zav)dn as8(19 Wleﬁeﬁleﬁé urorted
oW n
o Promant Silpb3et oribtng AR Biareh snARttedn sRcs Bes than
substrefstealhrhietteetabl. fin lﬁ:dxewge f@mﬁ 1 7ML;geAsanﬂ? ;Sagge 1
e n o

PR AR G IO S P ERUE b Pk PR 58 Sl of e
Thmuresmmemga evacsciencaeoresisaggosaimplyENBETy explamed by

aﬂ%‘lé’ nibk&QH)tr tﬁé1 uF éﬂwa‘i Rﬂlgl%ﬁgl[e% o?ﬁﬁé; Hét&rtéﬁ%ﬂﬁ’hﬁﬁ@Sﬁually no

ant ag
pr @@laa@tﬂnceslag@ne} ths@éewrsor mrbcle@am gnuwwsma)l?gemw -3

angh; é{%ﬁqx\%maep a?dtﬁél‘&&‘é%%%r%?ﬁe Ag?éiy hﬁ)?& @xternal

(speaker 20, slide 14) reported vanc
CaBHERED fof A/gKer valume ef rzet%lal podtherefoss aam@ua@al proximate

appRkRMeR sEeexdrhpidi4bsibystal materials in a car bon
el ectrodeposjtion according to U. S. Pat.

6, §¥RHgo. Tiskarothgr gRRWAC é«méprfaﬁtaoten@m@mce"es TDA
di aamtmma@éorawgrw U.Bi Pal.iNdT®, 787,45 afehééfed@feqieet the

Caine N8Bt $eisag® baindalinipodhiRgalhhee pavaFidndos

f oFVg (ﬁwmgndnmanaméme) &adl savé pﬁty\madaﬂffiﬁzubto kgale & b&ﬁfnercnal
= B e T o BB A RES 2Bl

| nuses nannmsceue idehydiatipn aif pgpwdsdrammuhydraﬁe sekdivpk olmiwed by

an tl%rﬁ'faq E)P&%S%Q?Tﬁlé Qggtﬁtﬁ@élgtzﬁocarbon has over 1500 BET surface
but only about 94 F/g to 97 F/g specific capacitance. Its advantage is using
an inexpensive, chemically pure precursor (sugar). See U.S. publication
2005/0207962, and MeadWestvaco's resulting specific capacitance (speaker
20, slide 14) reported at the Advanced Capacitors World Summit 2006.
[0022] Yet another approach uses liquid crystal materials in a carbon
electrodeposition according to U.S. Pat. No. 6,503,382. These carbons,
however, have the disadvantages of being thin films with rather large pores,
so only limited surface areas and capacitance.
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fibrils is US. Pat. No. 6,491 ,789. Another is U S
Pat. No. 6,934,144. Vertically aligned carbon

wo2awoteises ul tracapacitors are being investi gap@€us2vOTION4182

others by MT with sponsorship from Ford Mot or

Conmpany. Entangl ed CNT have two serious drawbacks.
First, the material is very expensive, several dollars
per gram conpared to el ectrocarbons at $40 to $100
dol l ars per kilogram Second, the material has a
Young's nodul us of elasticity aearly equivalent to

that of dianond at around 120& (extrenely stiff), and
is therefore extrenely difficult to densify to take

f u[q 238 v ant ¥efeanstherrappseadhais do pse sentecidriyof chebaremanotube

8sd kh6Ws as'\*%l[))céu'ik%r'sﬁid@lm‘é il oF HAROUN, HhdSithe? grown

re orted devi cés made using HESOPOr es
?ﬁ’a'ﬁﬁ'Y éad @rPlirthan an entanglectfikreng ineaterial; ohgrpwn in situ in a

Caﬂ@ﬁb&lﬂﬁﬁl@de@%blﬁi@nV\Aﬁ'%ké’mbfeoéﬁé‘]’l ¢ecitdde Hé&le' ffom separate
dependent _on nmul ti-wa P 5

| |
caHngsﬁgrﬁgﬁro %’teﬁéﬁgﬂf nﬁ‘nﬁm ipketddati Ng- Qﬁéﬂﬂl‘}ér

g Sggrtfcsgyﬂbhgﬁéd c&een A’\ﬁﬁbtu@@s B'Itbéida@éc#&%ta@é $eirfdihvéstigated

capRe Pf’a&'& % bé'zlgﬁl‘é’f%h ﬁ@??%qrs'f"ﬁ F?”&gPF‘gM%%r CaMp8RY Entangled
Se©NJT. hawst twa sedivers dra@Backsl F(rS), t@&ra’i&ihl isvesryiexpkhiive,

|
o e N Eb8 el oS bl ot s i o eyers
onper killgrawe8easitd, she freterial bibs @vonnd3d horiyliar & a1B$tRItS nearly

pe
Ao NI TR BB, g e
me?*tr%[geﬁydi)\ff gt tmeengiyio ml@feﬂtadgemagerwm surfadekgresented by

”afh%f\fé?? Bhb @ﬁereNHfghﬂﬂﬁélngﬁg%r%kB %98{ talggggr[te&]mm?eéLDC

2, 16?h” I nternational "Sem
Ot FRYISEH Madeusing m&ﬁqp@reﬁgfr@amwmvzai@deqaemm pepotube

f | RetSnASmEeAr M d’@%@ﬂéﬂ&ﬁaﬁgiﬁg\(ﬁhé{ﬁtf&)ﬁxﬁ t8r1%%rF/b(?n aqueous

%uce cost, for exa i cat

BrielyiRsy highhrderendsnhen myiti-walled Cﬁé}orb@mwee génsity and
pr Dok Proce Y TEGENSH déﬂﬁﬁlﬁ%{liﬁ)sgeg?;%gégy tyégﬁlL%]ﬂBk.b ®ict 9
oot S 0B PABL 2 aPeost ri e AP oRRNGER are not beter tha
stmmateroecarbons emﬁm mdﬂe,SCh@tn 2&31@5 65(@%4@%50[ Oz ialy
dr@fo. trrleql us % 2_.%\?[% nts to enhance
g{)or 0%ty auri 'ﬁa gRve ‘T" Vﬁﬁg‘érf‘&%(ler%’f‘?%glei oHngs’
@moéulualpackmrmohle(h mm_aaas 38lyHchidida- BET%urfatie¥ @ about 500
Cco, e enolic in and, .
OBl LN A AEAS: 10 B8 e i
achanivkes, laadge edirametyeexpenbivesaistwelbls &ivwivelarmeonith present
f 'é&ﬁéoﬁéué@ﬂﬂf@ﬁﬁnﬁé&ﬁﬁﬁ@ tBETDISRIRY S F feport paper number

conve tional activa
n” 6" International Semmar on DLC, pp15-22. Othersihave explored using

carbonized electrospun fibers as carbon nanotubes equivalents in order to
reduce cost, for example U.S. Patent Application 2005/0025974 ; but
espinning is not yet capable of producing commercial quantities of
carbonizable fiber. Others have explored in situ vapor deposition of porous

carbonaceous materials without fibril structure, for example U.S. at. No.
6,697,249,
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but with sone |arge (several 10s of nn) nesopores
generated by the cobalt together with a preponderance

w@Roomiiza3epores. I n these experinments, the bestPCT/US2007/004182

resulting total surface of materials with cobalt

adm xed was | ess than 1000 square neters/g conpared to

as high as 1900 square neters/g w thout. Tot al

mesopore surface as a proportion of total surface did

not exceed 27% (only 170 square neters/g) in the best

case even at 40% burnoff. Oya f,ound the activated

fibers problematic because they becane very fragile

due to catalytic graphitization of the interior carbon
ma{e0d4)| . QYtheds Have triecounsingl eatalytio @gestsoioterdnvance ohegaporosity

pagt L& vé%oﬁvegﬁ%ngﬁ@tl ann gcttaq.g}écaga R OF eegmﬂnng(ﬁgg’g} §88):1085-

none re o se O
natl 09e, nixetoobait:dacetyladetemae sviaphemnotiaresio and raethanelselvent,

%rﬂépﬁ.ﬁ\glrc‘ggégj %Qﬁ@jﬂlie‘a d:"Qétfv%Séd %?%é??%n{ét%?@erwebtam

degam@efweas stwedaraie tsw‘atsfr: areao‘formaer@ﬂdggoyver@tq%@efa/aﬂon
Cabbpwntﬁ 'sBﬁ{eSIané f(éﬁdehﬁlﬁ(fsaéfﬁ‘trﬁ()t mes&%fbé 'g@ﬂbtegléd bi@Re cobalt

started with conventional comrercially avai

ac toaribewith P PEPPANdssrRCeeRMIORATES I11hess RYRSIBRYS, the best

andeduifny fotd suraes oﬂfnalgrlalémﬁtﬁlb@balt BRhfxsd @aé%ﬂh}én 1000
nlcrogores under

ot SBURE PRI E eI S ar T & (08 PHATEATP e ot Total
a I splofd suwféde &6 Yopresation ef toohlsueface I’d}tdihﬁdeic@edlﬂ?l% (only

gt A G A e T
pealctdhatat flabmproalanmtambaatmee ehmalsecam%lppfye‘cagalel due to catalytic
?llngr%er ea?nohrbftttbg r?ér?cﬁ'ocra%&?m%ftertg?sa%’ chlsn&%\‘lglder dwotr oreport

ore the ot al ace area on I NCr ease
198%4, sobrit panyeleesizd yresolipgriesdn his rlmee)smfum @limestaionegvere

af ty %%eﬁ%%of?ﬁ’% %%éc\é%é%@tﬁ(é &P%hlatr*h%t&gl@'tﬁe E% of the

i ncrenent a uare neters nntnesopores
sp@@ganccrawaylcm gaktion mlt’W'SQQ'Y%@E@”‘Qﬂ'Fd’fﬂ@tfsPh'Eﬁ’Séhse

unlipgs)t he Quag @] KorddPn cHeth. g ?@@tﬁo)dﬁf(zﬁ%7 240,

rep ort the sizé of an cobal t artlcles forned

pr &@éﬁ@be%atsewncéﬁyﬂ\(ﬁélpé ok Bravielsly aFiaer Pam?é"bseehv further
u nd:%'tal?tn&é&ﬁﬂldéfmnt h@n{; etdﬂetd Wigh meﬁam&ﬁmemﬁumanabm
in hIS datat{,g' q i% rkers dchL ﬂ
metdfduRter gar 5 HMGATIh 1 57 hESPROIATG8 Sctace area o
di ssalvegiatogridrerg W1¢étlyphi%€¢tfcﬁé£ updérc:ham)t Heasedtc®balt
us activated fi ans, em Mater. .
Tostod0aBioRE8oSiEe Ih sblihy RpERVRERN nied®hk prlBntre win
exdth mdﬁbbﬁreevaotrreommnmd toahnai 23%53!0& v.emptao@ee lsecond
UP JRvati8n S iho it BoBER! MbREGE OB Sadiidrihn RoLe6HoRy b3k &ribution
peaked at about 2 nm and there was no appreciable difference in the
proportion of mesopores above 4nm.Therefore the total surface area only
increased to 1984 square meters/g compared to 1780 square meters/g after
second activation without the cobalt (200 incremental square meters of 2 nm
mesopores). Hong specifically found that brittleness did not increase, unlike
the Oya result. Hong did not consider nor report the size of any cobalt
particles formed by his process, but if any were able to form must have been

under 2 nm given the resulting mesopore distribution in his data.
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chloride (PVDC or Saran)/ acrylonitrile or nethyl
acrylate co-polyners in tetrahydrofuran (THF) sol vent,

wana7fizassed t hat nesopore distributions peaki ngp¢T/082047/004182

nmto 7.5 nmcould be created by a high degree (70%
burnoff) of physical (steanm) activation of the

resul ting carboni zed conpounds. See Carbon 41(8)
1678-1681 (2003). PVDC co-pol yners have been wel |
studied in Japan as a preferable EDLC carbon precursor
because of unusually high car@gnized porosity prior to
activation, well characterized pore size

di stri butions, and high capacitance in sulfuric acid

el EX026}| yt ckamwitansLgo-werkera drvriops methegs ox asplggarelearth

El sibie %é@]&oé%ssd\fe%t%%é trat PR A§ 8ok .@L%)s tar&sﬂeale
El ectrochem 151(6): E199- E2 Tamal

begespeipUsiatyvted %ﬁ“[ﬁﬂoé‘aqaép‘iﬁ%&h@ﬂ? kMﬂ@" S1R96 (@) 4@ 462. His

on?wdﬁaétera ¥RBE tha PeBfoPlo ShnFnRe E?Pﬁ_(féﬁzc(rbwrb%hs ctamde
ui valent to 136 and 140

C o fistolad fooethSTin fo e bt rexidere Rt k) soWvisHidiens:
exahlanaé (PUBJ, oF staharg/ & I@fnitﬁlbnﬁ' rNetﬂyB@cWI@télbd)-ﬁglyE@rgm

e T ot T RES SHIVRRE el e iesepar fisHibugppg aeaking
Sl from. 4 hm tbar@innp t:oul_esmz éreatmd)yp@ higth cmgrée m{]@%ﬂnutrnoff) of
.al,, t ave
" bRVE (oA RO B [ S i SR RBRZRT Sotfientidcoee
caﬂadwn 4U(\I6E80GBY (260 RYIDIG/ capobmwrsihavgibeen welkestudied
Wja;ﬁagg?%éW&aiabweﬁf@eaer\sbngo%ém%{c% Msnuéﬁauy high

the [ nesopor osi t
unedRoniEede ety t@facweélonewall nberaqteﬂzgdmomc 1sizeo

| ogatriifgBhS! érﬁH"hngNQ:%ba Egn(ae% %ﬁﬁ&.%é&l%‘iél%ﬁ@% WBE!

exterior, which does not chan stanti all

dopelivating. SREcHEaxFrHEy #aE@ctrWaﬂzv] Sey 1497 HfAfﬁ&Aéﬁao
eXpriUg ol [ REedtRRBERS S0k J:mbx) 951 (o E%@%éos %ﬁa&.@%est

cat al yti c nesopores, Oya and co- vvorzlers
Ingir e Salglyzed warbans wpmﬁlwwonatl@d/pm*@ﬁa@%of 34

l naFFdﬂESSUb\(ﬁm eleb@w@seu)négu.oaneﬁuws MeNgH iFfg EESIfS
a cqoncentratl on Upon

t 0
CaPRARAGF &maéW&eﬁ?%%md&aﬁf%%w%ﬁysf?weJ g&relagatigngfor this
r aﬁ@@nefngqcmsﬁﬁécﬁdw Ellle ﬂeb&lt §|thtda>nV6rﬁﬁbHafﬂWom concermng
Q}eﬁorues SpIe cﬁ ¢ avtl ng aver ag ore
G SERlR MR er9 S IR S R apove e e Tamai
r epudcess fomeddeporak svithtir theanbieriag tige Féddlt}hd)ﬁtdrﬂél rh8&dpores
ca J ct Y4
R R AR B0 AL e
1OQHW/rgam’lnaﬂytma‘ﬁsi@argim&\efremiran@prmboltkb)@ofss;awng
MeLRERpbR2MUENHR RS irAD ¥ mesoporosity is probabilistically unavailable
and most of the remainder is subject to local depletion. Most EDLC arises
from the proximate exterior, which does not change substantially for the
doped and undoped materials.
[0027] By way of further example of the inaccessibility of internally
created catalytic mesopores, Oya and co-workers followed the general
methods of Tamai using nickel acetylacetonate in THF solvent blended into
precursor phenolic resins at a concentration of 0.1% by weight. Upon
carbonization and steam activation, they generated a range of activated
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1700 square neters, in |ithium perchlorate/propyl ene
carbonate electrolyte. See J. Bectrochem Soc. 2002,

WA 2®(/12038855- AB61. [ 0028] Edi e and Besova fi neP@T/ysmomich4182

netal acetyl acetonates or other netal salts, m xed
themw th precursor nesopitch, nelt spun a fiber
containing the particles, then carboni zed and

activated the fiber. They found that the

organonetal lic material fornmed nanoparticles ranging

from about 10nmto about 100ngg and that during

activation these particles etched | arge channel s

resenbl i ng worm hol es t hroughout the material, sone of
whearhop dbgisnyitile yevHargremesenares (s@ne mqﬁarralsaagmgeamrage pore
chapng! gather ﬁ'la?Pdlbﬁ{egé‘r) ﬁ]se)gc‘ésg%f KB, )?eY{ @sﬁltl'ng n$a§%als

m crographs hese channel s substantial act |

_hy ey mfsﬁ@@y bﬁ&ﬁiétr@n caf%@bqrarcpnmaéablamacim@mﬁ

| a5 @Riatdd@AhSRtthERicked rca%iaeﬁéﬁ&é%%hgeé froff$hBout 80 to about 100
reI tlveg?fewm nunber , re uired a very high degree

f PRVt diplsivriasssoiom atung 100Qisayare megisdagsdighas about
C ai Tunsguarbanetely, id G@m&ﬂ %@f@lld@féﬁ'ﬁ@)ppﬂnegﬁﬂ%né@ el lyte.

al mbi
C HaP Rt ElePiahan 565 2008, 1787 ) e RReS T buri one: and
t om128]; ur f xtie @nddBesatblfinely grbe?dl et s tyiadetonates ,or other
Sl evi N Cro
o BB S Hh R o B Bl e Blespfith el 58 B 5e?
43¢an)tainirgBBe paBiges, Then eatoaizedantbadtvatetbibe fiber. They found

o1 et Pl el RRARE At K e Afifys gl fggm about

Tr 1 9rra to @bouti 00nesaIb thah during ackhwatioptthgsepadicles etched large
26&@nn€5§re%@ﬁhﬁmg%&hﬁ:ﬁ&les %bg&h&ﬁm‘?@ ﬁ{étélﬁéleéorjn@ o‘?%lﬁh

on silica wt 1 ous average di aneters roma
as'esminaled £p the surace. FHORANICes pBE shanpela srese £bllarge as to be

pr .%%wngz Qlstbl&¥n sgwhmob%her?ﬁé&é&{arﬁ@@édds@manf@ééﬂnated
and covvorkers denonstrated a process for ree

st BYRIPEYN sIRES- HAweYRly these @@W%@@lﬁgﬂp% larganthes opimal for

f r@l&b@b@bbﬁgrwmmgvsméwnﬁ ﬁum%al rﬁqbiyecy ahgnPligh degree of
ee

D 08 105k bR, YECoIE oot gaent e cRBRON\Fiacadp QR aduare

i nm|]39=9§' m@rérﬁQﬂande b@ahog&lﬁmﬁs drgPeta s.bhé,taﬁdW{&brrlblnanons
n_a orm var,i pus_ met a

R L TR N TN T AT e
10themepsited natgaalonedweVearccorgdiala propbyticceft sevaiheg micropores
d I
coaPOHKE cblsd [ infER mecbofl ICabo F 2603, o} Fad P,
Théker efremdbam&tbo@dosa bobspfticienty erahanopmmfeswposmtace for

| NeigbRERHIchY A HlabOA sudlf AdEpi BY a
[0029] Trimmel et. al. New Journal of Chemistry 2002, 26(2):759-765
made nickel oxide nanoparticles in and on silica with various average
diameters from as small as 3nm up to several nm from various organometallic
precursors by varying the precursor conditions. Park and coworkers
demonstrated a process for making free standing nickel nanoparticles ranging
from 2nm to 7nm from precursor organometallics, again by varying process
conditions. See Adv. Mater. 2005, 17(4):429-434. The Japanese organization
NIRE reported in 1997 and 1998 in their annual reports that their coal
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potential mesoporous filtration carbon. See Energy and
Fuel s 11 327-330 (1997). Lacking the theory of

w@e@iimase exterior, and foll owi ng conventi onaPCTHSTHOT004182

about maxi m zing internal mesopores ideally not nuch

| arger than 2- 3nm these investigators did not

consi der potential inplications for el ectrocarbons. It
is apparent fromthe foregoing discussion as well as
fromthe many current research efforts to find

i mproved el ectrocarbons that gahanced carbon materials
overcom ng these intrinsic physical limtations are a

| arge unmet need. BRI EF SUMVARY OF THE | NVENTI ON

[ 06387ChREs BedBeenablere fpine yarivug metal oixisle nanapafickesiwith

SQithﬁétér}é réﬁ@né%%ﬂg%i 18! ridh %mg%&aﬁ&n@%ﬁhc%gfaa‘?t ed to
an gr ee fhe statements wit
c%?’l stigsebvad iBfTHmsinpe By spating éﬁtticuiatd: brawn coal
webrn@de@bywreen@waﬂ&aﬂom BHROSANENL CPROR g rfdBanced
mat e ext conpri Si n row di ng carbon
patPeERugntY caielveed Sieseperas i sisam ectiried coak presludng o

papatemaasnmapbrmsgramm 8hrbbA. 866 Bherd) avd FPéBefM.@ﬁsso
i cles

o O LB Pl A Ao SRR B i ows cmentonal
namepamabdwmm«mmgeunterabn meedsmemp M6 mu%hQar"gB?than 2-
Sbﬁrfnq egé Xri\}égtlgéa&{é 819 ot -CglflSla?r rTEt P :?q H@pb%t%n@&g%

fromt
erﬁi%ﬁwaém@r iltde appafemt é’orrutg'es‘ote_,gomgmsémgbn a$ wed\errfebm

¢ e PRI ER0RLABIBHE 10 Ra I AFBLLY oEBloELEAIRG

char ge because have no apertures,
préstiaees carhom matesials evereeiningehese E@msm physicalilivatations are

PQf Bfge LR/t hesd.ease proxi mate exterior. [0032]
Anot her enbodi nent of the present invention is to coat

Rl OV DR GaEIBR ERmEN G, Shch as & el

Sqeo3ef tch fTh*éesrooP@ &%%Hﬁfsem RBEEntidH |8ade[§{}5%ftoha@hby the

pol yneri zedparticle such as raw as-na

caﬂ%&ﬁf’%i’ ﬁ&'mﬁea@chwsm affesiedrie @nysieigire by the statarnénts within
tthg@mmafyn a material with increased proxinmate

e @& [0033 Anot her enbodi nent of the present

>r1 ]I on |9’Ieo Phpeiment of the presenids¥gicsus acaetiod of

pairépa)inr@a odedoperdusasfbdn WithehhhAted Brcﬁurfﬂatréaé t8§S ddhfbrising

TS I el o A Sl oS s eriis
c avithoorgambeetallic plecuisdr jpf efRIMviseiee bl dhetal SAEHS mefal oxide
nanoparticles, and activating the carbon particles such that the nanoparticles
preferentially etch mesopores into the surface of the particles. These
mesopores are formed from the exterior to the interior of the particles,
enhance exterior surface rugosity many fold, if beyond the minimum
thresholds are not locally depleted under charge because they have no
apertures, and improve the probability of access to adjacent regularly
activated pores. They increase proximate exterior.
[0032] Another embodiment of the present invention is to coat the
organometallic precursor or otherwise derived nanoparticles onto a carbon
precursor, such as a melt spun pitch fiber, a polymer fiber, or a polymerized
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ei t her mesoporous carbon particles forned by the
nmet hod of the present invention or mlled nmesoporous

w@20bo3particl es therefrom [0034] Anot her enPOOUS®NT/004182

of the present invention is to further forma | ayer
conprising a binder and the nesoporous carbon

materials of the present invention. [0035] Another

enbodi ment of the present invention is a carbon powder
conprising a plurality of the nesoporous carbon

materials of the present inventg on. [0036] Another

enbodi ment of the present invention is a materi al
conprising a binder and the nmesoporous carbon

maPefticls sUgf as raw prearde PVRGe theroearbpoigBi] tharsr ey precursor

enprsk wedtitivafiod RErd2ULRTHE Q%ét@ﬁ&%ltﬁ)fﬁc bl WRterior.

co r|S| ng a current collector and I:]e%séﬁsﬁg or ous
cal33] nat er AaPHespNtbodimeriat the Pfﬂﬁ@ﬁt lné!ﬁnﬁ“?ﬂ is to further mill

el gt ﬁwa@bor@QBtc@%orV\bélhclbg ®f He pre8EnGRlLRIG a {n%i%%lslred

Anot her  enbodi nent resent invention is

cafSRTEHY angike giSH@UEIH@ %%ﬁ*alwa%oreaqoeang ﬁﬁﬁm'a@fson As
of usérehprens,eMiesopgrills @itborDmbdrdrbr M@bé’ﬁﬂ ifdkiont Fifers to

acFﬁ%rtrgﬁs%%?orgg C%’(%g'lr?aé{%eﬂgfg@eﬂj@' |’§‘E@‘9@P@§“‘%\H@53“t

ar invéation bbatldtemesoporbhs camoerpahae@&\eeewemy hi gh

|t e ex r S es wel | -suite
L nlibing R e PR AvelfudiEls o HoheTorm o
batayer cemprising aobinder erh@ti”termehmnroais caroi roaterialssof thad
?ré%%n?fn%@ﬁﬁ@ﬁ' by net hods involving catal ytic
ac

Ivati on usin nanopartl cl es aver agl ng over 2nm
di HR383r . ThAanpihep gmbadinentaf ol pragestinveatiorisracarbon

Pr p¥weEr E8RbFiShg QYA lrdiffof tHE ARl dopordRY cearﬁgﬁ’ W?z}tééf?ls %?q'\e

proxi mate exterior of the carbon nateria Feso
boPFf*’SFﬁE"WPBB%l lity ofaccess and the |ocal depleti on

|'i podasyi ons Ahofieh@mycrirkem Tt &picdleft meﬁﬁﬁc?/n"‘fs‘%gmatenal

carbons with enhanced rugosity, conventiona
acPPURIFIS Hbinder and thasmpserqrpPus seendPAials eftihe present
i nir@Bhtiom have conparably hi gher pr oxi rrate exterior
ch eristics, tailqr- madef eC|f|c |'ications
nﬁ‘f"g"f?ﬁng, bfioRST eMmaedinaential; the plasent EvaRtn & qnygleptrode
capam'pnemg a améralcfollbdbth any thed m@gdsmgggs camﬂ)n;rﬂaferi‘é@ of the
eover.. thro addi ti on certain
? qseom %8” rEJﬂ §/srtrigal sy t hetge CPH@Qg zﬁl%cg? tals
halt®38he f ur Ahetheaduwimdagentiaf ﬂwpmsehbmem‘ fon is a capacitor
comprising the mesoporous carbon materials of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0039] Precisely engineered mesoporous activated carbon materials
have been discovered and are described herein. The materials have very
high proximate exterior mesosurfaces especiaily well-suited for use in double
layer capacitors or fuel cells, batteries, and other electrochemical applications,
and may be prepared by methods involving catalytic activation using
nanoparticles averaging over 2nm diameter. The preparation methods
described herein provide control over the rugosity, pore geometry, and
proximate exterior of the carbon materials, resolving both the probability of
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optionally contributing pseudocapacitance with certain
el ectrolytes fromselected netal oxides, in addition

wo eoovhzo3siel mhol t z | ayer capaci tance from the arCT/usi0eTi004182

carbon surface, thereby enhancing the energy density
of a hybrid capacitor cell. [0040] Throughout this
description and in the appended clains, the follow ng
definitions are to be understood: [0041] The term
"mesoporous” as used in reference to a carbon
describes a distribution of pofe sizes wherein at

| east about 30% of the total pore volune has a size
fromabout 2 to about 50 nmin accordance with the

st &fergsRnUbsdogalidenletiapimimtiops o4 pthes sepmnematerials. Activated
pr eRAYdrisAtH @ﬁhgfmé\aernbbggﬁboﬁ\cédt.\sﬁhﬁyct%ﬁsﬁ berY, BAAStructure

may range froma | ow of 2% Mesopor e.

Se @C%ﬂdm to tsdaveriondeaye, cqnn?rﬁh'vgvg{mn RsppdMate exiesipr

on cga@ctér%?éelaumat&“d 17 %peéiﬁé abmtdaﬂahé Whcheding, A Hot Aited
I.N. rer.er

t t ts
Sof S 8PUPR Berpbretomavua Bateiyboiedss. Arayel oo
t helezxmed t ﬁa aMaraovers Ehroﬁgﬁi tnet wﬂmﬂofalwrtam hfﬁatﬁlroﬁdé)@étalyst
t owar g 1IN ca a contraq
ar {RopenPiee. 4B el B0 e b aly S5k da cSbagiors o
s owptiemddlydiominitigingrpeteald ocap abitapes tith lcestadf elacttblgtearfrom

I .

por PLa e SR, it G SRS PoBh oacrBlph gfim e
af eetivatpe catdiansitrfage, fireselisenhdradBheTirerge dengity ofi ahybrid
US%Qpéﬁtd’r%(eﬁr ence to polyners and carbons refers to a

distribution_of precursor materials conventionally
fr 6994Hout 1Throuaheut hisidesaripiion apt in tresappentiesaiziars, the

SUWI&ﬁn@HSﬁﬁQ&’(@QFét%Q% L¥adseBar ed prior to physical
or chem cal actlvatlon as descri bed for exanple in

U. 0048 NoThe termy ‘mesopagus|asyediRraiaienss isea cathoad
in dreeérecsem@ a.stmoma@hxﬂ%se 3i2€ls %%RQH alt RfR §b6@t 30% of the total
filanment ous mat er | al fine diameter, such

i BAER WPISTGEES § Rk B AEOT2 17 EPOHG0 adn SFEPIEPRGE ith the

| essaridaad LBPACLd R itiBNG AQ?[SlcaISHéébpﬂﬁe phepdriies férﬁﬁﬂnvgﬁﬂonal

D BB e M s A s¥h Bl of 22

pr oTEspess. sfmmmsmet ﬂaéadepsmaw))g 16T @r&é&ianshe/ S&Mare on DLC.

R R T s A AT

dl @ﬁdftcmre@rea@ és pohaurs urfaveavhikreimsreesdpores Gane been introduced
from the external surface of the carbon particle or fiber toward the interior by a
catalytically controlled differential activation (e.g., etching) process. In some
embodiments, metal oxide particles of a chosen average size serve as
suitable catalysts and a least a portion of the metal oxides remain in or on the
carbon after the activation process.
[0043] The term particle used in reference to polymers and carbons
refers to a distribution of precursor materials conventionally from about 1
micron to about 100 microns in diameter, such as are conventionally prepared
prior to physical or chemical activation, as described for example in U.S. Pat.
No. 5,877,935.
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[0046] In presently preferred enbodi nents, the
precursor carbon may cone from any source of

waedo7iizizent purity to be used as an el ectrocarPORUS2007/004182

(either with or without an additional final chem ca
purification step such as acid washing), including
naturally occurring materials such as coals, plant
matter (wood, coconut shell, food processing

remai nders (pul p, pith, bagasse), or sugars), various
petrol eum or coal tar pitches,pgspecialized pitch
precursors such as described by U S. Pat. No.

6, 660, 583, or from synthetic polynmeric materials such

as[MM4lacr yI SRemhrase fibak)usse ipatiotanes taipohenersiand easbon
( Préieps tofflihmeHEHsanm SRS @f'ﬂnée(ﬂaﬁéfé?oéhc@f §§Hfa$&rterstlﬁss than

IS conventlonalle/ desirabl e for puri
biy

R EBUE20 e RRBId R EDMIRES BanERauL ] B BtoNsoRwh Sethe
anyypel"te.m ﬁ'&lylbe §btbtn%6|d%| @&We&ﬂbnélmn@ophéﬂeém%mg

carboni zed i.vat e "BP {0]5 anorret allic
naREP&FEFE Pé“E%?P“Sé‘“B??'r?é’n'” GrRIa5ESERS FHANLES Sleckaspinning.
naf@s]t i cl eThem@r&Eeemandp’aelaﬁedséﬂ lrareﬁérem:@ﬁ catalytic pgrtlcles

r artlce re_introduce
TR Bl PmalglF R HORBlod o3l BBl gbiedanan 2
caﬂm 9rnqi tessithas 56nmt he car bon particle surface for the

t

CnATEHBIC, o rEBleRnl) oS S, birB RIS ShE 36 Bérbon may
st sg@edTonmnysoures o wfficientpudibsio kel ustd es ochestiararbon
aCYéltHetrWIthTJ}QNITWJlﬁ‘Ian ditinal findl ch%”ﬁcﬁ?ﬁﬁ*?‘eﬁ@ﬁtﬁéﬂ gpgh as

materials are sel ecte based on thelr I c an

ol BEC R K1CIucting RiuTal, oqUouing mpieriskaUch as coals, plant

en‘ﬁwﬂtemwbéd ddt@nf SREMOTBIRProbEsIh RPARGhHEIS PG 'ithses
ggt al XI de nag partl cle, a conbination of different
me

d%r SHERDa VY oRetroleury or Gpal tek pitehes, SPﬁC@bmsi pitch

enpasburgors Such e d&bﬁlbedmy IdE% RO R B'G@O@Bd" ®Y from synt nthetlc
cl udin in o

o B e Bl Sl bl PR 1B 28 ol ghe ghoric
enmtRDORNAithough tepedialired tatbog p@@@h‘gor&n@fénaﬂ €3 élirﬂéhtlonally
SORBGHATE 3 ol 8 e RN SR hrhaf] s

ot aey chetmictillprsoitgble phecirs@ capabihef L'pm&é eal‘tmtlumc thé lativated.
de Wi H’\ cﬁ@%hqet%ﬂlctrl%%opgﬂfcfél can b ‘?ﬁ{arh% IS or metal

fer ab m ni num o
du awé?é}anépartmte s¢nesatetadregtasorrta chémicgl sreicvetoe dhereto. These

el ﬁﬁﬁé&érﬁ&l@s 'a‘Pé‘1 tideed dhﬂngeﬂg o?mg'oq% ﬁroc‘égs'zg%ttaades to

oxi de _nanopartic es conpri sé oxi des of
coBvide Wﬁb/ﬁp @rﬁas PUtﬂl‘%ﬁ?@ﬁ’P Restigle ﬁwrfamtnrmm silbsetiugmt

?/L bgogm"g %f ﬂ}glé% ?}@”fme P& rWbRS theQRHBRbt #RSdB&: 88fing the
activating stage(s) and/or to provide a desired electrochemical activity. The
metal or metals of the metal-containing materials are selected based on their
catalytic and/or electrochemical activities.
[0048] In some embodiments, the organometallic nanoparticle
comprises a metal oxide nanoparticle, a combination of different metal oxide
nanoparticles, or alloys thereof. In some embodiments, the metal oxide
nanoparticles have diameters of up to and including about 50 nm, in other
embodiments, up to and including about 15 nm, in other embodiments, up to
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the netal oxide nanoparticles conprise nickel oxide.
In sonme enbodi nents, the netal oxide nanoparticles

W@ o09p2eses i ron oxi de. I n sonme enbodi ments, thePCT/US2007/004182

nanoparticles conprise alloys of two or nore netal s
such as nickel and iron. In some enbodi nents, the
nmet al / metal oxi de nanoparticles are suspended in
nonpol ar organi c solvents |ike toluene or hexane.
[0050] In sonme enbodi nents, the organonetallic
nanoparticle conpri ses an orgajonetal | ic netal oxide
precursor a mxture of such precursors. In sone

‘? n@g{] the metal oxide precursor conprises a

ne?'é ingliding gkl AMe InpiRr FMbodinggnisnd thard instuding about 4
bemay In Gtheﬂbﬁibodﬁﬁerﬁtet 8 ROAnRcRRIINEAbout! INHOBRA in other
err‘oogP the anoparticl e grecursor conpri ses

ni ¢k WM atlst Biffereed partisisntize masts wiliflepend on
t h@rem’n@mﬂsfosrlectwmﬁel, Bas?r@mrablyajé&é A MUk El(fj éﬂleétbpﬁhtﬁ?

su sol.v n.s odi ment s e

o SRR o018 RinelRefl, Sl acibied Sachohis 'arr

eni®@dBhent s Inrsonte eimbadinerds,theehethl dxideBbAbparice comprrse
T R R R

SUCh™ pr @Cur $o1's” &
oxytt!@mhanéktﬁﬂlumc pdipuirsonmenbinaticnsdheten by smms embodiments,

Prgehe@y oerQ%aﬂBPQQ%% @ﬁr%fseprﬂ&?etl' §%ﬁ arlwno% arp?leén%oglrgfents,

converted OXl
suhednetel pedeinanerartisespmptigedearboride.dnisomeoembodiments, the

aCﬁaﬁ(ﬂHa'rﬁHlleé §or9|prlsé BIOWIS dhvBrs ? Q'[-r%%g%tf@ a€flickel and iron.

t errper at U{r% oXl dation treatnents
M RTwodineiscihedReal metal pxids mart,op@r@m aisr suspenged in

mndrtp:ro%r&frgéﬂ@koﬁfe@rwrlﬁé)foﬁrén% cHhighhRE. L0 a carbon
n%gépfl tge organonetal i c precur sors Iy be
ed t "r?&ﬁg?p%'i"PPér”é%“%ff & greansneetplie appeariclee
a@mo@%bﬁﬁetﬁlh@ ricRATRRTRYE preBursiop 8r almikiife of such
nprocess and pri or

t of th t t
i H‘ir @JSE? ag'ﬁ‘ qum? ﬁﬁ‘bg’?’é{h‘?fﬂa' ‘Eﬁéﬂ?‘é" Qe PERCULSET, ccgwaﬁﬂs a
ormetai boetyliceitreie wﬂtommampbﬁe kbenm%yreoﬁerwn aldofbl, bRg
%ﬁr‘ékg é,ggcél(lgrgto;%t ﬁgs gggrkiﬁ%?%ébgﬁgﬂ%%mcmgcursor
sgv(oe)pr@esonckeisnmn [a&@ﬁ/lﬁcetcmmlrrm ﬁmé@mmnﬁmentsh&re
gg;{rg%:%rggr g@%ghsat%’%fr%?al;b%r@%?@m%f e%§&1véf88$ as e‘?hanol asa

ex anp
ndeivant in ﬁ@nsrqmmdlmentm thehpregetsoo tsnidies ariidoachdetate.

Addesift er . F%Q%bc?d%éhtg‘rﬁ%vh‘fé’h“an BY. e‘%élh?’ﬁrqul Skide

reasonabl y uni form nonodi spersi ons o
ndRBPLPPT A rgixture of such precursors or a mrxture of such precursors and

one or more metal and/or metal oxide nanoparticles, is used on a carbon or its
precursor, the organometallic precursors may be converted to metal and/or
metal oxide nanoparticles of suitable particle size during carbonization or
activation (e.g., through the use of controlled temperature/oxidation
treatments).

[0052] For embodiments in which an organometallic precursor, or a
mixture of such precursors is applied to a carbon material, the organometallic
precursors may be converted to nanoparticles of suitable particle size and
coverage during the temperature rise at the initial part of the activation
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of 2, 5, or 7 nmsize can be prepared and easily
redi spersed into a coating sol ution using nonpol ar

woe@aneseol vent s such as hexane or tol uene. TPEIE/US2007/004182

sol ution can be used to subsequently coat the
nanoparticles onto the carbon material or its
precursor, for exanple prior to carbonization or prior
to activation. [0054] Placing a controlled density of
metal or netal oxide nanoparticles of controlled size
di stribution (or, in preferabl® enbodi nents, their
organonetal | i ¢ precursors) onto carbonaceous materi al

of a suitab] epg orreg%,%/J and/or particle size that is
t hBFPEE8 ANGHRTICA e {Ptepduction ijthﬁr?t%h'%ﬁgmﬂslSé@hfaﬁsw,ﬁﬁeam or

Ly Bl O ol T Lo Br Y e g o heriorciP thfods

s PP £, 0% el B et iyt Am: Goram Soc.

el éOOﬁ.oBﬂ(émlsm 1808] i cations such as i n doubl e |ayer

Capafd-hors. I or ou coconut
W 3tJar b&n pr \é}ﬁéfg'g)oép rﬂ‘gﬁt ‘?‘&T?%& snanoparticles

sqasﬁ prapared er offtainesiogEpaeatslyy fauceekample by v@ytcﬁtrﬁin-lﬂn&ﬁﬂg

S r 0

nggéﬁfg@g{el@amg Jgﬁﬁﬁ&% o Mref 3301 F ydpp-456o Py

co CSARIPIS dapsonsbly urifarot monadlbmrswnAcdf irveidel nanoparticles

W b2 e LSRN, W@Q‘?BE g?%&gea 2nd %%gﬁ{; %e?ged into a coafing

nesogoro& ty as high squar e rom a
suPPHERN YEINgHIaRPOkYY asgre éomﬂér%:cbmo@e@hemr tolokeye 3That

t 0séa5nm Buh 88 @ed%%&é&?@my%@a’% %ﬂﬁdﬂop‘é[ﬁ?d’bﬁﬁ%ﬁﬂé Barbon

i ma t between 5 IS nore
t §i %&W’%%B%F%?WH*? BItPiOiRI GRrbRpizatianeor prigiIto
suategionand the majority of this nesoporosity is

ac Lble since neither sieved nor |ocally depleted
E@?a‘%i har geb%f’wgﬁfo'ﬂﬁ?'lqgé’e@éw ehieiH ar "%\%tﬂ @dde on,

andanoparkeles af adJrlyttrcbllgdasiie didtribefion rnm srafetayld @mbodlments

r ol v | nt into a carb
o BRI SRR VBRI e R BT e
nﬁgmetm aadioo partinge Brzetthatss nrmremulanncalyeaddtwmmd d%bntrolled
t t art es, an erefore
Bl W SRR ORGSR EL
| af@pditiens m@vwaﬁcmgh picxireateatxgrics tsudace mmapngalfsr daterial well
t heyigddr %?@F’ecﬁgcﬁé}ﬁlcgpéﬁﬁllcglnons Ql?cﬁ'ne {ffocd V?aygﬁ gapggitors. By

i ncr ease pr oxi nate exterior, are not si ev
not'aK Qf EoEparseN esmesopTB)s Mtomtishell safhossirbpesemas an

di gleetrbyarb83 hadWuis a?@%e@érs'@?r?éso%ﬁr@?&ﬁéceoglftdcﬁ a tofal 1850

nan articles of suitable size obtalned separ

BIeter RE, pyfasedh3%d R sagcifie é@pa@mn@ﬁ.qﬁ@nlyt ?Eﬁ'sé/g
n a.ﬂfrﬁllal‘ td 6thes vafygdueddivahtiondt /sl cial electrocarbons. Activation

with external nanoparticles has demonstrated mesoporosity as high as 735
square meters from a total surface of only 967 square meters (76%) after only
3 to 25 minutes at 900°C using 30% steam, with mesopores imaged at
between 5 and 10 nm.. That is more than twice as much mesoporosity from
only half the total surface, and the majority of this mesoporosity is accessible
since neither sieved nor locally depleted under charge.

[0055] Unlike conventional activation, and unlike catalytic activation

using catalytic precursors dissolved into or blended into a carbon precursor
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during the carbonization/activation phases from coat ed
precursor sols, such as the netal acetyl acetonate and

woredoali2@set at e conpl exes known in the art. [ O0BF/US2007/004182

Organonetal i c conpl exes such as nickel or iron

acetyl acetonate (or equivalents thereof) in an

appropriate solvent such as THF or tol uene or benzyl

al cohol can be coated onto carbon materials in any

desired dilution, then the solvent renoved (and

optionally recovered) for example, by ordinary or

flash evaporation, and the organonetal lic residue

coatln converted to netal | ic/oxide nanoparticles of a
f?msyca GRS ¥ie mairalyRfimesaposes acetirdingith tiis dmvention

coyﬁar tragtdd sy Ry HABrraly Hﬁué’cé&%ah@p%}élege§h(§ Bebr Gfe
usi controllgd thermal deconposition processes known

i nStyRiantally qogfageus mesepes @b infshaniarge gsdhe napapRgEle

ni cdaqelystmngiaanﬁg frofethelsipfage BBt Mhatdride. TH@S@@fech@éy therease
proven al )ﬁ%)(?r o_form nanopartjcles from about nm

PobiElide 2L 9 Fi7¥5h ¢ad idouRot hrye @Pekres.
or [Ros6het aI | Whiledl is poasiblentowireictly tbat éUsbenNBh@@Vﬁfetal or metal

8)‘68% n%ﬁbﬁgrti'cﬁas J}%"‘”}gfﬂ% Cs%g t?tf?g\ﬁgzs%%%P agr tto deposnt them by

ancin
eI @@anmsypb aszﬂh@bttaplaimgc thesatridnopaliictds avetpreferdtlip@reated

f
e e I e
f ofS theamgtad; awmlac@tMtz and m&telsatsatatetad}nméﬁs Kovin in the art.
63@%@71 (2002, &aﬁaﬁ@?@ee%g

%lzneerl ng, tiona |verS|ty,”r?rz;'1|vva
qlylacetoRpte ©rggwivaients tmneof) lra@appr@@heta saeant such as

ZOﬁQF ok48iéne oA%@ﬁz &Hcbhol E:Qpég]coggd‘%rﬁg Pd(g%bﬂ?tetrg?s in any

of nick ot her netals su
" E-A0RR1i8h, thendte selvan) pmirer pnd optigaaihgasovered) for
aceampiecpy vrdiRatyhs f@%ﬁ%@ﬁboﬂaﬂ&ﬁ r‘éﬁ@!ﬁe@ﬁ?ﬁﬂ&h@ﬁal[@esudue

act | atl on éz% nlg el ectrol

o oAl vBEET iR ndlilie/Sxie sanpbarisles o euerputaliy cantrolled

c apaaiopeirtidia stz dikiebutiemovesingARD 3bitYNS Yhrkdbesith RinyWesired
m,st,ries f devi ces such a$S

- JedIBR 18I COlfiEIRR LS BorotiRbston Braseases kyrwe in the art
r ef96BYe to loaadumembbblnﬁr&a,mla@l lavalor eftkehaxide aldesirable

S T o e ——

tamaaUﬂesw
M tRtsgveral oim iresize frommearidus/ precasooarigdasmetalliassls, H€known in

usigd-art) f1b r GGl 9816 i ¥nbRA QO bRhl: g%%{iﬁfi?]acga%\af%ﬂﬁ'ﬁ% o

porosity) average mesopore sSiZe re
céf‘ﬁfeﬁy Qﬁh%'ﬁm@atpta'@lae@cna@ca i K elentrolyteretnal todre compatible

Medcth vtk ERLSY B@bét?&&@la)ﬁi 'vﬁthﬁﬂE ?é?&é)al cRBRPRAY &¢ acclu%ous and
size, particle |oading,
organic electrolytes used in ultracapamtors See, for example, Tai’s Masters

Thesis, etd-0725105-163206, (2002) in the Department of Chemical
Engineering, National Cheng Kung University, Taiwan, and U.S. Pat.
5,963,417, and J. Electrochem. Soc. 2002, 149(7): A855-A861.

[0059] Notwithstanding the advantages of nickel, other metals such as
cobalt or iron may also be especially useful for methods in accordance with

the present invention depending on activation process and electrolyte. Cobalt
may also contribute pseudocapacitance, is more reactive as a catalyst than
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activation conditions such as tenperature, etchant
concentration as a percentage of the neutral (e.g.

woRaoroessg at nosphere, and duration. [0061] Depentisiug7/004182

on the electrolyte system the operating voltage range
of the device, and optim zation for power or energy
density, it may prove desirable to renove the

catal ytic netal nanoparticles fromthe carbon rather
than remai ning therein. They can optionally be renoved
by means such as sinple acid wgshes, for exanple in
hydrochl oric or- sulfuric acid, as known in the art.

[ 0062] This general process can provide a nateri al
ac ¢kl #gdtis compatibleswith lithiwme inn kattery shemigities fgirthybrid devices

CORYERLE G HEAM IhaUSRES Lq@r %ﬂ |§H%% fiagytlcallbresactlve to

manuf acturin processes such describ R
Patca8ftionwih s a@fzacm'oartaar@ca@qt somill prgrucermpiecproximate

C ORIRIMoP aofovmttarr@teramtééhmm Rsk aewmhatrﬁéi herein by
refgrence ¥t§|{ﬁthat in the event of

i nd8st ent Helysioys %@P\Sm?tabﬂx'fﬂ%mqwsapsm

appiireatd gore ddm%ntyl l(@@d Qﬁ?lf@ri@btla @@fdsl’ty) a?m ab@r{a@bﬂnéétﬁidre size
1 ona erLa

i IPRA0% TOPHEP ALY} BRI e ef Fiatip pLmGgr metal oxide
d: ype watalyau‘c b@lﬁhcys)u htadpdrticle fszen ead&lafoaaur@ata?a @uLtlm"n

ec Ct n roce S or evi, ce rerera
or (VPR S gl B BipeRatet iR ESnrBl R BRG &
f e aencardagd of the rmté@(n gi miregeém)oatmospheérh laadfduraticse i n

t t

o 0080 | L oPioptfle &1 ' S ERATE Tl thE Bperaifl WftEGe
negamﬁ elithetavigey @ing apdintzationi fer power ¢renerdy densitys it may
Mt ehidesi SHERIVORR SR Lf ﬁﬁ@'teﬁ %Lahé?gﬁi@f:es‘#om the carbon

act I vat ed carbon bonded direct rectl on
metrather §1an iemaising tagneine dhey caamﬁeng'!v in%f%mowsa a)egneans such

anchsCpchdiy Qvé?sﬁé@of@ﬁ eﬁﬁf‘ﬂptéem LH%@FBC‘NOF%F ABHriE 28R, as known
for example, U S 789 I'n accor dance

wi tihth 25 present i nventl on, acti vat ed car bon

nat[eoéayl s pr apay §ehdryl ;brbeeéaeéémgl%vm maheﬂblfa%b@tcrhgfﬁuwhe
ggcﬂa'?%lfh S{?v%?glpglbcl:gg%%| %o\llv{t:tg %tar?\gq?]tltggglc%rggﬂgte carbon electrode
gr apdmfasturiog ptdsmastseksuémas aabmnwm Patent Nos. 6,627,252
DA 5B IR B AR B R LOE RGPS e oy
i nveferemoe, emcépidbst iatthé easnt ofrwyethtsistdet di$clasurgee definition
de%%rﬁ Q%dpJ%%%ﬁt Qppl'c@tigﬁﬁﬁe disclosure or definition herein shall be
deemed to prevail. Optionally the material may be milled or otherwise
processed to a particle size distribution best suited to the needs of a particular
electrode manufacturing process or device, preferably prior to activation.
[0063] An electrode embodying features of the present invention,
suitable for use in a capacitor or other electrochemical devices, includes a
current collector foil, covered with a substantially mesoporous catalytic
nanoparticle activated carbon material. EDL.C electrodes are typically made of
activated carbon bonded directly or indirectly onto a metal foil current
collector, although metal oxides and conductive carbons can be used or
admixed (see, for example, U.S. Pat. No. 6,491,789). In accordance with the



10

15

20

25

30

enbodi nents, the capacitor further conprises an
el ectrolyte, which in sone enbodi nents is aqueous, in

w@ehen2mssdodi nents is organic. In sone enbodi NnRCL/BES200T1@04182

capacitor exhibits electric double |layer capacitance.
In sonme enbodi nents, particularly when residual
catalytic netal oxide is present on or in connection
with the surface of the activated carbon fibrous
material, the capacitor further exhibits additional
pseudocapaci tance in sone el eciyol yte systens. [0065]
Conventi onal carbon EDLCs with organic el ectrol ytes
us i ther propyl ene carbonate or acetonitrile organic
S0 (/egslr?%g iyeRfiay riiriac atonn melaTakoPeered by S mefisath
asdesgriteet reyemnmag berappliedto eurréritichB¥tors RIgRYH &R % diltional
(T I'OX%HEECS%&QN/ andl? nost c?_ﬁmerci al nmetal oxide _
EDLCs use aqueous. of s YISy P8 1B5 like forgnhanged dybrid
( HBmayteistigpinebsiingreiyaticadi pbeud 6 Pacitanve Of t hese
el @64 lytes | e.used _in accordance
Wi th t?:e preég:%f) E&ﬁ?}peér@? %4@%%6&6?5 §fh@epr8ﬁﬁﬁ?fﬂ¥e““°"
el iBctudgs\at eash ane dleniradeatiadype destibdd ey U
el &abbanYd s th characteristics and
hi gher ESR c'pn%%éﬁ?%ﬁg&hﬁoﬁrﬁesﬁ%%?t{w&'N%\'/"é"'“ some
br @RRAEMENIS I 2qiepuUshiBethgr mbodipsardslist argahiautin SomheV
W éibadinesies, thk 6 itk hi gher

i hhaloH v A ¢ oMSIBWGEE ALANEInce 1n

total ener density since total energy is a

of S}/BF FH’B@%E'&%B?“‘PHP@'&’ Ve iesicbil ¢aalybc gastabexideid present

opn onial ¢onneatidn iith théleaasSe 8f Beldcal Ak a%cﬁ?fi?r%hg%%terial
are smal | er ternatively, '

SE PR b oA A fenas sopvonspspmsancrto

.t helectrolyterdyistems.an be used to produce nesoporous

c mat erd al s ti.mzed for aqueous el ectrolytes.

| E%ngknom ‘%%la‘{te"ﬁg%?}pcaf by E&'—f@ wilserogpiceleqisplytesruse either
t REoByiane sarswiateoedcetonitile orgahic s0Is e AS Hrtf Stan®$8 ammonium
El ' { etter 2002 (12) .

P kg R R R L el AT
rrﬂf'%‘ihmmgoium (G MA).eSpeet darborpand intdst Sofimdrca Fbﬂ%ﬂ‘élst)xide
e r esent i nvention nay be

i %?%%Pg? Sﬁg?ﬁtt‘%é'ae?ff"f’(%ﬁsn@#egfwa% g @cid th2S0,) or potassium
i AYEFPitafEOtbndeNof trese elettialytbe dr tay BRNMBRILRY hstldSnOf

t Rrboiawd V@@V@gtﬁg@é}ﬂ%%ﬂmgnmdi fied to incorporate
arbon naterials. Representative

AN, CRirRe trgenisaloricaly i iove e dunaanant

. ! _ aRlaqueous

T bbb i R S NP

g a | n voltages above 3 V

compared to about 1.2 V with aqueous electrolytes, organics produce higher
total energy density since total energy is a function of voltage squared. Pores
optimized for organics would optionally work for aqueous electrolytes also,
since aqueous solvation spheres are smaller. Alternatively, smaller catalytic
nanoparticles in accordance with this invention can be used to produce
mesoporous carbon materials optimized for aqueous electrolytes. It is known
that mesoporosity is desirable even for the smaller solvated ions of aqueous
systems. See Electrochem. Solid State Letter 2002, 5(12) A283-A285.
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such as the Fuji Heavy Industries Lithium]lon
Capacitor (LIC); fuel cells, and the |like). Such

waelewrazsséay be used without restriction in al PCTEHI200T/004182

of applications, including but not limted to those
that potentially could benefit from high energy and
hi gh power density or the like. By way of
illustration, devices containing activated carbons
enbodyi ng features of the present invention nmay be
included in all manner of vehbhgles (e.g., as elenents
in capacitors and/or batteries, or electrica

conbi nations_thereof, which may optionally be coupled

t dO8R&l or nob€ivalrg meéﬁmroeéﬁamgtqrﬁ&q @athRIr mspeniite

| i ;B‘artléléstdﬁ fiIeRRRHLS, C&rﬁbod%d %ra'ttﬁés of‘ Hel p&%bhﬁln%nﬁd}?may be
like el ectroni c devic (e onput ers, nobi l

pHBH °f$§8§é%tﬂaﬁ" faﬁaw'%racrf dgyyeaﬂaﬁt'gcorep@é@ F@ﬂY@"t@@ﬁbgct'Vated

gl’kﬁrbbﬁ nhatgﬁéils (ﬁllbi?tdﬁm:!@&?\faﬁtag%d‘s e ﬁ‘@ﬁi‘iﬂéﬁﬁb'lﬁébrﬁf)rate
a er n capacl t or ea re e
o Rl MEaE08 R s Pl el | Babiearhi@ave dbyiceninclude but

poavernad dinsteti tesalloﬁanmaﬁldldntm):hem&ialudemgeﬁne g., capacitors:;

unéé}{eerf F‘utcﬁ% rsé%{ notfi gg ‘%’n %PSV% e ¥qu asymetnc batteries

accommoa surg
ri sleehtas tmgjﬁst HeayylIndgstrigsillithsym mmICahaacnar KEIC)afue! cells, and

det‘l‘nb‘i‘ﬁez h@hcﬂﬁ)évi@@X %Hﬁﬂ%@& Xntﬁ&?tt %Et{ﬂlcﬁor? R‘p%l?ﬂi nRBRLs

tcap
c a@ﬂdlﬁﬁb@n&, d)fﬂCIWélﬁQIhUh goblanied @ethgse waamt@ti@ay couly Heprefit

prf%’rhdi@@eﬁ@r%r djﬁﬁﬁ'pto%fer%ﬁgig/ oMthBdka! l&@ ¥84‘ ﬁﬁ%&étﬁ)n
utility grid deviceS such as statcons an

c ARYEStUHaIningRetivated ¢arkons ambediing rf@@*e!rm&tbe paesent
deiMV@rﬂlcﬁfTrJﬁ@Si)ﬁeﬂgcﬁJ@éB i 8% nfnnkP8f Mrﬁ&&é‘ke bma%r%ér‘?lﬁn%s in

rg%lses a capacitor used in a vehicl

ACHPESRNYBF Batter|ese pf plectichl eqrebnaaaori»ﬁ/mer@@ whith may
t rwtmbny ae don.pwame @ﬂﬁbrel mcmrdr%h cE6RFBHERIsARCIBARE it not

oy ace eneng to the engjne
et o caheli s mBlieBts Helfbel£ BE b e iperotis dores (c.o.
acc:mnmtetcse nmmhe nﬁmq@Lﬁi&ebhan dl{gmltasgatari’ﬂ@dlé'&tr&w& gédhes, and
n u Ll es es, scopters,
e L o TR B B A b Tan reaurs
h Uﬁﬁilestralalﬁs(pmmtﬂnu;lgstbe lenargytdeatsitg of uammw witthéhe pader '
sl e e el i PR BRRRGRICa oBt sy (fs) im

t RIdaeichaerenembdalig W@Nél’e%l!'m%en@bOWhefqﬂues&tm-throughs
| N ies 8 Jiritls %rﬂﬁﬂ@qﬁﬁa&w Gevi et e’épﬁ\}éﬁgage[@}sﬂj tdiftain a

and/ or netal oxide nanopartic
caﬁ%ﬁﬂﬁ%’?ﬁ’é’@tc%@ Pyt SYFEM D oﬂ%@ﬁﬁ@dhabﬂerﬂ @ capacitor for

m Hdddﬁﬁg PowerRlehsindRa alRRdr fbrtpP@vn@iﬁg ltg/eﬁlﬂed in

t horo described in the referencesS cit

ERaalg)it tB%lPE ygrld devices such as statcoms and voltage dip
compensators; and the like. in some embodiments, a device embodying
features of the present invention comprises a capacitor used in a vehicle,
including but not limited to an electric vehicle and hybrids thereof, or in
conventional internal combustion engine vehicles in place of or as a
supplement to the engine starter battery. Representative vehicles for use in
accordance with the present invention include but are not limited to

automobiles, motorcycles, scooters, boats, airplanes, helicopters, blimps,
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pat ent publications, and non-patent literature
references cited is incorporated herein by reference

WO poo7tiz03ent i rety, except that in the event of BEEUS2007/004182

i nconsi stent disclosure or definition fromthe present
application, the disclosure or definition herein shal
be deened to prevail. [0069] The techni ques of

carboni zation and activation descri bed above may be

i mpl ement ed using any of the well-known techni ques
described in the literature. By way of exanple,
various processes that may be used in accordance wth

the present invention include but are not limted to
t h8RECeTEYHeH Eyman asparters AYc\BS thag splizundes the trege iIname

et SE'GWA'S?I;%B@ %Aéyi_ec h@&teﬁ'NH? %n@%ﬁe%ﬁ& to Peng

et al karee et 803 to
[l068Le et Hifte incivigea pcmeqswgr\ws usqunthﬁsgemdﬂmmboo'ymg

5 fE2tured 3f tie ﬁ@é@ﬁf RQeffiordl- ¢ or oM@télh@§olV8ntLéo%tlng, metalllc
Pat en/tebPu l.ication Nos, 2004/00477 Ch

8 Al
2087%/66 81k XKle naroRAticle C&faﬂonaﬁ%r 966&?‘%2%6‘7&“% P"ldo
Teoamiben rpaeﬂlclal'mlllﬁdd-batre avelll urdizsstooPin e 4rs apd Buivdedehn

Ch m ca ns,. 1999 217 Jour.na
SRt b Ra Peremtiinshed horsi Bach o yisvenCal,
vvapateﬁt publicstions, amd ndn-patentitierattire eferehees oitentsi md‘:brporated

deﬁglrenfﬁﬂ r&SFﬁq'IcQ in Ilzl%ge%ré(tv ! E)pf%tat fnht% eq}eﬁu ﬂf ?n%wcgpsmtent

capaci ect
acgissiospiecorsdefinitian tiormdhe gedsemt dpplicating, thetdiscloswa oof

SUBLAEo RBIIH SRaiPbE kBB Rrdlail cast one, and for

full coverage east tw ce e sphere of solvation,
or [0968 oxi nal e Jechnimues of sarhanizationardeattivation described above

) o NOST) SouaAVali e etk oo o

ushtsraéugeur%weyaﬂf@aamlq Jefinds prrcgsseethat eaydee Heed in

c 0864ctBANEY withéne bﬁé‘sbh@ln‘ﬁbﬁ?orﬁﬁ@lu@e' Bt faP@ né %ﬁé@fb those
e cen

| agErcBRcin e & BelensNpRe b Ber 4o Sslcat 2 5 AP to Chung et
SOlaN€6]t)21a899§@|angﬁat®|ﬂ€16¢48r@1ftb>®éhka$@e bha).;re,gb8, 8@3@‘@
?gg%ﬂgﬂ%%%fél.%gp%ﬁ% iR té%q%sﬁtggﬁgf 5 Lptﬁgté)'zg% Gadkaree et
doabjl asngellaalr 8.3 uUPhtentcPabikation Nast Rued/ Podvrds A3 to Oh et al.,
CRAGUbAREF 5 AT %, o3l SRR LIEE P BT LT
acf\ddabeall desriptiétAN rﬁrbbielled i Cheagcal Caddunications, 1999, 2177-

2178, and Journal of Power Sources, 2004, 134, No. 2, 324-330.

[0070] By way of illustration of the utility of the invention described

herein, it is known that the total capacitance of an ELDC is a direct linear

function of accessible surface area, defined as the total area of surface

features greater than at least one, and for full coverage at least twice the

sphere of solvation, or approximately 2-3 nm, of the solvated ions in

electrolytes. The governing equation is:

[0071] C/A = e/(4*1r*d) (eq 1)

[0072] where C is capacitance, A is usable surface area, e is the

relative dielectric constant of the electrolyte, and d is the distance from the

surface to the center of the ion (Helmholtz) layer in the electrolyte. For any
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400nm di anmeter and KOH el ectrol yte. They achi eved a
BET surface of only 830 square neters, but nearly all

wee@timase exterior. The fibers had 62% nesopoPEBUS2007/004182

averagi ng 3.2nm (and with very high probability of
access given the conparatively small fiber dianeter
and |imted interior conpared to exterior,, and
smaller ion sizes of the KOH aqueous el ectrol yte
used). Applied Physics Letters (2003) 83(6) 1216-1218.
The 76nF/ cn2 that was neasuredg s about the

t heoretical maxi mnum possible with two spheres of

solvation for the kinetically controlling ion in the
poBiyesielestrpive seivest and saltor 9ped d amp fixad $rethgeight sitevef the

M GURBMIsAend askdta K. iStibktiting iahAlr8Sran iﬁ@hefes from
th hemat ics, of topology (for the Heln%otzlayer)
eq o (1/ @)'t KA or 0/€80H8996821 and the sol vat ed

POTGOFSI] UM i OTMhak, THUBIING uSDbIB ROKhcd Bred &4 dtiRER, ddubfes
al terna%igve international definition of the Coul onb as

6. SHEAE6S. .. E+18 el enent ary charges conputes a
cafpoFis]ance Kograorexpgriementesichidvatiites eqliivhiedt of 632 F/g

It | [ he diff ' of th D
o S b Bha e Min e Slokd SerLB AN rBors paragngiz00-
7448PmRiametara@nddOH eléatrayter Ehayppciiandd a@BThsurface of only

oo SaLER mER BT eBnD B Bufiald bilefla ¢ fierida 6%
di EYRSPRPIES Auetaging B.2n10 éanthwith yeeshigh pinobratglity of access given
e shbaien ol BREemer QIANLET ard 1B gt b o
Thextegar vanet snallaciensizesof the kO aneeryseiacirelytef used)he

MO Abp I PRPsBS Eﬁ%?r%h%b@@r)ﬁ@é(b) 1351218 YOl 8at was

sol vent is 24. he ‘equi val ent theoretical
nmaRieRgHIacthis ey theribeeratisalmaadmun apssible viithiwa spheres of

abestafidierfor e kintlcaReDntiofing 3R/ ﬁﬂé"ﬂb?asos'ﬂ.l* 2@9?%’{?&;{ gg

rrercutx el ectrode for propyl éne carbonate el ect y

( sgleciplyte. f,ﬁlyeq\lg]e \g?lg.lmg\gg maximgmmlane pgglgngéfp"atr@‘ circles or

megshierps Gonirtieemaiticpfiats d?"t@éﬂl'&@ﬂ(f&ythﬁm%_ itk fyer) equal to

cabg%s)ézt_\ll c 2);:& vation will therefore surprisingly hav

do P&y X OLeRREPE A0 the salyalrd petgssipmgon sinremgiamof about

andlo 48gstrois] the Bt tveSHidShRIBhbPANITRPYEEhE!oulomb as

r e%??g%% éﬁ’esf)orq%ed clar bons. Specific capacitance . )

sub: P99Yy T Hhe PR Y RIS TIMIEs Reargekance (ignoring

C pmmccmtﬁghyomwﬂﬁhbakbdpenéﬂﬁeﬂfde&liri&inythé Eﬁgugﬁ&ebrowaftth@ Debye

sinple a n ensj v rocess describe erein.

OO RRP SR Prler S o1 SRET20F Bl7ng) of FsFiom? at one volt

| NVeerefare' appdadhiny/ theheokBtighl maximum is possible with a surface
that is mostly external (due in this example to very fine diameter), and with
internal pores with high probability of access to external electrolyte without
ionic sieving or local depletion under charge.
[0076] The equivalent theoretical maximum computation for the most
common electrolyte salt, TEA, in acetonitrile solvent is 24.4pF/cm?. The
equivalent theoretical maximum in propylene carbonate is around 19uF/cm?,
about the reported specific capacitance on the dropped mercury electrode for
propylene carbonate electrolytes (see U.S. at. No. 5,877,935).
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el ectrode materials mat hemati cal nodel devel oped to
conpute the inpact of nultiple independent process

wao 2007/api3es readily conputes EDLC capacitance fBRCT/HS2007/004182

particul ate or fiber fragnent el ectrocarbon fromfirst
principles, for any electrolyte system Maxi num
theoretical electrolyte capacitance per usable square

cm of proximate carbon surface is conputable fromthe
packi ng of solvated ions and the alternative

definition of the Coul onb as apove. Exterior activated
carbon surface rugosity can be estimted from

publ i shed data, or measured (for exanple, by AFM as in
Cal¥¥711999, /37000 sqgaregneler praimateuederor produced by
”aﬁ{é%bbﬂﬂ%ﬁé &ata(y%e%%mgﬂoww.u@ elfafre Sakdr M@ﬁgﬁﬁhévé’ﬂ%uble layer

standard reference terials merit

caF?PRGiENEA ohaRaet %‘35 RaisTE "H&t arg:l 1‘ W Faa infBrARGr ous
Makebitahtiallfdsbvel AerellhSil répbHd O ERRDE Se&ﬁ@’@ﬂb@éda‘ﬁ@e

of the o] I|t of internal mesopore access t he

vaPﬁ"bﬂ?R{‘ﬂg’ﬂB P an apxthipgythag bas PFg'é&"%Wé'a"&ﬁda"ab'e

t hembr;sir@,ere@un@%m e Sinpledmd indkp &M aP proess desédibed

pr BXI nate to the exterior surface) that are likely
&bl e. Known random packi ng nat hematics conput es

t hgoans)si ty @y whg of further dluetratiarilef thietievdrion(sautility, a robust

h f i cl d th fa
| DEEERbh Mo PHER BB Hhe5 AMALRR SRS fpacto
or nfultipe irkdgpendieot progesphaiabieseseadily camputesr EDLCecapiazitance
o 5%
S BR8P LR SSTBLESENIRR s rgcpes o any
perlestiplyém system. Maximyncibepletiasl decisilylg capakijance per usable
geQihroYorh O pAIMMARNGRBOA Kbl c&%isztgam;ﬁg¥ﬁlf-3&f&§'n %' Packing of

aver age acti vation gore de t
caﬁ@'l\’?tqddaﬂﬁ fndrthe plemejive Hefinitian of Wer Gelspes 3s atwe. Exterior

f obLVMt8d cBHNE Bacd Y oﬁmncmsﬁrﬁgtea%%babm data, or

CO arisons to neasured equivalent nmaterial.

syred (f@ra@f'c?rﬁalﬁaf)w@a@ BSIN GoEI0NG1989. 87 0118 6).

dl apiRiate MHadratrabydityc( sﬁﬁ&ﬁlﬂ?ﬁ ths beé d8fia¥&sifrom standard

maso orosit ted specific capacitance val ue from
fi Fed remermgta"%"GHah 25 Migwmeyitics cabalipn poweersihiis not a

( K@tl)torntbs ﬂbﬂd&hﬂ@l@h@l $3|035@ s&b&ﬁé’ch&bﬂdr@%nab@c&h?utanon of the
Act u o ted I\/Eadv\éj? o for an, a

acP Hz})ﬁbg ngllrt e. %Sﬁ? € 495880y }ﬁ{oélsgnathematljcal methods
Padescrieat @b, had ttamebagnmgro@orﬂcrrafnntenml m@é@ipybw@(mostly

napﬂ{}%g oelhgeer)éter?bq1 s"ﬁgg ql:\gts érte%p](egoac acﬁtlség%?c ang]om

an a erage
popeclsng maihsmletlbﬁlwmpufasrthp |d‘eohlty @f the §ingl giecﬁcdieu aiaterlal (and

Valieed 2B AGHLLPE! SAHILES Gh@lndiPSimBd derdiibEbAbiume of
electrode) for either particulate or fibrous particle morphologies and any
particle size distribution. The additional usable rugosity contributed directly by
the catalytic nanoparticles per carbon particle is computable using analytic
geometry for any nanoparticle size, coverage, and average activation pore
depth (modeled as catalytically drilled cylindrical ‘wormholes’). The following
examples give some computed results with comparisons to measured
equivalent material.
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resin: 97 F/g. Actual value for Kuraray BP20: 100 F/g.
[0081] Exanple 3. Fibrous carbon derived from KYNOL

WQemo12388. 5 m cron di aneter, no catal yti c nanP@EEHDS$1007/€04182

derived mesoporosity. Conputed value fromfirst
principals and published pore size distribution (30%1
.7/nm 1 cc/g total pore volune): 76.8 F/g. Measured
experinmental 87.8 F/g; the experinental electrode
material was denser than the random packed nodel since
a woven carbon cloth, so the ggnmputation
underestimates. See Carbon 2005, 43:1303-1310. [0082]
Ex Particul ate carbi de derived carbon

av éu&"fn Argle bdrartieylateiashen averagingd Ali¢ropgtiaweter, no
betatalytio ma&bﬁaﬂhﬂ@dérﬂfedﬁﬁ@éﬁddrdsn@%bﬁfp&@@!6&%9 Babacitance

acti,vated uted value fromf

o VAIE SR8 i BANElE(aNd anavaiphs hethdal eptvated KOs
C amsopn&c‘mnomfsuzadmrdﬁmdﬁf i 3&)35'/9; gkg:h@l‘ $al\g8tor% ortctacli1 by
m Wi
;Ctﬁgégg%p%\? n‘ge:?ﬁ(ajrﬁﬁ? %%3 %3% F/ g. See
Sci0986% Expr eEmmﬁle%QQmﬁcﬂ@t&ﬁ;armgavérag[n@@ﬁilcrENal%’hﬁtalytlc

e R ——

n a% peeiagel physicalty agtivated)porsosind distribugiogtfbr pmmgh)s 197
IOaA&th§| Falhé f¢ ;gbrte?cpl%r %%mérggﬁﬁ% %@:”B&@aﬁec{ pfa éjslteatc%

carbon avera mcro

na'n‘?él@aﬁ? i c’gegé%’@é\/%ig@ forKuraeaysB Ra0io1R lF/ich e 8nm
[08gp 1O! MglfipeR eihg (X ofbioh di et ioARG) 5?89 at8.5

O 85 B urt her ustrati on
of ™MW YE\WPet)éf’l%Catﬁlyﬁéﬂﬁé@%*'d@ﬂgévemﬁ%?ma&ty Computed
Comllwfrﬁm first ﬁﬂné:M@ls“aﬁ‘ﬁ%hQﬁécﬁbbr@' size Hi‘%ﬁ’ﬂdt%ﬁgg&ﬁthm, 1
full a boni z Paal\% ber aver agi ng,
in /%mcst?e?or&n ehd{orf 5(9| Measyrad experirental87.8 F/g; the
paemecumatta qJectmtﬁfe RIGRIRYWAE deBge than the v &l ddm Phi ﬁfbden
conductivity. Nanopartic

F e b VB febboR Bloviang SamPiletioa iderestamies see Carbon
fo?G%d%;ﬂ&OBaﬂfﬂhns sol vent dep03|t| on of net al

d t et dro n and
o BoXaPCeL ol 20 Babiand it Bing 9 Bn avReaang 2
( pRisi) partislevainieten; eéthra)l dosesibelodetrph )anacaxwmdr&dg@s{ty 40%
St&%@énMgc{:%tegggr%ﬂubbnﬁgﬁ Jgélpg ﬂ:,g)g?:bhsgpp ﬁlgﬁ;s 123

manuf acturer, acti vat nari
sifgi(@kha¥ismal pufiess). Repodad capaditarae cﬂ@:éﬂﬁde esivehtarbons
Afig! clﬂéﬁmrﬁ%%&?a@r@é‘ﬁomtgb%@ﬁ)t §80 withs \fe%g"’}st YGEYs of

i nperv
nm: 125 F/g to 138 F/g. See ScienceExpress17 August 2006, page 1.

[0083] Example 5. Particulate carbon averaging 10 micron diameter

with 40 % catalytic nanoparticle coverage, average nanoparticle 6 nm,
average wormhole length (depth) 15x particle width: 206 Fl/g.

[0084] Example 6. Particulate carbon averaging 10 micron with 30%
catalytic nanoparticle coverage, average nanoparticle 8nm, average
wormhole depth 20x particle width: 200 F/g.

f0085] By way of further illustration of the utility of this invention, a
series of experiments were conducted using two carbon materials,
unactivated but fully carbonized KYNOL fiber averaging about 13 micron in



10

15

20

25

30

to physical activation gasses (one of its useful
comerci al properties). Manufacturer supplied

w@200pozi3ged material i ncreased its BET neasur ePCEUST0aTD@04182

fromO0.096 square neters/gramto 112-1 13 nR/g, and

the exterior surface was shown to be self replicating
(roughly constant as nass | oss increased over tine),

wi th conventional steam activation at 9000C for
durations from15 mnutes to 1 hour. [0087] Sol vent
coated carboni zed KYNOL with G11% netal /carbon by

wei ght acetyl acetonate nanoparticle precursor

di ssolved in tetrahydrofuran foll owed by room

t edigBiedenAnd goPuENacits eprlrMinus Otoeearft'pééw powder averaging
ni §$&lt/40?<hﬂ@rdﬁfduéﬁwefdr%trﬂﬁrgﬁ?ﬁﬁ%ﬁd §b<§‘§cbrﬁ@i&ﬁﬂut9t

40- 60nm di ameter _in several experinents.

r eNaperastigles drqye iran Fegreket wese Hﬁ%d dl‘@'?c?ﬂﬁﬂl%lﬁ? were formed by

sl % RICARS) SHIVEH dipoBiibd ¥ nctaith ERoRaedissolRdd in
nucl eation sites on carbonized KY surface since its
mi t@,tr@B ?é’g”réf’@mﬁﬁ‘ glgct r?ﬁ%%@"i‘%th‘i?&PF? cles are

I af(?srs]t han OfﬁbdﬁﬁedﬂQ‘YNO@R@ﬁéﬁcﬂft&&;leﬂ rt\é‘iﬁhﬁls nlat deeply

Su | Cl ar Il a e

et by sl 3Ep08:E e oo ety o TRt REnutacturer,

Y ehctB/laﬁora [@6&?]!3!‘"ﬁ ao6@Em ﬁh@eﬂl srmnuanédusl)?attra lcgtboraddtivn at

act tp 309 4 wth.steam .
Fop0d % fimedt BABoESTERRETE whrd: eorShith f ibeReRiMpervious
nateophisidat betivationgasses $qmea«yf itoadeddl combmetdial ypiSties).

c omﬂ%gé%tl%f% g%&? r%(%(')-p%ﬁ g%#‘hatt&?al %cg'élgg%gabgbgécfneasured

coat | est
onsvf@elfr@r@/(gw@ﬁngar@anbw/gm to $p24i1Bi mzlga@mttrtaamenor

of sacelWls gﬁ@\ﬁ/H & @e's'élf‘?ﬁ%%a%é@ 3}{'0%@1 fgcﬁlsqﬁtec{serﬂggs loss

syst em usi ng ntr

c alPsEaasgHQveE a'mﬁlt wiih sgnyansionat sigam amdivation gt 900°C fer

nF4Gibond frof @b%ﬁuﬂegaosi%re meters of the total
surface, or40% was utilized., That is ver gh for an

apfi9sTL e ec%?'d??‘i oo caThonireddtY N@!—a"}"%é{'f’/&é@tal/cafbon by
C aﬁvb@ﬁ@ ac&lyldteYorftite Tﬁérln§l@rbre<§§r§6|d§i‘sgol\/é’&i ﬁﬁfétr%ﬁyal%furan

measur ed

T Elol e85y TS0NC\srTiREBlLle SPWoB S AP oEal i feuites) i Feelloxide or
WEIrhﬂdsldb&fa&ioﬁartﬁQ?& tﬁ?a"g‘%@@t%%nn‘l%aarﬂ@l@&n Qé’\ﬂé?al eB\bberlments.
o 5 "alEreR =SB AnRYES 367 Slid AR AL Pudborgton of
F/ goluemtmgmatoztharmaa:mtyc ofinedéatiin sites@n ¢arBbdized KMNNOBIsSfFace

" FELL AT Eetb bl YR SR TR 98 i

Senpliragl fon cahatifmage sb @ iverd Sdfficienily |atye tprieciessges nf available

thisEp MLEOeNESs, VRNV L8 ol QWFul experimental vehicle.
[0088] In one experiment, the catalytically activated surface increased
to 309.4 m?/g with steam for 1 hour at 900°C using 0.1% nickel
acetylacetonate nanoparticle precursor spray coated onto the KYNOL,
compared to 112 m?g without the organometallic coating. The total pore
volume estimated by DFT was only 0.17cc/g. This carbon had a specific
capacitance of 26.2F/g measured in a three-electrode reference system using
1.8 molar TEMA/PC with an intrinsic capacitance computed by the methods
herein of 21.4uF/cm?. Thus about 122 square meters of the total surface, or
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surface areas under mld activation of difficult KYNOL
carbon, produce material that is up to 70 %

w@eopoewsonat el y better normalized capacit anceP(TBSIONR)04182

t han equi val ent surface conventional carbons, wth

al nost twi ce the electrochem cal surface utilization.

[ 0089] A second experinent used 0.1 % by wei ght nickel
acetyl acetonate, solvent imersion coated on

carboni zed KYNOL foll owed by sol vent evaporation at
roomtenperature. The materiak,then underwent a two
part process. Step one cal Ci nea the organonetailic
coated carbon in air for 60 m nutes at 3500C, followed
by4@bnwastitibred. Taat is/egry bigh fior anempnotioelectrolyier even with low

9 O%ggl:r?gtgfgrg:e\/lg?mﬁq 2 B\vaf Bf’éoc’m@?ﬁédno Q8 ffard V&Haﬁf)kd-?z carbon

w hanopart i enetration up
t oblackhavipa BE TG40 @%U@aﬁmedd%ﬁrm ﬁgTBNAIé@ﬁeﬁ%t wréace

anam%ﬁ@ﬁ bempukafwfnetmemoaetﬁemh rsaéao@afbtdncé@s 43: 1303-
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rreﬂmﬁ%d BETA&seeend syecrynentusedrihdite by weightnickehr bon
wéc@tpia%emaa@ %w&vtmem&&aee% Srb&SizEH wNéL followed by

measuf ed about 24 uF/cnP he surprising resul
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nickel or iron.) The BET surface of this carbon as made into experimental
electrodes was only 83.3 square meters, with a total pore volume of only
0.04887cc/g, of which 57.7% was meso/macropore as calculated by DFT. All
measurements were taken using a Micromeritics ASAP 2010 instrument. The
specific capacitance of the functional two electrode capacitor cell, as
determined by cyclic voltammetry at a sweep rate of 20mV/s to 2 volts, was
20.0 F/g at 1 volt. Therefore virtually the entire measured BET electrode
surface made from this carbon was able to contribute capacitance, since the
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The BET surface neasured after the steam activation
was 842.8 nR/g. Total pore volune neasured by DFT was

WwW@®200602038¢ g, conprising 77.4% m cropores and 2PCBY52007/004182

nmeso/ macr opores cal cul ated by DFT. Al measurenents
were taken using a Mcroneritics ASAP 2010. This is a

| ower nesopore ratio than desirable for optinal

el ectrocarbons, attributable to the |ow 0.1%

net al / carbon | oadi ng and very snall nanoparticles from
abundant nucleation sites. It 435, however, a typical
nmesopore proportion for conventional activated

el ectrocar bons, which may range froma low of 5%to a
hi gall cfeagg%dm;t(%ef/%e Tes Wr'@nsaaw&@mémg to this
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ac ltiy\tﬁilyaﬂo nhhtmﬂesﬁ stHim eaﬂ\kmnn atoaste eBE kg aftec theeactivation
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haandd2 2% meeo/orereppres galco@ted by D(ﬁ’fawllyneaﬁurem@utSewere

LL?%}%%SEQHQQ' NRPSrRefittsl /QSﬁPei(ﬁ@t ﬁ'ﬂfsﬁ% ?il?\a;gglg\etggﬁore ratio than

of “this i nvention resul

el desiraladen @@nm@l@lﬁﬁt@aﬁbm BHTibyabie o] b Saw PE metal/carbon

betid£ding 3RYVERY §H§I19a/ﬁ3;93ﬁlclbg #Hont QBNﬁd’édt‘hﬁ@ieatlon sites. It s,
el ectrocar bons, or less of conventional
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time.
[0091] A two electrode cell made from this nanoparticulate activated
‘Minus-100’ carbon, measured by cyclic voltammetry at a sweep rate of 20
mV/s measured 65.65 F/g at one volt {using a maximum of 2 volts) using
1.8m TEMA/PC electrolyte. A surprising 307 m? or 36% of this carbon’s BET
electrode surface was utilized as computed by the methods herein, despite
suboptimally having 77% micropores that conventionally contribute little
capacitance in this electrolyte. Thus the methods of this invention result in
utilizable electrochemical surface proportions at least 75% better (36% versus
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activation for 20 m nutes at 9000C. The BET surface of

wo b@7neses i al was 760.3 nR/g and the total porBC/UB200E004182

0. 30429 cc/g, both neasured using a Mcroneritics ASAP
2010. Differences fromthe 0.1 %nickel material in
experinment three are attributable to differently
processing the nore catalytically active iron, and the

i ncreased organonetal lic |oading for |arger
nanoparticles, still below thgyresolution limts of

avai |l abl e SEM i nstrunents. Specific capacitance in the
1.8m TEMW PC el ectrol yte was 100.0 F/g at 1 volt and
ab00%-2078) Flagn ainventiohalsleatiochrixonsi didaaif gr leha pé dor@¢ntional
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path dtfﬂeeerwm racessing theemoaamtewtlea"yaaqilae tyeon. pﬂ@éhuﬁ iereased
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| OoXl nanopartl C es or elr
pr of avaible SEM insbuaeats. [peciceapaniangetin éh@1 8m TEMA/PC
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nanoparticles; if the particle is a carb precursor,
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canper siiddp rate Jaﬁawto 2106/che! THaALE eBmPLRIAS So EOmMhrEA

rres?ep ?rro%grsbo%%rhavmgp ‘? 6(}‘%%%5 /} Pwo(reex Bgtl'ns%lrfarcr:gsao d ac%vated for at
least twice as long. At 13.16 pF/cm?, this carbon is about twice the normalized
value of commercial MeadWestvaco electrocarbons (reported at 5. 14uF/cm?
to 7.11uF/cm? by Walmet in the Proceedings of the 16" International Seminar
on DLC at 139-140.)
[0093] The foregoing detailed description has been provided by way of
explanation and illustration, and is not intended to limit the scope of the
appended claims. Many variations in the presently preferred embodiments
illustrated herein will be apparent to one of ordinary skill in the art, and remain
within the scope of the appended claims and their equivalents.
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that range in size fromabout 2nmto about 50 nm 2.
The nmethod of claim 1, wherein the nanoparticles are

wWoredoa12038¢ des. 3. The net hod of claim2, wherePeT/URH07/004182

netal oxide is an oxide of nickel, iron, cobalt, or
titaniumor a conbination thereof. 4. The nethod of
claim1l, wherein the catalytically activating step
conprises treating the heated carbon particle with
steam carbon nonoxi de, carbon dioxide, or a

conbi nation thereof. 5. The nefshod of any of the
precedi ng clainms, wherein the majority of nmesopores
range in size fromabout 2 to about 50 nm 6. The

makﬂs%{v?% any of the preceding clains, wherein
ac I'mg forns the nesoporous carbon particle with a

POKOSI t M@lmﬁﬂ%éh@g & r?nfesﬁﬁﬁﬁu%rcérﬁgﬂ P%pt‘?&lé cd Sﬁrinséng the

nmesopores. 7. The net of clalmany o e prece
cl §t&R$, Ofvherei n activating forms the nesoporous carbon

particles wi gfb\ﬁ"diﬁgra‘?ﬁééf oéfél dﬁfgclgma&‘?’%git@%r t.%r%%hsorr a

t han about 35% nesopor es. net ho ai m-an
of CRFONPIEEHERGTY cl ai ns, wherein the netal /netal oxide

nanoparticle ; j k

ool vent . oot el cRBBA HabiS ot S HERRGP S rogtal andor
t he st efesdl exide opnopadiclascorstbieirgarecyrsioos; to t he

catal ytical | j ' L 1ol od of c¢laim
any 01)‘/ t he p?é@%géﬁfg‘%% ﬁ%ﬁg%@rc S ﬁ'%éfgg%{]h g]elrﬂ??'éﬂf

car bon @egemppsisgitbe presundedto fdm Fdrmopeatitied; of cl ai m

any of the p ' ' f er. conprisin I
mlling the {rfreﬂg%géﬁ%bés:isg%r robr? n%ﬁe? Pcsioésggr%’f.n'z the particle;
met hod of cl eatalydingllybctivedingrtbeedirinon elithi atdeastisridattivation

co S| r 1 . ayer .by depositing a
o1 EroRs S5 10 £ AT ERapbro\S irith Bonie huBlSFBRL niestires
path@at carge imsize fimm dboub2nm touibadsoams. r enovi ng t he
liguid rier. g Ehe method of claim 11, further .
c or%pr i sfﬁé "ggtbf’ d é%ﬂa'@oh‘gﬁ?ri%gl%'éarl‘ icleg-gre gnetal oxides.
me8hod The m{lﬁpaa itdﬁ@larrﬁm,%nareﬁrg&é?ﬁfetwlfbmﬁf id &h Bxide of nickel
co [ st.eps of: providi at | east one
pal BT CL HaME g1y poRbation Reteof
4 The method of claim 1, wherein the catalytically activating step
comprises treating the heated carbon particle with steam, carbon

monoxide, carbon dioxide, or a combination thereof.

5. The method of any of the preceding claims, wherein the majority of
mesopores range in size from about 2 to about 50 nm.

6. The method of any of the preceding claims, wherein activating forms
the mesoporous carbon particle with a porosity volume comprised of
greater than about 50% mesopores.

7. The method of claim any of the preceding claims, wherein activating
forms the mesoporous carbon particles with a porosity volume comprised
of greater than about 35% mesopores.

8. The method of claim any of the preceding claims, wherein the
metal/metal oxide nanoparticle or their precursors are suspended in
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carbon precursor; coating the carbon particle wth
precursor to a organonetallic nanoparticle; and if the

w@aoorizd3gs i s a carbon precursor, then carboni zZP@IUS1967/004182

particle to forma carbon particle coated with
organonetal | i c nanoparticles and then catalytically
activating the carbon to form a nesoporous carbon
particle with nesopores that range in size from about
2nmto about 50 nm or if the particle is a carbon
particle, then activating the ggarticle to
concomtantly forman organonetal lic nanoparticle

whi ¢ mtunfor,rrsarresoporous carbon particle with _
ma§8&8f‘&sart wherein dae methpd dutther somerisesthensten ofsyaporating

50tHkm;oI1rént Ph@r FEhB LAt A CAIR/ éﬁt&ﬁtln%?ér?' n the

anonetallic precursor 1S net al acetyl acet onates or
nmePal adbedpethodief clairpangohtie preceding¢lainsgrwharein a plurality

whafea:rbdmpéﬁ.ele@,qgtdrwdggep, the precursor is
suspended 1 n solvent.16. A carbon material consisting

esdBnt i Ahpymethog efi glaim gay of the preceding @lginanitfusthey comprising
Si mninﬁgltue%‘hé@dbd?ségeeft%ﬁ &Qi?*é%” particles wth

nmesopor es range 1 n size tromabout 2nmto about
5o1ﬂm Iize mﬁ@wfecﬂalm agy of the prepedinghelrisns, funtber comprising

mMaked sl dfUohifig & rcbg/e(feéﬁ)t stidefls %Iéjrf;ﬁ%r % ﬁ!)ﬁ%F Egﬁﬁrahty of

conpr|3|ng a curre
cl IgRoPereys ¢arban @ar@@bmam a @maﬂ aistifacé @nduwenaning the
ColihGBtYrried9- Use of the material of claim16 in an
el ectrochem cal devi ce, hydrogen storage device,
fi N2r at Tbe raethosof akaint 4d aluythiee contpsising @ steof esmpatting the
th terial of claim16 in a capacitor, battery, or
fue c'eI .

13. A method of preparing a mesoporous carbon particle comprising the

steps of:
providing at least one particle which is either carbon or a
carbon precursor;
coating the carbon particle with precursor to a organometallic
nanoparticle; and
if the particle is a carbon precursor, then carbonizing the
particle to form a carbon particle coated with organometallic
nanoparticles and then catalytically activating the carbon to form a
mesoporous carbon particle with mesopores that range in size from
about 2nm to about 50 nm; or
if the particle is a carbon particle, then activating the particle
to concomitantly form an organometallic nanoparticle which in turn
forms a mesoporous carbon particle with mesopores that range in
size from about 2 nm to about 50 nm.
14.  The method of claim 13, wherein the organometallic precursor is
metal acetylacetonates or metal acetates.
15.  The method of claim 13 or 14, wherein in the coating step, the
precursor is suspended in solvent.
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16. A carbon material consisting essentially of a first population of
substantially similarly sized mesoporous carbon particles with mesopores
that range in size from about 2nm to about 50 nm.
17.  The material of claim 16, wherein the material further comprises a
binder.
18. An electrode comprising:

a current collector; and

the.material of claim 16 or 17 in electrical contact with the current
collector.
19.  Use of the material of claim 16 in an electrochemical device,
hydrogen storage device, filtration device, or catalytic substrate.
20. Use of the material of claim 16 in a capacitor, battery, or fuel cell.



