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PCT/ US97/ 15257 MULTI - ELECTRODE DOUBLE LAYER
CAPACI TOR BACKGROUND OF THE | NVENTI ON 5

The present invention relates generally to an electric double |ayer

capaci tor, abhsns962 nore particularly to a high perfornpegeseiaser e | ayer
capacitor nmade with | owresi stance al um num | mpr egnat ed
carbon-cloth el ectrodes and a hi gh performance el ectrolytic solution.

Doubl e | ayer capacitors, alMoLTIHI®CTRODEDOVBLELATYERAAPRNIIGR capacitors,
are energy storage devices that are able to store nore energy per
unit weight and unit volune than traditional 10 capacitors. In addition,
t hey can typicall deI lver the stored energy at a higher power rating than
rechar geabl e bafpepRUNPPERHEINVENION apaci t ors consi st of two porous

el ectrodes t st are i sol a‘rha(ihesemmvenuoi‘xfenmghh@myidﬁaiectﬁ&uahmhyeb&pﬁmaqwus

separator. Both he e traodes, a
with an electro yt| Hjt |a(?Jh I'S aI “be?ayerm (':m'b"l???ve" °‘f'o '%"W%"Ween
t he el ectrodes t%&@qﬂl%f?ﬂé-clofhelectrodee'p'arhwbwfoa@an@hbct@hrnesotuhm t hat the

separator prevents an el %wkﬁﬂrcﬁﬁcnﬁ%aﬁékmmtm%ﬁ%&oﬁ%
lonic) current fromdshortutgg the cell. Coupled tq tgﬁ back of each t he

active el ect r odE2RE L FER lemsmremc%ﬁ'%’é’?:’t“f“hb’” ¢ 5‘8““bf t he
current col | ot pangpitess. ahed‘ilfsm»ttbymdmce“yohhwchdmgwsmttmemmmngthm

| ayer capacitor recﬂafgeﬁbfé%&@n&u mlaﬁ%ﬁﬁ;ﬁc&ﬁstgk %%o@reﬁc@%mm&ﬁted they
can al so be use

art of N
Doubl e | ayer ca ‘F‘%’?cg] 9"5? é*@?’g&%?a?ﬁog"%ﬁ@f’whﬂﬂa elapder 315 impregnated;i g
| ayer which 20Wlﬂi meimtmmhewhmoxpdﬂx&mﬂomhonsmrsm?.oMmmﬁd&cﬁwt@mas

imersed in an @pemﬁa%y&ﬂanM%mm&m ?eOJnisaLexecmcanmlécéon?cRR'o @GL 0SS the
el ectrodes, ?sdoubl e la %‘B‘E 0 ‘g ve and negative charges i s fornmed at
ele ?hBM

t he cloPgfaeat Eplatta the fack pfeachiof,the selypolectepdsy iy acurregl o
capaci tor) by théleqydﬂmmpmwseéfmehmntconectmgpheestwa&y:éﬂzmxa]mdu&&mechar ge
separation undefaydr BiacRBP i dide @bt Lol ﬁ t Ae
orientation and aal |tgnment of el ect r%)cfin 3’? ecgyfﬂﬁebgg%? Pgrl&s}urface
of the el ectr od&gactor The use of carbon el ectrodes in
el ectrochem cal capaci torlsouuhtayerbup@horpmaecﬁaducenergy in a PolETzEMiqhie Rgdr Witich

represents aysi Wm&&vé&h%h emt%d&?.g‘naggg R elpc?&g:%'SﬁP%%g,?m as @

| ow density car bon el ect ro es can ricate

surface areas. Péﬂi"f’"@ﬁi"f"é‘ﬁ”ﬁ?“" P°"“"““d“@&H&E’Wﬁr‘%ﬁm"{*ﬂ%ar bon '
el ectrodes has lﬂeaeme{emamywluwrﬁbbqhmet thi ﬁhecruumﬂa)&ﬂma&ﬂoﬁﬁy thaﬁlaﬂwmﬁﬂﬂﬂd by
LN el St at €5 Palkhbbue Bl & i0E PG SRRHBE o ki B0t 20 RS 8L ! -

30 maj or_ problemin h car rode ca aC|tors

i ncl udi ng doubl &ptapaand alignaient 06%5?!1% Bplecule %ermawwe wéacpét?weﬁm@e of the
capacitor is2often |im teneheemma&tddmnhw&hméamkmmmmghp&ﬁﬁdnst ance

of the carbon e hi. rnaI

sever al factorsjm(g&;aﬁ%g%ll"r']e;ImI'SglSl &f"h (t:h(')sn'f‘g%‘)? em"ﬁ%‘%‘g a"(fjk"fflue@s"y

i nternal car bon®d&bngslestiodss gaaibe fabr Whe'e'zzbmavefecepeer Fobaieption of double layesf t he
el ectrodes wit hc@acnmm&rbﬁm&t&ﬂésmasbeéﬁhh&mfﬂﬁhadﬁﬁdu&ss%ﬂsem&wemén&h%? to

| arge ohm c | Osﬁﬁﬁdb%@ﬁ o&'g@z# Eeéf?gg@ﬁ%ﬁwme“margi ng and di scharge

phases, which | osses er a vérs characteristic RC
(resistance ® capaci tance&mmrrre’bbenrsmmameleerredeemteqs.tlmludaadoublnmf ere

with its abilit yapacitors, is that fhe fiEforiaick 6f tR thaditofib Bfed Blitsdbebaib oflhehiph Gl | n a
T 2 A M — g
capaci tors. including the\)\gh oMtagtz&igance of the internal carbon-carbon eontacts and the contact resxstance
PCT/ US97/ 15257 of the electrodes with a current collector. This high resistance translates to large ohmic losses in the
35  capacitor during the charging and discharge phases, which losses further adversely affect the

characteristic RC (resistance x capacitance) time constant of the capacitor and interfere with its ability

to be officiently charged and/or discharged in a short period of time. There is thus a need in the art

for lowering the internal resistance, and hence the time constant, of double layer capacitors.



- 2- Various el ectrode fabrication techniques
have been discl osed over recent years. For exanpl e, the Yoshi da et
al. patent (United States Patent No. 5,150, 283) discloses a nethod of
connecting a carbon electrode to a current collector by depositing carbon
powder and yah sipisogdl ectri cal conducti vi ty-i nprovi n@CaWesWIs25n an

al um num substrate. 5 Anot her rel ated approach for
reducing the internal resistance of carbonzel ectrodes is di scl osed
in United States Patent No. 4,597,028 (Yoshida et al.) which teaches that

t he incorporation Vatdus elertradeSabgication t@bnigubsthaverbepmdischsal ayermégent yearsh Bor

el ectrodes can &&@&ﬁ:@%ﬁdﬁ&%ﬁp&éﬁuﬁuﬂﬁs&ﬁ%&% 5,150,283) aBBbsBl ddeod 4£0CT S 1 Nt O

carbon fi ber et anot her %glproach for

reduci ng t he re‘?ﬁ‘%‘?‘%&%"‘m eleptrpde oA pprrent %’B?th'ed"?"s‘m‘f%’gﬂtm
S_t ates Patent I%ndu&;vﬁﬁﬂnp&&mg(»gbhtsénmduﬁhum&ubs)mmherer n the carbon fiber is
di pped into gn Gildd Setated %Jr&u&%ﬁmw}@&n@d&r&%@m&&%e

nmet al oxi de, and efera a transition mnet he pores
of the carbon fdissiesed in Gygi %P%‘f"‘ﬁt’ 4,597,928 (Yoshida ¢t¥ d which teaches fhatthe insprpemtioe o
oxi des, such aSofmmlssuchastalmmlmiecaman fiteekilddfodenchnhe adtympligia® throdghpaaiidgl On.

Still anot her Pﬁg glr]ib&or achr evi ng | ow resistance is disclosed in
United 15 Sta es ent { 745 304, 330, and 5, 080, 963
(Tatarchuk et al.). The 'F&tﬁﬁb%m'%fﬁlﬂmgmms%9@m@%#0ﬁ%#wemt hat

metal fiber socavmtbesm&memeﬁsmshrtmms&&hgmm@m&moaﬁm ﬁuﬁpearmhnt O create
a structur al llﬁﬂo&ttoa%mltlgon uet I l\lé: Ve me}a{om S, apc‘s%ret}fr@y% smo%?ngtalas an

el ectrode. The &¥ar a processd? hat
reduces the el eie!hemoftbem&bm Nl#hmpbtel alscedisclosgeithe foymatiench metelpritldscsuchasrber

of car btg;bxggg,hmnp&m,aﬁ rldbosiitdh whi ch current rrust flow to reach
the netal conductor. This roach ks well if star eel or

ni ckel fibers are used ass Fﬁ@gﬁ’é@ “P% “é{‘ﬁb‘twrﬁséfﬁf‘?’s e in i‘{‘ﬁﬁ?e

| ear ned t hat1st rﬁm&ppnva%ﬁ,lmwmmmwmwaaWWM)aThymmﬂkﬁtiabers are
used because of wdemmmmf&mwwﬁmmmmm.ﬂm:mgté}etea

sintering or heatr ng of the electro Anot her
area of concer ns“f“f?“gﬁét”?lﬁﬁ’?‘f“&‘ﬁ? F“b'ﬁ" 8P°Wt5’? ysed a3 gn.glectrode, The Tatgrehol; of ply
t he et dieo dkadifa pooessitbe iradings théalecteival regisdncedn thk detrade bp tedicing the niniber of

el ectrode. Thi SaliSndaPHof En@itd thid i WHRE el must ficw to':&&h‘-’tﬁJ it ook Bfist NE

el ectrode and the current collector plate 1s another source of 1nternal
resi stance 20 approachworks,well iftpinless seshop pickelfihers arp pipd as the gpetal, Howpvst appficgpts
resi st ance nust habetedar{d thatakis dpproach Bas p6t Heeh Blcssful when aluminum fibers are used because of the U. S.

Patent No. 4, 56@@%&%&& ‘glnég,e%#%gpomlgﬁ%gmgyr ng of nolten

metal s such as um num ont o one Si | e electrode to forma
current collector |ayer dYgotherareaof concermindhe fbrication of dquble lager eappcitesgigslates to the

Al ternative tec:hmmum:nfeaihg tho tukient golladdal /plate td the electge. t This iCkhporamtivecawst theCt or
30 are al SQg é@@de%lhe%rﬁ;@c&ﬂcﬁpla@mw&@é%re%O%%&?x&e

ar c- spr ayi ng % it posi t1 on sput non- e
pl ating, and us¥ ‘161‘1”@19@&(9?&“?}%"%%@“’““‘ rtbiancs st s kopt s o 8 posibc The

previ ousl y-ci tjed Tat ar chuks.®hteil No. WE,GM(N;s‘MeSd)EﬁkﬁﬁblaM;spmﬁg];ﬂﬁolt&ﬂS,
5, 304, 330, an 0 e o] n
collector to th%mgﬁ ectargg%mj%(\’g es"gop a??rglef)l%ﬁ'%t‘o ac“"mt?gﬁl&%o}a*"?no t he

el ect rode el eneihg surface gfithe °‘°°“’°d°- Alternative ‘echmques f@mﬂﬂwﬂgpa%wmwt qopiector
5,142, 451 ( Sor adiealsdSblsidétd idtthe )51 ONSIGAQER Spa@ntﬁﬂtﬂlhﬂg ardpraying, vacuum @Bditiong t he

current col | ector to the su f.a Bfut T ode by a hot curing process
whi ch causes t h& e 'electmymcheqng 'fsﬁ‘efe%g'rmtrherﬂmcol | ectors to enter the

pores of the el ectrode e| Therpremiopsly-cited Tatarchuk et al. patents (U.S. Patent Nos. 5,102,745,

-Bth 4 of fab 5304330 anasoso,sésshw:uamgsﬁlxﬁhed?amﬁmfeuw]@hiuﬁdbbﬁ heb
met hod of fabrig a e current collector plates can be
found in Unite é?“g'g E&P"éq%?“‘{\%g‘g"‘?"&%ﬁ‘ . 5,072,335, 5,072, 336;
5,072,337, &hd 5,121, 301 U;Mdmmm«;m&m&mmmalaﬂisclmamethodof

Bi pol ar doubl e doasif thdRR@AFdolIIos o sRAIYR :@Byaﬂo‘témn eds WBickLafied thodes
used 5 therein ,re described in V®96/114 NO 5, 621, 607) .
Referring to F|ieateryl of the current coliggtors fo é“'e'é'r*rl’““rﬁgﬂ Ce doubl e | ayer
capacitor 10 is |IIustrated i ncluding a cell holder 11, a pai r of

al um nunf carbon conposite el ectrodes 12 and 14, an el ectronic separator 18,
an el ectrolyte 20, a pair of current collector plates 22 and 24, and

el ectrical |eads 28 and 29, extending fromthe current collector
pl ates 22 and 24.



10 | “The pai r of al um nunl carbon conposite e BlSrSHiET HAS BEEN
and 14 are forned froma porous carbon cloth preformqr carRpp

preformwhich is inpregnated with nolten al um num The porostty—e+

t he al um nuni carbon conposite el ectrodes 12 and 14 is closely

control | ed ¢wydgnigpet he i npregnati on process to subsequent | ypeEuUsR7i5287
sufficient anount of the electrolyte 20 to be introduced into the
doubl e | ayer capacitor 10 and penetrate thepores of the 15 carbon fibers.
The pair of current collector plates 22 and 24 in the formof thin |ayers
of al um num foi |l ar ¥illptherrelptediarttconcerhed with e methoda Ebricating madradingiggandoan

Separator 18 1 s osr bt ndin Uniad i Patnt N 5,065 286, 0T EABEEANE - posi 1 o
el ectrodes 12 aﬁggﬁéﬁ “I‘Rg ﬁeﬁbf“r‘ﬁ‘ﬁ“r"ﬁ ‘&3’5’(‘%‘!3?‘ 18 is preferably made froma
hi ghly 20 porous materl alt:s\nhs@Iparantthstﬂa&:moﬂin&ﬁgiearfonmpﬁwldabmayaet ween
the al um nun£agpgi, qﬁ¢$‘%d® ble 1a6dr ; GLd: n C
separator 18 asg%}rﬁgs tha he oﬁpgzq&]%é{e:“égt rwé%eli%%igﬁf%ﬂ §H°1! alnever
in contact with g Withis e af tinges in a
short circuit lmpmmabyedcaﬁhéﬁrﬁmﬂﬂ’hlsﬁﬁavé hRlaGRBIgCTtemkl GésREnch ihd iydl Be

el ectrodes. The S separator 18 allows
et dﬁﬁ%ykgf‘g% fn FVF‘ h&?ﬁ{u%%lhe prefe

nmovement of the I ons rred electronic 25
separator 18 is a porous YHheereitis diesprgrentthst inprovepientyitse nepdodin thetashniguésmed | v

0. 022 nm (0. ﬁ?llmetﬂédsoffabncﬂxhgﬁble?ﬁuwww&wmwmﬁﬁ%nﬁsﬁ%mar at or
ma eintia { el ect r to | SI’IIO
y ﬁou%ﬁ%?%g}pg&or an(? mammnzetﬁ r%tmg \{08 SST?F‘)’%{H%‘"]F&"”P §i increases

bet ween the al um nu on conposi te
The cell hol der Wﬂmﬁwyﬁb@ﬂaomgwhaaﬂwﬂmmtmtblb@daisbtetdhatly-ame

f ast ened t GipRfcAfsy highed eheig dénﬁueaandad\éaaﬁlaﬂﬁh& Powh Sukpill réshed. 16is Wi (CHay Of

t he packagi ng rreans Pack gﬁ%&nloubl € 3% | ayer. capacitqrs 2re t |caIIy
expected to wei gh ne gians andt mefandsare passled t ?fﬁl"ﬁ’é‘m Tesis gﬁ? g aged
doubl e | ayerl%aﬂmebv&dﬂﬂwmwﬁydteadwraﬂumdae@@ommmﬂwk&om the current
col | ector pl ates 22 and 24 through the cell holder 11 and are adapted
for connection W ec C.a, circuit. A

bi pol ar al um nuWL{; ; IHV PO ect rode 30, as shown in FIG 2A, is 35
utilized in conbination vﬂhhreemdnvmmnddnsesaheammmern&umpﬁamgnﬁglﬂc in a

series stack of psfdftince double Ry& Clph@ARvik ggnﬁtﬂ;ﬁeraeamhésg)ﬂeﬁ%ﬁ RLERDGS J@?}BJO

doubl e | ayer caglbdgl tor 40 as_shown in
conposite el ect PER&OBEe¥Eedcarbon;that is yolne impregnafed yyith sluminug inqrderio significantivh on

-4- Wonpdse thembml!yeleste:paneaimab byidécleasing 1@ RonBCt r&isGince bistweethe ffale® Ct O
plate 36. Attachagn ngnﬁaemmﬁﬂy, the high p omQ;Lcetdgﬁale(ﬂX%r[ ito dp?weg%ar plate

36 is a charged, el ectrode 32 first elect
opposi te sur f ackvesondpcludesat lE*&‘PP%Pﬂ’ of yrpiguyigpregopted %"’S’B"‘%‘@dﬁﬂ“&)‘m&s formasdy
char ged el ect r obsevoBuhe infpuegimting an activatel cerddn pped@m it el , 4 @rbon@Bthpwith shindlacet of&r Shown

in FIG 3, wths..ﬂab@wwfmmﬁ Mmﬁh%&m%@wmw@%@ﬁ% FIG 2A

bei ng posit |2%ned between th port I ons d 2C to
forma bi 5B %mﬁ‘r'é’“a Wil high pesfgramgucezlectpgiygic polytien.
el ectrode 34 may be a negnhmelmbﬁnﬁbctofthemveﬁm ﬁughlp&ﬂrmzﬁamaﬁuetlg& cel |

"A", so the adj g gﬁmm%ﬁ%ﬂﬂ%n%e&ﬂ& ledgh mﬂh-ﬁ?eg%%dee!:aga% rr )ésmzléceg’ect

oppositely charg econe t1've e
el ectrode 42 ca’l“?‘f“é%“%‘\bé‘?“eflﬁ‘mly‘wm‘“‘&’“ﬂ"r%ﬂ%ﬂ%éﬁ@hm%mkm i

el ectrode 44 of amﬁkdm-m&eg.hecamd&ﬁ&e; dxﬂhﬁxhﬁed S0l 59 coliuBii-dieétodt Goubid fAyer

el ectrode 3 T e ecirod
oppositely ?ﬁarag%wg%&e%mm &m{’ng dtsm deﬁ‘b'éﬁ%%f%??s(}eg?'&déﬁ‘gﬁ#ﬁ’de 44
of cell "B". Th'é”’Q@Fq'ESdSW!?KW‘UPMMPeﬂW% MWMO@W@W@@M doubl e
{AﬁyeL capaci t or emféhedt bftfie dapSitor thRtSmat bDEEehI&ﬁtb bﬁe%nﬁbiectfoiﬁldlaak&é Eaa:elgm%daﬁlld:k[))

ich are t |0 series a i ncl udes ai.r of al um num
i npr egnat ed carlbonpm%%{)gfgalmfm“ ol Lfga“’dw&’“%?%"g ?‘g @'?lfepwﬂj;“'FMS
el ectrodes 34 MWWBW’W%&@MPW%@!W@&mWmmwsw;aand 15
separ at or 4&sdlﬁmsmtcnhﬂss\wa5h Gradukemyc&ne@aa%w&m JiatidfiedliRfe.l hodes 44
and 42 facing one not he e |caIIy conducti ve separator 46
di sposed bet weel" ThEM™ "ﬁglfel"e"ﬂ’eﬁ\%fb 'Lfge of ong tack {bfors interlopying g @rowest  oci ng
one another wi th an ionically-conductive separator 46 di sposed
bet ween them Internal non- pormisss}lsamMn&fﬁb@ct ors 48 are placed between

adj acent cells, adj oi ni ng mmmmﬁwﬁ el ectrodes 42 and 44.

Exterior current collecting plat ed at




20 each end of the stack. Sufficient electrolyte 50 is i nftPHiSUSHEET; HAS BEEN

each cell to saturate the conposite el ectrodes 32, 34, 42 QKEPUACEDhd
separator 46 within each cell. The i ndrvrduoar car bon
el ectrode structures 32, 34, 42 and/or 44 are fabricated froma
carbon cl otyo pgrsbéar m or car bon paper preform which is i npPeRMUSITS28 t h

nol t en al um num The porosity of the electrode structures 32, 34, 42
and/or 44 is controlled during the 25 inpsegnation process to permt a
sufficient anount of the electrolyte 50 to be subsequently i nt roduced

i nto the capaci ¢etricat ghots tetvdensrpisttrad¢savhen they prointsieayéd. e afeomativrembodinents the
The al um num i NRLEHBALS pdrddr BRP b PIFIRP oun® rafibrRfsh itABSedIL flat fkks, 42 and/ or 44

are porous, having alu nat ed thin actiyated carhon f| bers
such that the equival ent B m’“"&‘&ﬂ'&“?%’ ycgding 2 °é’5?€'ﬁss'§ P OSSR
used in a 2. 3- 3méalimggirdgnatedicirboniciothtbocldth Heing n{ad;arfro}n activ[nterqm}:onﬁbeismnd mdenBO

the capact  agoc il A AR S WA UaedoMBtk i of SAPRIMKBLE ¥ 30

F/g or greater. Large capamtance i's achi rge sur ace
area of act i vatmeptstinpasallel tp eschother,gnd to ?“Sf"g’ﬁ“ﬁ‘f“l‘m'
di st ance bet weedmbodient, alpatrrchiolld:@i/foil 6f each electrode is connected to the respecuTMpabm er nal

current coll eCtM#%Fﬁwéﬁed%?gtﬁ? éQ,l:P xfﬁ:?&hm&’ Sth Sl m%&-inﬁ ﬁ)?l y

non- porous | ayers o m num esl 0_malntaln Separati bet ween
the el ectrol yt ealthepgipother mgfals meyalep bowsed, 8. W‘PFE“”EXE%WS‘FS%PPMWO‘F‘?WM*Q

pl ates 49 arm® nmmmnawmmadmac iPBy uﬁ@domvhawtermanmemﬁmém@hmfhea&ai

capaci tor seal. n el ec ) 46.. &L e rgﬁg

pol ypr opyl ene or 'tormegﬁ “rsﬁas}%% Tpmsm F”"[egear)e\gf@ce'@% e op osmg

el ectrode st r ucisideef &M%lmsé’e&b'rmnmmﬂmasmlympam the)interleayed electrode stagh ENDED

E\HEET b unfderamodestl constant pressure (e.g., 10 psi) while held inside of the case. lnthe spxral woundwh5' h
por ous car on er clo ormar a car m. whi c
is a sui Ppfimeny he W%f”gate'& o PotRdesrpauine 8 ?P&F‘éﬁ "gf"mp %E‘&‘H‘"’fl ber
felt or anotlﬁerthadwmae@r@sﬁ Buoeithériefpbadiment, memdqupmmgssm&lewmwused to
mafe Eﬂe ca{ bonmﬂiﬁgetb@t?ﬂiﬂ rt}lﬁtdti)rkbﬁttdldﬂe&or f}@is%ﬂ ttﬂ;éwﬂn#m'imL S t&iﬂﬁdibctrodes
into e inters 0 e bu es.of carbon, fipers

cloth, and the t&&HFeE B lﬁ?ﬁ“%ﬂg‘ with 23 FFRTCRRLHR F&‘b‘ﬁ%\‘f’ 8% ‘“{] ous

carbon bundl es éstrelyticgeintion isingdechy dissolying rreselectqdatltinth edelawite (CHEN).

activated carbon el enent Sq Wedbhd vith SnofhbraGHd BFIRe inORBR thetwd Birts of tRMegaGisd St ance
I Ns rous so

current pat t he el ectro e structure re that a
non-aqueoush"gl e‘@fer”lfyﬁ‘é’“d&'ﬁﬁeﬂ"f MH@%% %“r‘?‘&‘ “s""s“semb‘ﬁ‘ﬂg‘e We
pores of the acdliowiag ech laloftbecaseitdfpuctitnns the eapacitor terminal.

Di sclosed is a fabri cat'QﬂemmﬁaﬁOM%ﬁﬁﬁ&%Lamyymmmwwreform

is 10 nrmade of carbon fiber cloth usi nlg surface area carhbon

carbon fibers Haftrnfghibitsagepacitance of aboyt 2400 ““"%fne&ﬂﬁﬂm‘h’&t‘@l’?g?ﬁ@ 5238000
nMerr]/g and a Wihakgites opeiating[ypitagewf BAtvallsya fdwdrGating ofrabat 1000PVigeetod anpedf t he
carbon fiber C'&&&w&@m&h&&%@&%ﬂbﬂﬁ%'ﬁm&&ﬁﬁ%' Anﬁfa‘ﬁﬂe&ﬁg:ﬂgofﬁroﬂﬂcfa

to cause

spraying techni que spray tec ue I's control

al uni num to penfEtords MN%@WW“C‘PB‘Y‘F@B’ represent significant ¢

adj usting the eﬂemkth@mswamtmnrddﬂeewmgnmthpdﬁmbwgmﬁure and
pressure of the 15  moly oo, ahutid) \%ggétﬁitmnﬂ{) dhftie BRI P 2V

unit fromthe carbon fiber preform pl as sSpray
unit, and the a?fﬂ?éﬂ“éﬂﬂ"&%%ﬁ’?‘ﬁ@f“‘?%’%ém &ee'stbemdwfamwhr
There I S a @ont doiiblé Rgkr Expitor hplicatioh ITAKEHY siliplilihcpeadin\oe decRBRA his kidkafid mimbét of

i provene nts u p&ﬂg&smeele%%g&i atgm \%Ehmq{e r@e&l‘ &%ﬁ@ stack, r d §y0 Mm%r[})pr%u&alge

| mproved doubl aclitors nee rver arge a

useful energy a‘lc‘ll %S?W@#W@Eﬁ weight) velnwe) gf thogpacitogdtig possibletat | ngs

Wi thin a rel atipsligs ahliR pérfoRihide @6hbR fiaydriciPRoitorThi€ {2 mmeugﬂc;smmcﬁmﬁ Wik
capacitors shoul ¢ I%%‘h ve a re%/atlvel Iowmpter

ance and
yet be capabl e B3P " JeShos PR R A ile A fqmlop%?ggmﬁ ﬁi
Fur t her nor e,35j t mosnteafmmabmﬂwnpmﬁWemsstmedmeuedﬂqﬂmm slhe,rt
t echni ques pericd U tinkE: { 30106 scR¥ing fsAlRb kehdftly hdBigvablio Udi g@hel spdhBVouG P EbibodidE.
el ectrodes so as to lower the internal resistance 25 of the double |ayer
capaci tor and naxi m ze the operating voltage. Since capaeitor energy :
density i ncreases with the square of the operating h| her
operating voltages thus translate directly i nto signi
energy densities and, as a result, higher power output rati
readily apparent that inproved techniques and net hods are n
t he internal




resi stance of the el ectrodes used within a double |ayer capgeliar._and

I ncrease the operating 30 voltage. SUWARY OF THE | ISHEET HAS. BEEN

The present invention addresses the above and ot her needs by provREPIALER
hi gh per formance doubl e | ayer capacitor having nultipl
wher ei n t haygukisopd € el ectrodes are made from acti vateertosavimsy that i s

vol unme i npregnated with alumnumin order to significantly 35 reduce the
i nternal el ectrode resistance by decreasing-the contact resistance between

t he activated carbon el enents. Mre particularly, the high performance
doubl e | ayer capaC| t or OfThe breseqy inventiontis further directed to improved methods of making a high

- 6 - Q)éﬁ&hhda&dduﬁlﬁa}hﬁ@a%acﬁ& 5&8 bt ficiRR] J g. %pé&nﬂtiﬂg'ﬂloh@aiu%ﬁxﬁgnat ed
carbon el ectrodes d by volune rrpre nat i ng

forne
activated car bdff® ﬂF‘e‘f“E?F“H‘ﬁ ble%é’Pﬁ&?f‘“’é‘F‘ﬁ%%‘y‘”‘(ﬁquﬂﬁ Yi‘f?f‘“'b"" ﬁbersor
ot her suitable TbtraisyerseregsmcetoftlamrmloMstrhlueaaiamﬂicﬂmerg),d@ al&Riof6f fik@bar at ed

fromthe ot hgr .g.xﬁg.a g mol aﬁmuaaagp,g{;taért&fofﬂ%@h&am Oft Bl oy egiaiea "' "0

saturated w t h performance
I n accordance Vifpr “&%%W@W@?%ME‘@WWMP‘QFP“HEW’(&We doubl e
| ayer c apme:rtcﬂ Ii:oﬂa‘ét :pw wilede ﬁdi)&ﬁmle&camﬂotﬁisy vay Of d¥gil Cunet kdllector which

mul ti-el ectrode, Gabs deﬁhﬁe%lo%: snﬂmoI'the(% w H““ meanLFt h'gt only
one eIectrontlc squt sea I's req U|re even t

paral | el - connecfPléTfm““dme%#ﬁﬂ%ﬁ?ﬂﬁ%?%hﬁb@%&%ﬁf@h“%%’mwww
utilized. Suoh impieghated sidzlof therfalded claa. m&md&@%%mekmtmmor in

one enbodi nent, f|r second flat stac

el ectrodes thécgﬁl’n?&é’s %}byﬁl i AR J(l:’? [RLEE ) a?%""ﬁ%?%%é’b‘a‘m or
case. Advant age'bvslnyﬂorPmmeﬁ?bﬁv@émﬂmatthelmpmwﬂdsmrfﬂce;ﬂ:smbypmmsmgtbf t he
capaci tor that m“ae”ma&nagts{hgfopmﬁ%nea&ectrol yte | eakage. Each

el ectrode stack has a pl f aI um, egn d carbon el ectrodes
connected in parallel, thearg %@@%&8@% ﬁ’dﬁ?’%f"&’e‘,’?@“beé?

i nterl eaved 19 tusediwid ﬂ&lmmhmmoﬁlhplhémmhmlsbmkavmpatamemnﬁrofm

nter | eaved St aphpos@iboitibfe 5 RLROL! F45Sedbbre Ahini BffenkEl AuBbaq! 11 Cal |y

connected to ect|ve capacitor termnals ous separ at

sl eeve is mser’f@ﬂ"eﬁg’e{)‘“t“faf PR %ﬁé!’“%”&'ﬁ?wﬂm‘“@g%

i nterl eaving t aeinesnite the iogs o elecheljticsbition © rindilyyes thetotboughl amﬁorbclmntv\hen t hey
are i nt erdoﬁea%eqmma@pe@m&; B3t k¥ ?o.l%mmoﬁm& ofivia?msénswepd.gs and

separ at or rally woun than interl eaved

st acks. ZOW °?°°t"€‘hy°°“'ﬁ'éd’éP@ﬂH%@§“°8fF‘e‘°bF‘@f ble-capgritpr tseminal. |imilarly, °r§‘§'a
conpr essi bl e, \mngntéoummasthstemmgelecmdesmsahledtmryegnmdxpaandbma coeteld (t he
cloth being madgef bt egdtbitnad, TR Jtaiehnamene@wg%ama gnt

collector foil. In t he fIat stack e he current comllec or foils
of each respectSPRAgitor case, whithgase maintaing the,interleyed stack upsler aypodest presgpreda ssfucgther  and
to the respect icodaccopdumis The infderF thetase it thenleliicuated and deigd, indfillya Withu Bighly

enbodi ment , b NE,GHGHERh-afiBbs SEkB -fsgi}.t_km%fﬁ%e% 1 BhiE L0l fine? wB ISP L O

the 25 respectlve capacitor ter rre
i mpregnat ed i nt§t he carbon cloth conpri ses al um num aI t hough ot her
nmetal s may al so be used, Aecoglmglyutsau&uﬁbfﬁqsressdamvénhattoﬁbmlﬁmghperfomme

ggbrrg\?\/ing?n;reater ighgmmﬁ‘tm&Qﬁd |nS|ifd ﬁgmk’g%&'k?t \ﬁ,?’g S'Llo%g yhgnpeg m’t
t her eby requiri% ?‘M‘PSYW“”?'W‘N erl eaved el ect rode
st ack when pbaced i nsi denoéan&théﬁeﬁﬁﬁemél}bwe&mskdw &Difprofa AbuBIR 1a9& capacitor

advant ageousl yhmgrg&lmﬁmmlgl%,erl e%vtgg?eﬁ% qﬁ"‘f’ k under a nodest

constant pressure, i1e held inside of
the case. In the spi raI WMvnvmmomwdqmgnmeddoublelareecapacnor

e: ect :deeS r GQUhW@%lavﬁHﬂh&w&ﬂﬁiﬂﬁmﬁﬂﬂahﬁQSEQﬂcdp&xm thaOthd dnhracbiribei nht Ihe
cl osed capacit gy, case t her e est, pressure hel ps
assure a |l ow cq{ct actms%’smg?'%‘ﬁﬁa@%ﬁ ng"P’m"g’h’l;'r'él vely gPidect or foils
and the al ud? numeﬁm@gnam@dF@mh,mmehlb@hm the theistance T the clipwierds 18 than

capaci tor case sbéut 6.9 hhedmmbapaanmapmtqaaam@aﬂsmpkumhgmamagn?m and
sealed. A preferred el ectrolytic soluti on is made by di ssolving an

selected salt into acetonitrile (CH-err]-CNy.
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AVENDED SHEET | - - —
- 7- I n accordance with anot her asi@iﬂs %&E&HAS BEEN

invention, the two parts of the capacitor case may con GrD and_

i nsul ated fromeach other when the capacitor case is assenbl ed,

t her eby al lvpgo@fsegach half of the case to function as the M{IISMIIW

term nal . One enbodi nent of a high perfornmance

doubl e | ayer capacitor nade as 5 descrigred herein exhibits a

capaci tance of about 2400 Farads, an energy density in the range of 2.9

to 3.5 Whr/ kg dischagingpfdirezspanigr (ntd & 2ang émpofanc2 I@d,\00 khos) to eccyrabetimerconsiamt gf of
about 1000 W kg a2t hedbftfi. anpere di scharge, an el ectrode resistance of
about 0.8 mlliohnms (nferr]), and a tine onst out seconds.
Such perfornmance paranet e?{“heimlf?ﬂﬁﬁf m“e‘g"g‘g"’"ﬂﬁ"éﬂ?"@g’é’m" non-

si gni fi cant aqueanm electrelptivistiativhetha eliogv higher opepatingniviidges v the Papacitéro AQreferdab e n

avail able in § hgle&rgﬂm s@luhc@f@ for Qﬁﬂ?&,'n&ﬂ*ﬁ ué?x{gtan acetlIlee (CH:tCRI)e solvent, and a sui bleI n

accordance with et anot er aspec the i nvention st ac
capaci t or T‘BP%P&W“%F%%W?B%W%%V%W weal e
down in order te.omm&tormbew needs of a particul ar double | ayer

capacitor application. Thus, by sinply increasing or decreasing the size
and nunber of co 05|te el ectrodes that are used within the interleaved

el ectrode st ack BRed2ayfRlL pARNCRppr opri ate scal ed changes in the
physi ct:)ftl par amet e(r]I S (SIh ze'rhewghmpm&eipw@)eamés hh@dvlﬁageﬂﬂﬁﬁhéeﬁtﬁnﬁeﬂh&mhﬂ
possi ble to proyide a hi r mance r.capacit that is
tailored to g({ b ire ﬁg?:nlg 'gaa%)g I'CatT ¢ %9 t sp\('c'htha g’ngeée" or) PP door
i s thus opened wwihthe mv‘%ﬁﬂn appl i cati ons wherein rel ativel y
| arge anounts of energy NEIGL 1 BQ sélidakl dw N ChidgR el H3hPekformAEd dBuble layer cagaiidpact
st orage device relgtlve“l short. r|od of time. Simlar scaling is

al so readily VRS A | Splral -wound enbodi nent. 20

The present inventlon is F@r%en@ﬁmﬂc@a&n@@nmﬁqﬁmaﬂmnﬁ@d’snWPMi ng a
hi gh PeY | QlediBitGadsiR ddabantAVimeGRRAG;t OF . Such nmet hods include, e.g.,
i npregnating nolten alum %P%’H into a COhTTEI’CI al | y-avail abl e carbon
cloth conprising a weave Ufraes ap PPPSF POTHOR < & ipplays fibers. The
transverse resistance of FiGe2C ihBofrs clowériportion of e bipdedtadky amatically, e.g., by

a factor of fifty, ﬁb 5 IRERERA %Bﬁﬂn%?&eﬂ&‘dﬁhﬂl&ﬁ&@ﬁ jebRad-ie tOW
of the fiber dlles g?}'ﬁl gvum nym 6&: anth ed carbon cloth serves as
t he key corrpone ip°8'fty"§ © S CIPPOrE © °tt¥H° ¥ e | ayer capacitor.
El ectrical c#htact is nadBGv#A Rhdnatcallynshevegbatcddublsdaybraapadiootdde inpccpdancof  a

foil current with B0 lnb&E4Or Whi ch cont acts t he |rrpregnat ed side of the
cloth on both sides of the foil, i I mpr egnated cloth is fol ded

around the foil current c@ﬁt&Wyﬂhﬂf%‘ﬁ“VW‘bﬁ epsithat o pert el hey et
col | ect or cont aedrbonklethiuseg il sikinaesdf tledoble lajee cdpitatead addbibially Helpe illnddt Bl

t bet . th i
educed by a;pl“??ﬂ*sf“% °'°%L%‘%§?%bht‘ﬁmﬁ%gﬁ%gﬁm{%ﬂ?n%m“ﬁ%%&“’ -

assenbly wit#l n the capacf’f;o?s"f’ﬁ“g‘?fﬂﬂ 'cfo“"thé“ﬁPf‘P%b“%lﬁ‘ff“'?}%\W%?B“‘éH“i he
I mpr egnat ed FIGSU4A snd@B; ther eby increasing the surface area whi ch

contacts the foil currentggo} L g‘g{) lent circuit di £ 2 multi-electrodh B&ubl
surface area provided by the car oan‘(l:“imml’ucl of eRC ﬁocaoi?r“p(')s'imte el egt

used with the i FRPafermsde igaspontaceyith PPW’&?”HW“H the Bregsgt invERtian:| eqvi ng a
| ar ge nunber of such 35 mcom@smbmeebleﬁicﬂedmmeu@umﬁmmﬂteembmms The

!Slr.:It féLngggr ous separ a \Aﬂ?&ﬁ‘qmﬁgﬁé@gg: f’%“a“r’““F e%?;'?alt on’ ggt \?veen t he
el ectrodes, yet permts tﬁ@&%ﬁd@www&@hwnw@ermmmmu%wmm |y
pass ther et hr ougglay ak Bstivdticarbon cloth with aluminum, thereby impregnating aluminum into the tows of the
) ) carbon fiber bundles of the cloth, as illustrated in FIGS. SA and 9B;

FIG. 9A shows a schematic representation of a side sectional view of the carbon

35 cloth, and illustrates how a plurality of fiber bundles are woven to form the carbon cloth;

Sheet Has Been Replaced
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current collectors of alternati ng el ectrodes, e.g., the foil meureant
collectors of 27 of the el ectrodes, are electrically pOHIS8HERT HAS BEEN
parallel and connected to a suitable capacitor termnal. Sinlarl YREPLAGED

foil current collectors of the remaining electrodes are al so-etrectricatty
connect ed i RuhedAbée! and connected to the other capeghisoisher m nal .
The interl eaved stack of electrodes is then sealed in a 5 sui tabl e
capacitor case, which case maintains the ingerleaved stack under a nodest
pressure to reduce the contact resistance. The inside of the case is
t hen evacuated and dri ed, m¢ch&;dcépﬁﬁhy\AiMs&htesacross-saatiéi\klgb{vysfﬁeﬂdﬁuﬁiliﬂu@bundle
non- aqueous el ecter.ol on mad Lom a sul le salvent mxed Wwth a
specified salt. “hec&gm k’ﬁl soll R wncep&l&é@%‘?%f ﬁg’ﬁ%’?egipf"e‘fagkna& ea 'ﬁlrmé'gg Pthe
pr esent mvenhdﬂ‘%‘ﬁ“ﬂ*‘lﬁﬁ%ﬁhﬂa‘lﬁth 10 performance doubl e | ayer
ﬁapﬁmtor agd et hodf of fmslﬂ@kﬁmmhmgaﬁﬁ%ﬁg&?wyd;ﬂﬂd@ar@k&ﬁ&%&fm

i gh energy nS|t Q eat e n_about 3. r/ kg at an operating
vol t age of 2. %{‘ mgeliecmegomtﬂeﬁy"camﬂo’ It is another feature of the
i nvention to pr OVI de an i AfG-dvé dlustatettiow thedndividual electrodes offswie ¢lectsede sapks, madecs

Imtem mum ]tgse?lﬁl e W@IMI mr:‘ -16F, &&ﬁﬁ&fwhkmgaﬁmg&pﬁﬂ%a&ﬁls&féa%mﬁde

is a further featug e.in rovide an inproved double

| ayer 15 capa’éflf%f”“ﬁgg‘lw 6%‘"“?1?3?‘?? elpchrede a3mbls i n combination with
a high capacitance such t ¥ lﬂMer:ctstheeleaghdymambbrofﬂG 314Dt it ivwrapd 9Ataat  Of

t he capaci t0r1or%ﬁdbﬂ§ep§£mM@LN§foMin%ﬂc&héﬂ&§ for relatively rapid
charge/ di scharge tinmes. For_ exanple one odi nent, the resistance of
t he capacitor is | eﬂgtlﬁﬁﬁe"ﬁﬁ&tﬂ“e‘ﬁ“@pﬁ'é’f’w““ﬂﬁﬂ”r“&“‘f the electiode assemble | o

at | east 2350 Farads, therfihyi2 islah enplog vielwof a preferred tohasigli"igublerigrerdamdtoar gi ng
of the capaci torm\(smg ndlv 66 RurdaT PR 10, ke pdfionR Rldof hfpecdfifibherat 3 20

ti me constant of abou secQ Anot her i nportant
feature of the |IURFHP ﬂ’ﬁ“sr g"‘f}'rfée“f‘ fre tightly sepleql opeia thepother i, complaty the capacitor assembly;
non- aqueous dabectr ol yt|c FIGRI 130138 dnhl A3C illdstroatop) iel) ed endxedtiaidal vigvs)edpbeigplys Of

i xed o ho an AXgde f‘???’é’g{“‘a%%iéﬂ%g‘*‘{“'iepa°%ﬂ““’”L Holbonilivs AR |
whi ch el ect r ol yts@rasitor trminals aheseh kef thespiat i ng vol tage of 2.3 volts, with
peak 25 voltages of up msswesmahttﬁranowcghemmustmesmemeaalﬁlx'mBEgSGRI PTI ON

OF DRAW NGS b
and advant ages qussemhegf)hfgmhr?d clamsbeTl gouﬁg) ca%a%q r%; ﬁégﬁﬁtﬂgﬂu

nen onvm “nore appar At H’omthe
fol l owi ng no®@ particul ar Férésléﬂwmcwmt%wwﬁwmfomsmm tgsting,a double

conj unction wit hamp&mrMWMmmGWAmmaﬂd FI G
Lis A sectional vion of Fuoh PH Sa 8 bl LAl RSAL YIRS SRHOLE LBVRE L

capacitor shown in W96/ 1

representation owdammcp@mwn& thafirgsenbinventioncoand fughep dlystmie the working vollageroptajpable -
descri bed i n W9%Gihkdh@8ign for two dlfferent levels of impurities (wﬂrﬁn th3 Bedcblsitsbligthes an upper

g?r}:: %n g;\ azgl pol ar stack, t hat dmgw ctégﬂmlaétezrsem(limg omcmgn'gmopsolnetng el ect rode
-9 - the several views of the dWi@s. 2C i | | ustrates a | ower portion of a
bi pol ar stack that would utilize the conposite electrode of FIG 2A;
FIG 3 is a sect o I es bi pol ar stack of high
performance bi p%ﬁ@#@%@ﬁ@%ors of the type shown in FIG
2A; 5 Th¢ followln desciiiptipmdfithe ateseptlyshutesplated beatsiade of practicing kay er

capaci tor nmade i ifvention is noft6 BORKARGFimtHng Rnde/ Vit PMER Sdlely 161 R PhebBBof doscribing the
30  general principles of the invention. The scope of the invention should be determined with reference
to the claims.

Referring to FIG.1, a single cell, high performance double layer capacitor 10 is
illustrated including a cell holder 11, a pair of aluminum/carbon composite electrodes 12 and 14, an
electronic separator 18, an electrolyte 20, a pair of current collector plates 22 and 24, and electrical

35 leads 28 and 29, extending from the current collector plates 22 and 24.
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FIG 4B conceptual | y'i | lustrates the activated carbon fi ber|sTHIBZBHEETrHAS BEEN
of the carbon cloth used in the el ectrodes of the doubl e | RERLACED
capacitor, and additionally hel ps illustrate 10 ho 4

capacitor is able to achieve such a | arge surface area, and hence a | arge

capaci t ancyg 98115962 FIG 5 shows the equi vaoIussvisesui t

di agram of the basic double | ayer capacitor of FI GS. 4A and 4B;

FIG 6 shows the equivalent circuit diagrag.of a nmulti-electrode double

| ayer 15 capacitor nmade in accordance with a preferred enbodi nent of the
present invention; The pair of aluminum/carbon denfRsiterelectgoder 12 rRRiK e preférably focrmiadi cal
equi val ent Circgla £ calthoh Hith prefoRiSor cifon piPeCprdfbtR which is impréphfdaWath mbR | St ance

2l o e o At postue o S eesthon AR Sesroes FARH HINBRBEORY ol oo
. an pl asma

spray an acti vadostebliedduliag theimpiegmativn tptocesd tol sabsequentlylphreite issffidienprmog eftthen g

al um numintg t gAﬁgeniﬁ&g%Mﬁm%rd%ﬂ dﬂ%@m@hmﬁ% P por&loPhd). as

: Strdl

illustrated 1n Fl 9A shows a
schematic repre¥®mteson of a side sectional view of the carbon

cloth, and illustrates hahe peifalf ciirmedticdligcta@iplales 22anrd TunRcitfBed 25 the backiFBack O f Or m

the carbon clotfy . . C ' tes a
cross-sectional Vi .eu\ivlo an ,r?'é“."\‘{‘f‘a"d%fz’f“‘f gJér sl g’%%&?"e‘g@#t‘%‘ﬁi@&%ﬁaﬁr {)%
cloth, and f urt#setindeyere efslupipemyoil. | | ystrates a preferred penetration of the
25  al umi num deep i Nt O tAnGiebtednic Gdparkthiel s fis pedd bliwed the opposing aluminum/carbon

FI GS. 10A-10F illustr at referced, net hod for, maki.ng, a stack ,of
composnteue"geé:t?(l:d%s 12 amic ﬁt irI’_Ee ﬁlectn{mcs rat Olgll)ﬁ péefﬁragl maﬁe iériomahllgthg [p;orous

el ectrodes for s mul'ti -el'ect rode er capac
FI G 11A il | ustmateriakwhighacts 43@n ¢lestipnid inpulator hstweentthegbpminum/fcar tite electrades 1 acks,
made as i |Mii.rﬂfe%&sﬂoﬂe%etroﬂﬂ&p&%,ls%ﬁ@as&ﬁ&%&@%p%ﬂg@ﬁch@ﬁlﬁn@or ous

separator placegd over each 30.. electrgde 3s sho Ln FlLG 10F, . are
interleaved to %ﬁﬂe‘gﬁmecr'g'@w'g@gegg‘@ehﬁ ,tabetwememmdesmnsm“&m'ml‘—‘r’ﬁ 11B
depi cts the ¥l ewrid dutistionf therthasgescforef intho eledtfodesf Tay porous sagreaf theelestiony seriaratar
sui tabl e separ ajgiiiowRhdvishedd of the ich$ih Be BibctBly e 26. /il PreRACHRE fonic separator 18 is a

FIG 11C depicts an alternate ral wound configuration, of,th l.ectrode |
assenbl y; 35  Porouspolypropylene °’nyahlﬁ?“ﬂaﬂp§’*‘3ﬁm’§}8‘ﬁd§@ inpheg) thigk qﬁ‘gﬂ?‘gft@r red
“clamshel | " dougsilypropyisne pr polypydent eeparator may bej shitiallg ouketl ot diectwlitd 29 padréet r ode
package of Fl G jndhids it BecRRS inb RS Hn/taah Shnpbiite diddRSAEs 12126 14 Oiiffdugh such pre-soaking
- 10 - conductjve shells, which sﬁel s are tightly sealed one to the
other to corfdl b8 rEiredapacit or assenbl y; FI GS.
13A, 13B and 13C il | ust r athecdlidgider @ hslay be my kesveh-padkaging arevs conroulg used with
respectively, itk U £ bdalda Ji f Okt oo} siiYmdise €ither a
doubls sl ﬁﬁf}gfa{; v‘gf’ cas e\‘ﬁgg ﬁav | ér‘{g’ %mgﬁﬁﬁr o '

conductive or a_ non-tco ( € : apacitor termnals at each
end of the casefastned together, is described hereinafter. Iy-prée to maximize the enppey densify of the dyble o h oy t

that il ustr at elyer tnpacisart, ixdchn@dvaitgk loginimizélthe weight 6f3tecpadihging Gnednks cPagkagekl double d

"cl hel | " ' ' :

G 15 depi St s el enb GRARY bt W b bl tien H Bkl s
doubl e | ayleyer eapasiter; Elsptricihignds &f“‘h@éb‘?ﬂafﬁ&‘éhwpﬂﬂt qellectar plafes 22 and 44 thoppgh 51
10 the cell holler Z¥and 416 AdaptarforldOiediOwitiCad lelediial-ciraliti(gdow)aphs of t he

Ul LU RSO | ol EOLHISS i B AU
for two differ eilizeddncombingion wityrod portioasas shoup inFG. 3B a2 Cdn weoprpspniing gries
solution. 30 stack of such electrodes to foraid high pEOAGnEEDipoRRf RGN IREr Gfdilonsd £ Ewh ddi cat e
corresponding CHUPONGALE R /cddbn QIO Liock DR 35 GHE ) cohpfiata Rlaride© dr AW NGS.

aluminum/carbon composite body separated with a non-porous current collector plate 36. Attached

to one surface 37 of the current collector plate 36 is a charged electrode 32 for a first electrode.

Attached to the opposite surface 38 of the current collector plate 36, is an oppositely charged

35 electrode 34. Such electrode structure may then be stacked as shown in FIG. 3, with a series stack of
the bipolar capacitors as shown in FIG. 2A being stacked between the two end portions of the stack
shown in FIGS. 2B and 2C, thereby forming a bipolar double layer capacitor 40. As seen in FIG. 3,
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON e -
description of the presently contenpl ated best node of m@%@# %BEEN'
invention is not to be taken in a limting sense, but is maqe ner .

t he pur pose of describing the general principles of the invention. The
scope of thggdsamMseseki on 20 shoul d be determ ned wth referpggpsdrasishe

cl ai ns. SINGLE CELL, MULTI - ELECTRODE DOUBLE LAYER CAPACI TOR

At this point, a nore detailed descriptionegf a single cell,

nmul ti-el ectrode doubl e | ayer capacitor will be presented in

conj unction w t kf tig fissd eletrodet3d isla aefatibe sledtrodptfor@firsd éapacitor cellPIAGThe sdobad (b tottigd) 16B.

descri ption ?hi%‘%ﬁ"sﬁpﬁc' e 8t PR 3, PORALSBhubb Bl 11
pref er Ped embod Thefpe charge of elec ‘“‘Pﬂ‘%t’“‘é‘?&?k‘”@ﬁ'%@@%"?%ﬁéﬁb Bcdﬁnel?%‘@#“r‘ﬁf
parall el wthi ncﬂl'Baqmamehmumahage rdldfied to élaitheBe.STlﬂd’Hm)ées the bottom adcmkaof
electrolyte a IUSE Sl ectr fSnse r

appropriate t%(e; %eélf gfﬁ a’g&s}‘ef ‘E&g b’e nte%l“ye cmgegrdah mg&ﬂﬁ ﬁggﬁ}g &t or

since it is the%f%PW@@MWhm% 'P)yf mpmtor&i@ﬂhﬂﬂ@éﬂdﬁ#mlurdmmﬁrl ses
a cell. Such si e e, ®et) and D)WHidhafd|coumbcied dheriba. UK Ccell BiRdes £ RRAE u&.ﬁﬁmﬁo

configuration r t est nm r act ion at the
present tine. %?&%cgbotnum’ffgmgmagmz"gg E)lméver“&?ﬂeﬁ?‘% ‘ﬂ“\%é‘?‘ﬂ"?%"ﬁ i s
not i ntended to%eﬂ%ﬁl%w@bc@%wemwdwosed betwiro theme Bells "Blad 80" inclutle | S
cont enpl at edigt ha&m«ﬂumw%nﬂam%m@h&nﬂ@m&ﬁ Wmm sef BURAEd L OF' S

that use | owresi st .C C LN conjunciion w aI um num of
the type dg'gcrlef)%'g) I’%ngl g“w g ‘F%sf?méf’“t"ﬁ °§ﬁ5‘b‘l"f‘?‘(9"&°@'@f’?“5ﬁe
configuration tPﬁmﬂMdweedﬂ!mshetbeAmbelity@finterhdnmadoe:u&dumequw&%m and

di fot J | at
/rA K:/% al\terE Deg SH EET Pificed Betekd dash i, BVirlg WFidfolninY pd1izEd REdIQ4Y ka4 SPLab B Brerbd ]

11 - i s enBrEiPEerren soliscting platss AR are placsth it eash pd of g etackrpd) sufficient prpaunt of apy
mul ti pl e el eBit r eebtralyte 50 is introdwesd twithin each @i mgh thatltheielectlysi S0 gin@ates ele konjpasite | S

descri bed more. fiutkbiks BE5E D) 1 maiBiuodl AbGRkAQCS arranged in a spiral

pattern in a si ngle cell; electrodes connected 1n series in stacked

cells; or other elect rode“‘éﬂ’ﬂ‘f’1db‘\1|‘f“§1°'i‘ﬂ?f§°"°5““°‘“’°"32 34, 42 and/or 44 aro prefesablyi ng t o
FI G 4A, a schefoabddin « reqpnes sisilr &f thayocest daacribedisevhene héril Bach elect@ild Wiihtursie | |

doubl e | ayer CapgGbPfondOeatbifiGor &ﬁ&%@&%ﬂﬁ@agﬁﬁnm@h B UG5 Maprk g Wit O

Is illustrated. The capacitor 1 ncludes two
al um num i npfoegﬂﬁlf‘éﬁ‘“‘@a‘t‘"boﬁﬁ 15 exp “‘é‘fdé’éf’f"rfb‘&'é’gl°‘6v2“°&r¥d!"@“"6¥ eerytp deifioptly epar at ed
by a porous sepmhat ths el@bode Idaistance. €l ect rodes 62 and 64, as explained in

more detail bel ow, conprigg, Sicularly, each of the electrode structures 32, 34, 42 and/or 44 is
fabricated from a carbon cloth preform or carbon paper preform which is impregnated with molten
aluminum. The porosity of the electrode structures 32, 34, 42 and/or 44 should be controlled during
25  the impregnation process to subsequently permit a sufficient amount of the electrolyte 50 to be
introduced into the capacitor cell and penetrate the pores of the carbon fibers.

The aluminum impregnated carbon composite electrodes 32, 34, 42 and/or 44 are
sufficiently porous, and preferably have a sufficient aluminum impregnant within the activated
carbon fibers such that the equivalent series resistance of each electrode when used in a 2.3-3.0 volt

30  cell is about 1.5 £ cm® or less, and the capacitance of each composite electrode 42 and 44 is
approximately 30 F/g or greater. Such large capacitance is ;xchievable due to the large surface area
made available through the use of activated carbon fibers, and the very small separation distance
between the capacitor layers, as explained more fully below.

The internal current collector plates 48 of each bipolar electrode are preferably non-

35 porous layers of aluminum foil designed to separate the electrolyte SO between adjacent cells. The
exterior current collecting plates 49 are also non-porous such that they can be used as part of the
external capacitor seal, if necessary.
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12- rel atively dense weave of activated carbon fibgrs, fﬁﬁfﬁ%ﬁéna

carbon cloth, in which nolten al um num has been i npregnat ed.

The el ectrogeogidsdss | N contact with a current collector pletrusdns2shi ch
plate 68 is in turn connected to a first electrical termnal 70 of
the capacitor 60. Simlarly, the electrodeipd is in 5 contact with
anot her current col I ector plate 72, which plate 72 is connected to a second
el ectrical t er m néu elegvonizfsephdater 46dgydaced betwedd Ehe ofiffosing theplectrodpgituctyen t he

el ectrodes 62 apgyf4s witkin Ml alca&hmweﬂ or betwesn oppaiiidleleGRbEBMAGSS aid N d

voids within the el ectrodes 62 an fillTed wth a hjghly conductive
non- aqffe ST 2af 2% o pd ?P‘i‘”é"'ﬁ%‘F uﬁ°6‘ﬁ°"?’8”°ﬂﬂ‘ﬂé"’f‘6ﬁ§’°8f‘b‘¥ RBOMSact rol ytic
sol ution 76 ar epdiypapyleme oppdysthiline elisgh pores or holes 65 of the

separator 66;5 yet the se Qﬁ ol

physi cal |y 10 cont act Pﬁmtogﬁ?j encgé('g%éto{rrl ca Qﬂ? t&qﬁhtmﬁn
el ectrode 64. Athppefeasdmethodsaffbricating the pashon °‘mmdem°é‘ﬂe&ﬁﬁﬂp§fe"§ gbr opy! ene.
Pol ypropyl ene i esahddifp3helchrtdntodllidion kndRARasd higldperfor@ien 1ebg6lythsa \Badh@F these aspects

di mensi ons on t 015 m?{%d{:gig hm‘xnge\f\é%mlhl% a] m This size pore prevents the

fi bers of the car ve a di aneter on the order of

8-10 [err]m from pOkI ng M%WH“%%W@SC‘WWWW%WWMMS

separ at or nefeer potbus cdibda Gt Slolh YtefoRR or Em&m&rpyﬂeeﬂefmgﬁvmwlbﬁe@a& vﬂﬁrnﬁlté'ai zes

on the order of 0 1“Leﬁ]pnn}omm mgin a(ergeﬁoer b?ssﬁva the %m ml Eventl ng
’és"["e' r ro

carbon fibers haV|n a nmni rmm r
t her et hr ough.  carbon bﬁffelforo*hef“hmed wbon ﬁbfn ﬂtbfiemavm Wﬁqwml%tmlvq !btal

potential is apppreashtedaofiIuinim deikitRBtiSsolilondnd 74,
The aluminum is volumetrically impregnated deep into the tow of the bundles of

15  carbon fibers within the carbon cloth, as explained more fully below in connection with FIGS. 9A
and 9B. The result of impregnating the aluminum into the tow of the fibrous carbon bundles is a low
resistance current path between the activated carbon elements within the electrode. However, with
the low resistance current path, the electrode structure also remains sufficiently porous so thatan -
electrolytic solution, preferably a non-aqueous electrolytic solution, infiltrates the pores of the

20  activated carbon fibers.

The fabrication process of the aluminum/carbon composite electrodes of the double
layer capacitor starts with the fabrication of a carbon fiber electrode preform. The carbon fiber
electrode preform is typically manufactured paper or cloth preform using high surface area carbon
fibers. The preferred carbon fiber preform is carbon fiber cloth. The carbon fiber cloth preform is

25 preferably a commercially available cloth which uses woven carbon fibers also having a surface area
of approximately 500 to 3000 m?/g and a diameter of spproximately $-10 zsm. The carbon fiber
cloth preform is typically has more structural stability than the carbon fiber paper preform. The
surface area and other dimensions of the carbon fibers, however, can be tailored to meet the
requirements of the application in which it is used.

30 Impregnation of the carbon fiber cloth with molten aluminum is preferably
accomplished using a plasma spraying technique, as described more fully below in connection with
FIGS. 8A and 8B. Plasma spraying molten metal onto the surface of a carbon fiber preform has
previously been used in double layer capacitor construction as a means for forming a current
collector at the surface of the carbon fiber preform. However, to applicants’ knowledge, plasma

35 spraying has never been done to volume impregnate the carbon fiber preform with the sprayed metal
s0 as to reduce the contact resistance between the activated carbon elements, thereby forming a very
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and hence across the series-conhected el ectrodes 62 and 64, |aTHISI SHEETeHAS BEEN

liquid |ayer forms at each el ectrode i mersed in thg el eCREP[AGEB

It is these polarized liquid |layers which store electrostati'c Ry
and function as the double |ayer capacitor-i.e., that function as tvvo

capaci t or s wamesspé2es . More particularly, as conce@CRAISIWISEIpi ct ed

in FIG 4A by the "+" and "-" synbols (representing the el ectrical
charge at the electrode-electrolyte interface of each electrode that is

i mersed in the el ectrolyte), when a voltage is applied across the

el ectrodes, e. dow reqiftanre cetbenimatad chmpgsjte plectreds anadpany of both the activpfeskcprbénand the| at i ve to
el ectrode 64, amplogahbomddyer is formed (synbolically depicted by the two
- 25 layers shovvng[wn Fl G P@;hmbx thek@lﬁ%a“ zat i.qon , of thF: Ixe trolyte
i ons due to charge separ af =t RELfechaigue is con ﬁ“%‘??&‘i"? % §19%) 9 and
al so due to thm@@@*@mﬁd@meefﬂlyéﬂmmomwmtﬂAeﬂ@@t iCottsptie nol ecul es
over the entﬂ%e%h&ﬁlfsﬂe@%y&i}usﬁ&&%e%ie&ﬁ&f&ﬂ@nﬁm& r@&{?'tﬂertéﬂpﬂ&ﬁ:ﬁ'&nd%%&!u?e%fﬁgergy

ICn _t E[ee? ?]pi;: Idt Oéolteanca u?nrugum, ge distance of the pgsma spm)]c u%lt ﬁ‘gl\lllmthg ﬂeer Ipr(g rclnsm, IﬂPe sweep of (1)

30 and the plasma spray uait, and the ambient airflow during the sﬁﬁn ipropeks? Advantageously, the
(2) Wi rsistivity b e &ﬁ&?&dﬁﬂ a@a.aﬁmm; Rladchd Wi pibka @Jriysgrs'uyes wdi el ectric

constant of the double |l ayer, d separation di stance between
the |ayers, A |‘§P’P4?é‘°§’ﬁﬁb388‘°‘5?"é‘é"ﬁ?’”‘t%ésWE@E’P’B’H&"M‘&Y is immersed in the
el ectrol ytiaosol ution, VMﬂhdukldeMEhicﬁgﬁmﬂqﬂmerg&dmgmﬁﬁﬁﬂnrﬂdi&lehk@ﬁipieﬂd'es, and
Eis the energymage%‘gnqn% §hﬁdﬁ

e se

In a doubl e |ayer capacitaor

smal | that it spplication, Spral No. 08(319:493,

Hn be found in Applicants’ patent
ﬁ ratlon dl S% ance 3 pp I’T'Ea%UI’Gd is so
k|

APGYP4 BersU- SV\N"IEé‘Tt% SEU Ltk ea A,

i .e., the surf gaentarifdrporiied iRfin by keliianed el ectrode WD 98/ 15962

PCT/ US97/ 15257 -

13 - mat er i aI na be ver Iarge Hence as can be seen from Eq.

(1), when d is ¥k G, MULIWELESIRE : A AAGEIOR he capacitance wil |

Be very I?r gﬁ ’ fAt ﬂnﬁ pomt, a more detanlede%@nﬁiéﬁ sﬁeaglaeeﬂamunéezech&ehame
ecause of the make-up of .the ctro onpri si ng

a weave of acti J‘*&"é‘?g’ VDS e‘%d(ramﬁ"u'ﬁ'aﬁ?odw' 83"'[5’0?%‘°5P%§h& The

activated - 5 threughiéHh Ak%éameéwmaha’mesmﬂs’mmhorsmm@om&udemp@npr tted
wi th numer ous hﬂﬁﬂoﬁﬂﬁﬁ%e%ﬁmﬂﬁbie@&mdes(or,mtlﬁ%%%@iéﬂﬂodﬂﬂen‘zhiﬁatﬁﬁk ofhat is,

FI G 4B concept I 1| ust.rat a . small .sec of an acti.,vat
carbon fiber S’P%?\‘}%Hémﬁéf#e‘f’ ShfHpiR & SPPaqites é‘é‘“%@“&'ﬁ&'}“‘é. fa\l ‘??‘ffé‘r‘*’ 78, as
previ ously ﬂﬁdr%t%ﬂseoﬂyoneelmbte@alMeqhaé.ﬂaswpmteeqremttrqumpsaof 8-10

[err]m while t ecaﬂe.tohsaﬁce&mqieéeheolﬁ&&mmsmr&ﬁmmstvmwmpmmn have a

typi cal size of n rsed. in
el ectrolytic sd® %‘tsf g‘ﬁ#‘e‘“%“% “%g@ﬂ""dfyff %W’Wﬁ?@g%'ﬁ“%ﬁ'aﬁﬁ“fs&ér‘rr’fﬁfrér eases
t he surface ar ewactiringttizdaventioest the [pretent| tigne o 1t (08 beknplmsikdd chowever, that tigl imvertionisyt | C

sol ution 76. B%ﬁarseeémmmaaesaehm&aﬁ ma:&@.rt Rithef, '.h@&ﬁte,ﬁma@mﬁﬂ&.bvem dle,
and because e severa les wthj weave that formthe

:
carbon cl ot # teﬁténdr"egmwbl?]éy"é“{’“ﬁw “"se1°w"°s’s&F‘ﬁ€ﬁ’s°F‘6'ﬁ°§'Pd°é1“é‘ﬁ°é‘f“8lTéw§‘E ructure
whi ch al | ows t lamgineef thetyye desctilpd pavie tregartiless of thepécifie elvtrodecontifurition thitinlae r S

and contact al leyenfihiryHe Sded ﬂ:' nlake :RJ mﬁaﬁkﬁr,%hkf doghfeffossCHf ﬁ:@sp%f hEE c&nh&ﬁx‘h&ele&é&ﬁr&? by

dramatically increasing th surface_ area he e| ectrode over

whi ch the doub/@efeshatis W‘%’Fﬁaﬁ@@d‘%ﬂ%@&ﬁ%@“ﬁ%ﬂ%ﬂ%ﬂw » multiple el
By way of exanpbmectel isparatiel bl asingle cdiiqss icdestibed o fully ferkit); 4138 df dotraiedapraight
el ectrodes 3p jng %gﬁce iRk Sy bty eRMGALG bdRRbcledin SR bifeked@lchiil; ﬂ\éﬂ&'%gefrom

Spectracorp, of Lawr Massachusetts, as part nunber Car bon
Coth". The di ZAMEUAtSEE { he carbon fibers of such cloth, such as the
fibers 76 and 78 shown |WF&@mwmﬁmmnwimBemtﬁummee&xm[err]

nm; whereas th . out .0. 53
millimeters (”%mﬁ; %Jg%r age&n%l %ﬁe&?‘g%c% x%}:%eg[ig%ﬂuoﬁ soﬁugmlteﬁ ?ﬁémpé‘%m vat ed
carbon fibers iiReluges o spapedanprtalyrgppm-impgegnated carbpmelesiresiey 63 anstt glaqtrichlly seriatated 1. 2
m/g. It 35 by peroils@ephi@iorsa] ank didxaidestsh andiBa) 48 LApRinel il Bibrd BRailbEIGW, doipriss HM

three different types of voids or pores in the cloth: (1) the pores
or pits in the individual activated.carbon fibers (such as the pores 80
shown in FIG 4B that cover nost of t he surface area of the

activated carbon fibers), (2)1P $h the fibers that forma
carbon bundl e (which space, for he present I nvention, when
viewed in a Ccross sectio is referred to as the

"tow' of the fiber bundle); and (3) the voi ds



bet ween the fiber bundles that are woven to formthe cloth. Such pore
volune results in an overall surface area of the carbon cloth of
about 2500 njerr]/g. Because of the pore/void volunme of the cloth,

the cloth is sonewhat spongy, and therefore conpressible. The density of
the cloth iﬁo??ﬂ o6l | y about 30 0.3 g/cnferr], resulti ngemussans?

t heoreti cal ective area/unit-volune of about 750 nerr]/cnferr]. Wth
such an area/unit-volunme, it is thugp.possible, see Eq. (1) to

achi eve capacitances on the order of 6 F/cnferr].

Achi evi ng a hi ghmmgalensimwa&lwmm fibeds, Euithiyig @Ibbn ddth, liehi¢hrinoltén aluginum|
such high Q%We is to be of practical use, it nust be able to
store and di scharge e in arelatively ﬂUI ck time period. The
charge/ di scharge tine of elsfﬁa@!suﬁ%wmww%wm@ oot9F Rlate 6ff. phichplsteRfising 35
governed by thewmhith@eddalto & GitieRitdanambl 70 BEhCaRMAGH S0 ISimilkiy te@lsRiodd d46s in

I\/\?)t Sg?iggggs' 5t 0GS with DSmS It B plate 72, whichb MRS & cBnS:HR Y ASoobd diBtrical

PCT/ US97/ 15257 terminal 74 of the capacitor 60. The region between the electrodes 62 and 64, as well as all of the

-14- available spaces and voids withiA@helef3it6d3 82 anl e&,iaetfmammfmgm eonb@aéeqmdo ubl e

| t 60 d f

o noaracl { o stttk oy f6. Tae ofa ok e ipetyie eion 26 By et e
capacitor 60  poresorhuiles Giofithe siphr@or 66; yeythe mpneatpr B prévhi@ theiplectrdde 63 ﬁnnevhmlly
resistance ofyp ttﬁm&ﬂHW@Wm&l@M%&%dme% referred sepapatérOfdf aCt

resi stance, R er nts al] of the resistance i.n he current
ot h bt ween { FEmbln o EmIERY PP aR A Sl G e MY ST Y a8
(represent ed i ndifngionston g otdereof 01 ppley0. 12 pank a'hns&xzeq:apawvmmheﬁbers of the @irhon cloth, al |

of the resi Sta”&ﬁcﬂﬂlvémuﬁw&%%m&%?l@ﬁ&%&%mr&fgﬂ% s An@xwwﬁﬂle 74 and

the el ectrode 64 represent ed t he Iomer pl at e of
capacitor C2). Separator material is polyethylene. P"‘Ye‘hy’e“%&e“"l’w’ f“ﬁé’?‘e%eé?f‘ 'ih"r'l“f'l"FE{o bpm ¢ e
internal r esﬁst dimoster Off les hkmbmm@rev@ting&&b@lﬂbers having uidisinum diameter of B pmlfremt r ode
resi st ance, Hl%gtb@?hﬁ!nghr epresents the resistance within the electrode 62
(or within the ecttrode 64) between the surface of the carbon cloth
used to nmake the el ect r odBoreritionshen s clgcsisal potential is applied agrogs fhg termingls {0and 7t
carbon fibers ueﬂdmichhmashﬁs-&aﬁmamwtzaﬂdse,apo%m liduidi®yer forae adescht he

i nt er nal ggmzﬁﬁ; LERunt {nRE Lisre Wit LMaR, t NE

el ectrode. Addit1 onal an ﬂ%l ec ol mgpmﬁan%dﬁ@ﬁ'ﬁ%gﬁon r£e5| é%’%%gc

Rlerr], exit® remegy Wé'“"f"é?“?’rfbﬂ @P@%‘PWW‘F%‘%@F‘B&W"?B“WW‘&‘W at or
resi stance, R emrm}emcumw,asam-,ﬂmy HeplcRdl in\FEG. 1A bl e " P00 1S sERPR rejreentifiihe 15
Any energy st or gl af 151 &Q%ec&gl {n%rf%&l fteacﬁnltea quatﬁ%ergb&] ggapaci tor

by way trlc curren roug R[err]
Rlerr], and R[e?‘?"}mly%ﬂéeﬂlawli“g%ﬁ?@ﬁdm!m??#mdﬁe?8f8¥°"°‘°°"°‘*°62 g cal
char ge/ di schar gﬁ:smvmm ve b elirods 6l £acable la{«ehfg fofdd§mbalicallReictell by R&%P}/—

i.C

Rlerr], and e t th the capaci t.anc
define the tilg[rre{t‘,onsg‘fw"ﬁ? PF ?A)]by g'f’ p?lﬁm&'(‘:"éofg% lqmlywms f'"e fpm;mﬁ o) '
as possi bl e.  2theapplied electric field Mﬂwdumﬁﬁﬁ@‘?@@!ﬁt@&ﬂde‘@mﬂm@mmﬂmﬂ%
Rlerr], is a fusetmotiRiuibor Botigibde WisholahiaGdn 35S erefgy in the capaciloPRcording

separator. A preferred. se or material is polypropylene having a
t hi ckness of abg"ﬁe"fléf 'e?“%‘mgh’ “inches (.025 nm. An alternative separator

material is polyethyl ene, al s€ hdéNhg a thi ckness of about 0. 0a1

i nches (0. 25%gmMMag Pol ypropyl ene i nherently has | arger pores than does

pol yet hyl ene due the N g,l' n whi ch pol ypropyl ene i s const rucbed
Pol ypropyl ene typically exhibits %)orosi ty of 25- 25 40% wher eas

pol yet hyl ene exwhedn € is the cqpanitanse, kyjis thé efRQivedielgcirisioometant ofthy| doubiessesdés thenher ent | y
denonstrates a &Wﬁn&ﬂ%@&ﬁnﬂe@@b&%ﬂ%s&@@ﬁmﬂ%eﬁ&ﬂo&@%ﬁﬂnﬂﬁmm| y

because it has her 0Si er.e ar re pores or
openi ngs througa g‘éﬁ’f"‘l"l‘?é \51‘8’8&?‘8 @%‘fﬁf?és%é‘if“f‘ﬂdﬁvﬂ“ ?FSEF enerfy siored rediin e, g h

t he hol es ar35, epachwer age, snaller. The resistance

of the electrolytic sol UtthﬁoubﬁlaS’&Lﬁmr GQseanmﬁsuﬁ&%qmu\Qd%Q&umﬁt 30
particul ar el ectrol étlc sol ution IS used. In selecting the type. of

el ectrol ytic sof ip goggteoms, Wh""’“‘"““&"@ﬁ’é‘f%l’ -°p fhe gEarerEs (f PP g of 8 er ed.
Aqueous el ectrolytic solutions generally have a hi gher conductivity
t han do non-aqueous solutions (e.g., by a factor of 10). However, aqueous
sol utions limt the working voltage of the capacitor cell to around
0.5to 1.0 volt. Because the energy stored inthe cell is a function
of the square of the voltage, see Eg. (2) above, high energy applications
are 35 probably better served using a non-aqueous el ectrolyte, which
pernlt cell voltages on the order of 2.0 to 3.0 volts. As previously
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capaci tor described herein is made froma mixture of acetonitrile

(CH err]CN and a suitable salt, which WO 98/ 15962

PCT/ US97/ 15257 -
15 - m xture exhibits a conductivity on the order of 50

ohnferr]/ cmyodsnsdgat 0 be enphasi zed, however, that PCTIUsITNS2STt | ON
herein descri bed contenplates the use of alternate electrolytic solutions,
particularly non- aqueous (or organihs) electrolytic solutions, other
than the solution nmade from acetonitrile descri bed above. For

exanpl e, sever ainateral, sy bet verydargsl &ipter.ab jan besegdtomtEqolls whmal itivenimabeull Als t he

5 previously , \theapadii@dcE Wil tion Serial No. 08/319, 493, filed .
10107/ 94. %r}ﬁ% ° l%élcont act reS| stgfnce I%r[ogesr in
ecl ch

combi nation with the el ecThFB‘H@“Fé’gl‘%t'%llﬁ@%bW
si gni ficant souelewodbfoommkxeg#wdavercemnmeamncﬂﬁerbhﬂleﬂamnmGleth l!hehctghted

el ectrode ISl LRk bR nothat s soodihkLHAE FEFDiuBahod bRl B ' 0O | 0

the devel opment of comrercially viab ensity, double
| ayer capaci t or geestednFIG. 4B, [That isgFIC, $fco ’é‘%“@ht““ﬁ"ﬁ?é‘ﬁ?‘i‘lbsﬁc"P%°ft“b‘°ﬁY389| de a
doubl e layer  ddtbon fiken Piltvihaumaus pitgjordoldsB0YheteMV TR M%Dﬂ@mﬁe&lysﬁdme i n
combi nat lon w t gﬁ&llgh%g:ﬁﬂ%&% Qé—' le;& WI%?pltsorholeﬁof%QJFﬁig \égboql

present inventi reduce err IS sna I in
conpari son to haveatypicakgizeof ybout 10 angeigems. o The fibas i i irgperspd i anlagteqltic selytion Fhat

fol | ows f ocumesE®RR pibGrhdk 36 ighifickidly ﬁmﬁm@m&mam fiber thafis BpoiRThet hat
reduce the el ectr Lstange e | ct eS| st ance,
Rlerr]. ecgglymsommt/& ﬁfcaf's’ N?Ju’fl?'ﬁe “\%ﬁl |° g‘?’% “f‘ﬁgm@l gn‘*’lfef cant

rol e which the @mwmasww@m@ww@#mwawmom the3esplhis ayrer at | on' of

the nul ti-el ect gigg@ioak®siRk:EdelsPiéMie WhRRR Aok 86 cl@irolitH B pafeeasﬁ&b the RO b i Fibers

reference is next 6 e, equi val ent
circuit di agrantgrongetay,omes E‘Zr|ﬁt‘9’°8'5‘%§|°1%?f“t??'hﬂ%é't %mep““ eaily &

mul ti-el ect rUdeMbtee'A“apf@PelwprE@wwdw dealdelayenofslneged welerules informed g
preferred enbodi ment of {ffiy of cauple RRABKHohdd N hd 39 b B0 Gl el o1

between FIG 6 and FI G 5|sthat Fl. G hows a | ayer
capaci t or (corr%@b‘d’l’ﬁ?"h'@"ﬂ“ W*F&?‘m?ﬁf}%‘?"ﬁ“ﬂ‘?ﬁ'—ff% Pﬁmﬁi‘mw

el ectrodes 62 apwit npdkber '2225 Qgbon Cth{ TieSkametbrdvE th cagtion fibeeschf ehchddtle sichysahe
capaci tor of t hﬁbﬂﬁm sﬁoQMWIGO& ﬂ%ﬁ&e@r’d&r%{'gﬁwgmﬁ‘ﬂf whereas the overall

el ectrodes, e. flft&four e| ect r odes, arranged in an Interleaved fl at

stack wit hi ?% g‘f"ﬁﬁf“é’f paebon cloth is about 4.3 pillimeters (mm)e, Thefysries fiameter of thepgrep in
di agram of the thapsiitdlourbddibaiio sumeidh adgitfoms, Gpd thed yorevoid voliphedis sbbwt ¢ 2mdige B

are represent edgggg P&l mﬁﬂﬁb%ﬁﬁk{é‘%lﬁ& r&ﬁﬁs"#oln%e&d%&iﬂyﬁi&@&& oPIme in the

el ectrodes. A fi rst st ack Stack A resent ed §EaCI t ances

Cllerr], C2[errfo @%W“mﬁ'&eﬂmv‘dﬁlé"é‘md”w “B’Eﬁé‘!ﬂ%‘“? ¥R | arly
represented 25Figy 4B emacvet MosCef the Gilrfac afeh of thaicdmted qa:b@{itersy, {2) the sﬁe@étw}ep thdhe
ffect | gct .. Of
211 ot the i B e 5 208 Rkl e e bl 8 6 W sl whon viogeg '
el ectrodes of tﬁ%“”ﬁ“""m"s“‘FI@a??at‘l‘?f%fﬁe&’s‘s"‘Sf‘?ﬂ"l%?“Fﬁ"“P‘i‘lé‘e)ePé&)FbSWE’i c

sol ution resi St beteeen théYiles buhdlesitit dr&RdveSIO fidr@ the AlBthA Skth Pdaé Volime @l in an overall  al |

of the indivi dugle [ GRl S EEoh ol a&&%&‘:&ﬁ"‘@%&% lg?%v&ﬁ'@ohﬂne%ﬂﬂ@&& ors.

The Stack A capacitors connect wt capacitors through
the paral | el cofipFipthissemevdst spongy, g thergforecpmpressibje. yT‘ﬁeée“S‘EXPG'E’?ﬂ?fh is gypically about
resi st ances, 30R[ .8 lglonr®, Fe3slting usﬁp&aaﬁeareffaca@ afeh/Aiev@lumERbfibdul 750 I¥emX Witklsuch an

resi stance R[err of t.h a | therm wnln
FIG 6, and furt e‘fmtt‘)"?ilglg%ctoﬁgapasgp ﬂ)'toécz'a"ﬁ‘ém or eoglmar‘l’%grsf gscrl bed
bel ow i n connect |M‘1‘°VW&W¥*'I°EH‘°‘E@3 hprpgyerpis onlypart oEaigvention. If such high
2[ err] | :f 2R([jer r hpﬁblt&alﬁfofbl ofbxﬁﬁﬁl%& Je m‘hstﬁ&fblertd stor? £ Gisdh@fd chergy in a relatively
5|rrp||e C|rC|.tta atesteuse a .c |to S, a power
source to E‘IW@?" n gy"% fischasge °ff-‘2f°§7‘°gr’”d'§° &lﬁaﬁ& n

FIG 7, all iir sﬂm@@mwm@w&m@mm melwea@sm@mdm@%ﬂhsmﬁt ack
A and Stack B, ppgbusbhigedsde contact resistance Rlerr] associated with both



WD 98/ 15962 ' ‘
PCT/ US97/ 15257 -

16- termnals, and further including the electrolytic solution
resistance R err] and the separator resistance Rlerr] (if not

suf fici ent |yolognge be negl ected), are included in the caeei/usantss?
resistance R err]. The total resistance R err] of
the power delivery circuit in FIG 7 is -14- Rerr] =

Rlerr] + Rerr].
(3) 5 The total tine dbmistemaliresistagce pf thefbasidrioubleieyer capheilor Ghdepicted in EIG. §A iss

t 2“ S wh made up hof several componeats S ﬁl]ustmwB[an{e;epoalmt circuit diagram of the capacxtor 60
(8) | ther e e TR SOTRhAY, b bt S o) LS P2 o e
(5) The viodotta esiclvs R pdidh sprossalk dfithe kesistehcddh e pijrrentpathl Between the

V[err] V[ € gl’ ] &&ﬁﬁ 'ialn/n& (] Jp]u) the eléé[t&{e 7} &Jpre&nﬁj EHCR[S% fnd apper plate of capacitor

6
LN err] 2V Evdr el stprippadia sapeaLssin PR fie sestprdrepipl B e ptoie 64
(7) or (represented in FIG. § as the lower plate oFcapacitovCe r | (1-[err]/[err]).
(8) 15 The expression ('ss[ﬁﬁ{h&]séeLﬁnrﬁn];)s h@%ﬁ&ﬁ@sﬁsﬁn&ﬁﬁm@&ﬁéﬁ%‘&%ﬁcmng e

of the power delivery circuit, 1I.
(1-[err]/[err] )anelectrode resistance, Ry, whxch represents the resistance within the electrode 62 (orwnthm the

(9) The dagfae 64)etwbeh GB sirfac oPAYEFhof Eoth Gsed th mkeltitieRctRasdad ilhef tgapaci t or
C charged to a “’al"ﬁ‘[%ﬂ'%“v{%‘?&f]"}”}ﬁ%e engﬁﬁ%‘?‘w’wflﬁﬁff'ﬁ' ent | qlfl Lver power

to the load, RLTS l(?Hafa‘a errs time
const ant of thm&%&@mb"m‘v b@h&#‘a%@eﬂwmqecﬁﬂwwﬁlmnemb%t of the
capacitor, in tidfufion reshstaide) GG lekité reldtive th e @bcRrOlylicRolutitR 76;Q8d SeephiitoR refibtanke) Ry,

capaci tor, R[errl 'I:a%ve%'t]: efficient £ower delivery circuit to be achi eved
usi ng the doubl esfsayer capgom“t ) is thus apparent that the resistance
of the capadPtor, R[err] Anﬁﬂymmﬂwxmnmmwmmwwtﬁavﬂhe@mbmy

constant of theoma&mcmeim&ﬂwhmem@@ a RZ.Q8d Ry, Thnslhsswnthatmorderfor

Advant ageousl vy, re ve VI d t doubl e

| ayer pﬂ’é"n%& ?‘Efﬁfég %W% e’ﬁl? H}egﬁuerﬁ I{Iu%“ gﬂ %gﬂ%ﬁgehc'f‘r cuit of
FIG 6 that, mmbmmmmmcemmmmma& ofltbe eapacitredmusichie dept #sipw
connection withns e. 9A- 12, has performance specifications as set
forth in Tahle 1. Such conf%guratlﬁ.n% e.. the confl rati.on own inh FIG
12) may be r8f erred fiaope st arftpfy @Cﬁ%ﬁ@’@ct‘%f’ H°’f°f,‘Hﬁ?‘1 chnegs of
capaci t or oper athé ssparaton. ammgmmﬂhgolmﬂuﬁwa@ammnessofabou@mm in

Tabl e 1 exhi bi tg.pg (tdzéTEm? Okk>disettivd depaalor Qhe:ﬁpigy&{?&yﬁxﬁc%(ﬂ&ngskm@n& Jf hodR

const ant neans t hat n output volt err% .3 volts
and an out put c%?qlé??{‘es&”ﬁ@ ?&”@Wﬁ‘f‘?ﬁ%ﬂ‘ﬂ%"‘?ﬁ@“\?&ﬁ “&P“IQ[’%‘%V]“W“‘?/\DUI d
be about 55.60 mashdrinobiich polpgrepylede)iy consrintedc Rpipropyiene typiallyiekldbits @ pdrositg¢fi2dn as an
ef ficient p%ﬂfﬁ%@&?myahym%m&@wb&w&%m HidnbeC boyaftYleds Rkehly [ €7 1 ]

greater than about nd over about at’ an out put current of

200 A. Furt her, "ﬁﬁéﬁwfmwsmﬁéﬁw‘@ﬂ?ﬂ%wﬂﬁaﬁg‘é ibhas phighess o
Whr/kg, and t tprqmmee mmmmmmgopamwugnmmagmﬁmmym efEiC h

performance in ﬁu“@“ﬂg 98'4 LAYer capacitor ,to applicants’
know edge, has never een achi eveé'ﬁ%e fore, WD 98/ 15962
PCT/ US97/ 15257 - The resistance of the electrolytic solution is determined by the conductivity of the

TABLE. 1 30 particular electrolytic solution thie{s ud. NIt ifgIRG) e bfddctrdyiis schition lods) 0
several tradeoffs must be considered. Aqueous electrolytic solutions generally bave a higher
conductivity than do non-aqueous solutions {e.g., by a factor of 10). However, aqueous solutions
limit the working voltage of the capacitor cell to around 0.5 to 1.0 volt. Because the energy stored
in the cell is a function of the square of the voltage, see Eq. (2) above, high energy applications are

35 probably better served using a non-aqueous electrolyte, which permit cell voltages on the order of
2.0to 3.0 volts. As previously indicated, the preferred electrolyte for use with the double layer
capacitor described herein is made from a mixture of acetonitrile (CH,CN) and a suitable salt, which



Par anet er ' . * Val'ue Units

Capaci t ance 2, 300 Far ad 5
Tol erance 10 % Rat ed

Vol t age 2.3 Vol ts Rat ed
Ener gy WO 98/15962 6, 000 JourEXEIUS97/15257 ESR*
650 [err] (*ESR = El ectrode Series
Resi stance) 10 Case Style -15- Two- pi ece
machi ned Al um num El ectrical Connection

Each case half mi;mqyplg'btspeonductivity on the order of 50 chm™/cm. It is to be emphasized, however, that

pol arity. El ect i fh@dntion herein described contemplates the use of alternate electrolytic solutions, particularly
connection is through case

surface cont act 20299 arepgio) elpetrplytipsolutions, other than the solution made fromyacetoitsile 5 g

i nches described above. For example, several alternative elébtralyic 30hfliOnsareMisdidséd in the

Case Wi ght 5 orevicusly cited U,S, PatenAfplication Serial No. 08/319,493, filed 10/97/94. g Tot al
Wi ght 600 | nt er nal
Vol unme 375 The contact resistance R in combination with the éﬁtrgﬂelrﬁmsm?ei{& represent

El ectrol yte: Lxignifivhnt schieP sfdgermbicsigmed of tha tapacit@&0.t A high electrode resistance has

sol vent: acet onjd gl Jr%m. block in the development of jally visble, high Sdblgl
tetraet hylamoniumtetrafl o Faporate e cevelopment of commerciaTy visble, g

(CH err]CH err] 9"{‘%‘#’*%‘%‘“"] (Bﬁ:lgqrs,. A key feature of the present invention is to provide a doubjipJayer,
sal t/sol vent1o 36&gacilor Gavlirigla@éry lodlectrode resistance in combination with a hlgh'Ehbig’yldélﬁxty’l thajdrO

FI GS. 8A-14B, a t echni e bl e I a .
capacitor in accg?gvgﬁt‘gem %on'srééeg‘ﬁ 51T‘nvé‘h .gé’ﬁ““\?ﬁ‘r'ﬁs%“e des ed FI GS.
14A and 14B ar eRge fTodhat end, mchoféhvdmmdndvtfpﬁm%mwﬁenlmmwws in such
process; ml l e aﬁ&?&ﬁaﬁwldelmmmk |a§iWﬁias%€tﬁ§ctQéslgtance Re. the
process. nce, in the on.o ass ricat ocess
that follows, reference e’g’g"&avdhfsfm%% ‘FFE%' ]%g'g'@%?‘?%}e@mbd? TigacePu. Sgé“s of
the flow chalbt ¢ oreta®@® of the pwigildctroderionhls lmiemamoyof the presenyjpvention, referencsisagss | at
tlh?e s?rrettl [nﬁ ta?kwnéw 1655 a.&vsrmdemtaemrcmeﬁgmaaema&enfpaﬁhﬁnﬁe%éaf12 to
illustrate e s n r.ef erence
first to block '2‘15‘ 8‘19' %’b?%ﬁf capgifer éﬂ'?‘ﬂe {r apeariange vth 4 prefprrpd embpdiment of the '
and 8B, an ini tpredentstvepmt O enlydiffarénexheivedn FIG 6nadFIGQS ia thetdiha.chi shaws adGuble | G, 6)
in accordance Wy eh R shbvAVik RiG. 24 masus&quspmg%o&e%ﬂm
ﬁ'a't"éﬁ

sui tabl e car on cI o al um num pl asma y 94 SO
that the al n?fm'ﬂs% ’)ﬁ'é’é‘ﬁc‘f"ﬁ‘ffé“"ﬂ’ﬁ?“'t'ﬁ‘w‘"ﬂT useq plargy ‘B‘E‘P@ gf t he

carbon cloth. electrodes] la.e difty-PorelectradisharBiaged in aldintedigaved flatGtatksvihinafsinglatally a
conmercial | y- avﬁucé‘mtﬁeﬁhl%éﬂtmﬁﬁ%ﬂgﬁﬁ o%&p&&%%owanlG 3% gflgg;ﬁ

obt ai ned from Spectracorp, .previously described. Oher sui tabl e C
cl ot hs P oS b coeid fparpl it ongaeks o it Ak, SeFkde ¢ ho
carbon cloth 92@@%@@%@@@1@@3@% .Cn,. A second stack, Stack B, is similarly represented

- 18 - 36, .
| ength of car bon %ﬁh 9 I’| S exfr%'? Thée‘fe&m&%%%mgﬁﬂw 5 1s8;g§ﬂ%§\ %\A‘l di n a
suitabl e frane Y8l oftheindiyidyairesisiapqes fhat make coptactith theanuly ther  frame is
positioned in f¢apaitanct. ﬁmﬂrl&&lﬁ%leﬁtﬁﬂ}&'ysdhmmﬂeﬁstai&ORwTheprisém OPBmBiNNOSES a

i ndow' of h
(0. 91 o by 34" ufiah ﬁﬁ:%%&[& 88 0 EARUE e Bk il 1
pl asma spray noPrree Wit the§iae %Q‘P’é‘ﬂ’ thy pagallel sambiggtipnof “'!L'Efih"telﬁc‘ﬂyﬂ‘?/ﬁ"b&"“a

desired sprap paﬁiwme,m alidGepaatobedistadeDR L. The total resxstanceRzofthecapacxtor, basktFon
al um num pl asng, f or.ned "gy R m W, e 4 and
106 from respect rve rng glagar; numb"\’fmé?"r%éi cﬂpﬁh"‘?h ozz g'afgﬁm

control |l ed rat e"‘%@“ﬂ“ﬂ@l’éﬁ 12, may be expressed as:
R, = 2R; + 2Ry + 2Ry + Rygp = 800 p2.
A simplified circuit that illustrates the use of a capacitor as a power source to
35  deliver energy to a load, R,, is shown in FIG. 7. In FIG. 7, all of the capacitor resistances
associated with both Stack A and Stack B, including the contact resistance R, associated with both



the wires are held within the nozzle a specified distance apart. A source
of electrical power 108 10 causes an electrical current to flow through
the wires and arc across the tips of the wires. The el ectrical arcing
causes the aluminumto nelt and vaporize. As the alum numnelts and

vapori zes, <woosfiseesl ri ed out of the nozzle 100 in a pl asnmepGini®nisEy
conpressed air, provided by air conpressor 110. As the alumnumis
spent and carried away in the plasma streag94, additional al um num
wire 104, 106 is netered into the nozzle 100 to naintain the desired gap
for the 15 el cetninilgahd fonther indiudling e slecwalyiabintich reivtaice Ry, aid tiR sbpdiafdrhRistagice
continual ly netgr nst r eam of
vapori zed al umlﬁugtg%%%' %ﬁ?@@?’é&gﬁa{ %‘Eﬂ%%(r! mmeﬁa%a?ﬁm%mai&" ﬁ’

The vaporized stream of Aheiplesistance Reos thepewer delivesy dimut ip FiGo 7dshe car bon cl ot h
92 foll ow ng an ovef=uy-~@ERd- back spr ay pattern as shown in FI G%BB

The backup ngs s on the order of O

inferr] (1.61 ts)lag nqmoglp?mmﬁth?‘l&)%ﬁ we "g' continue 20 through the
cloth to optinize the voF&®&Cinpr egnatl on vvlth al umi num The inside @

di mensi ons of  whereas 8 @mé Eonstde 7.3f st e kpititliy 2. 3 inches (0.91 cm high by 32
i nches (13.48 cm) wide. Ih @ um num wres 104, 106 are preferably

99. 5% pure al um num havi ng di aneter of about 0.16 cm )

I n operation, dibevasgedeyelopsdaaross the/loadcfif prrent shown in FIG 8A e.g., the

nozzl e 10 100, X—Y COVI_J-VL(kQR,)lDQ 1- ye 98, and wires 104, 106 a
pl aced in a pl a %aéi%l fo 2 confine the vaporized al um nunj.
The air in the c i exhaust fan 112 maintains a
constant flow of a| r thr BegiV. =¥ BaARP ev IVLM-ORWYERGI r ect i on away from (he
nozzl e 100. Thegecloth 92 is manually clanped in the frame 98, and a
single spray pattern is perforned. Only one side of the cloth is
sprayed. Once sprayed, Ee MpdteDi's rel eased fromthe frame. A new | &gt h
of uns p¥ ayfbelexprssion(1-tit)obpesS thedfficiamn rakisy o of the y@ar defivelysirelfit; B&)e f or t he
next strip of carbon clogh i_@c,@e 30 sprayed. @Jrl ng
rize th

the plasna sprwrocess the electrical current used to va

al um num i s 60-1B%9egHER Mhich the Powpr sgiree (i dhis catg dhe Gpacitpr gharped taa v V&dﬁ'ﬁl"é’ssed
air is maintai efficiently delivertpoveer prtisecdend; By 1ﬂﬁus&[3ﬂy69pbquioyth5&aﬁabnsﬁﬁ{(5t&el(g/ cnp) .

The distance b e O I cl ot.h Sitv20
|nche|s (7.87 cgﬁﬁfe%pﬁ'% et eﬁg{)@wgbtét@rnﬁz fogs%n?gfv%;u?aéaﬁ t‘zi’gco'jtlr"f"‘zit'nt 35

rate in a tfhe it the rgtistangs of the oppacqs ity Fer an vifieient power delivery cireiitiakedchioved t hat
t he stream of uﬁmhedbmblayercapaatoummumym&m the:eeiktatc&bfaﬁcw&u&xowh)tsta&

possible with Q&BX&?J ohtn‘e Ew%mc spr aying process has
been conpl et ed ayer of alumnumi eserfton front side of the

cl ot h, V\O 08/ 14dyensageously, the present invention provides a mnltn-electrode double layer

PCT/ U897/ 15257 capacitor of the type represented mtheeqmvalentcnrcuxtofFIG 6 that, whenconﬁ red - 19-

dth t t b h . bl
ot ho. back o g a8 e ol i TneRtd BT oA D we SR s ©
verification tFforthinTable Lt WQM(WM@MFW inF1G] 12) miyde referred @y
t hrough the cl mtﬂarehasmpchwn’.es:gbﬂicﬁﬂE alcﬁiﬁﬁt&gﬁi&iﬂn [ ablidfhridgiwith 16e spdaifidaibrsJ

f d FI G 8A
s convent i onal ATt bmwmawm%%anwe%rnﬂ%ﬁ»%fre ek g e

are known to t PRaiputypltag Vy of, ‘m’%h@“a@aﬂompﬂtwﬂentofmaﬁ(whlchmmm"ﬂ‘h@fhurIOOSG
of sprayi nga h%ﬂaﬁebemsdmtdmxwdsmn%%&muma@mmoxﬁm H\Rwer storag

transver se re5|e§,tcgt e thrﬂ%‘egch the cI @g?g? B/g(ﬂandred dat a of the eI ectrode
series resistanes ?’E‘gﬁt" Y Tting & greas v e gpout (- 28t aroutmyt auteah g and
with vari ous api?9PfcFusthercthe anerey density achigvedisiin themdnge pf 2.9-3.5 W-hr/kKg ahdth@power 10
Tabl e 2 mm.yﬁrbv@umbo Wlkg (at 400 A). Such fomancemasﬁap 'dL@ﬂ%?le:r/capacitor 1o

ESR of Capaci . psi t e g)
g[ze(r)r] -cnerr] 7”{“’““ kmwmg"’ 'be‘%r;rg’( sbf#"ﬁyed) 115



157 ' ' - >130 1. 509

15 209 >140

1.299 250 147

1.26 410 144

1.08 wossisssz 009 >130PCT/USIT5257
1.308 The data in TABLE 2 was taken using

el ectrodes that were 2500 nmerr]/g cut to.pz.l cm 20 in dianeter and that
cont ai ned approximtely 0.2 g of carbon. The carbon density in the

unspr ayed cloth was 0.26 g/cnferr]. As seen
fromthe data in TABLE 2, the resistance of a carbon cloth that has been

pl asma sprayed with al um num reduces the resistance of the cloth by up to a
factor of 50. Such a dramatic re iLon in resistance, which is

caused by a decrease in t r?{%g‘ r| e ééqé’iér}’ cgf %IQP%S el ectrode

structure, directly |nfluences el e roda r esi st ance err], and thus

significantly i pREGNEEer the abighhfhg of the capagjfjgig to exhibit a I ow
time constant. Capacitance 2, 300As further seerrda@n the data in
TABLE 2, redwuci ng t holesamsdeance oftaphe el ectrode $ through

i npregnation of alumnumis a process that nust be optim zed in order to
produce the | onwBgted Voltagesistan@e3for a desired amd@¥tsof al umi num Too
little al umi nurr%%ﬁ%dtﬁ’ée?@él stance 6rré’|919| ns too 30 h:ﬂ‘leﬁoo nuch

al um num and t +WELY f the el &% od ncr ase uff|C|entIyto

) S s

degr ade t he R E?Q A4S, efd‘(? n§8 é@‘%ac‘fu&l %‘cgﬁ

el ectrolyte 0roﬁf."pene ing into the car bon weave S0 as %%’Plt act

al | ‘of the surfageceredaplchifdditi s therege( g Lot inaley ﬁesbsaawa the
VO 581562,

avai |l abl e surface area. Electrical

PCT/ US97/ 15257 connection is through case -20-
It is significant that the al um num spray 94suhfade icordiackct ed at t he
carbon cloth 92 (FIG 8A) does nmuch nore than just coat the surface

of the carbol cFaeR Rimenaions num 2ARSB| ¥ k62X 5.80 4]in@h@$m certainly does
coat the surfac |t aLso penetrat Pn?‘osﬁhé X1H¥h, & thus inpregnates

t he cl ot num Th 0 I gni ficance of irmpregnating the cloth
with alumnumig §Bai Shimét ed with referenc o FIGS. 9A and 9B.
FI G 9A showg aE§. E?Ei ed €PI 1@ 'I‘R:Br%né‘né' fSo bRt Analazgyew of the
car bon cloth 92. As seegb]_v@,ﬁ: :Gac8foniteirar f@ncRloth 92 is nmade up
of a plurality of fiber bundl ealk20 telthethylamomiwvn atarafleoukrabsrate
carbon cloth. For sinplicity, only (WHZS)W%FEI ber bundles 120 are shown in

FIG 9A Each fiber bundle 12Ratiansadtdgodventny3Cdh@r Hitlears 122, as
seen best i MFI G 9B 10 \/\hu‘tLrnnc‘pnI ual | Vi illustrates. g

cross-sectional view of an individual fiber bundl e 120.

The axial resistance of t%ndl 'ﬂ n fi b 1 ver Iqw but
t he transverse re Y"t #%3 ﬁ%t‘)’f Bﬁ“g °?b«!ﬂ 2% vel
high. It is thi ypmmsmmthsmﬁenhonwxﬂbedmebed Fles. t%mt@meﬂwom Y
point "A" on onmwﬂn@h&mnﬁ&%&ﬁﬁmtmwaﬂe FIBS. sﬁflz'fnhﬁtmﬁfaﬂlﬂﬁduﬂktﬁiﬁopf t he
cloth, which nust be | redthl n order _to reggc%ﬁhe el ectr& eS| tance
Rlerr]. Pl asm BePRSHe Jieherd the descrpgion of tio seetly ppadebriation procese et Tollopt FECBfay 04
advant ageousiy willlegudetthipecficirivrks onboke of thefiuw chirtof FIGS. %nndMBtmdmh&rZG of the

bundl e 120, as ﬁi?&“ﬁrdteﬂs ﬁ'@m&%m%&%%@@%&%&&w@émbmmnﬁim into
the tow of the fi ber bugdl e 120 thereby reduces the contact

resi stance bet wigfiret fhe senhsing PY i bers 122. The resulting | ow
transverse contact resi st%ﬂcﬁe@gﬁﬁheblommm 184 tand wigh referteigoalts BIGS. 8A

resistance of tLa shi Akt step to be carribd Yalin REKH tcﬁ,aatomgyml Bt kslaido A B PN 1O
be nade corrpl et eI y t hr ough the wdth of t he cl
t invention is to plasma spray a suitable carbon cloth 92 (FIG. SA) wnth aluminum plasma
spray 94 so that the aluminum is impregnated deep into the tow of the fibers of the carbon cloth,
The carbon cloth 92 to be sprayed is preferably a commercially-available cloth, such as part number
*2225 Carbon Cloth" obtained from Spectracorp, previously described. Other suitable carbon cloths

may, of course, also be used. As seen in FIGS. 8A and 8B, the carbon cloth 92 is typically obtained




20 provides a \}ery iow transverse resistance through the o[
structure. When the al um num spra @ﬁg%%%ﬁ REEN
cloth 92, it not only inpregnates the tow 122 of thd_fJj bg_E Do _

120 with alum num as described above, but it also forns a |ayer 124 of

al um num onybplgises ayed surface of the cloth. In additionpciause7/iist he
alum numalso fills sone of the voi ds 128 between the fiber bundl es.
The al um num | ayer 124 hel ps to nake good-{gl-ow 25 resistance) electrical
contact with the foil current collectors 68 and 72 (FIG 4A). That is, the
al um num | ayer i 24oli®6r Tizgoll is typivalle rbout 86 irgign visle.{ A leagth affc@brmelothRR ésrertactedl he
presence of al umnnumonastntiﬁemmmmmmnrm 1ﬁ§ﬁb.ﬁémaatbbau,maﬂs Byogiaes adds

wei ght to the el ectrode and should thus be m nimzed a achi evi ng

adequat e vol une‘f?‘?%%ﬁ@ﬂ‘\???‘?“‘aﬂﬂ”&qzﬁmﬂa?W@PF’E’W NE"‘I"T gEtheddst ant .
The ideal i npr eigviag spprxitiaipdimensibnstol 3 bihdies by 04124 indhes, toltie plaome sisBP401Thé fleme ar bon

fiber 30 andzlﬁ%ng%st%?mﬁwBy%%E-Y%ﬁmeﬂibéﬂlﬂr&tcﬁgdesir& dmlréﬁ.ta\re%m

however, that the | npregnation pattern, when vi e
Cross- sectron flah.sinilar to that illustrated in FIG 9B, filling about 2/3
to 3/4 of the avaimahhﬂndnmuswdpuw@toﬁdaeyw.ﬂg&wmﬁnM& fasll e i s

exposed at the I%grfac ght of

f ol
al um num r et ai ne E‘he carﬁ%n 01" tﬂf'?mmerlr%orar‘t %?"‘r'?é‘ 2 ’Bheq'%e%‘s
about 42-53 % \élfegmhﬂ@%h“vﬂemﬂéﬂtw'éFdM‘gmmeﬂSP‘H%?‘\EEI'PBG?\P@Y"b!%%s
gl um num ormlalbaéuteﬁ%?@a&mm%wmmawels;watcght»ssnteﬂsdgudwgest Eﬁhheﬁl:tﬁé‘at rolyte.
eturning to is seen t after car cl .ot as. bee
sprayed and arcin g"“"r‘r%‘h“‘r‘r’a‘t““‘a‘ m*tltﬁ"‘?a‘f R tb(aﬁf ?88) Jvaho" |n§r‘é‘§}?§t ed
carbon cl ot h i soubefdheppzzie]@hin o plagma strepm by ¢pgppressed air, pmvxdedbymrcompressorllo Asthe
- 21 - ChiniHRALBd i9&pent ﬂraeat.erawthane Sladav s:;leQm b dnﬁﬁ,mﬁ BlurBinkRy wide (84,00 is ( b1 oCk
202). The preculhwgp &gatzg H)§ar bon q ?‘i [tﬁg Sy hen die cut
(bl ock 204) to b 198 fpiin oy coise g o il f i g £
and t he corrér ssowbettfhlsmstxmpwﬂw@@@m@em@wms@@maﬁpmi@dnateI y
03 in (0.76 Mumidddfean be directed b@hecbonticiy. PS are then pressed i n a mechani cal

press so as to be subjected to, a pressure of, at | east about E‘F1l500 psi
and preferably of about TE®YPHizd FT‘T? '?{b‘f“b‘ﬁfpéﬁy?d]?m%@ﬁf’%‘l?ﬁc Fn 92 is
somewhat foliawirg\an o@ouEidd-back giray pattemnfas shiwasin FIG: $B.UTHe backwpwniesh Bowldchips ess

t he weave of t bmggg I nner by
about 15-20% 'Ih%sgs ret:tztj‘(li:utxI Pg%ﬁ%nﬂ‘?%lﬁ?ﬂﬁgsk%%%%é&tmgmga% %drtgén{bltﬂatges

directly toZ8 rwHuiz heyelyms impegnation withplnodnugy The jpsidedimensioptf the frpmeri8aree  when
assenbl ed, and foaghly 2.3 inches high Hyi3% inches wide. ThalundrimStinaniog, wsareheremutmmde

structure. Sl rg,g‘gsb | npregnat ed carbon cloth
strips snoot hs éﬁeaa‘spra?/‘gd& e of thﬁlhﬁ% ﬂsznlm)ot hs out the valleys and
peaks) so that nore surf&E%F‘E‘a“tﬂf%%“gﬁr‘&m“‘é\‘%“rﬁ}ﬁt?Aayér'ﬂ‘IWPs abl e
to contact the mu,rx-afmbnuonermz franhe! 98, CindWirds @4, soamhsauaeptstsﬂaspaduﬁﬂbethe

cont act I‘ESI

Still wth reference g !EI %g &Hﬁ)%%mtara atqh"’t‘%"‘““?‘é*‘“a‘ﬁﬁ?

i mpr egnat ed wnshem@ﬁm&mw%%mbgm @rertrewwérra%nﬂozelbl edb téh%% al so
prepared. A fi rifdnudily Clpmped infilicFams 98) gndlalitplé Haly patiam is petkirina) (Only@hd saidloPthé i S t O

precut al um nunyfo ) ﬂ?ﬁ 1Si,Q and
then die cut the a rLfm nam 1t o geg)&h%teh p?eg%‘{s%% érr{eg}-rﬁnsr on%ﬁ%%%ﬁg’?& The
preferred al uni $90A% gleth 92 is then be indexedin the frame, as needed; é‘?ﬁmewﬁtﬁtﬁfﬁ‘l‘“ﬁa@h&’bﬂ

t hi ckness ofsoapgrapdi mately 0.002 in (0.05 nmm). The foil is cut to a

shape substantially as s FlG  10A., .Suc I ncl udes e end
132 and &t ab ond” S epeifhs ettt st D BUER Hiec S8 o BRE o,
conpri se a cur reastricat griert gged fo vappiripe theabuninym iy 6§ §prampjereeaf an a5¢ voltpge df abent IVt he
gggrint m)co: I ect'nreumparsﬂam;{hanmra olrt %ﬁmérpsdpsaaaeuimwml%utﬂ

c ong. u an e
tab end 133 is aé’gﬂ? q@ﬁ“" 0 Gont 3 %Bmé'“c ldeﬁ@“‘ﬁﬁ'dﬁﬁ%"?ﬁagfﬁwﬂas a
wi dt h of abd@ht @emt@ﬁrg&defﬂboutMemmnmeh&dsathatthestreawomahon#d about 1
}n_ |(254 cn. naiglfmnaum cg\lrerstlln(eclothzas uniformiyi3 i xﬁgmzxéﬁiﬁmiﬂ}(ove?ltz %HMun%hl e(ﬁ)gr
oils are assenbl e as i | lustrate
I n each stack, ?ﬁé‘“&?&%‘“@ﬁﬁ @P@%ﬂﬂ"t% T'?““é’é@'éﬁ“%fhfgﬁ't‘ﬂ?e‘ggyflg 130 are

bonded t oget her, using any suitabre ‘bondi'ng technique, such as sintering or

ul trasoni c wel di ng, tfﬂgggge,ngepacaol id tab end 135, 142 where
each collector foil is thus nmechani cal 'y connected in
a secure manner to each of tﬁ%ﬂﬂ [“ﬂﬁwm tor foils in the stack. In '
contrast, the paddle ends 13 tor foils 130 in the stack

remai n di sconnected. 30 Referring to FIG 14A it is

seen that I n addrtron to preparr ng the |rrpregnat ed ~car bon cI _ot hs

o PNINSN NSNS\ - . o o A NN



208-212), insulator sleeves 140 (FIG 10F) nust also be prepared. Such

i nsul at or sl eeves 140 function as the separator 66 (FIG 4) in the
doubl e | ayer capacitor. The sl eeves are made by precutting a suitable
i nsul ator/separator material (block 214), such as pol ypropyl ene or 35

pol yet hyl engyobgi{s96St ri ps. A suitable material for use as tpegrsepdesator is
Cel guard 2400, comercially avail abl e from Hoechst Cel anese of
Charlotte, N.C., USA, which is a polypropylgne materi al about 0.001 in
(0.025 cm thick, with generally rectangular pores of an average size
WO 98/ 15962 and there should be a slight visual pattern of the backup mesh 93 visible on the back side of the
PCT/ US97/ 15257 e - .

- of abocllﬁth' Os.ucohzlpa Wﬂivédet ve'_srmr"]“r"rr]'ﬁc. mém&ﬁ laaﬁtar a&“g'rm_“gxthﬂsé’rm ‘atsmeteﬁlaa}l éhteor
material) is forfdresh be dethfopplamigy volumeimpregnation duringithesprpyin pepcesi| G 14A)
havi ng a size that all ows Allloethe bquipitens referinded BFEG.\8ASE dosh@ntioWah.! THa detalls kNt

col |l ector | . \Whi has an, i na carbon cloth strip 136
f ol ded aroundsi t?Ing%Lfs orabng\?‘ﬁ& '&nm_’[m:!ma'p{o%se#ﬁ%“ég'ﬁeag' of the Cel guard
may be securely bonded t o TeervFpossiofigpraying the eahon cloth witlptheralynieumsik togeducettar ough
S use of any surshsbbeesisRnde khifdigh QSN S Meashtbl Bats ¥ the B OR serRORMING (ESS, | S

known in the art, . .. Qhce the rrent, collector foils
130, the al um nuis befred senpiams psyine adoyith V’é??‘sl‘ﬁ'gm“w“m"“ml‘%%’, Bhe

separ at or sl eeve®bl#30 have been forned or otherw se fabricated, an
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el ectrode package may be assenbled (bl ock 218, FIG 14A). Such
el ectrode pagFage assenbly invol ves wrap&i gg OF surroundi ng each of
the foil paddlies 132 of each el ectrode s th the inpregnated carbon

cloth 10 striltum@emn t he nannefapa¢ifanca ed in Fl SR ¢fCGPapdEitomd 10E.
1 S &4 ot h i/ Od LD [ _are oliHhsa b -
central fold line 137, with the sprayed side of the cloth being placed
agai nst both sj paddl e 132 of the collggtor foils 130.
Each col l ector foil Ssq g&@asg‘%a&fgsl) he two f;['éj col l ector fog?'(gt acks has a
folded cloth strip 136Gl aced over it injd44s manner, excepy £g@¢ the
t opnost collector foil in one stack, and the bottomrost col |l ector
foil in the asher stadge which foils haveigo 15 half of aickedh strip 136
positioned on the side of the collector foil that faces inward in the
st ack. The se@f®tor sleeves 140 B2 then placed ovet.2fe
conbi nation of the carbon cloth strip 136 and the paddl e end 132 of
each of the collector*¥bils 130 of one of44he two collectorlf®| stacks,
e.g., Stack "Bos The "l eaves" of ;{?otwo foil stacks, ( re a "leaf"
conprises the collector foil and its acconpanyi ng cat bot cl ot h
strip), one having an separator/insul ator sleeve 140 inserted over each 20

leaf, and the other havi ngnd\anaSCHHLRLE fakka Wi leRbtrodds BEMRre 286057 5.1cm
interl eaved w,th each other as, . depict in ]G 11A to, form an
i nterl eaved g*’ec’f' &8’5"@" %%%FWT&E?”X‘M“F’J%'“&%“' Tho Qarbon ‘@"S“’ i e vpsprANst
el ect rode assenisfophwiad0.26 glea’udes a flat stack of electrodes, e.g., 54

el ectrodes. Each el ectrodQskesn #idafiBe 4R iPTARLESU b RQftanketr b EHoR Bloth Bt hashd@ t hat
i's surrounded by,an gl um nupt i g‘ﬁre nated c (}th strip 136.

. rhon cl

Each carbon cl oA} Prypdiith alupingm sodiges ?frﬂf"cf’g’Fhlbbi:‘“P 98 factoref 3P 396k £ r om
an adj acent car m&mm@ﬁ@smxmhmopwmmmﬂmuﬂmﬁcresi&itrisronaéi ng
el ectrodes ang electrode stfabtiat; \dirkclfiniienQOROGE I rebibtanP2 R dnf udNpnlfRnPRBRGY t abs
135 (Stack A) or, 142 (Stack B) of the respective current collector
foils. the ability of the capacitir to exhibit 3 low fipecomstant o ot r ode assenbly 141' t hat
may be used in a spiral - wasfuether seen from dérixeds TABLE 2) fediclag this Resigtitics of ithe ielsctrode
depi cted in Fl Ggunlubfimdrdgnd gli ang curr.ent [ i
foils 136', each havfnﬁg a %ngga%%%ﬁl%\g?rf ' tﬁgs?b?g&%%%&lne‘%%gh%f%&fﬁ'ﬁ&w
appropri ate capdesistapse for a flesired gmeuntref aluminum. Toglifle plyminym and dhe sesistauge fempins oo
cor r espondi n@o elhiphg Tocmh alihiRis) ahd R vEHRET €l electrbdd G indida@ll buftcRftly 6 Gdgl@cine
over it so that ' ' foil. 132" are

R g 8 8 s Qoo 10U 5 AR AR pehliSinh Bl e

spirally wound ullator_or separator sfeeve IS

pl aced over one Y5fveaas tgcgptact §l) of the sysfagearen offeecfibess. theprby sffistiiMely decreasing theyayailablp)| y
to prevent the ahtedar@ades fromelectrically shorting each other as they are
wound together. 35 The I ength and width of the current
collector foils 132" and the correspondi ng al um num i npr egnat ed
carbon cloth el ectrodes 136' of the spiral-wound el ectrode assenbly 141
enbodi nrent shown in FIG |1C may be chosen so that approxinmately the sane
el ectrode area is

et ed
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achieved as is achieved using the |nterleaved flat stack assenbly
141 shown in FIG 11A, or to achieve a desired performance criteria.

An advant ageygbs/ideg spiral -wound assenbly 141' is that it imcT/USIINS2ST
sonewhat easier to assenble and manufacture than the interl eaved flat stack
assenbly 141. An advant age of the imgerl eaved flat stack assenbly
141, however, is that the resistance of the current 5 collector foils
may be | ower (because it usesgnithhpmalumhmmmmeexret:ted:anmewltoonlathas
opposed to one [ :

pp (FIG. 8A asse%fé i 4,u&f;U :ge%&{cé of n@QQLJn cBB.%JthM&G Wh:]e the

i nterl eaved fl at st,ac I'tsel il CI ent
use in a rect angﬂ*rnawevﬁ%aa@bd%&%%%%ww%wwmm%w% 81" s
best suited for clothwith alunfitimi Thesignifiadice of Riprepidfpakb dufibwith aliefin GH beg) ilasrated1 €

application fﬁ w@:%&cpﬁﬁaﬁh&d% Is to be used, a
ape

rect angul ar S case naF¥Gprove nore beneficial than a c%l i ndri cal - shaped

case. 94, shens g poligrtic sepresentatiensef 8 side seqsignabview ¢fghesarboany| y

of the i nt er | eavedih $2. aatssaiamcmﬁa&l-apncloth%.sm&ﬂoa(alihﬁxuyuﬁeermamssanome

two el ectrode stac‘l_§o§, h‘g\ge la]eegl nlto‘e‘r k,easve cltt an.fc}umst;[cp aﬁmﬁntl%é' % . he
e asula T h Elfe"erla?s Vi

entire assenblyls W a pe"a Tn A Sul T a tin suc‘ﬁ as
Cel guard. The i n%lgi%&|li4ghﬁberbﬂndleIZPr&tneﬂqlmlofmmﬁb@s%laaweﬁMG MWth a

P41 Cher by For et ﬁ“sﬁd““f N b bl 120 Thassenbl Y
, thereby ormngawr e el ectro a e
current collector 15 S‘ﬂ? i% 8%%%@?%§gﬁﬁ%@h%w?ﬁ"

package 143. transverse reﬂstance thro“gh a carbon bu@ifle 120 tisrelativeinhigls t Ihis ﬂllsemqraemgalpac kage

144 has been fabjd Q@treﬂm&hemu.ﬂak mbﬁelom&clomgzmmﬂﬁﬁemema,fs.‘fehme
capacitor nmay be, co Jet ed Suc ?%Panl cal asse 'F‘?‘/f I S |II strat ed in FIG

12, whi ch98 Bauee fe slrrigge nts
of the pref erlﬁedcat}mmtb% withen aluminum sprag S @igantageoyslySarsds the(alupmm mtﬂpwmo:ihutdw a

| over ConductlVelzabﬂhébulﬁ91zarmsh%@nuﬁ#@r9309&du&hhm &hﬁb&gnltﬁé mm&Qmwoﬂﬂé‘ of
the tabs, e.g., tab 135,  of the el ectrode pac Heg ‘B‘U" onde

i nsi de of the | oWEsbafie{2p thereby reduces the ponigst resigtance T"&b, e.q,
tab 142, of the mdubiog lowdenspse kaga rédit@nck Bgdioneitithe ittrisitdow axial dﬂbtance of the fibesf

th hel | 4,
e "Ta8) oy, peia e fvbh REAGNY uﬁ%oﬁfﬁ@eﬁ*ﬁ%ﬁﬁ%@%%ﬁ%ﬁ%d?

such as spot %IU?"P@“W’?‘&EW?’W"H e glpgirode; The bond
must, of course, be a | owWlesthsilatingm panok stdkasthaviptteo2] it fidt silpinpegmiles HOWD! €

than about 5 [erpb orméfber méasggysmdm,Lsowweed.ﬁu&ﬁémg@s@{ﬁrrl of

t he capaC|tor Is to e mal ntaln
of the el ect r odeAlyiRumgdhe sprayed suface pitha floghy g widitipny sqmeef thpalysaip alsg fills some of
upper and | ower . tﬁmmmmlﬂﬁlﬂbé‘rbuﬂdhe 'Bﬁﬁlﬁﬂhﬁnﬂhyeﬁmmelﬁk&&ﬁmhgbdlﬂﬁwd osed

(block 226, ﬁGTﬁlwﬂ%bgéémaleomctuﬁMh@ e at?eg%ﬁ%mgﬁzﬁ UPPRE iSR! | 192

to the | ower she sw nent
t echni que. Not e AmiRumlpyer %f?&“‘am“lwu%ﬁ%ﬂ@%ﬁkq nT%GFPEP?? Hlypiounria ther | se
t he case of the mmlmmﬂawmnmamgﬁzrpmea&rra@dndmhnmquem.‘nmmma.sn ng

t he case of the |aaegl§m §1 S és%n h%“a]'g"ig%a&%'ﬁ&{% 164, in

conbi nation wt h I nsul at'i n securefymf asten a fl ange
153 of the upper s [Tl ¥déal imprognation dengiy of Ehe plusmicem igtofthedeyyy 126 pthe qafbon Fher
| over shell 150. bulflesaStiids bt Fot BOGhadtifiad. Iwﬂeanevemowever,mmthmomu&me upper

and | ower shell s ar ar e, |ned t qget.her.

around t heren diey pﬁnery 0 'ss"?'fmén C'}ng" l?i[éaé]ﬁd:ﬁﬁ] ?Pﬁ‘és@g‘g&f its

within a simnl arﬂvglﬂbiewVe!mm&emw*l%%wqﬂphewyse@# ﬂvhefweloéﬁgdomm

]Ic:urt her, ha F(r)ll ypropyl ene gas¥siint Falming cehalneddhl ok 1 the tatdnRioSs Mdifaikedet otdEen| S
rom each ot her. . .

- 24 - sbout 42-53%, e.., 48%, ofbthe totpl weisht pfithe cprpon,plofhaus ahumipyp, opsbay 13§ of e

capaci tor i s 38| chetdtalneightaintledinerily elettolytepper shell 152 fastened to the

| ower shell 150, the packa&hm mélﬁur.aawmm%%moﬂﬁmw i's

Sglrrztrls gfl r e]:j:;r %g gtnﬁ’wf% ummu Qtl;klmg %S Stheau?:pregnated car ”Foﬂ 15 precutan?tg gnnglhx or the



An i nport ant feature of the "clamshell" assenbly shown i g]—l
the 5 electrode package 143, in its wapped and interleayed

sonmewhat | arger di nensions than t he inside dinmensiohs nf

and | ower shells. However, because the carbon cloth is sorrewhat
spongy, it woommgy essed sufficient to fit within the cl oyedsppsesiand

| oner shel | s. Hence, the package 143 remains slightly conpressed as
it placed inside of, and maintai ned wthi4gl- t he upper and | ower
shells. This results in the el ectrode package 143 bei ng nai ntai ned under a
10 constant rfisekosions gregies shap 2bio¥0 inches (klock 202) SThe peculimprggnatodarbpneleth stiips anoper

shel | 152 and ttﬁkﬁdieewlockzm) to&%&t&é&ma{sefﬂmh&w &altde)éorhéasd?a.d sdp@get her .

Thi s conti nual furt erve cont act
and el ectrode r'%s% g "’“ﬁ?"?f’ q?'é)g ?%Sg’?‘g‘leﬁ‘ﬁl!f%?fféegw{’ml?@@ﬁg’”{ he
current cmltheewtee#d xﬁemlecbanlt@tprqssnsoﬁsmmmg:mmammvoﬁabamlﬁoﬁmlhmehe
sprayed si des Ofcabbife ?l nof&mpms&ﬁé@&t&&%@u%&vﬁm@%
The arrows 121% g‘g {‘% esent hat the el ectrode assenb 141 15
bei ng mai nt ai n&WTRGEE ik podiest ?‘?T'B&@'é"t "‘p?Pg’s“é‘Wbby""P 152295 |T@’d“id tiop in

direction so ashettbcldnascfehecclothtWIMupmtwcmMGmmbmmmeimmh t he
current col | eCt\ﬂ:'énIsanLﬁd Qﬁﬁg Ehlghon Eéremﬁa%eo}ﬂgel& Me cture. Furth

assenbly 141', shown in C, the constant no pressure’
applied in a rdmpopaty, “Ppl’“'!ﬂ’f‘ P"e‘&‘?ﬂ'ﬁﬂ“" to, e fmpregnateq %i‘f"@ﬁlcl% st{lwém%qﬂ}semgprqul
VWi | e the nuodeside pfthesckathl (@mdoths el thie vallky3 afaipeak§)@o that more surfaédra@ oF 1Bé splayed 1 N

practice the prgssi gg&g&hﬁ ﬁg@?tg Qnemidn t O
1.27 Kg/cnferr]). &qaymﬁ?é?gﬁr/ﬁctura S“%.%n 0 J’Eéhlgl?; ale“rl'sgl(’;{’g’gjTower shel | s
(or other capactibFICs: 40As10D, g toedyenthe contact rosistpss R §‘¥‘Rg”sam‘ﬂ?de°§§%l% vessel per
se, i s nonethel ess deSI gmﬂdwﬁmwcb&tmdm,nnhpwaﬁélrpahtowﬁﬁyﬂl&n@iegnated up

to about 20 psi | mpor.t an
conponent - neodcogis gk i foent ctectos s g oy g eg WpriRig e ¥l
filling thelgl wwt@ﬂgmwmﬂu@n@mﬂ bebhmmetpdwmnensml(hhckmﬁ) malnd then
permanent |y seahdnidd cwtThe alobhfus SHISHRE Precisd BimbedioR LRAEL102 TREGEfeARN WBmik&S foll S

t hr eadabl y recelv d. into hole 167 1| oca of the.

| ower shel | a% theSare ?cﬁﬁeﬁ{‘ﬁm Jﬁ“ °8W'?ﬂ'§3°gya§%gf“°ﬁ°é‘6ﬂ°%ﬁ§%'&mw th the
pl ug 168 |ﬂ!33P®F'§%ﬂﬂh&“d agshévanin FiG: d0A- [uchshapd inclyjessd peddiecend §32[apd ateh epd 1330t
shown) is | ocatymgtaBndt15Pand i Bdaae B 194 thus compnuﬁump&neceheh hsol(&z.emaelsi ng two

fill holes faciljtates novi se f|UId |ntQ u
cl osed asser%gl y'f’*]“?gtw”the cureni Lolitetor pat) éﬁ"ﬁ?r 5@@ g° fi'f’tinchis R8 once
t he case assenﬂlhymdélseddé&iseﬂowéé@hﬂ(smna@kd@Q@)end 133 lsabmlt“mshetbu ddie paddic

el ectrical shorg@132 hiyiawidt®stlabdub2 &ed, Qrdr&e%waywmommwg t he
resi stance between | G _}hese two shells

conductive, function as ﬂ'@s'@#%?ftz s i &T’%““b'f“ssf’ﬁ‘éedm""kz&ﬁg’c l‘f'Br I n
an ideal capaciit the marnbri itbustrates irsFIGN1DB. Qn‘mhsacld. tie b enls 158 nfthetwennycseeh enfiectan| vt e
yet | N8 0GifsQ60 drdWoRdeki Wigetfer, RSifiFhn Sg bsm,gkednmhﬁe.lsm mmeﬁng P ulte@bhic

resi stance neasurenent, e. u et ween_ t he upper
o e e iy et ol o ey ot - sl s

el ectrical shormechsicalipcopupctedisl 2isectre marabr t¢ @chidfi the atber eotledtor foilk in tigrsmdd ibce, a dry
resi stance of %ﬂdﬂﬁatﬁ;pMdleendszngMtﬁrc&l]ectbﬁ‘mﬂ(iﬁﬁphi@'m&rernﬁngﬂc%ﬁne&wfﬁamttﬁ‘ét for
el ectrical shorts. wth reference to FIG 14A
it is noted thM‘b‘ﬁd‘prew ously perforned bef ore bonding the foil
tabs to the3gase shel |l s Rbfetiogkbadrd FIG d4r0fot theBonfent; itisagn Gt il4dicion/sb peparing

25 - f abry, chﬁ{?% QFH k

220). In theapieggﬁh#%ésmgp&% odlborgig?d Ehﬁ“ﬁ"'ﬁ@“@?’g’uéacﬁ&r{a&h?ﬁed
froma solid bl'3e®logs208212), insiator yipeyes ¢ E1q AOF) must algy hewrepdaredn Such nsylsier ¢| osed
assenbly, incl wibvegisd hﬁcﬁohmmspa&ﬁisam 35 theddRbiR 1ayed capititdrD THeletud) ardunagh DYy

2.62 in (6.65 Ep‘g %lg;q @ng eng g'f t he case (not
I ncl udi ng the &P&n gﬂ?a ! amglaa!o{/}m %’l 4)1§‘°hh g c , whi ch
means the fBangely » ARtRIStriPS:3 A avitalp patesial forryse A the prparator is C 249, t he case
about 0.22 in (cOmbéciiihvailidi ﬂoﬁd{o@oahmdmbwamﬂmm&adheﬂml bagdaﬂt.a nal vol une

f th | ' ' b t
200 g. Gk eo AR A oo B 5 PR W

configuration shown in FIG 12, the upper and | ower shells functlon as
the two term nals of the CapaClI‘fanSheeﬂHasB&nRepMceiTpl ated that 10 shells nade
using relatively inexpensive st essed copper-clad al um num
as opposed to nore-expensi ﬂgnm m num bl ocks, may be used in
the future. Copper-clad pre erred for this pur pose, as

opposed to al um num because |t will provide a | ower external contact
resi stance when several of the capaC| tors are stacked toget her Usi ng

oy S o, o o M Y b1 T



15 weight of the case to about ‘100 g, and increases the energy density
fromabout 2.9 Whr/kg to about 3.5 Whr/kg. I t
shoul d al so be noted that alternative packagi ng schemes may be used with

t he i nvention. For exanple, a double-ended capacitor design, shown in
FIGS. 13A, WwdBsa&d: 13C, may be used. The doubl e- endedpcrusorasesat i on
shown in FIGS. 13A. 13B and 13C includes an 20 elongated capacitor case
170 having a generally square cross-sectiop.that has a termnal 172 at
each end of the package. The term nal 172 preferably includes a threaded
hol e 173 to whi cffabast 0.04 x 0. lmaﬂeaelsmmezwomrsmmormgﬁabsfmmmheebmﬁmbes
material of theqkasAslre, (MY ubiy £ BRI Findies atooﬁnysu.de%wgumt\samr

conducti ve, the termnals are efectrlca I NSu fromthe case by t he

176 and 1781 13Q phichdips fn fraprestated W@na'e‘slawné%f felded azopd it pisbeym it G- 10
doubl e- ended asmabgeyoﬂmmmwd idytbe dedidely BondD to eachdEher in &ndkmmgaesdreete thkotigh may

be used withgth S ;Qa e and

provi de el ect ri %gp%% at I on %ﬂ’#eiﬁ@%g'g %@g%e%d&ﬂ An imr:lsul ating
gasket 178 is used on the°"°e‘h°°“FP@F‘I§é"Q§f°"ﬂ?@ by alumipug-impragnated rarbenloth srips 172
and prevent | eaks, mwels@mwmmhﬁtb&mnﬁwub&@msefabncaemdeeleod&mp@naget he

tabs 135 and 142 qf th t a e cka e 14 Fl G
| 1B) are borded fq?e} F%@rg‘é {LB %"cgfleecfmrf‘? glc"ngen B‘f"g[(’ﬁe case
170. 30 m“ﬂmsmh"fl*mf@m 132 of eaght e‘ﬁswgs%mﬂaﬁdmg&m% cafhggeleth e nade

avai | abl e atjeat sthﬂas& mmwﬁlxmm ivFIGE e ciRDlahe108 Ae serlin Podk ifnids, thékdotts NOWN

FIG 13B. P | t.h d f
!tﬂe capaci t or '[?) ?%’1,%/{ %‘\i g?hgaqinﬁg”a‘g‘g'e‘?%\éa’l’eﬂn%?%ﬁfhﬁgmgP%ﬁp?agﬁdﬂf‘fe"g' >0
sol uti on. both sides of the paddle end IBR ef thegcoltectanifoileri 8@ géactpdollectoefoiligu Erkheof ¢he thed
configuration shmr i stabihs a fohidd cldei Brip 136 laced Ofbr il Bthi ﬁa&é?%w}th&t&h&%s:

Ui table 551 | GHARAR R oA Fp “°%=9waecg>rFﬂrntges%'wwakg%a%@?wwwe

overal | wei gttt belf dfhdotbdselepoeitmeddm&bb@rof the colleatoy dhildhat appaipward in tielsaekn | n

FI GS. 13A, 13B §fiflephrafor iBVes 1484t thiG pHBA ver hmbindtBR1bF i chiioh10lbRED 156 4ad the

WO 98/ 15962
PCT/ US97/ 15257 paddie end 132 of each of the collector foils 130 of one of the two collector foil stacks, e.g., Stack -26

wei gth”Oﬂ'het‘ltﬁleCaf)h@Mbmﬂ s@acks vhire h *léalTeomymisa the talectd dailfanditsr at | on
shown in FI G 1o fcloﬁ%fsmgﬁﬁng gavmgmseg?ﬁ&ﬁﬁsﬁatbmtlmﬁsemg@péﬂ it

contributes di rect t e ener nsit e capacilt

Because sone?fal l‘é‘rﬁéf‘i"@@“" &E‘!&d‘gﬁg“%‘éﬁ%‘ﬁ‘ﬁ%‘ b ‘H@I"E}H‘S“"P‘b‘f‘"fheﬁfﬂl°§"‘“&s
il lustrated depicted In(PIG. HlnmmﬂdrwebﬁbdﬁsﬁﬁblylaA 13B and 13C, the

flow diagramof FIG 14A gl elEJﬂGde%EsSHﬂy 145mclu %ﬁ‘k)éle@&désh@g,ﬁ

termnals on the case, if such term nal are used 222

Tur ni ng next t o®lpstredes. 1%““%%‘8%%3%@%@“%%‘ M?%ﬁﬁ‘?"é‘ﬂb@g shown in
FI G 12 giodhinok-fnipregoattd\carbbis Bloth trig £56) anaaﬂmemedp isGéparatbemll ElecerRAllyshor t s

(bl ock 228Or 55 G'H"‘&‘ééeﬁ)gﬁ“ the_)agen?&mon?l?glheshg gﬁlenblnxm Sa‘??zl e%t&ﬁh?gcelfemzn%es)m as

required, aobl e usi n 166.
The seal abl e cadestdcaliyicproppted bb‘hh‘r?ad“ﬁiﬁb“ 135 s@F‘ﬁ%JI‘“é‘B Shef she gespective
t hor oughl y dri eghrfedtle@ifelior fdifs. 234). Such drying process typically takes

pl ace over a 2 or day pgr vacuum
punp to the closed assemﬁh%&wg%%iﬁgfﬁf%?%}f%gf’ wmmd

mai nt ai ni ng a cemkediment of the inventiop isgepiqteg dn FEHE, dnFIGS 11 b%ﬁlmmth‘mf for a
speci fi ed peso oehilpisst,i wmmvmggtab poitfon (188 that i\@dbidetted toXNE Gppbpriaittapacitor terminalk E

assenbly is tes fo aks k.23 ch | eak testi ne
usi ng any sui ta%q%d“ émh f'"é%#omsﬁmd%@ngaﬁ( NOWN 1 'ﬁ‘p'fgr'fgledtzfr'rpgl %ﬁ%lrs %ﬁ’a‘?éraed
| eak test incl umltmyme@ﬁeﬂﬂe?ftmegb@ faces the foil 133], prg spirallysvouyditpgetheroar  and
around the cl osa&xms&m&m’s14bssﬁw&vm%9mtf&ﬁa&w&ma\wﬁum@um and

LIS 11 oo ot e o A e

t hr ough t he 3%¢ak, and t hewmadmammmmw mdtﬂheormsmshnzeam fl ow

of the Cul V @ikl HeBnated carbon cloth electrodes 136 c;fthegpml-wdufm lekﬂode‘%a&ﬁ%gﬁmi'teﬁt 'Sh
successful ly pas en case is rea 0 be. i ) roug
the fill hole, WW‘“&“‘BP&EH’?‘B&&E A8 hosged s §b"é‘€‘r“?”fn§ e 1B, éfef‘B’FWd

sol ution (bl ock 248). The electrolytic solution is
m xed by dissolving a selected salt in a prescribed sol vent. Hence,
to prepare the solution, the solvent is prepared (block 238) and the
specified salt (bl ock 240) is procured. As previously indicated, the
preferred solvent is an organic sol vent acetonitrile (CH err]CN).

The preferred salt is tetraethyl amoniumtetrafl ouraborate, or



25 (CHerr]CHerr])[err]Nerr]BF[ferr]. The electrolytic solution is m xed
(bl ock 242) by first drying the salt for at |east 12 hours, and then
dissolving the dried salt in the solvent. The ratio of salt to solvent is
303. 8 g/liter, which yields 1.4 noles/liter.

Once m xed,wbbgnsebxectrolyte is tested for inpurities (bl o®CTABSJ/1525% i S

| nportant that the anobunt of water in the electrolyte be reduced to

| ess than 20 ppm (parts per mllion), prefmrably 30 |ess than about 15
ppm If the level of inpurities, e.g., water, in the electrolyte exceeds 20
ppm the wlevedasiisnghieved using the ipferi¢abed flatiacksissennbly Hd phoye indIGelldedryo

affeﬁt ed. ror fi&ﬁ?@hgm M@etﬁ{%}y%a@\tanta ofthe%fl%udd'ﬂss%xﬂfy ﬁkﬁ&ﬁn&ﬁ'n&%’te .
reaches a level o u a vol tage. o acitor is
reduced to abofP‘“‘i’W‘G&o “k‘ﬁ?““?g‘"\xhﬁ?‘fgﬁ‘ﬂeh at "ﬂé“ﬁ?“g’?’tlr“g 5'te is
only 14 ppm asadsingavfibe interleaved flal s@Ek asstilly #1hoWENEr, lsltbatthsreelmsw@e:emrtehat It
i's inportant sf O&H&QPEElQ&Ay%Sloqu&wuﬁéWn%ﬁei shoﬁ&z@ﬁcﬁﬁméﬁméﬁ‘eﬁdowm the

el ectrol yte before he el ectr.aql npregnated into the cl osed case
Rssembl y, (1t 1ons surglipop AQHLRRLY RN A 0ok g 4D B e B

el ectrol yte, e.dficienti@e it hdianyelat-shepedd@sef wiierea theaspied-wound assembly[1410 Vshet kuéted for
operating |ife Qf (06 qSaRAGd Qe: DERbaiYh BE agPlicilion 26 vAYR 8 Gfackor is to bo usea, a 'O

98/ 15962
PCT/ US97/ 152 5 7 rectangular-shaped case may prove more beneficial than a cylindrical-shaped case.

-27- Retnrmng told Gescifion 6f tReQERLIEHN of @ie irltdpteaved fiat dtclORseinbly
measur ed u3|ng I % qr npwn.in t
representative ?I ?ﬁgt@ ﬁ'érgh U/oet usswefgl%fl Mﬁ%avﬁﬁog’%mfgwfnﬁp ’f‘c&'@oo
Titrator entisp agsmbly lewwm#nnm@d? ipsyleting mpteriad 44 suchasCelswd The insulating

Unf o:ﬂtj :Jnat el % , SRRl MR EY belKELY inplabeifl ) sli@blé ﬁ%l | 18 wKidh l“tltbe nglt@sagpead @ 6hd the
assenbly, e, att s_to tharou ry,t i de
assenbly. For exanp?ll&l th ‘g%ﬁ Bm”fegﬂatm% umge'xcka q%innﬁe‘é“r gn [ ers of
t he carbon dﬁoth“lgmﬁlimmmendﬂyMWléﬁeased into the electrolyte,

thereb%' bfcom nlg an IWpuronkéfmmﬂcﬁel&h&as&%&fﬂh&tb?nfa%ﬁcaw%fﬁanteékﬁn?x .
inpurity-free el ec | i.nto the,case a y. To
renmove such vvat’@?’emf’lof’}% W&FW’%&?‘?"HLB §"%? g st Mmﬁﬁ;e:{?
contenpl ated t hmchtﬂsmeétouswst@mOjﬂbehyﬁlmmemmﬂxeammchw@nml vent

e. tg , acetoni trishaitort EtﬁhcoLQoneﬁl ﬁ?ﬁd&?loﬁ&nﬂﬁt{&k&&aﬂ% arfdlan GHpé}?Bnducuve shell 154.

wat er - scavenger p 0 e, asse

el ectrol yt er}g %eﬁt)t?‘ f-g-s ﬁ%f)é of the f&‘é’ﬁéé’ﬁ‘i}“%ﬂ"’t’h@“@&y d"séfggé‘ﬂ'?)‘f'V"Mes
flushing the i nEPetdocationtifile The other tab,x4 5 b d2aefSimrvisitipdqradegel) i is binleditsthainsids

contenpl at ed t hélme &armea%:%&m@rxmtmtmﬁdnmg mrz@arqu;t ymaybe W Th
al um num and/ or af bei ng‘t"f’ regnated with al um nu but fore bei ng

assenbl ed in t psH “s‘“g“glsﬁ‘ ging techpigue, such-Ag spot weldingul ingyor g ikt s e d
with a suitabl eThehirdmust) ofcaurs, be a Vst resistasoe hond/ tgpeingsa redistanck b noanaheli thanalzmt & At

search out 38d i gKEBAN YR 4 %&wéx%ﬁ.s?a?&% tﬂh%cg.gmtef.swm%in&ms especi al | y

wat er . t1c solution successfully

passes the inpurity test Qofftrinbs oifbe clectrode pagkage 14 I bavo bepngnded tojthe Jespestive
conductivity (blpp&hnﬂé&)wnmhmemmmbupmmymmuyssmmm BIS. tMA) By

conventi onal qug'ﬁaﬂ‘g&' mﬁmn [ I¥Tet an ac
signal. The conduct ance s utﬁlﬁ(ﬁ]@ﬁh %ﬂge at Ieast%gmg%
mrho/ cm at 22 [teshpigye. Notphat the upper and lower shells, mwmbmeﬁ?e'ewwée the @eerof B cappcitor

sol uti on hasobeasswembly.Xagreferrel tichtigue tbr ElodingithERase otttheespaatad shown in FIG.CIQ nelesGérbwasi T Y,

it is inpregnatgg ‘*‘M‘"me”mr'gﬁ‘?‘q“gﬁ’? h%,ﬁ%m%s& ?%4&, o555 b

I npr egnat Ion 1I's prere ositionl ect I’O%e case SO
that one fill rrat"eﬂw&fﬂﬂqswewdtaeas Ay 1of the sh@rls%n'fomasoqdﬁelvmtheand t hen
filling the casmngu; bmetnbﬁrahmteméwhejmdegaw aseungsﬁmmﬁ;he@abhamat o the

top so S K n the e t t rapped. t herein.
The anount of e‘P‘ °¥' ?ié%ﬁmﬁﬁqs?l on ?t 1%657%03111 g'm‘r'e(lca)“(‘i‘f:na %d into
the cl osed &&s ePeﬂlfbelD' Ofﬁeﬁwk%mﬂmammksﬁé%w!WF@mefﬂm tyvasshallg O

m (or 205 Q). from each other. After the prescribed anmount of

el ectrolytic solution has been inpregnated into the cl osed case, the
plugs 168 are inserted into the fill holes 167 to finally seal the case
(bl ock 250; FIG 14B). Then, final electrical tests of the capacitor

are perforned (bl ock 262) to test whether the 30 capacitor neets its
specified performance criteria. Cenerally, the acceptance tests include
char gi ng the capacitor to is specified working voltage, V[err], for
six hours and then allowi ng the capacitor to sel f-di scharge over a
fourteen hour period. The voltage drop that occurs during this 14 hour
self- dlscharge perlod prOV|des a neasure of the equivalent paralle

o oy Y b1



shoul d be at |east 200 ohns, preferably over 350-400 [err]
360 [err]. (A self-discharge 35 resistance of 200 Q corresp?r‘]% A L%EESE‘%‘EEN
sel f-disharge tine constant of at |east 5.8 days.) D

Addi tional acceptance tests that may be perforned include subjecting the
capacitor woposnshée a constant current cycle test to deter mPOTASPHB2Y Cl i ng
capaci tance and steady state series resistance. WO 98/ 15962

PCT/ US97/ 15257 -24 - - 28-
This test is perforned by applying a biphasic 100 anp and/ or 200 anp
current to the capacit or Bepuse, like clamshelig; fhe cismofiie@rpacitsy. is clased by Siseningthapppeef or m

resul ting fromadnbk: aadabdo tre fowed BelrCigs, rtﬁr},rm (fagmmeﬂdepmm in FIGSEicADR2 i €

unher of | eoaRp R i Pt B PR T B P EPREiSDac. 1 or

Such paraneters include whénpivmt fgurs ofihe "clapshelltassempidly shfrein FIG. 12 isdhatdhes char ge
capaci tance, 5 C[ei‘eEtFJde pamg‘e 1h§1|ui M&%ﬂﬁmﬁé&é%&%@ﬁmﬁﬁﬁe} dimeaidnsl el 3 t €ady

state resistance, (l‘{ler to neet resent Y- :;EOSG eSI red er f ormance

criteria, thesé""{f'ﬁf’iﬂ’é%s‘°“s°f © uppet ¢ jopershellg) Hepeyes, err]
by about 150 Fapegy, :tFaKcompmsédlsﬁfﬁﬁmm@Bwﬁlﬁx]th@mdm}mﬁaﬁ&Weahdl Hence,the

Cerr]/Cerr] i)a&m& 43remubsshghtl y compressed as it Iacedmslf%aﬁ dir[e&&zidg{)%mppglf &' ngl e

cell, rrultl-electroedou |'a er capactors een made in
accor dance wi t Howenghelly eftppde parkage 143'8?§‘Fﬁ’@'“‘f“ﬂ%‘“&‘kéﬁ?ﬂ‘éﬂ“¥‘"‘&§él gn
shown in Fl @ p:essnreofahautlobe\vmmm;amal 152 add tdadvae dhell ﬁearsh:emmcnuyja[ﬂdal e 3.

The final  accRbaAGS 1hf Sl 2o ARG RS IRAHAD G RSy oG BRI Y

| ow i npedance ayer capacl tor as | npedance
nmeasur ement s dlﬁwwwdwwmmlt“@fﬁhm%f&%mm"!"E*EH?‘I'H?M The
key par anet e][ f tvithARpred sideSof the Respedlivi h@}egxrae&h&wﬂammdg[lw he prdsécs of silch 4
resi stance affe eak power apacitor.can ive measur e
at 1000 Hz usi ncgnsgntmmgespptmé i ‘%2% %’F’é‘" 'hea sgjor‘ivé'ecg L‘flm“sr and a
PARC 273 Potlémma%thatmeelwqodmwﬂ lﬂesmmwlw constant modemress“@f "Pf #ppliedal ue
of R, or aboutinQdifeatiodkSdsktd force or press the electrodes in contact with the current collector foils (see

Table 3 Par anet . Val ue
Std. Deviation FIS.OHB) Forthespml-woundassemrg? l%li xéﬂtj 11C, the constant modest pressure

f "P" i$ 4ppljed ifi a radial direction, as illustrated by the arrows 12:[[ eWhi]e the modest pressure is

(])-- (9)(])-8 nferr] about 10psp|ﬁ$§nce%§fe§s]lremayvaryanywhmfromabout5ps:to 18 psiCIT8d dirhdnfelier 1 |

[err] 2520 designof the upper and lower el ‘%’e"é‘ﬁ fapesitpr %eg\/gh'{” gt C%"g""f%’s‘”?g'éenveisﬂat
the single cel |peramib donethlegnsiesigneito wiskrlahcben|inigrml pressure of up tpalpa0tper  provi ded by

the present invention rep,eaRRinecoh ﬂ&ﬁdd%&plédﬁ@&ﬁﬁ:t&rgsst;nﬁﬁ' itOHRhsGerl ayer
capacitor art

. he e of ca bgn cl.o re nate vmth alu f ol ded
around a currer‘ﬂ-[lt‘l‘éétfel"@ﬁ?&?‘embyw“h“s‘f"ﬁ‘?‘?""‘*ﬁ@"ﬁ W"'@yéﬁ{ﬂg ect r ode
structure that sssemhly. dwhmwymmngbemma@mwmmwoﬁylholeléﬂmcmnecti ng
a large “U”’&er,mﬁmqomémkﬁéniﬁvﬁ'i}mﬂid &%&Dm%é%rﬁ%ﬁmg PieB s ubda vith @

first el ectrode st a I Nt erl eavi ng ectro f the first

el ectrode st acﬁhwlﬂgﬂsﬁ”g‘gﬁdﬁ%"? §‘F‘%ﬁ“h°"’("°”b%)é?@f“’f?2 gshaetheread ; r ode
is further sur ro@ulndmlrsbgulazsilnntga\bdﬁlmp&mmtarmsmmrﬂu@ka@taudxdebfsﬂeeeve,
and t heny o@ﬂ,ggﬁjﬁagi ng such interleaved el ectrode package within a
seal ed case that maintadins the el ectrode package under a m)dest

pressure, and then by fuwgﬂgﬁpéaﬁéﬂﬁr@%‘m%“@ﬁ clpef fhiogk 226
prescribed 30 :t:swmnumﬁéﬂdho@hhywmﬁhimﬂdﬂm:mmmymmymeﬁnmwmw a
doubl e | t I

oubl e 1 ayer C%Ecl'z %MM@MF& cond§c§w1 %Qmp&s;ﬂ@ %&ﬁ%&gﬁgﬁ‘fﬂa ues in

excess of 2200 Farad at a nom na |ng Vol olts
an el ectrode r &¥adtonniaan igsal cappsitpr %Sﬁs‘?ﬁ“@’r(f"r‘ dgy” PW‘YCWWYGT‘“‘QBUE& 2
seconds, an enditethe ci69ad éabey showld beiffinite, A low resistance measurement, e.g., of just a few ohms,

between the upper and lower shells of the closed dry assembly, indicates that an electrical short has
35 occurred internal to the assembly. In practice, a dry resistance of at Jeast 20 MQ is acceptable to
pass this test for electrical shorts.

2422

eet Has Been Replaced
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range of 2.9-3.5 Whr/kg, and a power rating of over 1000 kg atREgLﬁ

di schar ge. Advant ageously, these operating paraneters can inprove
even nore Wpews/ife capacitor is operated at a hi gherrCraIsvufas? e. g. ,
2.7 volts, or even 3.0 volts (which can be readily be done once all the
impurities are renoved fromthe el ectrol yt35¢ sol uti on) and the wei ght of
the case is reduced. For 5 exanple, at an operating voltage of 3.0
volts, the energy densit ptilt witheeferense © RIG.\AANif ik gotedfhat 2 dtepprevipysly performedibeforag a

p?:cyez hyl enfa S?Qﬂdé&ttﬁyfmms%th@dasesheiw(bﬁmf i |f&ﬁ&9&)@ﬂﬁ%et&ﬁ%ﬁ era.lr the
effective el ectrode reduced e rthe oW ng
the time const anEoRypel 128 "E’ré?)"am ‘i“gﬁgfg’%zs dﬁgéﬂ“ﬁﬁ" used e F‘Sqﬁ%e ?1
seconds. each machined from a solid blodRlof dheniuine mmumnmmeua@dmm has
been descri bgd xﬂéﬁ:diﬁﬁﬂ:@%a&is 1§Pﬁ9'1§3'a§‘e2 é%cﬁ&hﬁﬁb{?&t&hé%em d0Githds W5

t hereof, nunerous_ nodifi cations variations could be made thereto
byt hose of skt 14 o o e oo Rt s i M o B8 ey s et e

i nventi on set ffangelnidland 158 extdndibutfrom the body of the case about 0.22 inches. As indicated above in

30 Tblel the internal volume of the capacitor case is abou g‘uysand theme\ﬁel%at is about 200
1. A doubl e ['ayer capacitor conprising a capacitor case

first part (150 and a second part (152) fastenable to each ot her to forma
seal ed 5 capacitor case Aspledoily imicatgiafol thE elanshdf configaritivh sle@PMEG.QR, theer M nal

associ ated therew th, g Rkt e C

term nal assom‘%@eh‘t&tlﬂ&p%ﬂstﬁﬁg&gfﬁgtro es s°fa§¥a5& g‘f dﬁsbw&&%;,?eﬂ&atsi.&]
separat or Wi t himadepsing relatiyglyigexponivecsiampnd andios efm@a?ewefdﬁadﬂh@"!mee?mm

bei ng reSpeCtIVﬂrélelxﬁ&hiWTthieﬂaﬂuhﬁmﬁl blbcke, nﬁybesmh Qﬂlﬂeﬁﬁﬁa@oﬁp@lﬂdﬂeﬁxﬂhﬂﬂiss' and
a non-aqueous el ect tic solution wthin t aci tqr se,
wher eby t he el ep'?fmeggos[a W a?l"c'fbec“n'f’rslea'r d?ﬁ g™ confat

el ectrol yti dSSmwwhWM&emﬁmaewwt@emygmg sfamwpa!ftprtpwed S

characteri zed hmnansmfommesnelxsofmem;@r&aemh&hﬁgso%&me ibhobOhdcasd)

conprising a plurali t he el.ectro

l,e d he first
el ectrode st ack® &S §‘|°ﬁdgm‘§°% i %f‘?&e?a?“'&%ﬁ r;“i‘r?o \gth,-/ﬁg e
conpr essi bl e carbon cl ot W*Mgmwmm*wmi@wxhwm&e

physi c?l C|O|m a?ﬁveﬂt?nVVF&rl'&?AHﬂﬁ ﬂéﬁlﬂ@dﬂfed hdit6iCdeddn, Jhew.l in Fﬁi&dﬁm %n%matcthﬁa

current collector fojl of ea ectrode i,s onnect e

the first cgrgacti"t“fﬁ' rdﬁﬁ‘bffif‘&gﬁﬁ‘fb e 'E'Flgét g’?“ﬂ‘fl FH%‘"?‘FF%T onga st ack
are all connectosgpkeiloncagal7@baving a zeuemllmqmelcsts-se:aqm&utth@ra termingli 172t cach eud bt 1
respective “h&@#&rﬁﬁl‘i@ffeﬁs&m} ficludos o thecaded hole 173 to which iR 6l gL ' 0de

stack (Stack B) conprisin ralit el ectrodes, each el ectrode
of the(second ) n&?ﬂ'@" ﬂ&@&‘gﬁ‘g gh@“&’ﬁff’?‘é‘ﬁ’c"“%‘&f"f"é’é‘f“ﬁ’f"* It oqudyetive( 130)

and a conpr essm;dtamlsbmdetmicdb'hnsulupﬁmymmbmeIlﬂéahdjmnmqrﬂ:iaﬂ)lnm di rect
physi cal Co%a%mcﬁédt:bu%d%&%ﬁiﬁm%h@&&b%s&ﬂAm 17%“51%&@!&&/5};:&5%1 pent

collector foil of each el ectrod [ ectrical connected to tﬁ Second

capaci tor t er niYgafed with e E"M/“t‘ﬁ@"”'y “@Teé‘t?t'?’ﬂﬂ@é“ RS‘F°T“H8’°§'8’C%WH°’§P§’6‘P?UH’@ st ack
are al |l connecttbakaseiwhgeneaikd. &An ibsolating cpasketd08id usedomtbeioside bfthe da@itonsesl dhe toprhisal t hei r

respective curr@ilag én?mrnnfrﬂékémb@%ﬂhedouble-endeddmgn,membs 1?5:8&’%%‘&?&1 he flat

separ at or materl aI 140 pl aced agal hst each he el ectrodes
second stack, t#pk teoda package (ﬁﬁ'ém)%bﬁ'é%‘ﬁﬁe’ﬁﬁ%“‘?m@?s#%gh
which . ionms rm;hemawol y pass;

Note that a seal plug 166 and gasket 168 are made available at at least one end of
the double ended capacitor, as shown in FIG, 13B. Preferably, a seal plug is made available in both
ends of the capacitor to facilitate filling the assembly with the electrolytic solution.

The main advantage of the double-ended configuration shown in FIGS. 134, 13B,

35 and 13C is that the shell material need not be a conductor (although it can be), but may be a suitable
light-weight non-conductive material, such as plastic. The overall weight of the case of the double-
ended capacitor shown in FIGS. 13A, 13B and 13C may thus be made significantly less than the

is Sheet Has Been Replaced

T




31 the el ectrodes -of the first and second stacks being
I nterl eaved with each other to forman interleaved flat el ectrode stack
(141) in which adjacent el ectrodes are prevented fromelectrically
contacting each other by the porous separator material; and

the interl eaveds/isogy el ectrode stack bei ng maintai ned underpcansongesnt 5
pressure of between about 0.35 and 1.27 Kg/cnferr] within the seal ed
capaci tor case. 2. -2khe doubl e | ayer capacitor of
Claim 1 characterized by the first and second parts of the capacitor
case bei ng nmade Weightaf the capanitorsese foz thewdp@itorabnfigaation showmin FIGI12. THeaveiphtpathe t Or

case includes an.ghfe f&m%ﬁ@ﬁ%ﬂh&&aﬁ&uﬁ&%\é%\%mw&&? Lapiditdl, S€cond 10

parts fromelectrical orting to each ot he Itst and second
parts are fastened to CEEYe 3T afematye peskaging prhemepmay dnsludetaapinals s ilpstisted  and
further wherein sbéwe irf dopredtion witlcEIGS.ABA, BB tuflr 1€, ikl flo® diagtirh 6FFIG L 148 idciudss the Ry t  Of

the_Capaci tof s 023Gl e i PP Gk it b GLFTWRRL 20TPY 1 €5 LD

second part of the capacitor case The doubl e
| ayer capacitor of O ai m Fupingsextin ElGail4B. @ace fhe papacites s been agsespbiied oy shpwnfin FIG.
(130) of each elikcerRids. 104, BBer f3C), sidd tamifosaeemadslﬁhe@romz;ie 60K mhese 2 tab

portion (133) a ) rein t at ed
carbon cloth 313 ?Q?%ie‘gfbace 2 "(%:}%a"c't"“’@m“f‘wg'e I8 "‘”&1(381“% "g each
current coll ect Eelmmle%ﬁmmwﬁ%m@e%WMWVduﬂd@d@kn t he
tab portion (1(133:);4)oSudhlag«mgwo5ﬁtyp|@w:heeﬁmovtmdorehay?ﬁn&aﬁbaﬂ sk iedhiaglaN t he

first el ectrode bon ortlons of
the current col I%%’?‘?)Fmépm ﬁg R i qﬁﬁltmreﬁgrfqﬁt F%’c‘l"{’ 'g'f'%fb‘i?"sf”ﬁt forma
first bonded t athesativepessuregfiebout 38 Torriforta specifiedpenind of timb, ¢.0, 48te 72 haust Osmpaeli t or

termnal, and almmﬂwmukﬂmmms Ohch Rk toslisizbay BE adnbGs mﬁ'ﬂﬁgsﬁiﬁiﬂe
col l ector foil q Ieach .el ectrode i n the sgiond el ectrode B) st ack

i s bonded to t hé“BEREH§ ’8 "84 pesfertpd ) @&W@‘ﬁ‘l“‘lfﬂ'f'ﬂgéﬂ“?ﬂg‘f'ﬁﬂ deljmaq 25
within the s&oﬁe)avmﬁmd%deMmswlwtdmbmdanimtpadp pabvhilon (142)

that is CO””QWM&%WWWW iﬂemgseﬂ‘l&rlﬁénegauvepmrems: the case

4, The doubl e N%Ta%e# |torlﬁg al m 3 whereln the first an “Second
parts of the capacitor: (8 WHW%PHMW&?FG%?“@E?P\”@WW%l gh
no 30 nore than V&GO pump.

32 SIfMIaﬂ.??@,eggumegs a % ; IWner ein
the first an rets, o e capgjgﬁ‘%%dg%ggﬁg%ﬁgﬁgjaﬁe

copper - cl ad 9? um ﬁﬁ'&ﬁﬁg kS %‘%""Wﬁ?‘@"’t‘ﬂ‘éﬁ“ﬁ’ﬁ’e“{ﬁ) 5
6. The doubl e | ayer cabeciettolytiofolu@bnis mixdd hyidiasolring a kdieeted salt fita pressilibed

second parts of $1i&:. GRRACH GRSE cLive erial,
and further V\/netrel n thé‘Q rst Eioég%{%g?m{s é‘f’“g%%g?nqs%essmg mrEHst

feed-t hrough t e/ Rk s A’P'e"‘ md@ﬁedoﬁerrrfemrlw@tmwmsmsolm
capaci tor case, a«amdiuiurmﬂgnm MMﬁdnscm@lMuﬂﬁrmwdﬁbﬂﬁJorCOWprl ses a

z :g Ce) nd feed- ﬁsh r whﬂ,t)&nﬂ,n %e Mn@ gohﬂi%n Es %e& 8&)&%2)%9 first &)ryln;} tlﬂe salt for at?egsat' citor
) 12 hours, and then dissolving the dried salt in the solvent. The ratio of salt to solvent is 303.8
g/liter, which yields 1.4 moles/liter. :
Once mixed, the electrolyte is tested for impurities (block 244). It is important that
the amount of water in the electrolyte be reduced to less than 20 ppm (parts per million), preferably
30  less than about 15 ppm. If the level of impurities, e.g., water, in the electrolyte exceeds 20 ppm, the
operating voltage of the capacitor may be adversely affected. For example, when the amount of
water in the electrolyte reaches a level of 40 ppm, the useful operating voltage of the capacitor is
reduced to about 70% of what it is when the water in the electrolyte is only 14 ppm, as shown in
FIGS. 16A and 16B. It is thus seen that it is important for impurities, particularly water, to be
35 removed from the electrolyte before the electrolyte is impregnated into the closed case assembly. (It
is noted that some additives may be added to the electrolyte, e.g., to enhance its performance or
improve the operating life of the capacitor; but water must be avoided.)



7. The doubl e | ayer capacitor of € aim6 wherein the first and second
feed-through termnals are |located at opposite ends of the capacitor case.
15 8. The doubl e | ayer capacitor of Claim1l wherein

t he capacitor case further includes two sealable fill holes |ocated on
opposi t e endgo9sidebse capacitor case. Scrruseimsdoubl e
| ayer capacitor of Caim1l1 wherein the conpressible 20 inpregnated carbon
cloth (136) conprises a carbon cloth made fg;am acti vated carbon fibers
arranged in bundles woven to formthe carbon cloth, and further wherein the
al umi numi s inpregnat ed i Thowdtd eoneptat the sobugibn/ie MEasirddasingd domlorhedrit tiiratbhayis f | ber s
W thin each QRN the ki Ch rdidRGhdve ti S @#]P[[ I

resi stance of the ¢ rg(%)n r%l ot h&%@mgrm%?b&mﬁlﬁigm&fgfhgt ehﬁagbﬁbl e

| ayer capacitor “5‘?‘"@3 EY Stifnes APUAa-he al umi num i npregnat ed car bon
cloth (136) is pressed to Unfdumnelyfdome witiralsydealy 6f intide@f @b 16¥bd Vdddassembly,

| npregnat ed car : }jmfa,pém,t % 0 | | aci It 1n cqntact, .with
t he current 3 (E}g&l} fﬁ%t?%ék?oi S ofdr}gtﬁee/&?'fgrogiﬂgnas%g‘blg'eg%n&% Elf’e‘%a r%mcel’egrfpg%dl&.

33 the carbon fibrs of thergagbon ity | Such tzspredd water sy be relpasedfintbeislerirdlpe,nher ei n
t he plresseg o ahmh'yhmmm"mﬁmﬁqtv&dingﬁk?a?gﬁlanm‘mmﬁtﬁﬂeegw@gb GF? of OIt he
I nterl eave at. . s folded so as. to.cont.ac th sides
of its respecti vflg_ﬁjg rrelﬁtg%gm %%? g‘F ?%Teﬁf’vemggmr(" similar impurities) }"Tﬁ‘.ge“'b%e
doubl e | ayer capd&frontsmpiged that thp plpsediassppbly b finshefh witlcpguitable salteot; 8., acetbritsile, the

i mpregnat ed uot heleatkolyiit Sulition; i dther Witer éivebe? MatéRi, 9hdr to Biidg@e absmblyWmALLNAL I ON,

of 130-135 ¢/ d is,,0,.50-Q.5 hi.ck, .and._has.a pore.vaol une of

1.0-1.5 ni/g. ot Hillg 4l e W ad of B ey stoply iy Bpesin i pidasy e

Cl ai m 12 wher ei rfiogad@ssepebilypassibler Ittigniso pentesplated that the ehbon cloth, priopto bejagsitnpreniteit 0 t he

carbon cl oth corjuhiskfubandEHaRer biay implogibd g Auminuff wiﬂ%éﬂ&é&@?ﬁw@%eo‘c the
e

al um num i npr egnat.e bon cl ot h. \ . C. 14, oubl e

| ayer capacitor %ﬁ“@i%ﬁ%g"r@?‘# prifleanspd yyith § sitable materipl (o.. o Wales scavepgersiop

al umi num i npA%¥ g redditives that sdaroinout ind trdmovswatep)heleneed tdrymae foparitied, epécialiy witeast 15
fifty after inpregnation gaERRERHALL Q1 K‘Q&:&&&&\ﬁr‘ﬁﬁs&é L. t.

carbon cloth prior to i%r,e gcii or?.l . ,&emh@@r@%k%)ﬂﬂg

doubl e | ayer caﬁ%%ﬁ‘%ltfmcﬁ’"d é‘f’ﬁﬁ 2e M crndpgtivity teshis prforsped using @ somwentional 4

i nt er nal vol une cerfdugtagcerpetepthit rmesurSskondosnes using andc sigiala | The\dhdibthncO$f thRGold@RA € t han

20 600 g, and WagnRivEatlidd& 55-58 Rfkokauesh dd at el ectrode stack includes at
| east 50 el egtrodes, 25 el ectrodes in each of the first and second

el ectrode st &cks. Onos the electrolytic solutjqn has beep;mixed grdinsted forfnapritiesandici t or of
Cl ai m 15 wher ei wondptivityai dmprepnated intethin tliged @seassansbiablodk248; F16 1483 3 Ghprdpaukiadts
[err]10%at ar ikgﬁbﬁ%&ﬁgﬁsﬁgn&f% e“)é%l'oh§qase%?ﬁzg one fill hole is on the bottom cﬁaé?ﬂwer ox;r he

Adalm erelrn capacl tor ur

doubl e | ayer capacitor, of .
exhibits an eneﬁﬁ)’“"d@ﬁg}"? {illipg the cate yirh the elpriyolyte ynder pregsurs frgm\hetbptiom o the top spne r
rating that any gases present in the case are not trapped therein. The amount of electrolytic solution that
25  should be impregnated into the closed case, for the clamshell case design shown in FIG. 12, is 200
mt (or 205 g).

After the prescribed amount of electrolytic solution has been impregnated into the
closed case, the plugs 168 are inserted into the fill holes 167 to finally seal the case (block 250; FIG.
14B). Then, final electrical tests of the capacitor are performed (block 262) to test whether the

30 capacitor meets its specified performance criteria. Generally, the acceptance tests include charging
the capacitor to is specified working voltage, V,,, for six hours and then allowing the capacitor to
self-discharge over a fourteen hour period. The voltage drop that occurs during this 14 hour self-
discharge period provides a measure of the equivalent paralle] resistance of the capacitor, which

- should be at least 200 ohms, preferably over 350-400 £, e.g., at least 360 0. (A self-discharge

35 resistance of 200 £ corresponds to a self-discharge time constant of at Jeast 5.8 days.)

Additional acceptance tests that may be performed include subjecting the capacitor
to a constant current cycle test to determine the cycling capacitance and steady state series resistance.



of about 1000 W kg at a 400 anpere di scharge, a total electrode resistance

of less than about 0.8 mlliohns, and a tine constant no greater than
about 2 seconds. 34
18. The doubl e layer capacitor of Claim1l wherein the electrolytic

sol ution i swoplegtses eri zed by containing a solution of 300 RCTBDH1§P5DF
tetraet hyl amémoniumtetrafl uoroboerate (CHerr]J]CH err])[err]Nerr]BF[err] per
liter of acetonitrile (CHerr]CN). 5 .28- 19. The

doubl e | ayer capacitor of Claim 18 wherein the porous separator materi al
i's made from a Biisdest is pérforpedl Yyappiping ebiphadical@d argp ad/pt P08 kmpeoysrend fo thetcaphcitorss

0. 025 mm and gemsmhm womm e%vmmém@mmqpﬁ&nay&mgﬁmmxmue of
about 0.04 by errJ r’r] 20. eiaédoubl e Ia er
capacitor of O EofP%“‘f YriasR wavs sy ehich dnslypes tigp measurgments, aylagge mungbenefi so5 g
por ous separ at Oparagietere pre detetnliped tgéhamatalizethexapcitoe aBioh @fanktxe inglhdediiercgiges of
the second elseclygilGce Sea&%‘%mschaé’écapwtme, st thehalfdlscl%;lgecapacﬁangp@!m, i 1R YiGiy

capaci tor havin | e capacitor case on which is found first
terminal and se istancey R, 23 orflqs o, peeet prpspatlysimppsed desirsd perfounancy pjteria, thesqyajues 1y ¢ he
case including ébuldle G 2208Faiad] Gpl>€L1 bydbar , 15@RGhdoR RONMilighif, @ L£C, SO 8d Yt €
sealed within Sél %Cé‘fﬁs sai d doubl e layer capacitor being characterized
by: the first electrode conmprising a first current

col lector foil (130) and Farthe firetgroppofsingle pell smyltrplectreds dopble layersemacitoss thatrbavenat ed
Wi th a prescoi biseh gdb ilaccoridite withi the prhisdnCiGtentvh)isl, Qithg the clagiShiall akign MothintFle fi r st

current coIIect t.h |rst current collector foil is
electrically conhec%u?“&ghe %I rs%"é??ﬁ ial means: t he
second el ectrode conpri s@@@@@t‘@ﬂ%&%%i%%% -oThe extremely lownd a

?igg)nd COWIEFSGZSMcSﬁHMBub?‘JIQBMmWHh aednmdanu‘sﬁed @dhﬁﬂifﬁchlbilikfixgmt al
- in ire Sica nt ac th the secon urre ol I.ectar
foil, and wherel n%%"é 9 tegm""(’:elfirJé.heen BPE Y B e'msnalg Ies P {nf
connect ed t o5t h@l%@@ﬁ@ﬁtt@m# neyer ﬁemﬂof can deliver. It is measured at loo%ﬂwmw S
separ at or nat er gofikrod ihé&ﬁr ﬁapoagaunslﬁer Al £ AECHH Dotbidatat 'RQ 6Buld be absiShe-
35 £ of th p | rst anq‘gsd%gond el ectrodes being placed agai nst
each ot her, butbafgEthe valup pf R, or shout bei ng prevented fromelectrically
contacting the second el ectrode by the Tabperdus separator naterial;
the first and second el egigragiRteRel N0 cPaDi£sSSed stgai Bekyig&ebnot her with 5
a const ant essure between about .35 Kg/cnferr] and 1.27 Kg/cnferr] within
t he seal abl capaci t or—ease—atd t+he—pr escri bed
el ectrolytic solution beitgnseal ed wit h2422 & seal a¥4e6 £ capacitor case so
as to saturate and imergg the first ang sesqgs el @clpsedas and porous
separator material with t rescribed glectrolytic solution. 10

“ge{c" afhﬁ%

22. The doubl e | ayer ¢ of C 1 characterized in that the
Rparallal 387 Q 53 Q
25 At described above, it is thus seen that the single cell, multi-electrode double layer

capacitor provided by the present invention represents a significant advance in the double-layer
capacitor art. The use of carbon cloth impregnated with aluminum, folded around a current collector
foil plate, forms an efficient electrode structure that provides very low electrode resistance. By
connecting a large number, e.8., twenty-seven, of such electrodes in parallel in a first electrode

30 stack, and interleaving the electrodes of the first electrode stack with a second electrode stack
wherein each electrode is further surrounded by a suitable separator/insulator electrode sleeve, and
then by packaging such interleaved electrode package within a sealed case that maintains the electrode
package under a modest pressure, and then by further impregnating the sealed case with a prescribed
amount of highly-conductive non-aqueous electrolyte, a double layer capacitor is realized that

35 exhibits capacitance values in excess of 2200 Farad at a nominal working voltage of about 2.3 volts,
an electrode resistance of-about 0.8 mf), a time constant of about 2 seconds, an energy density in the



porous separator material is made fromeither: (1) a sheet of polypropyl ene
havi ng a t hi ckness of at least 0.025 mm generally rectangul ar pores
havi ng an average pore size of about 0.04 by 0.12 [err]m and a porosity
of 25-40% or (2) a sheet of polyethylene 15 having a thickness of at |east
0.025 nm a woww®dsze di aneter of less than 0.1 [err]m and®eCIUSIHBBOSIty
of 40-60% 23. The doubl e | ayer capacitor of Caim 21
or 22 characterized by the el ectrol yte «@mnprising a solution containing
300 to 305 g of tetraethyl anmoni um 20 tetrafl uoroborate

(CH[ er r] CH[ er r ] yi&3 9 21913t Wiheky, andrapoyes rating of oyer 100 Witkztatari0p Aimp disth@e8 CN) .

24. The doubl edvadyigeouslyass bichlingParatabtad dh Rprovd WbihdrStied B capiitdr RperitiGe
netal that is inpredogted n&gv&gq)o egosga?thofbthqmc rbon fiber bundles
conpri ses al amenum of * ¢t &n iR O 55" >0 volts (which can be readily bedone oncogfthe i | e

| ayer capacit or imuritiys stegenpyed figpntheciectrolyticmiution) 40kl de weible of the @wiidxeduced] Bérh t hat
is inmpregnat esl \skainple At b GpEratifls Vbitafel o 8.0 valtd) thoeink) destitPlibedth §:8 WG rior
to i npregnation fg? 1?0-p35 / %rr, and | s 0.§%§u.55 nﬁ??ﬁﬁt ,%mmg3ﬁgs a
por e vol une gfmgla }B_)'iﬂ_l itor mgte al, 1nstead of a polypropylene separator, the effective electrode

36 resistance gy, be redidedeverofutilies; allawjr@theCitp aitinOsf tidfcapadis t8be3duced to
characterized i Beohdaats &ddgas. conpressi bl e i npregnated carbon cloth (136)
conprises a carbon cloth u@&f from activated carbon fibers arranged in
bundl es woven to form t he YearBdRveRiop daseribed shove s besw fescribed tpy anease of specifiri num i s
i npregnat ed it embodisegtpand epplitatidnstherof! dugeras nodifidatidhs £d ViRfiont Ed0RbE mada méfedo i N
each carbon fib : V. l.ectric esi st ance of
eac roont Cis% %hﬁd-dgfgkﬁﬁﬂemkﬁgﬁd&%ngﬂ%{ﬁ-esﬁ{pﬁgﬁ q iy uaoglsee?}mé%%@&c{,w
havi ng a seal abl e capacitor case on which is found first and second
term nal neans and an el ectrode assenbly within the case 10 including first
and second pluralities of electrodes, and a non-aqueous el ectrol yte seal ed
wi thin said case, said double |ayer capacitor being characterized by:

an el ectrode assenbly (143) conprising a plurality of el ectrodes, each

el ectrode conprising a current collector foil (130) and a conpressible
carbon cloth (136), the conpressible carbon cloth inpregnated with a
prescribed nmetal (94) and in 15 direct physical contact with the current
collector foil (130), wherein current collector foils are electrically
connected to a first termnal neans (135) or a second term nal means
(142), such that adjacent current collector foils are electrically
connected to different of the first and second term nal neans, and
wherein a porous separator material (140) is positioned between each of
the plurality of electrodes; and 20 a seal abl e capacitor
case containing the electrode assenbly (143), the seal abl e capaci tor
case having an interior dinmension | ess than an exterior dinension of t he
el ectrode assenbly, wherein the seal abl e capacitor case applies a constant
pressure bet ween about .35 Kg/cnferr] and 1.27 Kg/cnierr] (121) agai nst

the el ectrode assenbly. 25 28. A nethod of making a
doubl e | ayer capacitor conprising: (a) i npregnating a
carbon cloth (92) with a netal by spraying the netal (94), while in a
fluid or vaporized formthereinto, the carbon cloth being woven from

activated carbon fibers (122) in carbon-fiber bundles (120) wth the spaces
or



voi ds (126) between individual carbon fibers within a bundf

| npregnated 30 carbon cloth (136) is created having netal E}ﬁhg Hég BEEN.
37 (b) forming a plurality of currenf coll CEBoi | s
(130), each foil having a tab portion (133) and a paddl e portion (132);

(c) bondiypg ed/figeat ab portions (132) of half of the pl uralpcryusefisesm r ent
collector foils (130) to each other to create an electrical interconnection
(135), thereby 5 formng a first foil staay-(134); ' (d)
bonding the tab portions (133) of the other half of the ptw%édtHééBéinRe(laced

current collector foils (130) to each ot HBsAIMS create an e
I nt erconnection (142), thereby formng a second foil st

(e) formng first and second el ectrode stacks by positi
i npregnat ed car DYt iBF¥PHiE136) | agai nst thepaddl eportion (133) of eachofthe
current collector foils of the first and second foil stacks, with the

sprayed side of the A'Meq&&%%gm%w%gﬁf@@o&%ﬁ ﬁggpq"glgglngds} t he

current coll ector f0|

separator porti W@P&'@Slsﬁ\?@@a@&mwhﬁﬁ%&ma@ﬂmﬁﬁé“o ﬁm’%b’&%ﬂﬁf“

el ectrode st agk capaioftbrmitlalgsodifal Qerel, AndXBd §adohdSiirt Bavinlg b Qb capeit6rQérmmalt or f oi |
and its associatgd | o

i nterleaving the e?ectro eétaggr&%eg'f"nf& EJ] con(sfpaethoer(‘:“f“}“B e édq%pamﬁ' SO
t hat each separ mmﬁef%q%ﬂq%@mfdscwmwmmuma»amgmm
aﬂj acent el ect rQﬂﬂ&WﬁM&ﬁr&c&dﬂ A& Rdtic Sdisich @ﬁdﬁmfnmw &@%M&&LI y
shorting agai nst n_int e ect e st

(19) Wit h i he ClpafR R pheaety el od Ruens i A Ebbr MR | e
interl eaved & e&eﬁmlmbevdgwmt ed in par allel;

f(h; ” apiol ying a COEStan%ﬁﬂ{mﬁ]&cl@ : d a plaatity ¥ gtggo@gsf r&ch@ﬂtggoh de 27
g/cnferr] again e . interl eaved. el ectro o forg e
sprayed si de of ?'h%}' st eleptpde sk compting 4 WAt °8f°8‘["?‘f°‘ (R%)m’iéﬂaﬁ%“fp ® EhM ent
col l ector foil s cloth impregnatet withleluminiwe (186)\in direct|plyysieal mgcttwkbﬂ:eanteacobllectesfolsMnce
bet ween the cur Rgbbin e bdrRtloQfectirdil of 2R lectBf i LORIRE(D e \ifst apaciior BRh

| mpregnat ed car bon_ cl ot ) saturati ng the

i nterl eaved & e&efﬁﬁ@"?f’g&ﬁ?‘fﬁ‘b’“\ﬂ'f’??“?‘fﬁﬁmzi’ﬁfﬁl%'ﬂé‘“ first qapagitor fopppinal wa Qi { ¢
t he i nterl eaved r@pectte rocat calteatarfoilss | ner sed within the el ectrol yte.

29. A method of making a gdopih QectroiéShack Qﬂﬁ%}&ﬂ?ugﬁ@%ﬁx&ﬁt&@ﬂdx&oﬂu,

38 I npre natl ng each ur al car bon cl ot hs
with a netal (9#letrode of fhe second sl ‘Bﬁ’erﬂaﬂbwﬁprﬂf“é?%l‘i"ﬁﬁwlﬁmfﬂﬂ??@gﬁél”éﬂ“car bon
cloths (136);  compressible carbon cloth imprefuatetivitigaluinijidn (138) inidifecOphysicel comtdt withGhd ect or

foils (130), @agm,&;coﬁg,g,fgﬁ gfmek% mm.%?, %igcm%o&%hl E&Jo&’er.sm&eh&a%aswg&w

tab portion (133) and pad ﬁgr I on
the tab porti on “¥feitgeteming Whsrdy theplectreres ofithe sqspadielsstiodeptag are.ql cpnappted in parallel
collector foils udtﬁe@a:ﬁMmﬁciuﬁterﬁnﬁhwmmaspadﬁveAuﬁ&iwl&&Hdmt er connect i on

(135), thereby form ng ngﬁa&é gmhé B'Q cg%ﬁyegeg NbiesGP &ot‘pr

foils (134); each of anot her
hal f of the pl uP‘éﬁkr@?WW&W“SWM@WW@W@SW%ﬁMher to create
anot her el ecesical i nter chaaeabdeOdt tHe TidPind sdcdh@ GIBdRY beikig inkerlbaddYgth dach Ghié Bdl

plurality of bo m% ﬁ%&@é&%a@aﬂk&oﬁ&&a‘c’{ (IEB ImI xﬁuc‘; %«g&m electrodes are prevented from
electrically contacting each other by the porous separator sleeve; and
the interleaved flat electrode stack being maintained under a constant modest
pressure within the sealed capacitor case.

30 2. The double layer capacitor of Claim 1 characterized by the first and second parts of
the capacitor case being made from a conductive material, and wherein the capacitor case includes an
electrical insulator to prevent the first and second parts from electrically shorting to each other when
the first and second parts are fastened to each other to form the sealed capacitor case, and further
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form ng, respecti vel y, a first plurality of electrodes (st —
second plurality of efmhgaq%@eéﬂémg&dm by positioning or'mm% BEEN

plurality of i mpr eg ot hs (136) agai nst respecth Bdl e
portions of each of th§
foils and wasgsasbé2ve p [ of each of the 15 se®CRUSPVIERH| ity of

ality of bonded current collector
bonded current collector foils, wherein each of the first and second
plurality of electrodes conprises one of 4ie plurality of bonded current
collector foils  and the one of the plurality of inpregnated carbon
cl ot hs; wherein the first capacitas teppipabengpriygs e first part of the Saparite casegnddhe seoorde t 1 odes
(stack A) and tclgcisreminl compridbsikeabcoddypa®bf il caratitondl@®s (stack B) with a
respecti ve porous separator portion (140) 20 positioned between each of
said first and second plurality of electrodes, wherein the respective
por ous separ ator poPfti onThadeehls leyascapasitonef Cldir & prr2 wheteinjthesurrant agllectorioijefdi

aflj a;:e_nt | Onﬂfgtﬂfdsm.efehfoﬂs' s:mdm?aammth orpdlt mdiatgwa?ime&miz;,qm_ te%iaiéentijng
el ectrical shortin ai ns ac er, there or.m nin eave

el ectrode st cl%mf'ig%i‘%%‘ ot (1365l contiict wj ‘éﬁpﬁ%“e?'é'%‘ré}t%"éﬁf“"ﬁ?té e

bet ween about .fgibofiash elestrederstackannd fuithe Whitejh therfale postfon 253)ccf the pstenteblisctontoibaf | eaved
e: ecEroge SEaCEa&%MdeAf : ip;hﬁﬁrstelectrodestackl(suka)S@ﬁoHJeéltolti&uH@oﬂogIoﬁsrdfﬁx@Mt

el ectrode stac W th an electrol yti olution; and .

mai nt ai ni ng t h&® W@‘P@&”@Mﬁw&m%&&%wﬁ“(ﬁéﬁa'%WMWPH‘?F’%S

el ectrol ytic scbnndtedito th3first capacitor terminal, and also wherein the tab portion (133) of the current

39 10 collector foil é’leach TBrodbBi HQ%OJBE elgrﬁfﬁ @taf%lglr!)}[’gﬁé{i?wa%% fl ddPLEINAL i Ng

of each of said | pkura Ity of carbon cloths er conprises

i npregnat i ng ed@mionsor Geurrens pellectar fqils ussd within the seqgnd plectrode fack te; forpn aserprd bagded;|

(94) by sprayi ng ponibi g42) rhet isdonsbataito thi beCond cdpitor tekadiagl. of a carbon fi ber
bundl e (120), thereby reducing carbon to carbon contacts and decreasing a

5 transverse resistance of the carbon fiber bundle.

31. The nethod of C#ai m 79 dohiepyst capagiton efi Clim & whesnin the,firptiaptseepad v9ais qffheo f
each of said plcagaéibor daye aitfmachied fom SlinfibdiSand tollboighlySitigh nb Hibre @@iladbbit 2ED ¢St ep. 10
32. The nethod of Claim31l wherein said controlling porosity of each of
said plurality of carbon cloths further includes adjusting a standoff

di stance befheen a 3- spbpdovhin leyer camcitor of(dpim A whereinthefirgtfandssacopd pyrtafthe i t y of
carbon cl ot hs. capacitor case are stamped or pressed from coppenelad@hiniiideh a0d coflécBvel wiikh Wb@inci N sai d
controlling poraﬁﬁ“o\ég()f each of 15 said plurality of carbon cloths further
i ncl udes controlling~a sweep rate of a spray unit relative to said each
of said plurality of carbon cloths (100). 34. The

nethod of O aim 31 her eirke dodietayedagatitdk bf Ohm P Rhdas thy firgtfandoha fafts of heSai d
plurality of carban cloths further |ncI.udets. on‘f'r“ Ililpe?e.a g‘fl l ver
tenperat ure andPBORPEILHAL fym anop-spuiicive mpterial e %’?’43’ i eI RN of sai d
plurality oR0 cdsiyiosl coshpgieds g first feed-through terminal that is mounted3# the Tiksbpartof ioeipagior Cl ai m 31
wherein said CQab,aRd Whehéh tAbcORd daphci@F tefifiial coprises a sstardFeel tHidudh iefninalrhonfed DON

cloths further oinﬂ.d ud smaqjmustl ng. an el ectrical current to a spray uni t
(100). 25 ° part 6Fho capE ' FAE net hod of O ai m 31 wherein said
controlling porosity of each of

7. The double layer capacitor of Claim 6 wherein the first and second feed-through
terminals at located at opposite ends of the capacitor case.

25 8. The double layer capacitor of Claim 1 wherein the capacitor case further includes
two sealable fill holes located on opposite ends of the capacitor case.

9, The double layer capacitor of Claim 1 wherein the compressible carbon cloth
impregnated with aluminum and that is used as part of the electrodes within the first and second
electrode stacks comprises a carbon cloth made from activated carbon fibers arranged in carbon fiber

30 bundies, the spaces between the activated carbon fibers within a carbon fiber bundle being referred to
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said plurality of cérbon cloths further includes adjusting ' .
an exhaust fan (112) in_a d|r C 'ch away froma spray u lS( 1 HAS BEEN
40 h‘mm f{m f O aim30 wherein shid i REP AGER i ng

step includes I mpr f said plurality of carbon cloths wth
sai d net al wiPshlisoszai d sel ected from a gr oupCT/USRTI183SY ng of

al um num and titani um 38. The nethod of C aim 29
further conprising pressi ng each of said-3-plurality of inpregnated carbon
cloths with a nechanical press prior to said form ng of said first
plurality of elasbe Mteyfafthe §MWIAMWNMWWGU¢ISHMWWNW&=e%honodes
(stack B). clothQand further wherein the alumimsn is fbpreghiiel HRARQbw 6f (8 fiBbrdndicd fellRE the

conpri sing wap i nterl ved el'ectrode stack (141) with an
i nsul ati ng mat é‘g'i“&ﬁgs (ef‘ﬁ‘ff)“"fﬁ]?‘l‘%’s" °g’ ai d appl yi ng of said constant
pressure between about .35 Kg/cnferr] and 1.27 Kg/cnferr], formng a

wrapped i nterleaved,gl eCtl'ﬁteqﬁJlei; &éfgfhalmQJdﬁerem the alunnnum—xmpregnatéh@arb(ﬂqe
met hod of C aim 39 wherein sajd applyi n% sai d_copst ant Eressure bet ween

about .35 KgJ cfolvit ipriberepmpreged v e prpspie pfat jepst | PRt reducing the thi

placi ng sai d wakmined-imprégestddeiathchyl aldbiciS ¥ pridetoplacingt ip tehipt viib thae@rentaoliectirper
conducti ve shel g&gﬁ.stgmeg *ﬁ&"ﬁmpw i ve shell (150); and _
attaching the J&p“[g(e,r con uctlve&s e nd the | ower conductive shell 20
together, an interior dinension fornmed being smaller than a di nensi on of
said wr apped I nt e1.] eaTRdioshiedayer cagheitos bfaldim ((lviidgein thelammtbi-ichypéghitadg sai d
wr apped interl %MQQ § C c [ | i '

di mensi on. Lf%;' El?tﬂ%fmﬁﬁ&%ﬁgs otfrg'f ﬁ%ﬂi"g‘? W&\Ma“} t%d%[%%f (v ?’@ e‘lru%to
conpri si ng PP acpuiagt beth sidesof, jesespertjverarregtoellestor 0-58) i n bet ween sai d upper

conductive shell and said | ower conductive shell prior to said attaching

step, formng a clangghel 4 The met hod of
Claim 4l further CO%I’I S{meaa%n%‘?ﬂbe}’: "'“wmfcmm"w}'mm“fe i'ng e ec‘?tgl Pcal l y said

el ectrical int emmﬂ@o'!ﬂhehm(nm%hlb!@ﬂamwm@mmﬂm W@n@abﬁlt B g/mwer
conduct i ve shelahd i dppokin@ial 030085 HRMALK, &R\ Gbrb VétuniREAbbut 1.53%) mygand

41 coupling electrically said other electrical
i nterconnection (142) to an interior of another of said | ower conductive
shel |l (152) and sai d@3.upp®he dowhirclepet dapacitos pfelldim 12 wierelm@ie. weight of the aluminum that is

15 impregnated into the carbon cloth comprises no more than about 53 % of the total weight of the

aluminum-impregnated carbon cloth.

14, The double layer capacitor of Claim 13 wherein the transverse resistance of the
aluminum-impregnated carbon cloth is reduced by a factor of at least fifty after impregnation
compared to the transverse resistance of the carbon cloth prior to impregnation.

20 15. The doubls layer capacitor of Claim 14 wherein the capacitor case has an internal
volume of no more than about 375 cm’, a total weight of no more than about 600 g, and wherein the -
interleaved flat electrode stack includes at Jeast S0 electrodes, 25 electrodes in each of the first and
second electrode stacks,

i6. The double layer capacitor of Claim 15 wherein the capacitor exhibits a capacitance
25  of 2300 Farads +10% at a rated voltage of 2.3 volts.

17. The double layer capacitor of Claim 16 wherein the capacitor further exhibits an
energy density of between about 3.4 to 3.5 W-hr/kg, a power rating of about 1000 W/kg at a 400
ampere discharge, a total electrode resistance of less than about 0.8 milliohms, and a time constant
no greater than about 2 seconds.
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5 " 43. The nmethod of © aim 42 wherein said sa lp_"ﬂg g&&é’gﬁcﬁggw

conpri ses: a defid said wrapped inter

. t W eavethed
stack (143) |ocated i rdjsgheet Hasbesn amshel | assenbly with baid
el ectrolytic solution, UlH ml aid electrolytic solution into said
cl anshel | agyeo#idosz t hr o e (167) in said clanstaaiusyzisasgssenbl y;

and 10 sealing the fill hole with a seal plug (168) received
t hrough a gasket (166) into the fill hase. 44. The
met hod of C aim 39 wherein said applying said constant pressure between

about .35 Kg/ cnf er r |1B.and The degbladgperqapagitor df Glaim It prtiesein the prescribed electrolytic solution

pl aci ng sai d Wiamein if\nerhddmiosd 86l a el bR sSiV@EHKto WhtPA prddritad Ainosint 1101 €-
ended el ongat ed CQ‘%{‘%R’EF’%}?% having ing g{ nal ., di mensi ons slightly

smal | er than a *P® igsplvad,, phprein s specified organic polvent cmatises acetonitile o oc i .
t her eby appl yi HGHED,and@psindetspecifiedpibenprises tatthyenniab ttrflon@ierég/ cnf err] and
1.27 Kg/cnfesr ](cﬁ@'r)ﬁ@bms RhaCvrfeiR B3 Phlschibkh Gitib 6ENSPecified Sh Rl sPfiedtbRlGs and 20
attaching a termnal (172) to each end of the doubl e-ended el ongat ed

cont ai ner. about 30010 305 glliter. 45 The method of O aim 44 further
conpri si ng: coupling electrically said electrical

i nterconnection (133) t Oﬁﬂo%ﬁgégﬁg\opwc&&zg%hegeﬁn Wm@@pn&torQ&jteqsmﬁe

doubl e- ended el ongat ed contai ner: | ) ) coupling

el ectrical |y sdfomashestnf pelynmpylpne hayingia thickpessf pfdeastiO 01 jnchssand qngvegagp ppre size of
termnal (172) abdut@opbyoer2 umnd of sai d doubl e- ended el ongated contai ner.

46. The nethod of O aim 45 wherein said saturating conprises 30 saturating
said wrapped interleaved el ectrode stack (143) located inside said double-
42  ended!®] ongat @& corkdarhipdgyeq careiior havinga seglsbip cantacitor qags|op which is Brmgiaifissy by
directing sai d termin@laCd sesdhd/teintinals @ predciibel elbckibIPticEatibn Salddvilinsaid 84de, BdidddgeM ed

container throygh a fjll.haole: and sealing the fill hole
with a seal pl ll:l{ er(cilggkmlr’eé" éil'af/agamf‘ﬂbry()ugh a gasket (166) into the fill
hole. 5 a firstiefectropip compriningadirsd furrit gélingtor doil (h32) md afisthii d pl aci ng

s?i d w[ agped t.ep&.msaml:.l amem elotB) ifprognRetni -&ta?gkcﬁwtnﬁm _ éﬁ%iiﬂdﬂ&%}!s@? é‘dﬁfi&dmh g

el ongated c r C. i.Ses aci ng.sai apped | eave

el ectrode sﬁgc%‘%ﬁﬁﬁ"‘%%'ﬁf‘wf%@%‘fmm gﬁ%?@“&%l'@&%ﬁ@@“ﬁ%ngat ed
container. 10 capacitor terminal; _ 48. The nethod of Caim46 further
conprising placing an !na%&hu%dem.gaﬁﬁgxwmteolqummdsesa%&m nal
(172) at one end of .éal dolu |.e- ende 'ﬁl on?egc{n,g% cont_al,nerﬁs.l?O and said
doubl e- ended el Y 8“‘38?:?81 yiEpregnpizd with the JeetaL (1 1).inflipspt phybical contagt ) o
end of said douviith¢hegeraricursintoliroeilil,ahvinicindie sicositnaai @lldoribil 5-bendeizol the

el ongat ed 130 C QbR Gfakitor Rt dOUDI e- ended el ongat ed contai ner being
conducti ve. 49. The method of C aim 29 wherein said

i npregnating conprises ®POHSFERYRNSleng (4D phced prowng;the sorprdelertiofss - ar hon cl ot hs
with said metal (94) for tefigt@dicond eleqrbdes bring pliced hgainstpacks gt tetthectirstbon ¢l ot hs
having surface eﬁ&ﬁ»ﬁébeﬂ:ﬁ@@&eﬁéd Mecgigﬁy ginﬁf:tfn“hg sec&g electrode by éhe porous separator 50.

The met hod of Cgllegvie_m 29 wWherein sald I nterleaving conprisé

25 the first and second electrodes being compressed against each other with a constant
modest pressure within the closed capacitor case; and
the prescribed electrolytic solution being sealed within the sealable capacitor case so
as to saturate and immerse the first and second electrodes and porous separator sleeve with the
prescribed electrolytic solution.

30 21, The double Iayer capacitor of Claim 20 wherein the porous separator sleeve is made
from either: (1) a sheet of polypropylene having a thickness of at least 0.001 inches, an average pore
size of about 0.04 by 0.12 um, and a porosity of 25-40%, or (2) a sheet of polyethylene having a
thickness of at least 0.001 inches, a pore size diameter of less than 0.5 um, and a porosity of
40-60%.
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bet ween each of said first plurality 25 and sai d second
plurality ofyosAasdss odes. The met hoRCTUSIT1SA5M 29
wherein said saturating conprises saturating said interl eaved el ectrode
stack (143) with said electrolytic solutiom- conprising a prescribed

solvent into which a specified anount of a prescribed salt has 30 been
di ssolved to form i o2ls. -Thedouble layer capacitor of Claim 20 or 21 wherein the constant modest pressure

43 . used to compresythe firkt s SRhd\@GtrQiLs aplirdl dRhdtheVddBpriRbs pRabid ofiRiwdinat | NY
step incl udes slgt yrating said interl eaved el ectrode stack (143) with
said el ectrol yt P 1881yt i on conprising acetonitrile; and said specified
anount of tetraethylammonium 5 tetrafl ouraborate. 53.

The nmethod of d ai m%? We%\mlewgrQaWo? fi{io[‘ Jr &'ﬂ?efnthqprmi SE€S

i npregnating each of said pluralrty of carbon cloths conprising activated

carbon fibers, Fletmitip soiytionsed s satpratsand immeres thedirst and gscond\gleqtindes sompESES &)1 v 0j ds
(126) between 1épetifisdiorgasicisdivent fovehith b plaefilkd whdulitioNa edifitt kit Masibdn @issolved) dide

being referred {Q §§%F oM/, t Hbﬁi immﬁ . wth
t he carbon-fiber bundl és efﬁéﬂkw%géeé‘hw?‘gé?o%m%ﬂg c‘,at)b‘g‘ﬁ% ot %%ﬁilﬁ%g%lrtayi ng
sai d metal (94) comprfes traefhylamaniugy tojrafloyrahqrase (CHLGH)NG'BF 2 sl whtei theipppscgibed ratiogl ™ oy
of the carbon-f theegecitiddragii 16 the bpbalfiti solventlidabout 300 to 305 g/liter. 54. The nmet hod of
Claim?29 wherein said formng, respectively, said first plurality of

el ectrodes (stack A) and said second plurality of el ectrodes (stack B)

i ncl udes sai ¥ form n r eBisdeubleJayerygapaciton of Clajny Btwherrin the bmpyessiffe cebendatodes and
saig secong _ghibllfiahﬁp?e}é?a%vﬂ\ﬁﬁﬁmmﬂl%ﬂk&tﬁgbnioﬂﬁ%ﬁﬂ@&?n&éléiﬁodﬁsl??) of
sai d one of sai ur al i 0 sai d. i npr ed carbon, c s directly
contacts said off o¥“§%‘rbaxﬂf‘[5m°ifw"‘g‘?"%p&r§@%bw@ﬁ?‘“&&%ffg’&‘gf’ %0i I s.
55. The net hod erfaceghetvenn thOactifated esrhon Ghersvithin 2 carbop fibr ngpdle heidg refersed tpds the “tow”

I Int er: eftvn n? sabﬂha‘mmmdm,wm%b&t iﬁw%&htﬁﬁ&mﬁm‘ﬁ{@ﬁkfoﬁm@&%ﬁ%ﬂ, .ﬁfcond
plurality o el ectrqdes (sta Wi respectiye_porous separator
portion (1408 p8“§+7'i ﬁ%ﬁ&ﬁ@@m‘ﬁﬁmﬂg'ﬁawe}%% '%°f§‘?ﬁ§ﬁé‘“éiéi?dﬂ Meurality
of el ectrodes, twimevese resistinee qf the cnlonslethar at or portion functions as said

el ectrical insulator between said adjacent ones of said first and second
plurality of electrodes. ) . ..56. A nmethqd of packaging a
doubl e | ayer capacitft coM5APubiejpyer capapitor of Claim 24 wherein the preseribefl mptpl fhabis 5 e

i nterl eaved el ettpragubed itabkto 218 cabamfiber tbhdieg ofthe carbl dittedomprisesafuminatmer | eaved
met al i npregnat ggumar bon cloth el ectrodes, each of the plurality

I nterl eaving said first plurality of electrodes (s'ta_{é-k A) afdrga o170 Mpumm
plurality of el ectrodes (stack B)ThjSheet HasdBeenrRealagedr ous p W%@%% BEEN
material (140) and a porous pol yet $Hlﬁ m '{l (140) Sitli D

5

20 26. The double layer capacitor of Claim 25 wherein the carbon cloth that is
impregnated with aluminum or titanivm exhibits an area weight, prior to impregnation, of about 130-
135 g/m? and is approximately 0.50-0.55 mm thick, and has a pore volume of about 1.0-1,5 ml/g.

27. A method of making a double layer capacitor comprising:
(@ impregnating a carbon cloth with a specified metal, the carbon cloth being made
25  from activated carbon fibers, formed in carbon-fiber bundles, with the spaces or voids between
individual carbon fibers within a bundle being referred to as the "tow" of the bundle, and with the
carbon-fiber bundies being woven to form the carbon cloth, by spraying the specified metal, while in
a fluid or vaporized form, into the tow the carbon-fiber bundles;
®) forming a plurality of current collector foils, each foil having a tab portion and a
30 paddle portion;
) bonding the tab portions of half of the plurality of current collector foils to each
other and to a first capacitor terminal, thereby forming a first foil stack;
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44 of interleaved nmetal inpregnated carbon cloth electr oIS

bei ng i nsul at ed from adj acent ones of the plurality of ijn P

i mpregnated carbon cloth el ectrodes by a porous separat of

(140), an insulating material (144) surroundi ng the w apped I nterleaved
el ectrode stggloshssts): S appl yi ng a const antClossasSE

bet ween about .35 Kg/cnferr] and 1.27 Kg/cnjerr] agai nst the w apped
interl eaved el ectrode st ack; -35- filling a capacitor
container with an el ectrol yti c solution, thereby saturating the w apped

i nterl eaved el ectrode(st ac&onqﬂghaaibﬁohbﬁsermeuﬁe&hamdmeﬂhﬁm6ﬂ3ehxye‘ni®uectorfous
solution, the el %%%Qhﬁ&&m%%' Reiss ny g}%yqorﬁ[n§§%gdnpggg§&l vent into
een

whi ch a specifie anount rescri bed sa I'ssolved to form
ions, the ions being &bl e forung firgt andsecprg elsctrode stasks by, priitipninese inpreeyaged casop oy s
separat or mat eri abth(madgs;in BepEa), against the paddle portion of each@fidhé dhgrert botlecton P of iR First

| rer otd i i FRae o A0 G bl B8 7 oS i i

met hod of O ai m Sereptiselledtorfoilsai d appl yi ng corrprl ses pl acing sai d wrapped
interl eaved el ectrodeggt ac;kacmghbdrﬂmapdﬂ&hiesmmﬂﬁ%&kheawom&@&a&d&ﬁémde

(170). The neth erein,sai yi ng
conprises: 20 stack, whero an el plc%cﬁ"ﬁeéagué? 'gc‘\’/\qfﬁecé‘br;g‘gf(fm F%"é‘\%éﬁrbeﬁ' g??‘%g'le
stack (143) in bthepsaipst:an upper conductive shell (152) and a | ower
CongUCt! ve Sﬂﬁil : (120 anidler}genvnllgtheelectrodesoftheﬁrsﬁﬁciﬁ&)ml éMdbﬁachS @at the h
conductive she t he ve she together,
interior dimensi 5"%"73%5*?%"8 81"??9” ﬁ’ﬁ M%@ﬁeﬁ b"‘ﬁm’é‘fsag‘%ﬁ

interl eaved el ectleatrades ﬁwtad&tr(cdusl)omngmmgchﬁ@rdm@yQum&mﬂpbe&qhq@eI eaved
25 el ectrode st aglyn ﬁlgmrﬁft%l)é&&bods bﬁlt&%’ﬁé él&[rodgé mgﬁhﬂaved electrode stack being

59. A nethod of packagj % éer capaci tor conpri sing:

pl acing a netal - F‘Wb‘?"@‘g W?&WWE‘F 5t 9 g9 cappriten terinaly 143) "within a
contai ner (173) incl u ng @blgiog & wollest tapstant presnge AgdinsPihe intefiaved eladtradenaek tifaxck NQ
internal 30 di MeggiHss &l 'oﬁmlh}éreg%m'liaﬁ%n&&ﬁ‘&aﬁm%m'caﬁcm&ffodsmmm

met al -i npregnat ed carbon eI ectrod

45 capaci t or (bgmby)lovesipg b?“%ﬁf‘wg%m%i”mw&mﬁ about
.35 Kg/cnferr] aﬁﬁi’rwcarbonlﬁg&dlﬂﬂﬁmﬂgamahd’lst the netal -i npregnat ed carbon
el ectrode capacitor; g samnngmem:eﬂeaveéé:&l.&d@&é&ﬁh&%@lﬂ%h&&n@)d W'th an

electrolytic solutlon and seal 1 ng cont al ner.

60. The met hotf i ﬂ*ﬂl&ﬂmawhsywméﬁ“ekﬁmw ipmeresd wifhie %ﬁm‘&@ spptiop,; 'hbelegtmllaw
net al - i npregnat esbhtios mfrisily @ plescribtd salarciatd which apiciiedaniburt o uprsdribsdaalcianbead ner .

sai d el cct rode ¢ SEraul ot ppaf RELEA el e By e BT ;T

sleeve.

This Sheet Has Been Rerlaced
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