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solution, and housed within a hermetically sealed case
including a hermetically sealed, electrically insulated
electrical feedthrough.
There is a well recognized need in the
20 electronics industry for a rechargeable energy source
with high reliability that can provide high power, that
can be charéed, discharged, and recharged quickly, and
that has a high life cycle, i.e., is long life. Among
applications that could benefit from such as device are
25 industrial applications, consumer applications, and

automotive applications.

Double layer capacitors, also referred to as
electrochemical capacitors, are energy storaée devices
that are able to store more energy per unit weight and

30 unit volume than traditional capacitors. In addition,
they can typically deliver the stored energy at a higher
power rating than rechargeable batteries. .

Double layer capacitors consist of two porous

electrodes that are isolated from electrical contact by a
35 porous separator. Both the separator and the electrodes

are impregnated with an electrolyte solution. This

structure allows ionic current to flow between the



el ectrodes through the porous separator at the same tine that the porous.
separator_pre q%s an electrical or electronic currenty '9?'9 ed to
ionic cur?&n‘l‘?g om shorting the two porous el ectrodes u %Sto t he
back 5 of each of the active electrodes is a current collecting plate. One

purpose of . the current collecting platg is to reduce ohmc |osses in the
doubl e | ayer capacitor. If these current collecting plates are non-porous,

they can al SOebectmsaa:mnt;hothé%Weebafaﬁsalat J&@%hmleethﬁxef

capacitors sto I g a ariz ui.d | ayer which
forms when a ;gg ‘?{: %Z"Xt‘)%tsstsegg?%% evegﬁgcﬂ’o %c ??#@1585 in an

el ectrol yte. méw%wmtc@m'ﬁat (as gondsed &er donicheurrdnddt frdws, a doubl e
| ayer of positENereiy rte@a&wepa’éo@@aéwl-baeéorn@&a edh-.% the back

el ectrode- eI ectro e t.he pane ' er"” capacitor)
by the polari égt‘{"%‘thho %gé{'% g‘?&“é?ﬁ? §fe? t%“’f:’?%ﬂtgé’ ﬁ@ﬁ&?‘ﬁ?l on
under the appl Pbatey e@me @urpelse ofirkhealotwrént collértihgalater isntati on
and al i gnnent ﬁéd@é@ﬁ:ﬂfnﬁlcyuessag ﬂﬂ'ﬁ@'d%&b@&ela§£'§ @dBaldi@coi-urfife of the

el ectrodes. Th e. r [Q in_el ectrochen cal acitors
with high pOWE‘?h%%d & errg‘ %83% %ﬁggggﬁt are N RATMSn EHV ABage in
this technol ogylmd%seeéaasoparhaef &leowapanitoy seal car bon el ectrodes can
be fabricated - 25 with \De:h)blal mayéblréa}fa%;%beasstozF@Qi&@éx‘o%%aeicdOUb' e

| ayer capaci to‘regewlth carb 2 el, ecéjf g r}%r}é\%m he art for
quite some tinE oRd & eRAATAGSUNTIBY FX?ESW T2 {t°T%5s ¥hehedo, 616
(Becker), and Bomlmexéssabetweﬂ-n Jtwo3elachepdes pinidmsed dnmany car bon

el ectrode caperééeroe,ytencl Wﬁeﬂgtﬂé%t%nlti)iQHEa%HéH Scrogst Pk the
performance of aci tor gcause h| gh i nt er nal

resi stance of ?#‘n gtcrar on & QBPgbﬁeiayerTﬁ?spﬁ?bﬁ"Y?lt”é?dné}e%%i"%t ance may be
due to sevdPal cimrdestisr £ormad| mlti@tmcnrgﬂetemmmrm dn&erfacé t he.

i nt ernal CarbO(h@z?déJOIthEOBEﬁEtEdo@tﬁiatlhﬁeif" dci E&%‘%f Rpg of the

el ectrodes wi t[.a cULient, ggl Legt ofe 0,01/ 13388" PCTT USU0/ 20437
separation under the applied electric field, and also due
to the dipole orientation and alignment of electrolyte

20 molecules over the entire surface of the electrodes.

The use  of carbon electrodes in electrochemical
capacitors with high power and energy density represents
a significant advantage in this technology because carbon
has a low density and carbon electrodes can be fabricated

25 with very high surface areas. Fabrication of double
layer capacitors with carbon electrodes has been known in
the art for quite some time, as evidenced by United
States Patent Nos. 2,800,616 (Becker), and 3,648,126

' (Boos et al.).

30 A major problem in many carbon electrode
capacitors, including double layer capacitors, is that
the performance of the capacitor is often limited because
of the high internal resistance of the carbon electrodes.
This high internal resistance may be due to several

35 factors, including the high contact resistance of the
internal carbon-carbon contacts, and the contact °
resistance of the electrodes with a current collector.
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Another related approach for reducing the
internal resistance of carbon electrodes is disclosed in
United States Patent No, 4,597,028 (Yoshida et al.) which

20 teaches that the incorporation of metals such as aluminum
into carbon fiber electrodes can be accomplished through
weaving metallic fibers into carbon fiber preforms.

Yet another approach for reducing the
resistance of a carbon electrode is taught in United

25 BStates Patent No. 4,562,511 (Nishino et al.) wherein the
carbon fiber is dipped into an aqueocus solution to form a
léyer of a conductive metal oxide, and preferably a
transition metal oxide, in the pores of the carbon
fibers. Nishino et al. also discloses the formation of

30 metal oxides, such as tin oxide or indium oxide by vapor
deposition.

Still another related approach for achieving
low resistance is disclosed in United States Patent Nos.
5,102,745, 5,304,330, and 5,080,963 (Tatarchuk et al.).

35 The Tatarchuk et al. patents demonstrate that metal
fibers can be intermixed with a carbon preform and
sintered to create a structurally stable conductive



WO 01/13388 PCT/ USOQO 20437 4 matrix which may be used as an el ectrode.
The Tatarchuk _at al. patents also teach a process that ms.,t he

el ectricaVH4%388 ance in the el ectrode by reduci ng the

car bon-carbon contacts through which current 5 nust flow to reach t he net al
conductor. This approach works well if-stainless steel or nickel fibers -
are used as the netal. However, appli &ants have learned that this

approach has mtrtfgeahiaﬁctﬁéffag e ae gw%@a toger sl erattt%gﬂugecause of

the formation of al um num ca sinterin
the el ectrode 8*ARdrhBAtSPES %*s‘?:cﬁﬁ?éﬁhnal er’ﬁésfa’b‘??‘&a‘tqd&?eﬁf 8oubl e | ayer
capaci tors reledieetricalheeststmiteofin chenetechgoddchy wedniingothact or pl ate

to the el ectr gdGper Btsca,%bamf@an cREAUEE ERFobdH SHIIRGE RELERED he 15

el ectrode and the current co c or plate is_ano rce of I nternal
resi st ance f "t"ﬁé‘ dd0K| £o| x§ach t:taér copguctern iThis appreashst ance
must be kept amrksowead mﬁsstdaixelesé Stekat et nieke¥, fibarsl AreNusbano at
al.) 20 suggest I S u m ont o
one side of a"a%()igrgl g‘ggﬁl' pﬁ&?lé‘;% agﬂi&:%ﬂtﬁ%%?efn#‘%&%fgg? %r gHa':ger on
the surface otaPPI'fé‘acBl EEFrBﬁE begn HUcEESFEUL cWRAR RAynimym Séh&rﬁgaﬁﬁd/ or
form ng the cusednbecabkecdprtlee eEoralatdonobsi dbueinum dare: _Ae abdtindl shino

at al. pathTlytl thle ng}lﬂqbggnar ?Péua?:giir@rg’of \éggugﬁg@pgéé tion, sputtering,

non-el ectr c plati ng conductive {_)la&lnts The
previously-cited Tatarc HR"—%?I' Arep Afefovcery, in eﬁﬂb%.tlsmefz‘_, 745,
5, 304, 330, andomp18018¢8)y Sapaditvrshaclardsngoothe madmda o¥i | current

collector to f

el ectrode el enéégpegb%%egﬂgta?n%rgat eor}?'%%gbp p&%g %%u z}ﬁgy’égéf’ at al.)
di scl'oses a méMigdisf ippaBtaRt thecause &he 3ntepface thatween: khesur f ace of

t he el ect rxgle dlgctrbae aHai tife NGRS collebtenupbstd s Amoeheal of the

current - source of internal resistahce of the double layer
capacitor, and such internal resistance must be kept as
low as possible.

U.S. Patent No. 4,562,511 (Nishino et al.)

20 suggests plasma spraying of molten metals such as
aluminum onto one side of a polarizable electrode to form
a current collector layer on the surface of the
electrode. Alternative techniques for bonding and/or
forming the current collector are also considered in the

25 1511 Nishino et al. patent, including arc-spraying,
vacuum deposition, sputtering, non-electrolytic plating,
and use of conductive paints.

The previously-cited Tatarchuk et al. patents
(U.s. Patent Nos. 5,102,745, 5,304,330, and 5,080,963)

30 show the bonding of a metal foil current collector to the
electrode by sinter bonding the metal foil to the
electrode element. _

United States Patent No. 5,142,451 (Kurabayashi
et al.) discloses a method of bonding the current

35 collector to the surface of the electrode by a hot curing
process which causes the material of the current -
"collectors to enter the pores of the electrode elements.
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Unfortunately, non-aqueous electrolytes tend to
be much more sensitive to impurities, such as water or
oxygen, in the electrolyte. Any level of these impurities

20 will lead to gas generation within the double layer
capacitor when the double layer capacitor is operated at
high voltage. Because of this, manufacturers of non-
aqueous electrolyte double layer capacitors take great
care is limiting the levels of water and oxygen

25 contamination within the electrolyte solution during
manufacture, striving to achieve levels of contamination
on the order of 10 to 100 parts per million.

In order to achieve long life in a double layer
capacitor employing a non-aqueocus electrolyte and that is

30 operated at high voltage, care must be taken in limiting
the influx of water and oxygen into the electrolyte
solution. Commercially available non-agqueous electrolyte
double layer capacitors are packaged with sealing
technologies that limit the life of these double layer

35 capacitors due to the influx of water and oxygen.

Another issue that continues to face virtually
any technology that involves electronics is that of
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sol dering the capacitors so as to both contain the electrolyte and

to prevent contamination of the electrolyte with oxygen
and water, as deviées become increasingly miniaturized,

20 conventional techhiques are no longer suitable. Further
complicating this problem is the fact that materials used
in sealing the double-layer capacitor must be thermally
and chémically compatible with the electrolyte and the
case of the capacitor, and provide appropriate electrical

25 charactetistiqs, i.e., be conductive or an insulator,
depending on where the seal is positioned.’

With small double~layer capacitor devices, a
further complication arises in that consumer demand is
for devices that can be directly soldered to printed

30 circuit boards. Thus external terminals must not only be
compatible with the sealing approéch adopted (and it with
them), but must be of a material that is solderable using
conventional soldering techniques and materials.
Furthermore, in a conventional automated soldering

35 process, the case and internal components of the double
layer capacitor must be able to withstand exposure to
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Summary o Invention
15 The present invention addresses the above and

other needs by providing a high performance,
hermetically-sealed, double layer capacitor having
multiple electrodes.
In one embodiment, the invention can be
20 characterized as a long life double layer capacitor and
method of making the same comprising a case and a first
terminal with an electrically insulating hermitic seal
interposed between the first terminal and the case. a
first current collector foil is electrically coupled to
25. an interior portion of the first terminal and a first
metal impregnated carbon cloth electrode having a metal
impregnated side. The metal impregnéted side of the
first metal impregnated carbon cloth electrode is
juxtaposed against the first current collector foil. A
30 porous separator is then juxtaposed against the first
metal impregnated carbon cloth electrode. A second metal
impregnated carbon cloth electrode having a metal
impregnated side is juxtaposed against the porous
separator such that the porous separator is interposed
35 Dbetween the first metal impregnated carbon cloth-
electrode and the second metal impregnated carbon cloth
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into the el gct:’:{g’% eossggl gg%ghg#sti%%ggég%t?%a%? bi't éu’écggét hremcase and
the el ectri cal FYrrents Goddpatorcfodt iis Jurraresed paaifstetherBet®bent, the

i nVﬁnEji OP caE. heporejiateat eidéedf ahe 3ekong net£l Jckmﬁtle%nhiﬂédr cagpesi tor and
nmet hod o [ ris : se containin
bl ural 1t S0orSTogh B1BREECRRTP A kbl PERIRMAL T, y%%e%?%ﬁ%ﬁ%?al ity of
metal i npregna®@PEs doetheogesorthaurgentneeblestnyn &pddt-edAbiidan Al so
contai ned wit heredtii®1peensblabidy satdhrates afife afiarst witd@nal ity of current

collector foil C f which is., juxt e ' a.r ctive,one of
Che plural ity Srovtheled Ghthoh S ddh L AREREoE U Und® JeBRRA hELE 01
i npr egnat ed si Hepregnadedusaskpnretatih gdeckrede s Thv Aleickredybet ween

respecti veisnesonitiidwe ikl BuBstant11yTebataingd aghaiird calsechh@deseand a
non-aqueous el fELL A9y S PhEbI 01 R HERLEDS SElf Rl hlabY 2T 1 FI S
of impurities into the electrolyte solution is
substantially inhibited by the case and the electrically
insulating hermetic seal.

20 In another embodiment, the invention can be
characterized as .a long lifé double layer capacitor and
method of making the same comprising a hermetically
sealed case containing a plurality of metal impregnated
electrodes, each of the plurality of metal impregnated

25 electrodes having a metal impregnated side. Also
contained within the hermetically sealed case are a
Plurality of current collector foils each of which is
juxtaposed againét a respective one of the plurality of
metal impregnated electrodes against said metal

30 impregnated'side. A porous separator material is
positioned between reépective ones of the plurality of
metal impregnated electrodes and a non-aqueous
electrolyte solution saturating said plurality of metal
impregnated electrodes. Thus, a multi-electrode, single

35 cell device is formed.



I mpregnat ed el ectrodes. Thus, a nulti-electrode, single 35 cell device is
formed. WO 01/13388 PCT/ 1JS00/ 20437 - 9 .. Brief Description of Draw ngs
The above awe o@hfey aspects, features, and advantages OPCWUSBO/RIEEent

i nvention will be nore apparent fromthe follow ng nore particul ar
description thereof, 5 presented in conjunction with the follow ng draw ngs
and Appendi x, wherein: FIG "1 is a sectganal view of a single cell high
per formance doubl e | ayer capacitor made in accordance with one enbodi nent

of the present i ipRacript fonsof? prabe ically shows internal conponents
of a basic double |ayer c?ggp#&;et a?xﬂcgtfi‘ért e@ggbl&#@é@r’ G@Raci tor of
y us xtremel C

FIG 1; FIG 3 conceptual | rates "an ext] A ose-up view of a
si ngl e acti vat ecadwaniages; pbrthe @regent 1 EnyeRtion Wit be) marecappaEsndf t he

doubl e | ayer capggdd @he b1 ng noreGpadtisularCBes6r HettidroRMerebElSt ration

of a carbon fiber clqth .show ven rhgn fi ber bun ..and_fuyrther
Il lustrating % I%@%ﬁ?e%%er&aﬁﬁngmcﬁfggﬁgﬁf%fﬁ?&ww ;Hg%g'mgs ahd
cross-sectional AM_’QIS’_&IP_Bt.Wbﬁreima_ carbon fiber bundle, such as in FIG 4,
made up of a nultiplicityref fctd wakedteandorikbst sa Siieleaseshown in

FIG 3, and further, of alumn i,npregnant. deep in the, "tow' of the
carbon fi ber burﬁﬂ"@? %%EF@I‘%?A ‘%‘?&kf :jfg%ﬂecr%aicég?]éﬂ% Senthat | on of a side
sectional view cdcqdrdangebghti| aneh embddinent off thei preserdaribyantipes

bundl es, andjpllustrates pew, & dUHemALiEN1D) dnokat eRtdihar JowBehentar e

woven to fo_rmthoe parl%oncchot ‘ éo FI G 5B conceptu Ily iIeI léstu Ees a
cross- sectional °%i®Wla5HCa f"l*?lp? RRF s PR R Ban FF%e? Beiface % t he
carbon cl ot h, antayen dapacibereyft FIG.y1il|lustrates a preferred penetration
of the al um num deep intorthe 3 Q¥ncRbthie1} | PBRSRYRELE an extremely
élpse-up view of a sihgle activated carbon fiber such as
15 may be used in electrodes of the double layer capacitor
of FIG. 1;
FIG. 4 is a cross-sectional illustration of a
" carbon fiber cloth, showing woven carbon fiber bundles
and further illustrating a layer of aluminum impregnant;
20 FIG. 4A is a cross-sectional illustration of a
carbon fiber bundle, such as in FIG, 4, made up of a
multiplicity of activated carbon fibers, such as shown in
FIG. 3, and further of an aluminum impregnant deep in the
"tow" of the carbon fiber bundle; .
25 FIG. 5A shows a schematic representation of a
side sectional view of the carbon cloth made out of
twisted carbon fiber bundles, and illustrates how a
plurality of twisted fiber bundles are woven to form the
carbon cloth;
30 FIG. 5B conceptually illustrates a cross- .
sectional view of a triple twisted carbon fiber bundle of
the carbon cloth, and further conceptually illustrates a
preferred penetration of the aluminum deep into the tow
of the fiber bundle;
35 FIG. 6 shows an equivalent c¢ircuit diagram of
the basic double layer capacitor of FIG., 1;



35 FIG 6 shows an equivalent circuit diagramof the basic double |ayer .
capacitor_of FIG 1; WO 01/13388 PCT/US00/ 20437 - 10 P@h@@m%mégoms a nore
det ai | ed W@AVES¥htation of the equivalent circuit diagramof Fl G 6,
particularly illustrating a relationship between el ectrode resistance and
el ectrolyte solution resistance; 5 El@y 8 is a cross-sectional
representation of wvarious current paths through which a charge may pass as
it flows through a col |rmd.or7 phows, at herel dstaildd represbatatdryter and a

separator (an aLl "r!r%éi t S i ed t ] in the
doubl e | ayer %gc% ‘g%??g%éc:fc I i%; ag?ﬁa@ ‘?fs)cﬂaﬁgsfi %’;ﬂl P??g#%?ge%jf*]l cal

equi val ent ciitwptratinga nelaficnehip| kebresmedestrofesresistanse, the
capaci tor of kh& electidlytd sviditibnsebeistamad;l y show one system .15 and
techni que Lor spraying. C fi c 110 ] ereby
| npregnati %g al um num eig% %\E%ntahggtsésv L%‘%ﬁﬁélcgre%%%%ﬁgﬁiéﬁn%fes of the
cloth, as illvarieeedcurrert @aths fhyough pyldch a ichaxggi BRY \PSF 1S a

ﬁurren_t CF: I estolflcéa@ ilﬁi'chugﬁ aorwllqe‘eedi:npmts,oltuﬁeeélbetaoaelr na'(rnhal t hat ) i's
ernetically s a er I SS-to- ta ernetic
SFabErel ed, BRIY Ablbielt) tnd lin faek®

seal , such as nay b oyed 1n C X of the capacitor
of FIG 1; FlEesigtances tagsagiafedi thpeevihlemn ddie devbie Payeni| terninal

gl ass-t o- not abapheitet i 6§ mRAIL;and header plate of FIG 11, FIG 14 is a
side view of the curre ol tqr ..fai F hown. i hed | i nes)
wi th an al um num i.rrp.rgél?g't edd%fc%a%bgﬁkgiléf}gé%léelc crtoé\ézgﬁ'ogég#%%/%??t he 30
current col | eeiveuibi il1ivstratiagotheerahe of uintannadi gesistane@eiml umi num

i npregnat ed cgr@oBapaéitor|sxctrredesi;n electrical contact with the current

col lector Toil, and, Tgrd Ury ola®0°L0hORke 40181y Sn3G BRE! Slda seal ed 1o
15 - and technique for spraying a carbon fiber cloth with
aluminum, thereby impregnating aluminum deep into the tow
of the carbon fiber bundles of the cloth, as illustrated
in FIGS. 4 and 5;
FIG. 12 is a side view of a current collector
20 foil of one embodiment coupled to a terminal that is
hermetically sealed to a header plate using a glass-to-
metal (hermetic) seal, such as may be employed in a
particular embodiment of the capacitor of FIG. 1;
FIG. 13 is a top view of the current collector
25 foil terminal glass-to-metal (hermetic) seal and header
plate of FIG. 11; _

FIG. 14 is a side view of the current collector
foil of FIG. 11 (shown in dashed lines) with an aluminum
impregnated carbon cloth electrode folded over the

30 current collector foil so as to place an "aluminum side"
of the aluminum impregnated carbon cloth electrode in
electrical contact with the current collector foil, and,
in turn, the terminal that is hermetically sealed to the
header; :

35 FIG. 15 is a top view of the current collector
foil, aluminum impregnated carbon cloth electrode,
terminal, hermetic seal and header plate of FIG. 14;



35 FIG 15 is a top view of the current collector foil, alum num

i npregnated carbon cloth electrode, terminal, hernetic seal and header

pl ate of FI Gvoa#133880 01/ 13388 PCTI USOCQO' 20437 - 11 FI G rifnissi/maxi de vi ew
of the current collector foil and al um num i npregnated carbon cloth
el'ectrode (both shown in dashed lines) of FIG 14, with a porous
separator envel oping the current collectdt foil and 5 al um num i npregnat ed

carbon cloth el ectrode so tq,_  provide an.electrjcally insulating barrier
surroundi ng the al uni num ffﬁ)‘r dfndfed %’rdeecf"IiSUe?fF#lE? Qirnent, cpdleGtexy of

the current col | &oidr and od lyniziwmniinpregnatredg nratbon caldkin edlectiodbect r ode,
porous 10 separ aitRn RoWA NG qaBREACTifesiOB 286, NEAIS o Al Bofbus ™ G 16

FIG 18 is a top cross:sectional ,vi e&éo current’ co orl, and

al um num i npr egn&EEAFBEPH P VRABIRIFRR (TEFENFoP Bt taldr aBR FI G 16,
with a 15 secdnd adumihvueninpregmgtetecadambelothot tectmela @deakotded over

ful Ty over one s ?gﬁ?"%aﬁsjjgf‘f"%%&‘*s%%? “ThenIRging, S ERroBiafhe D ol
i mpregnated car EE‘&‘P %M&aﬁet% efegtredeis a top cross-sectional
view of the current coll eRXGr 1f70iik, a ataprividiewm baptiey rale@éntacbdlectdd h

el ectrode, porou ) | t on.cl .

el ectrode, and sgggﬁga%géﬁnrﬂﬁggpfgg%%% %%begfélf—%? e?%cft %ﬁégﬂ ?/Ié&%]omr d
the other side FeRaTatPRy Fprminalpqrngtis: seal ank headendriake o

collector foil; FEEG 1€P is a side view of the current collector foil-,

al um num i npregnat ed car bgiLl qgh; gl 0 0 s par.at,o econd
al um num i npregnat ed carbaon cl gt%h;g.efiorlpr %ggf'gaéng seocnosaﬁ‘d%égi"réﬁtél%l | ect or
foil having beencYsHeRh| cRIFeGFOE £31}n andcalyminyy drpregnased eaxkoni ew of

the current col ceothrelsstirodal potougndeparagentefl ©@y,bar,clyoth a el ectrode,
porous separ alg0r 5o S&6Q W i YbL dRH82025EMon cloth electrode folded
over both sides of the poreous separator, and a second
current collector folded fully over one side and half way
over another side of the second aluminum impregnated
carbon cloth electrode;

20 ' FIG. 19 is a top cross-sectional view of the
current collector foil, aluminum impregnated carbon cloth
electrode, porous separator, second aluminum impregnated
carbon cloth electrode, and second current collector foil
of FIG. 18 folded over toward the other side, i.e., the

25 T'one-half side", of the second current collector foil;

FIG. 20 is a side view of the current collector
foil, aluminum impregnated carbon cloth electrode, porous
separator, second aluminum impregnated carbon cloth -
electrode, and second current collector foil having been

30 folded over as in FIG. 19;

FIQ. 21A is a side view of the current
collector foil, aluminum impregnated carbon cloth
electrode, porous separator, second aluminum impregnated
carbon cloth electrode, and second current collector foil

35 having been folded over as in FIG. 19 and further having
been inserted into a case (or can), with the header being
welded to the case and fill hole in the header having



carbon cloth el ectrode, and second current collector foil 35 having been.
folded over as in FIG 19 and further having been ins?ﬁﬁg ni/zﬂls‘? a case (or
can), W WO PHE M eader bei ng welded to the case and fi o‘fe I'n the header
havi ng WO 01/ 13388 PCT/ US00/ 20437 12 been sealed with a wel ded ball
bearing after contents of the case are dried and an electrolyte solution’
is added to the case through the fitllzhaole; FIG 21B is a side view of the

opposite side of 5 the _capacitor .asse: shown in FIG 21A having crinps
i ndent ed i nt o R¢RD SgadedryEth » yel ggﬁv‘?%%’dﬂ t“I%eEa%“B‘F“?—?(S? 21A

and 21B havi ngtheaasscakeddnied arsk ancedectrolyttehadlaktlionbdaraddedind al so

show ng the cridmMse Haskl @,Eto aHe #4112 Rofef | OWchart of steps traversed
in the manufacture of the _double, | ayer, apaci tor of FIG .1 in, accordance

c .
with the embodi ment of FEFES?IB L8 i §4GR YooV qigthes oppogife fife 1Rfni ng
noi St ur e cobt etlie capatitan assenisly shows irrBIG. t21Achaniag ebimpssa axi s
for the enbodj & i6t65end lcddy.ough 22 (hernetically sealed double
| ayer capacitor) 1 n conparison fo a non- hernetically seal ed_double | ayer
capaci tor having sini| aFICdi #2nkt Gits endn¥iey ¢4 ghex§ase QESEIGRHf Yrhaphs
show ng per cendmd)e21BC havdagobeem swaliedawéthxtlse \aglier andetbe balBbsci ssa

axis for capac+é%§; angd ;ngigﬁ&;-r}?i thestsimgee of a non-hernetically
or

seal ed doubl e Tayer “capacitor, an capac] tance and for internal

resi stancel®f a hermeti €4FFy 2% ansdh 280388uB| ELUGRTtc98a8EEBF such as the
enbodi ment of tFdvexrsell]l inhthegiailifacfarecepotitek ipubdeclager characters -
I ndi cate corr e 0 nent R . e k t he
drawi ngs. 30 Detial i egq‘%ggc?l?ef ?gnﬁ‘o}‘a t%gglﬁﬁ%/léenvht{g\n%%egﬁkgfiﬁ%gf
description of FI¢% gredBRPRYR 2dht enpl ated best node of practicing the

I nvention is not FIG. 25 is a graph showing moisture content on

15 an ordinate axis versus time on an abscissa axis for the
embodiment of FIGS. 11 thfbugh 22 (hermetically sealed
double layer capacitor) in comparison to a non-
hermetically sealed double layer capacitor having similar
dimensions; and

20 FIG. 26 is a set of graphs showing percentage
change on an ordinate axis versus time on an abscissa
axis for capacitance and for internal resistance of a
non-hermetically sealed double layer capacitor, and for
capacitance and for internal resistance of a hermetically

25 sealed double layer capacitor such as the embodiment of
FIGS. 11 through 21.

Corresponding reference characters indicate
corresponding components throughout the several views of
the drawings.

30 petailed Description of the Invention
The following description of the présently

contémplated best mode of practicing the invention is not
to be taken in a limiting sense, but is made merely for
the purpose of describing the general principles of the

35 invention. The scope of the invention should be:
determined with reference to the claims.



to be taken in a limting sense, but is made nerely for the purpose of
déscri bing the general principles of the 35 invention. The scope of the

i nvention siwouhdslee. determined with reference to the cPEI/HN0/28487 01113388
PCT/ USOQ' 20437 13 Referring to FIG 1, a single cell, high performance
doubl e | ayer capacitor 10 is illustratg including a cell case 11, a pair
of alum num i npregnated carbon cloth electrodes 12, 14, a porous separator

18, an 5 electrolyte 20, @eﬁgﬁ.lﬁg € IFRNG cglgﬁgg déllgt,eﬁlgﬁ and 24, and

el ectrical leads 28, 29, (o e e, curr

col l ector plat e?efzmrﬁ?'}c%r Sﬂﬂﬂi? hga%eé)sé’apfflggﬁgﬁos i% T&#Bﬁﬁ%t% ext er nal
el ectrical connebt¢lnlingeanveehl easeridgy peircef alvminupi iopregnated he

al um num 10 i nprmxﬁdu%hbemeetpé&b&lﬁct rmdeé g&owseﬁasaf@aftwulaﬁr

geonetry illustr Fl G roy rati urpose A
preferred ge rrealr C{i“?’f’ (?c?o?aaniep?\% H’ft ﬁé‘rﬁf’ﬁge‘?ﬁnteé 3*’?% 29

il lustrated bel o, ralﬁ @3ectzical olrad 28, ,WR2h szetmisaﬂa) oexftersling
conceptual’ly il |ﬁ%n{ AH Guprbht CEbBledi@t Fbrﬁﬁesoiz I e Rhesagh ﬁl?é“‘d&'s'&gs
FIGS. 6 through 9 |IIustrat|ng electrlc%ﬁF gﬁ] nt.s artlcu ar,
internal resi st AhdReRFeVitadh R %ﬁ*cﬁlrecﬂ Regthon

t eachi ngs; Fl GS.belfwem abl enkrgpt satrow andgert sinfuit 20drhhef abindriung

processes fofqthg, JHE LIPS QG HRERPHadd bEY, q_l4oth el ectrodes;
FI GS. 23 and 24 E§’]1étj3'ta‘ntrat| ng &gmanu facturi nggglrocess for the doubl e Iayer

capaci tor of the present FQ&CH?HB%C‘EB‘?@%’“F Wstratedatl B 25 and
26 providi ng expes |p1m1x1aledextorleﬁ]:msﬁratﬁ1@n25utpmgad.l fac preferrsd of t he

present teachin oméiexf;ﬁ 'agcbf'&%né@f tfx J{@s@wmumn@m&gnawd

carbon cloth el ect rodes 2 14 are preferab Por ous car bon
fiber cloth (car’o’o’r’r‘ﬁ‘iﬁq‘i” BeLed: iy %’i’Gs'alltze hﬁ?‘i‘%l"’f &'é'r'Boﬁ
preform whizh 3threughn® egnetptuallh iMuseratbtdlpardiguianl ﬂentunas

titanium or coppery,dip %R 265 BldS" FIeba! 6 Bufbugh 3 YHLALRadidANT UM
or copper.
electrical equivalents, in particular, internal

resistance components that are minimized by the present
teachings; FIGS. 10 and 11 illustrating aspects of a

20 manufacturing processes for the aluminum impregnated
carbon fiber cloth electrodes; FIGS. 23 and 24
illustrating a manufacturing process for the double layer
capacitor of the present teachings using a flow diagram;
and FIG. 25 and 26 providing experimental evidence of the

25 long life aspects of the present teachings.

Referring back to FIG. 1, The aluminum
impregnated carbon cloth electrodes 12, 14 are preferably
formed from a poroué carbon fiber cloth (carbon cloth
preform) or, alternatively, carbon paper preform, which

30 is impregnated with molten metal, e.g., aluminum,
titanium, or copper, or vaporized molten metal, e.q.,
aluminum, titanium, or copper.

The porosity of the aluminum impregnated carbon
cloth electrodes 12, 14 is closely controlled during the

35 impregnation of the metal into the carbon fiber cloth to
maintain a high surface area to volume ration permitting
a sufficient amount of the electrolyte 20 to be



The porosity of the alum numinpregnated carbon cloth electrodes 12, 14 is
closely controlled during the 35 inpregnation of the peipbohids? the carbon
fiber cl ¥RV HBaintain a hi gh surface area to vol une ratllﬁon permtting a
sufficient anmount of the electrolyte 20 to be WD 01/13388 PCT/ US00/ 20437
14 introduced into the double | ayer capacitor 10 and, in particular, to

penetrate pores of the carbon fi ber'C‘I4ot°h, thus maxi mzing the interfacial

area (surface; 3 n ' ' SO r,h@n ¢loth
el ectrodes 51121?}13?3%::6&212}1‘69{%%B\I.Qedcﬁiﬂég‘cﬁﬂg%f?ﬁée cur rﬁtﬁ%g Iaéctggr | ates 22,

{e.
24 is elect rP%’é”rjr%)‘]&?upfthPeFéﬁ% PPERF Of othg Laxbam £1iber iRk
| npr egnat ed cembmentintilziajethe adeerficidl. aréu e(suchacg arlea)current
col l ector pl ; L Ofa AT NP @ Em | ar
thin sheet h?%ﬁéw%%'ncﬁ%t ?\}Iﬁginﬁnﬁtlﬁﬂg?ﬁ%ﬁ% p%r o‘tén separ %%%thgdlég pl aced
bet ween the& 3 fhtRleGtred¥t®ed carbon cloth el ectrodes 12, 14 with the
current collector plat Each?2of2¢éhdaiurgenti eal becton\pletes @, t e gsr ous

separator 18._iha- or. L f - roma higkfl
p e}&ﬁzpﬂ:ra‘i‘i S%%ggigt%, e:iejes?ebémgif, ef e HAnk grlly

porous nmateria at ac troni c 1hsul ator between the al um num
i npregnat ed caFEBNW JMPTEgBRERY RAFPPD GhAtH421eeETdRR 1241 fbns 1 uid
conmuni cat i onPrefekrablyjarthecoirrent avlde2for uplates fanwasharegbhtihe por ous

separat or 148 1 Jges W ISR Ali! AG DOLAUS(ALPAE 0In Lhdst bagfSSUTe that the

al um num i npre [carbon el ecirodes 1 4 are never anically in
di rect cont acFoRMUFIoHEYamEREIALSuch contact between el ectrodes woul d
result’ in a short 25 ciTheupbréus esepatiatorr p8i Ls Cplaced betsreeppohed to ionic

current) betwend, i JuikbAdesa s beR! &y SRl EIdON 2 OhaChaEReS Stored
in the al um num i npregnated carbon  cloth €l ectrodes 12, 14 and™a .
subsequent i ntle|Gyxren ceddeetenflgdepn22ne?4l bednd Aninntegnaray carbon

cloth 30 ebectrémiethd horbhs Ibparsticruasnat The. péréie fuparatorsepaiat or 18,
however, aIIo&@efgpggEyﬂﬁagL Eggﬁ 4iﬂ¥yﬂiy porous material that acts

as an electronic insulator between the aluminum
impregnated carbon cloth electrodés 12 and 14, but that
allows fluid communication, and in particular, ionic

20 current flow through the porous separator 18. The
purpose of the porous separator 18 is to assure that the
aluminum impregnated carbon electrodes 12, 14 are never
mechanically in direct contact with one another. Such
contact between electrodes would result in a short

25 circuit (i.e., electronic current, as opposed to ionic
current) between the electrodes and thus rapid depletion
of charges stored in the aluminum impregnated carbon
cloth electrodes 12, 14 and a subsequent inability to
store charge in the aluminum impregnated carbon cloth

30 electrodes 12, 14. The porous nature of the porous
separator 18, however, allows movement of ions (ionic
current) in the electrolyte 20 between the ‘aluminum
impregnated carbon cloth electrodes 12, 14, and thus, in
other words, ionic current to flow in the electrolyte

35 between the electrodes 12, 14. The preferred porous
.separator 18 is a porous polypropylene-based or
polyethylene-based sheet approximately 1 mil (0.001



current) in the electrolyte 20 between the *al um num i npregnated carbon
cloth electrodes 12, 14, and thus, in other words, ionic current to flow
in the el ectwoodinsams 35 bet ween the el ectrodes 12, 14. ThePPT/E8®W20488 por ous
.Separator 18 is a porous pol ypropyl ene-based or pol yethyl ene-based sheet
approximately 1 m| (0.001 WO 01113388 PCL/ USOCO' 20437 15 inches) thick.
| f desired, the polypropylene or polyethylene separator may be initially

soaked i{l Ej he g'ﬁ?éx{éymﬁlzﬂtprwrae%qraasemé RB1ybrBsY YEs azhe al umknum

i npr egnat ed car bon el ectro Qugh. suc oa |ng S
not required. TheP¥ é ‘2%? kﬂﬁwm gg qﬁeds

doubl e | ayer capaelem,lyﬂepzefmnm:d tpypaseﬁtirmakagehwgeemémug aa.nmmnumr can
onto which is Welﬁ@;ﬂ:egna%aad@srﬁdm@m@hnm@cﬁ%&t 1§, 01 A5 SaltdrdighakudRal »

for a 10 passthr ectrogde, I el ectrode, for a "¢an
el ectrode"), i8 qu5§&nﬂe?%lqﬁﬁiﬁﬁﬂuﬁFF reference to FIGS. 11 through
220. In order to maxi m ze Thergpsalansimay bé drye kndenbheans\yoemnmoapgci t or 10,

it is an advant agequs i@n &éum&'ﬂyé% EQﬁaé‘ﬁi&J&t 03 ﬁbéf&ﬁse% dpePagkaged
doubl e, , | ayer capacitors are i cal 8¥ ect ed *%E f %ﬁgggre t han 25
percent of the do?ﬁﬁ’?gll"gye‘t‘s’cég a0 C8hn l&iﬁ‘é’dw 2 azg, 29
extend fromthe cheadar (ififledinect derpetiesyl2@s-24-nétougealhe foasa 11 and

are adapted fgr sanecbh a&é&meel sﬁ&ra%m%areweetém £ROWNhcah N @
preferred configuration, Her ei nbel 0 e current

col | ector plates ?%F°§ﬂ°§8t?fc%ﬁlifﬁﬁﬁ&ﬁﬁ dh?¥?ﬁq$§t85s¥gﬁh.rﬁﬁﬁﬁ?“FﬁetES
correspondi ng terriasl lhethgowgh d2d.t 0 a header plate (which is, in turn,

vel ded to the case). .BXamPhfseMeUbhg VAL RRRE A0Si AR LR RN

al um num i npr egnat ed carbon c ctrodes are I N S. Patent No.
5,621, 607, i ssueddWRLY Eserlwa&m’HF% Bp iScRPORAEARERISIYSL EOL AYER
CAPACI TORS | N5 UDhivEmilzeMbMreight of the case 11.

Packaged double  layer capacitors are typically
expected to weigh not more than 25 percent of the double
layer capacitor unpackaged.

The terminals 28, 29 extend from the current

20 collector plates 22, 24 through the case 11 and are
adapted for connection with an electrical circuit (not
shown). In a preferred configuration, described
hereinbelow, one of the current collector plates is
electrically coupled to the case 11, with the

25 corresponding terminal being welded to a header plate
{(which is, in turn, welded to the case).

Examples of double layer capacitors made using
aluminum impregnated carbon cloth electrodes are shown in
U.S. Patent No. 5,621,607, issued April 15, 1997 for HIGH

30 PERFORMANCE DOUBLE-LAYER CAPACITORS INCLUDING ALUMINUM
CARBON COMPOSITE ELECTRODES, by Farahmandi, et al., and
in U.s. Patent No. 5,777,428, issued July 7, 1998, for
ALUMINUM-CARBON COMPOSITE ELECTRODE AND METﬁOD FOR MAKING
SAME, by Farahmandi, et al., and U.S. Application Serial

35 No. 08/686,580, filed July 16, 1996, for METHOD OF MAKING
A HIGH-PERFORMANCE ULTRACAPACITOR, by Farahmandi, et al.,
and U.S. Patent No. 5,862,035, issued January 19, 1999,



CARBON COVPOSI TE ELECTRODES, by Farahmandi, et al., and in U S, Patent No.
5,777,428 |ssued July 7, 1998, for ALUM NUM CARBON (:ng@; LECTRODE
AND NETHYWP RHHES Rk NG SAME, by Farahmandi, et al., and U .O%SEI i cation
Serial 35 No. 08/686,580, filed July 16, 1996, for METHOD OF MAKING A i
H GH PERFORVANCE ULTRACAPACI TOR, by Fgf hnandi., et al., and U S. Patent
No. 5, 862,035, issued January 19, 1999, WD 01/13388 PCT/ USOQ' 20437 16 for
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per f or mance ela&b‘f“?‘BP?t & pﬁ%%’ﬁa QR (4% ctale' N ROBFT) on are
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area mgﬁg é)valqla%].e through the use of carbon
cloth (or carbon paper) and a very small separation
distance between capacitor layers.

20 , Many of the attendant advantages of the present
double layer capacitor result from the preferred methods
of fabricating the aluminum impregnated carbon cloth
electrodes 12, 14, the preferred method of connecting the
current collector plates 22, 24, and the use of a high

25 performance electrolyte. Each of these aspects of the
invention are discussed in further detail below.

As identified above, the aluminum (or other
high conductivity material) impregnated carboh cloth
electrodes 12, 14 are preferably made from a porous

30 carbon cloth preforms (carbon fiber cloth) or carbon
paper preforms (carbon fiber paper) which are impregnated
with molten liquid or vaporized metal, preferably
aluminum, titanium, or copper. In addition to carbon
fiber cloth and carbon fiber paper, the aluminum

'35 impregnated carbon cloth electrodes 12, 14 can be
fabricated from any suitable activated carbon fiber
material such as carbon fiber felt or other-activated



3Q carbon cloth preforns (carbon fiber cloth) or carbon paper preforns
(carbon fiber paper) which are inpregnated wth nolten liquid or vaporized
met al , pref &¥v@i/iz3s8al umi num titanium or copper. |n addirdrmsewzdszar bon
fiber cloth and carbon fiber paper, the alum num.35 inpregnated carbon
cloth el ectrodes 12, 14 can be fabri cgtgg fromany suitable activated
carbon fiber material such as carbon fiDér felt or other-activated is WO
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sol ution, prefer&BRycarbom Hheeogioth | and they chereny tﬂqldﬁc‘if’ﬁopéﬁgﬁ:];y
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electrode also remains sufficiently porous so that the
electrolytic solution, preferably a non-aqueous
electrolytic solution, thoroughly infiltrates the pores
20 of the activated carbon fibers.

The fabrication process for the aluminum
impregnated carbon cloth electrodes 12, 14 of the double
"layer capacitor 10 starts with the fabrication of the
carbon fiber cloth or carbon fiber paper. The carbon

25 fiber cloth or carbon fiber paper is typically a
manufactured paper or cloth preform of high surface area
activated carbon fibers. The preferred carbon fiber
preform is a carbon fiber cloth. The carbon fiber cloth
is preferably a commercially available carbon fiber cloth

30 which uses woven carbon fiber bundles made up of
activated carbon fibers having a surface area no less
than 100 m’/g and typically approximately 500 to 3000 m%/g
and having a diameter of approximately 8-10 um. The
carbon fiber cloth typically has more structural

35 stability than carbon fiber paper. The surface area and
other dimensions of the activated carbon fibers,-however,
can be tailored to meet the requirements of the



preformis a carbon fiber cloth. The carbon fiber cloth is preferably a .
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strength to a spray
carbon fibers of the carbon fiber cloth and between the

activated carbon flbers.and the current collector plates
22, 24, thereby forming a very-low-reSistance

20 carﬁon/metal composite electrode made up of both the
carbon fiber cloth (which is made of activated carbon)
and the impregnated metal. '

The arc spray technique is controlled to

penetrate into the carbon fiber cloth as described more

25 fully below. Control is accomplished by adjusting
electrical current and gas jet strength to a épray unit,
"temperature and pressure of.the molten aluminum, distance
of the plasma spray unit from the carbon fiber cloth,
sweep rate of the spray unit, and the ambient airflow

30 during the spraying process, i.e., the flow of exhaust
air through the carbon fiber cloth in a direction away
from the spray unit (i.e., in the same direction as the
spray). Advantageously, the bulk resistivity of the
carbon cloth is dramatically reduced when arc spraying is

35 used to impregnate the carbon fiber cloth with aluminunm,
as is contact resistance between the current collector



tenperature and pressure of the nolten alum num distance of the plasm
spray unit fromthe carbon fiber cloth, sweep rate of the spray unit, and
t he ambi ent Y@ P¥133% 30 during the spraying process, i.e. PCrhsofiogy of
exhaust air through the carbon fiber cloth in a direction away fromthe
spray unit (i.e., in the sane direction as the spray). Advantageously, the
bulk resistivity of the carbon cloth i3 ¥ramatically reduced when arc

spraying is 35 USE% ' g e e car.bon fiber cloth with aluginum as
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mol t en al umi num HkPURe@lechpedenaiad 64si Bg, eXplaimednphenorametad 1spr ay

process. A first &fsduh@rel Hal-auy) i FanpdRet 80r £RHAR1y 1Qefd Ot @ ectrodes 62
is in cont actl(yvl tcho g:trc%r r.ﬁgt & | ector gl, ate Cg& y’n cjgo |ate 68 is in turn
connected to-a fITErTarm fal Y9V orh RECI¥abIE Jarbep 98%1’?;%&1" §grbon
Sinmilarly, the otfidierabuniddes fommisgnat edroan btiber! olbth el Tettoodhibl is in
contact with anotyfiitenUbiGhtn |ﬁ7§§tb(f¥en29m8f@§ﬁté%’ uggﬁ&,g ﬂxﬁ.te‘?:a%éé{aaeen

connected to a second term na of the capacltor regi on

the al uni num i nffedi&t EBTBE BB %t h el ectrodes 62, 64, as well as all
of the avail abl e spaces and fixskts ofi tthienallweinwal Unippegnatel egardbad car bon

cloth el ectroges dberodeberddedidd 44 Wht oredilagnoaghictdne non-aqueous

e solutiqn 76 (or electrolyte solution I ons of
el ectrol yt cofieczor( Y .

piate 68, whichsplate 68 is in turn connected
to a first terminal 70 of the double layer capacitor 60.
Similarly, the other aluminum impregnated carbon cloth
electrode 64 is in contact with another current collector
20 plate 72, which plate 72 is connected to a second
terminal 74 of the capacitor 60. A region between the
aluminum impregnated carbon cloth electrodes 62, 64, as
well as all of the available spaces and voids within the
aluminum impregnated carbon cloth electrodes 62, 64, is
25 filled with a highly conductive non-aqueous electrolyte
solution 76 (or electrolyte solution 76). The ions of
the electrolyte solution 76 are free to pass through
pores or holes 65 of the porous separator 66; while, at
the same time, the porous separator 66 prevents the first
30 aluminum impregnated carbon cloth electrode 62 from
physically contacting, and hence electrically shorting
with, the other aluminum impregnatea éarbon cloth
electrode 64.
A preferred porous separator, is made using,
35 for example, polypropylene, Polypropylene includes pore
openings having dimensions on the order of 0.04.by 0,12
#m. This size pore prevents the activated carbon fibers



the electrolyte solution 76 are free to pass through pores or holes 65 of.
t he porous separator 66; while, at the sane tine, the arator 66
prevents Fﬁ@"ﬁﬁ#@t 30 al um num i npregnat ed carbon cloth elec’?%gg 62 from
physically contacting, and hence electrically shorting wth, the other

al um num i npregnat ed carbon cloth el egtrode 64. A preferred porous
separator, is made using, 35 for exanple, polypropylene. Polypropyl ene
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porous 10 separator 66.”1n operation, when an electrical potent| S
appl i ed across9tAReter n?%aﬁ éPmPO amn Fﬁkb‘Fgtfﬁber(f&g‘ﬁf’é‘ggl'aygf‘i‘éaﬁ%ﬂ% or, and
hence across t halawingnionic muregnit 6d £howdrhmiugth tbeepbrodes 62, 64, a

pol arized L% | is@phfatéyedeforns within the electrolyte solution 76 at each

of the alum num i npregnat ed el ect,rodes 62, 64 _ i r%ﬁd ig t@g gl gctrol yte
solution 76. It is these™ SHSEAT LR | FRER 23 iffat BPOPREfectFostatic
energy and fuappilbedascrdss dheblterhanals capaoid G- of. €he @babl€0 function

as two capaci tQE%%PC%GAJ%%F:N%?gbglgé&%c%%éy’thea%ﬁ @ﬁgfﬂt ual | y" depi cted

in FIG 2 by the representing the electrical charge
at the . el ect r $BRreYRREPY|GATPIM Cdpthcrleftredas S2unhunt PRpREYFEL ed
carbon cl otys ehdguiadeaydmifdras mithiadthe &fectrdlytel solntlighe76ctiti on

76), when a Voggéﬂeokstﬁg“gﬂﬁﬂinum.impregnated electrodes 62, 64
immersed in the electrolyte solution 76. It is these
polarized liquid layers that store electrostatic'energy
and function as the double layer capacitor--i.e., that

20 function as two capacitors in series. More particularly,
as conceptually depicted in FIG. 2 by the "+ and "-"
symbols (representing the electrical charge at the
electrode-electrolyte interface of each aluminum
impregnated carbon cloth electrode that is immersed in

25 the electrolyte solution 76), when a voltage is applied
across the aluminum impregnated carbon cloth electrodes
62, 64, e.g., when the first aluminum impregnated carbon
cloth electrode 62 is charged positive relative to the
other aluminum impregnated carbon cloth electrode 64, a

30 double layer is formed (symbolically depicted by the two
w4/-" layers shown in FIG. 2) by the polarization of the
electrolyte solution ions due to charge separation under
the applied electric field and also due to dipole
orientation and alignment of electrolyte solution

35 molecules over the entire surface of the aluminum
impregnated carbon cloth electrodes 62, 64. This



across the al um num i npregnated carbon cloth el ectrodes 62, 64, e.g., when
the first alum numinpregnated carbon cloth electrode 62 is charged
positive rel¥PPyE3so the other al umi numinpregnated car barush@ioaszel ect r ode
64, a 30 douhle layer is fornmed (synbolically depicted by the two "+/-"

| a&yers shown in FIG 2) by the polarization of the electrolyte solution

I ons due to charge separation under the2zmpplied electric field and al so

due to dipole orientation and alignment of electrolyte solution 35
nol ecul es over tRELaRiFalaly starescenenay dnukheuearaditosgflt secerdine cl ot h

el ectrodes 62, 64oc #he st dwling388Batiolst3ges 20437 - 21 pol arization
stores energy in the capacitor 60 according to the follow ng

rel ationships: CkA/d (1) and 5 E = CV/2 (2) where Cis the capacitance,
ké is the effective dielectricC toké¥8nt of the double |ayer, e.. i$1l)he
separation distaagaa& between the |layers, Ais the surface area of the

al um num i npregnated carbon clqgth §$ trodes 62, 64 that 10 is imersed in
the electrolytic s9lution, Vi§ the ¥6ltage applied across the al unilAlim

i mpregnated carbon cloth electrodes 62, 64, and Eis the energy stored in
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formng a the double layer capacitor 60.

In the present embodiment of the double layer

15 capacitor, the separation distance 4 is so small that it
" is measured in angstroms, while the surface area A, i.e.,
the surface area "A" per gram of electrode material, may
be very large. Hence,'as can be seen from Eg. (1), when
d is very small, and A is very large, the capacitance
20 will be very large.

In the present embodiment, the surface area "A"
is large because of the make-up of the aluminum
impregnated carbon cloth electrodes 62, 64. Each of the
aluminum impregnated carbon cloth electrodes 62, 64

25 comprises a weave of carbon fiber bundles forming a
carbon fiber cloth. Each carbon fiber bundle is made up
of many activated carbon fibers.

Referring to FIG. 3, a conceptual illustration
is shown of an extremely close up view of a small section

30 of single activated carbon fiber 76. As can be seen,
each individual activated carbon fiber 76 is pitted with
numerous pits holes and pores 80, as is conceptually
illustrated. The individual activated carbon fiber 80,
as previously indicated, typically has a diameter on the

35 order of 8-10 um; while the pits, holes and poreé 80 of



carbon fi ber cloth. Each carbon fiber bundle is made up of nmany activated

carbon fi ferring to FIG 3, a conceptual illust ' | S shown of °
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carbon fiber 76. As can be seen, each individual activated carbon fiber 76
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I ncreasing the Surface are he el ectrade over whi ch the doubl e
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fibers, thereby dramatically increasing the surface area
"A" of the electrode over which the double layer of '
charged molecules is formed.

20 By way of example, a suitable carbon cloth
known in the art may be used to make the aluminum
impregnated carbon cloth electrodes 62, 64 (FIG. 2) of
the present embodiment. The diameter, for example, of
the activated carbon fibers of such cloth, such as the

25 activated carbon fibers 76, 78 shown in FIG. 3, is on the
order of 8 microns (8x10™® m); whereas the overall
thickness of the carbon fiber cloth is about 0.53

‘millimeters (mm). The average diameter of the pores in
the activated carbon fibers is some 44 angstroms, and the

30 pore/void volume is about 1.2 ml/g. It should be noted
that the pore/void volume results from 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. 3 that cover most of the

35 surface area of the individual activated carbon fibers),
(2) the space between the activated carbon fibers that
form a carbon fiber bundle (which space, for purposes of
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noted that the pore/void volune results fromthree different types of
voids or pores in the cloth: (1) the pores or pits in the individual
activated carbon fibers (such as the porgs-80 shown in FIG 3 that cover
nost of the 35 surface area of the individual activated carbon fibers),
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to achi eve caphcicoapeessbdhle he Theddensiitg 6f ctie clotAclhsetypiraslly gh
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embodi nent. | f such g faC|tance I S use,in :
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fully below, is ern e Inter resi st ance of capaC|tor The
| oner the int¥tnal reS|sta%€%43Y4ﬂ9 as hdeh cFapari taRsey chAVR YA Gk AN, 25
Referring for a parenbft thé&lddvantaglee ofntRé Nftesent embodiment. If such

high capacitance is to be of practical use in a
capacitor, the capacitor must be able to store and
discharge energy in a relatively quick time period, i.e.,

20 it must be able to perform as a capacitori The
charge/discharge time of a capacitor, as discussed more
fully below, is governed by the internal resistance of
the capacitor. The lower the internal resistance, the
shorter the chargé/discharqe time.

25 Referring for a moment to FIG. 6, the internal
resistance of the double layer capacitor 60 of the
present embodiment, as depicted in FIG. 2, is made up of
several components, as illustrated in the equivélent
circuit diagram of the double layer capacitor 60 shown.

30 As seen, ehe internal resistance of the double layer
capacitor 60 includes a contact resistance, R;, which
represents all of the resistance in the current path
between the capacitor terminal 70 up to the aluminum
impregnated carbon cloth electrode 62 (represented in

35 FIG. 2 as the upper plate of capacitor C;}, or all of the
resistance in the current path between the capacitor
terminal 74 and the aluminum impregnated carbon cloth
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76; and a se arato,r i stange, RSEP, exists relative to_t Qrous
6, wiFhin Heo

separ at or Pé&}m%{“ﬁ? e’d“Riﬁetgﬁ'laﬁeflh‘éaﬂb‘ifblcéquéfLecE’éB‘éﬁl $3r 60
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re51stance, Regs, exists relat:.ve to " the eléctro lytic
solution 76; and a separator resistance, Rg, exists
relatlve to the porous separator 66.

20 Any energy stored w1thm the double layer
capacitor 60 must enter or exit the double layer
capacitor 60 by way of an electrical current that flows
through R;, Ry, and R of one of the aluminum impregnated
carbon cloth electrodes 62, through Rgp, and through Rgs,

25 R, and Rys of the other aluﬁninum impregnated carbon cloth
electrode 64. Thus, it is seen that in order for
practical charge/discharge times to be achieved, the
values of R;, Rg, Res, and Rgpe, which in combination with
the total capacitance C or C, + C; define the time

30 constant t. of the double layer capacitor 60, must be kept
as low as possible.

The resistance of the separator, Rgp,, is a
function of the porosity and thickness of the separator.
A preferred separator material is polypropylene having a

35 thickness of about 0.001 inches (0.025 mm). An
alternative separator material is polyethylene, also
having a thickness of about 0.001 inches (0.025 mm).



25 REL and RES of the other alum num i npregnated carbon cloth el ectrode
64. Thus, it is seen that in order for practical charge/discharge tines to
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with the total capacitance Cor G + C2 define the tine 30 constant -cc of
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Howevet, aqueous solutiond limit the working voltage of
the capacitor to around 0.5 volts to 1.0 volt. Because
the energy stored in the double layer capacitor 60 is a
function of the square of the voltage'(see_Eq. (2)

20 ébove), high energy applications are probably better
served using a non-aqueous electrolyte solution, which
permit cell voltages on the order of 2.0 to 3.0 volts,
even though non-aqueous electrolytes have a lower
conductivity.

25 As previously indicated, the preferred
electrolyte solution for use with the double layer
capacitor described herein is made from a mixture of
acetonitrile (CH,CN) and a suitable salt, which mixture
exhibits a conductivity on the order of 50 chm'/cm.

30 While the inventors contemplate that the use of non-
agqueous electrolyte solutions may be advantageous in some
circumstances, alternative electrolyte solutions may be
preferred. For example, several alternative electrolyte
solutions are disclosed in the previously cited U.S.

35 Patent Application Serial No. 08/319,493, for MULTI-
ELECTRODE DOUBLE LAYER CAPACITOR HAVING SINGLE
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In smal | ert3deFPEBELPR ovERWRHA NI ARACEEAPER PR thE (RARAFIFOF 8BY) such as

descri bed witlraising internal resistance. _

This leakage is less problematic.in larger
devices (higher volume electrolyte solution devices)
because at a given time,_for'a given leak rate, .

20 contaminated electrolyte solution at ahy given time will
constitute a lower percentage of the total volume of
electrolyte solution. 1In smaller devices (lower volume
electrolyte solution devices) such as described with
reference to FIGS. 12-24, however,lthe contaminated

25 electfblyte solution constitutes a higher percentage of
the total volume of electrolyte solution, at the given .
time, with the given leak rate.

Thus, as described below, a significant benefit
argument offered by the present embodiment is the

30 employment of a hermetically sealed case (hereinafter
being defined as having a leak rate of less than
0.00005 g/m’/day) at 73°F and less than 0.00009 g/m’/day
at 110°F (see Table 5), whereby long-life, small volume,
non-aqueous electrolyte solution, double layer capacitor

35 designs are, for the first time of which the inventors
are aware, enabled. Manufacturing and assembly .
techniques that achieve a hermetically sealed casing are
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doubl e | ayer 1sapa@ theSsoldetdPiel BEBRIM1 . €That @ﬁ&@zfﬁe'wp@sl ¥e the
cont act reS|stance1§eraLQe erﬁfkaagogrgmélscusseg $E€£(¥Lference to the
embodiment in FIGS, 12 through 24.
Another significant advantage of the present
embodiment, that is important to achieving, in a
20 practical way, very large capacitance double layer
capacitors, is low internal resistance. Generally, the
contact resistance R; in combination with the electrode
resistance Ry (both of which are defined above),
represent a significant source of internal resistance of
25 the double layer capacitor 60. A high electrode
resistance has heretofore been a major stumbling block in
the development of practical, commercially viable, high
energy density, double layer capacitors. A key feature
of the present embodiment is to provide a double layer
30 capacitor having a very low electrode resistance in
combination with the high energy density achieved with
the very high surface area of the aluminum impregnated
carbon cloth electrodes. - A major objective of the
present embodiment is to reduce R. + Ry to a value that
35 is small in comparison to Ry,. To that end, much of the
discussion that follows focuses on manufacturing and
assembly techniques that reduce the electrode resistance,
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capacitor 60 of the present eppodi nent, reference is.next nad o FIG 7.
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current travel oe REfQr6,RAS51 Be | fE0JateackabbsR! ¥iver( q21ekbePiGatiyrent). J
Typically, current enteri n% and exiti ngaﬁggé‘é¥€%ed arbon_fibers near the

current col | eciRfakinidds thropah Jyhigh 2 (YT P8 sFiRce than does
current 201i$hatutrenteltyavelsubefans ipassddgcanbortie mdectrhiyptigh(asie entire

thickness of tg, farkiehicher cloth bejore passing
Typically, current-entering and exiting

activated carbon fibers near the current collector, sees
a relatively lower electrode resistance than does current

20 that travels through activated caﬁbon-fibers through the
entire thickness of the carbon fiber cloth before passing
into the electrolyte.

At the same time, current that passes into the

electrolyte near the current collector foil (after having

25 traveled relatiQely little distance through the activated
carbon fibers) has a greater path distance through the -
electrolyte solution and thus a greater electrolyte
solution resistance Ry, than does current that passes
into the electrolyte solution after having traveled

30 through the entire thickness of the carbon cloth, and
thus has a lesser electrolyte solution resistance Rg.
FIG. 7 depicts schematically the inverse relationship
between R;, and R;s through a series/parallel circuit
having a "ladder".structure on which the individual

35 capacitance functions of each unit of surface area are
the "rungs" of the ladder and a series of individual
electrode resistances form one "leg" of the ladder, and a




into the electrolyte. At the sane tinme, current that passes into the

el ectrolyte near the current collector foil (after having 25 traveled

rel atively Iwoni/s3ssi st ance through the activated carbon frdrarse)2oazs a
greater path distance through the- electrolyte solution and thus a greater
el'ectrolyte solution resistance RES, than does current that passes into
the electrolyte solution after havi ng Tré¥et ed 30 through the entire

t hi ckness of the_ car bon .0 el e_sol ution
resi stance RES. “F1°6® Bag}%g‘é%h ﬁ%&g{gﬁﬁg Fet nlvoé‘r §§%§3?L¥£ Bhshi p

bet ween REL and fE® tamo(mgh‘ YleaY i of/ther dladderei rEhe (contaetnygegistance
"l'adder”. struct ufg &hmaclﬁot Bfei &t \dfl 4de %ﬁecwma&m%ef H@ﬁ&t&f.@r of each

unit of surface area.are of the | add rie

v dunl o coatimtares dborentled v anotier S5Eiof Haer g3Ber ety o vo
01/ 13388 PCT [ USERTO4ANAL 2orrent | bsawedl lingd thic dugh Qd@ctmdllyn.éusbl ution _
resi stances fordg (}?J&It'&%'be heg" vededhad ‘i‘iﬁ@& oﬂ@%@%@%ﬁe&%fbééance 'S

coupled to one en the one.le an par at " tance j s coupl ed
to anot her end df® ﬁ’ﬁ;é:aﬁ't‘:ﬁér apggag51%%%1 °t“ﬁaf’% g? 33?? f 1 yh each
i ndi vi dual capassimteacess Wwitkntheatnumest ofpei of. t rhéxeelauonnbdef

resi stances and ﬁms@;%%fceoﬂﬁ O¢nd r@lé‘éﬁ@d@ﬂ&ﬁs@&ld&s‘ %m&eih@éﬁi@fﬁ with
t he nunber t he agoggtbl(?)% r SI st ance of, the el eC{rode

i
resi st ances JD%I ﬁqﬁrﬂf&l?é‘la e&'né’ 't & Ehe gFigrance L, ( he
resistance of, thee edleettrodiyyeessbitidmiresdéstabeexces. . FIG 7 furt her

illustrates a first porti @pgof ﬁk’xftrl'?élt tﬂ'ﬁb@ﬂa@é& hy f@rs%nFSH:i‘ ?‘Ffejct or 15

exiting the carbon fiber c¢lot elative near current co
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aking path 1 et Rliln! epepr Skl iterehoh ! da Yaveyipgni, collector

foil/carbon T1 ber |nter ace and exiting at i nter i ate
position, wth dtlatldelydoreater GiFtanass through *he electrolyte

solution, a second portion of current taking path "B"
entering the carbon fiber cloth at the current collector
foil/carbon fiber cloth interface and 'exiting at an
20 intermediate position, with an intermediate distance of
travel through the electrolytic solution, and a third
portion of current taking path "C" entering the carbon
fiber cloth at the current collector foil/carbon fiber
cloth after having passed through the entire thickness of
25 the carbon fiber cloth, with a relatively shorter
distance of travel through the electrolyte solution.
Understanding of these sources of resistance by
the inventors remains significant to their success at
reducing the resistances to a level that permits the
30 making of a commercially viable, practical, high-voltage,
low internal resistance, small size, long life, double
layer capacitor.
Advantageously, in the present embodiment,
total resistance seen by the entire amount of current
35 passing through the double layer capacitor ;s no more

than 125 mQ.
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of 25 the carbon fiber cloth, with a relatively shorter distance of travel
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808 i s shown. am’eedﬁagra @GDS°rlé§|193eh?sﬂ}ﬁjlquirﬁleétp‘&%%eeh‘a?g%%zmy t ake
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generates a wgw, and "F", the amount of electrode and solution
resistance varies for each charge and the path it takes.
A charge taking path "D" experiences more solution
resistance (Rg) and less electrode resistance (Rg) than a
20 charge in path "F", for example. Each path generates a
separate capacitance as well. The effective capacitance
is the sum of the separate capacitances C, through C,.
Referring to FIG. 9, shown is a simplified
circuit that illustrates the use of a double layer
25 capacitor as a power source to deliver energy to a load,
R,. In FIG. 9, all of the capacitor internal resistances
shown in FIG. 6, including the contact resistance 2 x R,
associated with both terminals, the aluminum impregnated
carbon cloth electrode resistances 2 x Ry, the
30 electrolytic solution resistances 2 x Ry, and the
separator resistance Ry, (if not sufficiently -low to be
neglected), are included in the capacitor internal
resistance R;. .
The total resistance R; of the power delivery
35 circuit in FIG. 7 is

Rr =R; + R, . (3)



separate capacitance..as well. The effective capacitance is the sumof the
séparate capacitances ClL through CN. Referring to FIG 9, shown is a
sinplified woogssds that illustrates the use of a doubl e Acaysno/dE7capaci t or
as a power source to deliver energy to aload, RL. In FIG 9, all of the
capacitor internal resistances shown in FIG 6, including the contact

resi stance 2 x Rc associated wi th both3terni nal s the al um num i npr egnat ed

carbon cloth el ectrode. _resistanc t he lectrol ytic | ution
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sufficiently | owid chas: negl ect ed) are included in the.capacitor internal
resistance Rz. . The total resistance RT of the power delivery 35 circuit
in FIG 7 is RT=Rz+.RL . (3) c) 01/13388 PCT![TS00/20437 31 The, t ot al
time constant t of the poweT | rvery circuit is thus: T = RTC , ((Zf'))
whereas the tine constant TC of just the capacitor is 5 TC= RIC . (5) The
vol tage devel opofhdi tnknerho Ubnihah M 5r RUEURTLapa¥ondd- 1/ KD (6)
and the power de |vered | oa | Vo( 1-

| VO(1-CRc/CRT) (7) 10 or P = qu1 TG T) . (8) The exprespl on (1-TC/'T)
represents the efficiencyrgatR,0g. E of the power delivery circuit, (S)e., e
= (1-TCT) . (9) 15 The degree to which the power source (in this case the
doubl e | ayer capacitor C charged to a voltage VO is gble to efficiently
deliver power tdh&alsage develoneuacresy q"sﬁ depen¥erf upon the
characteristic RCtime constant of the capacitor tc. The characteristic RC

time constant 20 of the cg&aq}oiﬁr/&)i n Ww-‘Rcilﬁr)di rectly related to '(té',e

and the power delivered to the load is

It

P = IV, = IV5(1-R/R;) = IV,(1-CR:/CRy) (7)
10 or

P

il

IVo(1-1c/T) . (8)

The expresgion (1-1./t) represents the efficiency rating ¢
of the power delivery circuit, i.e.,

= (1-1/7) . (9)

15 The degree toc which the power source (in this case the '
double 1_ayer capacitor C charged to a voltage V,} is able
to efficiently deliver power to the load, Ry is thus
highly dependent upon the characteristic RC time constant
of the capacitor 1.. The characteristic RC time constant

20 of the capacitor, in turn, is directly related to the
internal resistance of the capacitor, R;, as defined
above. For an efficient, practical, high speed power
delivery circuit to be achieved using the double layer
capacitor €, it is thus apparent that the internal
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PABLE 1
Performance Specifications of Pc-10

Parameter Value Units
Capacitance 8 Farad

Tolerance *1o0 %
Rated Voltage 2.3 Volts
Rated Energy 21 Jdoules
ESR* 150 mQ

€100 Hz 90 mno

(*ESR = Electrode Series Resistance)

Rated Current 3 Anps
Operating Temp -20 to 60 Celsius
Storage Temp -40 to 85 Celsius
Leakage Current 0.02 milliamps

(after 72 hrs)

Case Style’

Electrical Connection

Case Dimensions
Weight

24 X 31 X 4.5

6.5

Stainless Steel can with
header plate

Two solderable platinum
coated molybdenum pins
attached to case. One pin
is electrically insulated
from the case and the other
pin is not. Electrical
connection may also be
through case surface
contact.

&t current 3

ess
ati num




attached to case. One pin 35 is electrically insulated fromthe case and
the other pin is not. Electrical connection may al so be through case
surface 40 womi/awss®s Case Dinensions 24 X 31 X 4.5 nm VRCHHIN/N487 g WO
01/13388 PCTJUSO0/ 20437 - 33 Electrolyte: Oganic |Inpregnate (solvent +
salt). solvent: acetonitrile (CH3CN) salt: tetraethyl ammoni um

tetrafl ouraborate (CH3CH2) 4N} BF4 5-Haonetical |l y- Seal ed Doubl e Layer
Capacitor, PC 10 At this point, a nore detailed descrjption of a

particul ar enbobleftmolytes he‘P‘Fﬁ?ml@amer%%%ﬁ*&i G@&UP@*‘ ‘?’a%/%\ft)capam tor,
also referred to as the PC 105°1 qnt: Eci é I r%g
description makes reference t%® a%ﬁtgff on 3 |E? o °ﬁﬁ$ﬂﬂ €10

t hrough 22, gnd process depictions . 23 and 24. |npregnation of
metal -into ' k 200
of FIG 23, 15 and with.reference also to GS. and 11, an initial step
to be carried ﬂ“%%ﬂﬁ@sﬁam Peuple) P?Y%%zﬂagﬁ‘“&ﬂﬁod??re’rﬂ -of the
doubl e | ayer capacitor 6@t(Ehix pdints atmowme rdetandedpdeycxigtsion effeared to

as pl asma spray %D Qogmﬁb&ﬁﬂedg Qkhaggefﬁaé§cal9} ¥ehfedduiii 2l Um num 94
20 so that the

ten alun1nun1 IS | ep_iLnto ow of the
activated car boh®¥$H&2Pagitohe %]aﬁ‘bGﬁ n?ﬁfgrtcbﬂﬁdl g?%\f)v’e?v |"ﬁ‘tr}§ car bon
fiber cloth102. pfdmented.bTheffdklowingt AeS@ript ilom mpkeyexkfearqmef &oably a
comrer ci al 1y ausbliphlee hatl GHOR16ED 1) F1G8. 18 ehiGudrdon ddber cl oth

92 is typically o talne I n I'S typlcally about 36
i nches wi de. A\Pﬁﬁﬁﬁﬁﬁ GePigFEoRS o iipeFICS. 23 " 220

Inpregnation of metal.into “tow' of carbon fiber cloth
With reference first to Block 200 of FIG. 23,

15 and with reference also to FIGS. 10 and 11, an initial
step to be carried out in ﬁaking a hermetically sealed
embodiment ‘of the double layer capacitor 60 (FIG. 2) is

"to wire arc spray (also referred to as plasma spray) a
carbon fiber cloth 92 (FIG. 10) with molten aluminum 94

20 so that the molten aluminum 94 is impregnated deep into
the tow of the activated carbon fibers of the carbon
fiber bundles woven into the carbon fiber cloth 92. The
carbon fiber cloth 92 to be sprayed is preferably a
commercially-available cloth.

25 As seen in FIG. 10, the carbon fiber cloth 92
is typically obtained in a roll 96. The roll 96 is
typically about 36 inches wide. A length of carbon fiber
cloth 92 is unrolled from the roll 96 and held in place,
such as in a suitable frame 98 (FIG. 11) or by suitable

30 guides (not shown) in a continuous manufacturing process.

Shown are an air compressor 110 having a
primary line 114 and a secondary line 116, a source of
electrical power 108, an x-y controller 102, and aluminum
wires 106 and 104, all of which connect to an arc spfay

35 nozzle 100. The arc spray nozzle 100 has a jet spray
nozzle 101 attached. Also shown are the carbon cloth 92,



cloth 92 is unrolled fromthe roll 96 and held in place, such as in a

sui tabl e (FIG 11) or by suitable 30 guides(r};&. in a
conti nuouyogﬁﬁﬁggcturi ng process. Shown are an air conpré‘igégr 710 havi ng a

primary line 114 and a secondary |line 116, a source of electrical power
108, an x-y controller 102, and al um D'H‘T wires 106 and 104, all of which
connect to an arc spray 35 nozzle 100 he arc spray nozzle 100 has a jet

spray 10221 ¢ A G diigh of S HHPWAsR! BahNEIFATHRN Mol eEA RradO 01/ 13388
PCT/ USOO 20437a1q,;l%al g Eup esh 93, Zn eihaust fan TlZ and. am)lten nmet al

spray 94. The %Rre‘ys ayl ng i s done downward onto the carbon cloth 92 which
is resting horizontal |l yThe arbospuaying desfiofs, demwasd:t ontakthadvant age of

gravitational hNgo i ! gl gt ot gnt fib
cloth. The fra%ée}r%léél%ht ?%e &g?%onaﬁtgé tﬁ&iﬁrﬁéall?ﬂ@g ﬁeggéglg‘gg nloter
general | y nBednesh lﬂé"h§l°daﬁnt‘bl ntage ‘bf é_"'i‘B fercgf ua: : .y

three 10 separmﬂrﬁprmpmgﬁatsm b etmleedetam/almtm rta'xeca:ab‘bnnt:fi)bhr 92. The
air_conpressor fééhsel 1% ¢PORL S5P A ks gigoagﬁomc 2SPLRE BaxEbe 100

t hrough t he pr| mary | and apother |ine, the
secondary Ilne"l‘l% 9%&*Fe§°’€o§ﬁﬂ%‘§’é‘éﬂ Bepd |1‘|‘E'ob Hl?ljdetmsB?'aﬁenozzl e 101
15 at about 40 psi. Thi Theedetidspyay nozz1&610D0ks ;adthwa "yt thrngeh of the

mol ten met’y ggé%g mets}gaynﬁ&zé{{s %&lé%ea%gaé%@%né I&‘éngHhéﬂ&tﬁ'g

| mpregnat i on 0 carbon fi enabl | n}?
al unmi num t o be?92 sprEiRe@irncPEREES$MRe AN Isénﬁﬁh?%ﬁ”?fg”ﬁ‘?eaé%é“ p the
| npregnation d@ﬁf'sm‘:a}amlnenlommairougmmecmpnmy imehniquat Using this

enbodi ment of . ZpGHVEI0RY pPAL Candlahote?Y 1 1£E/ %wggc@%sweﬁlﬁg as a

jet spray technique, |ess afum numis actua é)rae than Ip a
conventional attSspRarfiieg sePPHetied T dRte HResIe: shHrRY| §°5F&esb?]ay
nozzl e, ingseagt odbsut addipsionathietsecomdayyndiné ellalboositsgther a nore

SRR 'npregpaﬂgéﬂ]of the molten metil spray 94 against the carbon
cloth 92, thus enhancing impregnation of the metal into
the carbon fiber cloth, by enabling less aluminum to be
sprayed in less time while achieving the same

20 impregnation depth as a conventional wire arc spray
technique. '

Using this embodiment of a conventional wire
arc spray technique, referred to as a jet spray
technique, less aluminum is actually sprayed than in a

25 conventional arc spraying approach that only uses a
single arc spray nozzle, instead of an additional jet
‘spray nozzle, allowing for a more effective impregnation
of the aluminum into carbon cloth 92. Furthermore, the
use of a jet spray nozzle 101 allows the impregnation

30 process to be completed in much less time than a
conventional arc spray process. Additionally, since less
aluminum is sprayed in less time, the resulting layer of
molten metal (e.g. aluminum) that is formed on the
surface of the carbon cloth 92 is thinner that formed

35 using the conventional wire arc spray technique.

It should be noted that the metal used. to
impregnate the carbon cloth is not limited to Aluminum.
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spray tern on
molten aluminum 94 coverszthe carbon cloth 92 as

uniformly as possible with minimum overlap.

The frame 98 or other mechanism holds the
carbon fiber cloth 92 in front of a backup mesh 93 (FIG.
11), between the backup mesh 93 and the jet spray nozzle
101. If used, the frame 98 exposes a "window" of the
carbon fiber cloth 92 having approximate dimensions of
2.3 inches by 34.25 inches, to the arc spray of molten
aluminum 94 (FIG. 11). The arc spray nozzle 100 and the
attached jet spray nozzle 101 can be controlled by an X-Y
controller 102 to provide a desired spray pattern on the
carbon fiber cloth 92. Preferably, the carbon fiber
cloth 92 is held horizontally during impregnation so that
gravitational forces further enhance impregnation of the
molten aluminum into the tow of the carbon fiber cloth
92. '

The molten aluminum arc spray 94 is formed by
feeding two aluminum wires 104, 106 from respective rolls
of aluminum wire into the arc spray nozzle 100 at a
controlled rate. The wires 104 and 106 are not limited
to aluminum wires and may comprise another suitable
metal, such as copper or titanium. Tips of the aluminum

rame 98 exposes a "W ndow. ‘the carbon



carbon fiber cloth 92. Preferably, the carbon fiber cloth 92 is held

hori zont awd( g‘ggskng i npregnation so that gravitational é%‘@?" rther
i

enhance inpregnation of the 30 nolten alum numinto t het e carbon
fiber cloth 92. The nolten alumnumare spray 94 is.formed by feeding two
alum numw res 104, 106 fromrespecti gyg Lolls of alumnumwre into the -
arc spray nozzle 100 at a 35 controlled rate. The wires 104 and 106 are not
limted to awiresuro4y rexs are heldceithisdhenarkespsaytndizle nitla such

as_copper Jé}.% Rl E Srél UM nigy T electrical péadil/ 13388
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at oni ze. R ﬁ&ﬁ?f?%rﬁ*’c%élﬂ“ﬁg'“ﬁfwiw H4nitRGntRi Peit 1322 106 nelts
and vaporl zes vapbeiak uot ttomiize . cahsi alumiduroffromethectipsagf ndrel e 100 in

a plasma 10 Sé g}lﬁﬁroug t]ﬁ:ftx CoRr feped Ald 1vaB'69\ihg§d e | & Jum

conpr essor. et spray nozzle 101. AS “the.al um numis
spent and car rﬁse&aﬁﬁé?dl?f“’( Rf ShesaEc Y’é‘érﬁ‘%ﬁleaaapt BN PLASMA num wi r e
104, 106 i1 nsteeas bynd ojdthefacomppeayed axiat e pro¥ittednbynthe nir desi red

gap 15 for theq Rk eBE0 51 Mgt eRBolln| e At Mhbe21d 000y 106 10 LI S

manner, the alunt num w res contin }/‘rretere into the arc
spray nozzle 1@ 33uphmym s Waﬂ{‘ds?i’%%fa“\%‘(pé i $he PLASHR| t en,
atom zed al ustreamcaa, baadlitiesiaadaatmiinem caidzon ofsi, benechist he®@red®0 The

vaporized or 3tQu éﬁghaégz;@fqy%%h&eﬂooawrmm@aa 3PaaYefled idp and 1Nt O

the carbon fibeéer clo . over-u P and- back
spray patk%®r forsBR aEC|acrafsthentEps, °§1triﬁs|aﬂg‘m&PPBV\7§iﬁF§h?-?i sthe frame:
98. The backupo®eshifi3thidimdnreas #Rehaluminum wires 104, 106 are

continually metered into the arc spray nozzle 100 so that
a constant stream of vaporized, or molten, atomized
aluminum can be directed at the carbbn fiber cloth 92.

20 The vaporized or atomized stream of molten
aluminum is sprayed onto and into the carbon fiber cloth
92 following, in one example, an over-up-and-back spray
pattern, such as is shown in FIG. 11 using arrows within
the frame 98. The backup mesh 93; which has mesh

25 openings on the order of 0.25 in?, allows the plasma flow
to continue through the carbon fiber cloth 92 to optimize
volume impregnation of the carbon fiber cloth 92 with the
vaporized or atomized molten aluminum. The aluminum
wires 104, 106 are preferably 99.5% pure aluminum having

30 a diameter of about 1/16th of an inch.

In operation, all of the operative equipment
shown in FIG. 10, e.g., the arc spray nozzle 100, jet
spray nozzle 101, X-Y controller 102, frame 98, and wires
104, 106 are placed in an arc spray chamber (to confine

35 the molten and vaporized or atomized aluminum). Air in
the chamber is dried. An exhaust fan 112 maintains a
constant flow of air through the chamber in a direction



25 openings on the order of 0.25 in2, allows the plasma flow to continue
t hrough the carbon fiber cloth 92 to optim ze volune inpregnation of the
carbon fi bew@ioizbgs92 with the vaporized or atom zed nolroFnosed/assdznum  The
al um numw res 104, 106 are preferably 99.5% pure al um num having 30 a
diameter of about 1/16th of an inch. In_gperation, all of the operative
equi pment shown in FIG 10, e.g., thé a c'spray nozzl e 100, jet spray

o arc spray chad on’the e A, RBre A oM (BRerdfinyl oty Pl aced i
al uni nurr%o X\I r iThe tq?é”bé‘ﬁaﬁb’é?r |°§°&F‘| 82. inrrlampedsinf Bhe E2AMR PR ai ns a
constant flow ofwiadrd dslaaouehdté1%1@kgaabepray\ patdeirAC i & OfeMrobal 33681y

PCT/ USOQ 20437 37 rom 0zzl ( ably down).
The carbon fi ber° § ostlhd%m%¥l shp(':lc #5%3] ?%b‘?ﬁe&?r%rréé Ss% 53;%2{25 and a

si ngl e, spray pat@nge sp¥ayedi o¥hregarbanyLiber cdickh 82 inodaassd fre.r cl ot h
92 is arc sprayeghe Ef::@lm@egspr ay eféw NBRgERI PP urfspRayed| Gddbd fiibeel eased

from the fram Sfefdieysl 0ol e MHSPh AR G8EI0D | B mocklel! e82 | S

t hen i ndexed in THe for next s e carbon
fiber cloth 92 t*@xq)éteaqtcstgpvagfeaheleazrh@nc@rﬁﬁrepéostpr%%/ %theeaﬁcu s

traversed at a somSteant rate in a time period of about 1 second using the

jet spray nozzle 101. The nd| Vi arc_spr no zI % el spray
nozzl e 101 aré adjusted sb ?ha?mpq'teﬁg P RE RO/ t8n ré rse JFzéd or

atom zed al uni nuenrsB-andy Epte tire ac&ipenpérbed ofl ebhuy2l asseqmdf usihg as
possible w th nigd mep epsay bz RCeohhe tipd ﬁiafiﬂviaﬁﬂlpéflﬁ?%%ﬁ-a gas been

leted, a thin | f aluy nt. sid th
Carbon ol ot h 92 MEoEnaPctahaINt ek BOCI R OF AR YRRELER BPeEne

backup mesh 93 vihs late'eem of o lmok apddeapdr itded oxr bbenidest Rlugdohmpat t er n

provides vi §sxalcawfsf ieqat wfb&rh&tlba& &f@@ﬁ OB ahiFb iy has poBsisiéat ed

all the way thro“%}, %1%1%\ over(iap.

once the jet spraying process has been
completed, a thin layer of aluminum is present on the
front sidée of the carbon cloth 92, and there should be a
20 slight visual pattern of the backup mesh $3 visible on
the back side of the carbon cloth. Such pattern provides
visual verification that at least some aluminum has
penetrated'all the way through the carbon cloth to
optimize volume impregnation during the arc spraying
25 process. As described above, the layer of aluminum is
thinner than a layer formed using the conventional wire
arc spray technique.
All of the equipment referenced in FIG. 10 is
conventional. The details and manner of operating such
30 equipment are known to those of skill in the art.
The purpose of spraying the carbon fiber cloth
92 with the aluminum is to reduce transverse resistance
through the carbon fiber cloth 92. Measured data of the
aluminum impregnated carbon fiber cloth electrode series
35 resistance (ESR), taken before and after arc spraying and
with various amounts of aluminum is summarized in
Table 2.



optim ze volune | mpregnation during the arc spraying 25 process. As
described the layer of alumnumis thinner than_a |ayer forned

usi ng the con gﬁ?lonal wire arc spray technique. Al ofC @ﬁﬁ?pnent
referenced in FIG 10 is conventional. The details and manner of operating
such 30 equi prent are known to thoses@f skill in the art. The purpose of
spraying the carbon fiber cloth 92 wth the alumnumis to reduce
transverse resistance through the camabief 2ber cloth 92. Measured data of
the al um numyh iﬁgﬂated carboncggggitgﬁgéh electrﬁgﬁ ggré é%% resi stance
(ESR), takenngggH : é?% ints of

al um numis sunnaflzeo ‘ X able 2
Al um num Capaci t ance ESR of Capac;tor EEnS|ty (na/an) (F/la) (Qcn) O
(unsprayed) 115 5200(ubspifayed)30 1.50915209 >140 1.299 2500 147 1.26 410
144 1.08 509 >130 1.308 10 The data in'-TABLE 2 was taken using al um num
i npr egnat e& car bonP?ber cloth eIectrBH%% that were 25001-%8 g, cut to 5.1
cmin dianmeter and ﬁgat cont ai ned Ei&glnately 0.2 go c ton. The
carbon density in % unsprayed cl ot 0. 26 g/cnB. seen fromthe
data in TABLE 2, thgg resistance .of cggbon fiber cloth tfwg has been. arc
sprayed with alun1nun1|s reduced by up to a factor of 50. Such a dramatic
reduction in resisaaace, which is causesd by a decrease ijod he volunetric
resistivity of the 20 al um num i npregnated carbon fiber cloth el ectrode
structure, directl§99nfluences the el 288®o0de resi stance,1.38 , and thus
significantly inproves the ability of the

10 The data in .TABLE 2 was taken using aluminum
impregnated carbon fiber cloth electrodes that were 2500
m’/g, cut to 5.1 cm in diameter and that contained
approximately 0.2 g of carbon. The carbon density in the
unsprayed cloth was 0.26 g/cm’.

is As seen from the data in TABLE 2, the
resistance of carbon fiber cloth that has been arc
sprayed with aluminum is reduced by up to a factor of So0.
Such a dramatic reduction in resistance, which is caused
by a decrease in the volumetric resistivity of the

20 aluminum impregnated carbon fiber cloth electrode
structure, directly influences the electrode resistance,
Rg,, and thus significantly improves the ability of the
double layer capacitor to exhibit a low time constant.

As further seen from the data in TABLE 2,

25 reducing the resistance of the aluminum impregnated
carbon fiber cloth electrode through impregnation of
aluminum is a process that must be optimized in order to
produce the lowest electrode resistance for a desired
amount of aluminum. Too little aluminum and the

30 resistance remains too high. Too much aluminum, and the
weight of the aluminum impregnated carbon fiber cloth
electrode is increased sufficiently to degrade the energy
density. Too much aluminum also blocks the electrolyte
from penetrating into the weave of the carbon fiber cloth



double. layer capacitor to exhibit a lowtime constant. As further seen
fromthe data in TABLE 2, 25 reducing the resistance of the al um num

i npr egnat ed W@ 813888 1 | ber cloth el ectrode t hr ough i npr egrPEXUS/M/20837 al um num
Is a process that nust be optim zed in order to produce the | owest

el ectrode resistance for a desired amount of alum num Too little alum num
and the 30 resistance remains too hi ghT 3o chh al um num and the weight
of the alum num i npregnated,carbon, fi el ectro S increa

Suf {1 i ent Ty to BBORECD (GREtBRE BI GBS FUrTaeE eHh i HOR AL LR ocks
the el ectrol yte carbompEisnsat thgrehyoeﬁmt\waim décrdrsiawy tbe fi ber cloth
WO 01/13388 PCTI ysggigpfggu&gcesgré to contact all of the surface area of

the activated carbon fibers, there X ‘ef fecti veLé decreasi ng the avail abl e
surface area. It is signifitcafit sf‘ﬂ’é{' ieant that Fhe ape (RFRY) 24 Bhat 1Rt ed
at the carbonsfi Gérected hatQZhQaFt:&bdxi)fﬂma:s civth 92(EXG.han)j deesceatht he

top or front surinaﬁs afaﬂ hRist2Ebep £h % ot Erw\ﬂ% éameno!fa fe of

al umi num Whjle um-num certal n oes coat e top sur ace | t al so

penetrates deep FAFBORHetheZr GOATR| Bth cﬁ FHR bpYER af JUmABUR- ¢ HEb
i nterstices of thbecalinaimuin bertbunnye&oemhtnthé\etamrénmfabebeitctmm and

thus, | mpr egnat es pLhger SRl AReb! BRE Chi Meathoh #ug WiBen, Tag. shon! {1 cance

of inpregnating t e carb um num. s best illustrated
with referend@ tBeEYe®n %ﬁ t‘ﬁFSHﬁF"‘S‘Eﬁ of ther GRFPORy Hihar tyndles 4A a
schematic reprewéﬁhhhlm icarbhnwiiiloér clttie andt tlouml impregnateshthe car bon

fiber cloth 92. IM%?Otﬁ %ﬂt’}g I%%_p,gﬁ f&@grvglnqﬂcggfbs frade up

of a plurality of on fib are
carbon fiber cl OPF}PQ‘EH‘?Z-mFOthl FRFPRH t%}be6nF§‘°F’bLPfl‘§Ucﬂ4ué‘a‘PHBnlﬁ’b%$t
bundl es 120 areidbestrated-ivithdfefé&paicecaocbencsi bex thitedigh 580 is made up

of many actiygted carbon i ?32?1&3%:&?? t%e%QG, bgﬁt 4 Ny ﬁg’c‘i@ whi ch
conceptual ly Tl lustrates a cross-~secti onal w of " an 1 ndi vidual carbon
fi ber bundl e 120representation is shown of a smde sect10na1 view of the

carbon fiber cloth 92. As seen in FIG. 4A, the carbon
" fiber cloth 92 is made up of a plurality of carbon fiber
bundles 120 that are woven to form the carbon fiber cloth
20 92. For simplicity, only four such carbon fiber bundles
120 are shown in FIG. 4A. Each carbon fiber bundle 120
is made up of many activated carbon fibers 122, as seen
best in FIG. 4B, which conceptually illustrates a cross-
sectional view of an individual carbon fiber bundle 120.
25 The axial resistance of the individual '
activated carbon fibers 122 is very low, but the
tiansverse resistance through a carbon fiber bundle 120
is relatively high. It is this transverse resistance,
i.e., the resistance from point "A" on one side of the
30 carbon fiber cloth 92 to point "B" on the other side of
the carbon fiber cloth 92 that is lowered in order to
reduce the electrode resistance Re.» Arc spraying the
carbon fiber cloth 92 with the aluminum arc spray 94
advantageously causes the aluminum to flow into the tow
35 126 of the carbon fiber bundle 120, as shown in FIG. 4B.
Such penetration, or impregnation, irnto the tow .of the
carbon fiber bundle 120 reduces contact resistance



25 The axial resistance of the individual activated carbon fibers 122 is .
very | ow, transverse resi stance through a carb I ber bundl e 120
is relati vePy ?1 is this transverse resistance, ?,%EMSR?’I‘?@% esi st ance
frompoint "A" on one side of the 30 carbon fiber cloth 92 to point "B" on
the other side of the carbon fiber ct&h-92 that is lowered in order to

reduce the el ectrode resistance. R Arc spra t he carbon fiber cloth 92
with the al um RE¥HWeep ipalyidnal ARKLYALE oﬁé'gfg’b é2a T8 numto flow

into the tow 35ek@Atdhgt hewc%whmve‘nsleecohtmdﬂ: erehﬁ(staaseshogather Rrixh 4B.

Such penetrati FTREEEN d1Nt@s Dea v € actrReogfi ber bundl e
120 reduces co%hziec?lhrtegps?gng%‘b%l rr3§%§ PCT/L?:SH a§7 02910 et ween

i ndi vi dual act iSARROR E3PBER }%e?%s“}iz inTheverpshaw |rﬁ§ BSANER PRYVRIR
contact resist afecmaﬂagebhplet\elm tﬂzrmaghnthemidtﬂ @f xheakcarbenstitexre of the

activated carhgy 8rsjlg2, Péﬂhtt |1g 3 V&F i&WEr%%'s%E?E&e path to 5 be
t'r}ro

made conpl etely f th he car i ber
result in a ver F&nEbE‘P‘é%h '?%laéf‘ahﬁ%mtmmaﬂ:ﬁ@ SRERP ’huﬂ’rber

i mpr egnat ed cardm:tn‘ iehectrodiet h el ectrode. Furthernore, the inpregnation

process used does 10 NOkyRLASLALANhY ShbFEININLIPRARLLY Bhed odigr DON

cloth 92. The porosity IS evel suc
sufficient &P ediqtoisjgndtispntlveifarthéhenpParositic °§O|*'B§ grreeR <ktibn
fi ber bundl es. gbhus Thevpbrbibtghis txdaanm:a‘u‘.aédnﬂrpraegrriaﬂbsbabea vpvebne of the

voi d volume of ol ttﬂ%tc.%ﬁ?{‘cfér% *kleﬁchl? Tiﬁf‘é d P:aﬂhy Einé’ﬁt%ﬁa' |

enough to |nter§ ere wth e car
therefore the ﬁiﬂ%ﬁ%&sof’ftﬁ’é‘ac‘%ﬂm Eiber ’9‘-2"4%35'rra|'rﬁflﬁv ne¥eR ERIREN he
i npregnation prtﬂfaea&tthempeeguhénmg;aadeeabpnsebme/cdmrmeofvoﬁ.bevonmb@rbmI oth 92

having 20 bgerapatelinobatbie, VoIl ity Tenplod i IPRBCLRLI 92 having

been sprayed’is a out nuch nmetal is
i npr egnat ed | nt/RAUER &&r bBRer feXR Wikhothe P?r%"?ﬁé%YannﬁeaE?r‘a%" Lhthier to

t he 92; and, therefore the porosity of the carbon cloth 92 is
maintained during the impregnation process. The
resulting area/unit-volume of the carbon cloth 92 having

20 been sprayed or the void volume of the carbon cloth 92
having been sprayed'is_about 600 uﬁ/cmS. on the other
hand, if too much metal is impregnated into the carbon
fiber cloth, the metal may act as a barrier to the
electrolytic solution being able to penetrate the carbon

25 fiber cloth itself.

When the arc spray 94 strikes the carbon fiber
cloth 92, it not only impregnates the tow 122 of the
carbon fiber bundles 120 with aluminum, as described
above, but it also forms a layer 124 of aluminum on the

30 top surface of the carbon fiber cloth 92. The layer 124

' is thin and contours to the shape of the surface of the
carbon cloth. The use of the jet spray technique shown
in FIGS. 10 and 11 provides a much thinner layer 124 of
aluminum than a conventional wire arc spray technique.

35 For example, the thickness of the layer 124 is typically
not more than 1/4 of the thickness of one carbon fiber
bundle 120. In addition, some of the aluminum also fills



el ectrolytic solution being able to penetrate the carbon 25 fiber cloth
itself. When the arc spray 94 strikes the carbon fiber cloth 92, it
not.only i mweoeissss the tow 122 of the carbon fiber burPSTASZRGBIW t h

al um num as described above, but it also forns a |ayer 124 of al um num on
the 30 top surface of the carbon fiber cloth 92. The layer 124 is thin and
contours to the shape of the surface of 4tha carbon cloth. The use of the

jet spray techni que sho 0_and rovides ner | ayer
124 of al um nuf® aﬁgawﬁn 3 ﬁgl ‘l’ﬁﬂ%e’br %‘eo cgrb?ec’hr?rfégnn&ggg

exanpl e, the thilzionesThef alweinugy dayer4124 l‘tey'lmscapl pake, o r(éOY’han 1/4 of
the thickness Ofre%%tﬁ%@ neiéé&ficaliuadheaé&%thncaﬁlﬂéﬁt @vlleetsrof the

al um num al so fil MD 01 PCT/ U [ 20437 vplLds 128
bet ween t he carE@H i B8y Bﬁngrﬁ§ g}ZOECEHé éFﬁh%REﬁ1 %§3¥Ff§& %Eﬁn g%o make
good (low resist a:m)enel eollectnr désedft Fhat denrthe %Wi@é‘i“o?‘ay?%l | s 68,
72 (FIG 2), butyjss s'%%ebnESnP&%rt RnkUBShEAUL FesisBakes) QL copiect or

itself. That is, the alum._numl 4 seryves wer t cant
resistance, R B@SeHCEs@fcal Yﬁ “UﬁPngﬂleP% léglggtﬁiﬁ? E&‘meeﬁ§§%
carbon fiber bufitiess bip@1asdb2aveidgist we@qhhetcalm alvmimgn dgpiegnated
el ectrode and S*Eil&&rtoﬁuﬁgns &&1@ 28dsabd elﬁ].lﬂ.@dllzﬁw A0 RUSGUEHE

volunmetric resistjvit ow characteris
et erting (8 Firdeasaben Vol apr Ot tEELOtL b O G Ao bl AT R ek
another enbodi mRd tdimet konstaon cloth 92 made out of triple tw sted

carbon fiber bundles 15 121¢L5,. W, @Gcrg§sx§gg,kggeﬁﬁag¥y% ok Rhe triple-
twi sted carbon fiber bundle I's shown and furthebadédescrlggggn FIG 5B. The

carbon cloth 92 sislesgectdppal i ofr SRPERET t meRF < aFBORORi -ber
bundl es 121. Refcardﬂ'mgzt QaEéCbu‘lSB)f ceipdpt taldtyeds lcawhon St ber? Bupddes

sectional View a4 Ibanl 2! KhhALIRRLEA B oriBd! end Ak igletie

enbodi nent of~ t hé "car bon c o h shown in eg a{ bon fi ber
bundl es 123 havdWistied gagpon fiber bundlg is shown and furt

described in FIG. 5B. The carbon cloth 92 is entirely
woven from the triple twisted carbon fiber bundles 121.
Referring to FIG. 5B, conceptually shown is a

20 cross sectional view of a triple twisted carbon fiber

bundle 121 in the embodiment of the carbon cloth shown in

FIG. SA. Three carbon fiber bundles 123 have individual

fibers and the tow of each carbon fiber bundle is shown,

as well as the ideal impregnation depth of metal into the
25 triple twisted carbon fiber bundle 121.

The three carbon fiber bundles 123 are twisted
together to form a triple twisted carbon fiber bundle
121, which. is about the same size as the carbon fiber
bundle 120 of FIGS. 4A and 4B. The carbon cloth of FIG.

30 5A will be woven out of many triple twisted carbon fiber
bundles 123. The twisting rotates the individual carbon
fibers as they extend radially through the length of the
fiber bundle 123; thus, less aluminum needs to be
impregnated to reach all of the individual fibers of the

35 triple twisted fiber bundle 123. This decreases the
amount of carbon to carbon contacts within the fiber -
bundle 123 and; therefore, lowers the transverse



fibers and the tow of each carbon fiber bundle is shown, as well as the
| deal irrpiﬁ%}zlts;s n depth of nmetal into the 25 triple twisted carbon fiber
bundl e 121." The three carbon fiber bundles 123 are tw s'f‘éws"f’%'{fé'f her to
forma triple twisted carbon fiber bundle 121, which. is about the sane
size as the carbon fiber bundle 120 of FIGS. 4A and 4B. The carbon cloth -
of FIG 30 5Awll be woven out of many triple tw sted carbon fiber

bundl es 123. {&@iéw'rﬁéé R theab8sbbRecidti Wadudlingatbeple ftbmsteds they
extend radi al

t hr.ou the length of the fiber bundle 123..1thus, |ess
al umi num needgi/‘P%t R e&ﬁ&f‘eguf:ﬁh?’éa ’hl‘ﬂﬁg‘r tgﬁes?ﬂﬁi i R8T £ i bers of
the 35 tripleundies a2 iimeFIGundAe 1T3e thhistisacfousesdisplacem e of

carbon to car RN £k i < 2 3 f ,
| owers the trgﬁ%\’/&e;}? q{/ﬁ\ﬂ% #%%%%;%%%%ﬁ%&e&mqwaé ghé@d?%geo?rtehe

2043&‘ 42 eSI#i}
carbon cl oPh €3°R <GP ifjber; 8 123 ke Fres cavRAN 4R %er than with
the single fibendlémindreiih to Eray slightilyy tthusii ajléwine mihraspl aces t he

shape of the geaofd i9Pts Rchfprabhicdd Jithiteneoton each omfnn fiber
bundl e 123, ere_the carbon fi b%r bL{ld| s 123 begl n_to U‘%g'g I ghtly;
thus, allow nERFofeV A% AUTFRNS4TrgmpE ?rf%‘r"&fﬁ"&t"_ Rq°% PRI TR (% 126.
Thus, the flPoin€ 'AMN riantFIG.o4AL he inpeevedvidh Rbentriplettwistadit "A" in

FIG 4A 15l ”?iﬂﬁf%di‘icil*b tdiduin’ iR PTEW 54 ed B;SP firgehgbene| ey soWnhd N FI G
5A. By varying the twst and, . the tow sjze o tt&el car gin | ber bundl es 121,
t he transvergEerE%Vs"t‘aﬁ?cé’fcﬁebgam%r er hpndlgs: 14y | the transverse

current flow tnanéeerse hesictanced2an The laeated;nthegnacpbimidzisidh of the

al um num 15 j h r | Qe n or the
Fr Dl 6 tw st oite ety dibe ehatlent 16164 %ﬁ?‘%%?%g’é’;;‘b%ﬁﬁhliﬂmined. 't is

bel i eved, "however, thatThehddeddr dBRECFRAEINN e e Ry
Cross-sectisoninte tlse ntdwarl2eo oth&hei thrison atidubr uRdCEs AB0aond e filling

20 about 2/3 <3 4 Qfs hlsab THIE 13t i Pt t he
bundle is expggééi%tﬁ#e&?u%?ygao% g?%‘e)wé%géh 1 hag RB Mre én
guantified. It is believed, however, that the

impregnation pattern, when viewed in cross-section, is
similar to that illustrated in FIGS. 4B and 5B, filling
20 about 2/3 to 3/4 of the available tow volume at the point
where the bundle is exposed at the surface of the cloth.
This is approximately 1/4 through the entire carbon
cloth, having a similar cross section view as shown in
FIGS. 4B and 5B for the individual carbon fiber bundles.
25 The weight of aluminum, using the jet spray
technique, retained on or in the carbon cloth is
maintained at between about 20-30%, e.g., 25%, of the
total ﬁeight of the carbon cloth plus aluminum, or about
15% of the total weight, including the electrolyte. This
30 is compared to about 50% of the total weight of the
carbon cloth (either the carbon cloth of FIG. 4A or the
triple twisted carbon cloth of FIG. 5A) plus aluminum in
a conventional wire arc spray technigque. The reduction
is weight is largely attributed to the reduction in the
35 layer 124 of aluminum deposited on the surface of the
carbon cloth.



This is approxi mately 1/4 through the entire carbon cloth, having a
simlar cross section view as showmn in FIGS. 4B and 5B for the individual
carbon fi berwdondssss. 25 The wei ght of al um num using tPET/USW/29487ay
techni que, retained on or in the carbon cloth is. maintained at between
about 20-30% e.g., 25% of the total weight of the carbon cloth plus
alum num or about 15%of the total we#dht, including the electrolyte.

This 30 is conpared to about 50% of the total ht_of_  th carbg cloth
(ei ther the car M‘@P&Fﬁrﬁf°¢IRE‘MA18?1%¥1e’°ﬁ1PPng‘nPW s’t’@'d’ c SPBBf g?ﬁth of

FIG 5A) plus alum num.i n a conventional wire. arc spray. technique. The

reduction is weight is %&?%rﬁ 4 ta ?Ht%j é’}%htbligc*e‘g%%fﬁ Jenpirhe 35 |ayer

124 of al um num deposi te 2987 ace of V\g 01/ 13388
PCT/ USOQ 20437 2343t imnseerttihat oftes tie jcagey §é‘&%c?1d°&&b|98 afer
capacitor Returgddif s@qa edt&hd Haphlkgakted agitamadimbhdh (RAdcki 2003, seen

that after the c rb.onfl cl ot h ?&ﬂ Legnated with
al um num (bl ogk %ﬁ)p Qfs??ﬁ)%n of O%gfbo ° #Dq?%dsg{)%?gr (%P‘ock 202). the
carbon fiber cl otdriem fdbentclofto 93t AEpsuhaiitiey SEEBPS JAYIR% di nensions to
be used in the pg iat@bethemyionaf ta BOUIeA liayehe oppanirtor . The car bon

header plaie | 1ARSORRE of 3 AURHLe) 1975, RSP, g, Sepkon 2R0E 19 @

header plate con
gl ass-t o- net al s@%ﬂlmsayabsdix%f@tr a8 peeded-a her rretlc seal) at the
interface of jphe first terata@tink34oWis. tIe, %&66ispéai&dla}2,pmme

I nsulating barrier 140 gnd, a first .1 urrent C 130t Briefly
referring back tb% @ £35St lﬂ?ﬂaﬁn?ﬁg %f kggltr“%gﬁﬁ{gqlt:Jhe‘ c%ase and
header plate 132g1afssr—tbhmedmllb¢@ll apeér (eémowqf@rrreé perdsranhermstdsk 220) .

The case (as shoyghjyn of! @ﬁe Prdertdycauglh 2rd fiscs% IE&I:ﬂina?ﬂ msen@m&hem ng

stainl ess steel oL hough oy, COTRr e, 9L IS) MIRLELE 3 24IhS YiGRH um or

15 current collector foil 130a
Briefly referring back to FIG. 23, a
prelinminary step of forming the case and header plate 132
for the double layer capacitor is performed (block 220).
The case (as shown in FIGS. 21A through 22) is a metal
20 case comprising stainless steel, although may comprise
other metals, such as titanium or aluminum. The header
plate 132 is typically made of the same material as the
case. Next the capacitor terminals are installed on the
) header plate 132 with a glass-to-metal seal 138 for pass
25 through type terminals (Block 22 of FIG. 23) A first
terminal 134 is installed in the header plate 132 such
that a hermetic seal or glass-to-metal seal 138 is formed
between the first terminal 134 and the header plate 132.
The glass-to-metal seal 138 insulates the first terminal
30 from the header plate and provides a seal such that the
leakage of contaminants is substantially reduced from
entering the double layer capacitor. The advantages of °
this feature are further discussed below. The first
terminal 134 is a passthrough terminal which, as shown,
35 passes through the header plate as shown. The second
terminal 136 is also ‘installed (welded) to the header



plate 132 is typically nade of the sane material as the case. Next the
capaci torvﬁf&”i‘s%' s are installed on the header plate 132 with a

gl ass-to-ne a seal 138 for pass 25 through type term n%?'@“%’ﬂ{?%é’k 22 of
FIG 23) Afirst termnal 134 is installed in the header plate 132 such
that a hernetic seal or glass-to-netal,,seal 138 is formed between the
first termnal 134 and the header plate 132. The glass-to-netal seal 138

i nsul ates the fiatet 1580 M find RAderopihbe eAdaiomphate afeh PEaMiidRIsA Seal
such that the Ieakggg gf Conteiﬂt nant‘:ﬁl I S, subst anteltgg Vel ﬁd d from
entering the dodb t 3pH ﬁnga%sva f S effre are
further di scumemuem/lyweaila@e fromnTeknasSexd,i dogapedsimrthegh ter ni nal
\tNhl ch, F‘S1220%at%50?aﬁ§§§oﬁ§1119u9f1n& l&glbteéﬁi%aﬁde%ttetaé \A%é%%c;%aaecond
erm na i.s als a e er. :
bCT LS00 23 AneppatapnEhe e eitna, Prim e BeRheg plate Sy
termnals 134'-1'mnd=a336 as well as the glass-to-netal seal 138, are
comercial |y avail able &ﬁemJﬁM%eaball efaéf&g&otnetaﬁtaéﬁ of3gWjgconsi n.

In this enbodi nent t I -insul ate f r t fermnal from
t he hlazder pl ;ﬁ°é“p;§’ﬁ(?g ?E sgg’[s%a (%?3)Hepﬁ’lé?$g°’9élﬁs ‘E’ﬂgbr;’% Y %het al seal
138 is conposid)of Pothssbur dBedde Hakdn Spdiim OXA%e, (Aklpmiard (89,

Pot assi um {i g thlitin oRedé upi x| d@aﬁowa mslocnlel bh Hﬂb&l de (1% Table 3

shows the physical . properties assom taI se 138. It

o hpor t ant DR GeELEF T AR P S SAHE COrERaL: BRaL nhtn (it of ¢ he
header - pl at e 132 isnpolrtahtit thate tleadhernad- expaisionaknd38ontchctiiemeader

plate 132 w | ln6p2RflatSofNEh& HUddat! K&Beesme su@nomse. Eﬂee‘%ia%é-uate the
seal in a range of ggeratures | es. Property

cal Pro
Units . 20 Ther smetadafepdnl ¥ .2ne th?hBFﬁﬁﬁ@ﬁ%%&??oH x8¥pand 521 25C

and contract the same in order to effectuate the seal in
a range of temperatures. ¢

TAB 3
Physical Properties
Property . Units
20 Thermal Expansion 56x10~
Thermal Contraction. 71x1-107 521-25°C
Strain pt 479 °c
Annealing pt 521 °c
Softening pt ' 710 °c
'25 Density . 2.32 gm/cm’
Dielectric constant 6.7 25°C, 1MHz
Loss Factor 4% 25°C, 1MHz
Volume Resistivity @ 150°C 11.76 (log 10)ochm-cm
Volume Resistivity @ 250°C 7.1 (lbg 10) ohm-cm
30 Volume Resistivity @ 350°C 5.7 (log 10)chm-cm
Voltage Breakdown 2.1 KV, 304 SST

Furthermore, it is advantageous to have
capacitor terminals that are solderable, such as to a




Strain pt 479 C Annealing pt 521 C Softening pt 710 C 25 Density 2.32
gnmicnB Dielectric Constant 6.7 25C, 1MHz Loss Factor 4% 25C, 1MHz Vol une
Resistivity wdam8sll. 76 (| og 10) ohm cm Vol une Resi sti vi tReT@S@B08B77. 1 (| og

| 0)ohmcm 30 Volune Resistivity @350C 5.7 (log 10 ohmcm Vol tage
Breakdown 2.1 KV, 304 SST Furthernore, it is advantageous to have

capacitor termnals that are sol derabl-e4sstch as to a |li WO 01/ 13388

PCT/ USOQ 20437 - 45 nprinted circuit board or, other simlar device. In
order to nake phintedstinauiti heardler sekhatheigddarddedifena/ln pyger

sol der ablje, ft hetlai ﬁﬁetﬁ{éﬁfﬂgtl%rﬁ\mﬂal hes 45 ana@nthet secbndl tekdfinate
conprised of a ati cqQat e erm.,nal 5 Qr..a.p i t | ybdenum
wire. The plati E‘raﬁn sntg%ﬁ’%gl?'s t&‘seeg‘lgg t%%lfq{]t"r%% ?’g?’mgﬁg} gk?%%%o%

be' sol derabl e, terminak 188 yemomprised of & pdatinupagoated ferpinal
Cfeffi fi ent tSslof okhsr%tﬁsﬁ@B t%%at%%d@ﬂ@lfﬂd@ﬂ%%i&le.gsThdoﬁﬁaﬁMm_ _

gl ass-to-netal seal, , _Both platin n . e r
coefficients of SPRAEMARI IR i %héﬁgkﬁ%%%rm&% gégg%gg‘%/og‘sd}%%-&%ét al
seal 138. Thus, andhthe thelyksteriumalis used exiyosedtt basaat fEnMAT source the
pl atinum coat ed ;gRE¥PAEINER (¥ S 1\ekparfidRand anl EBRtraction ake as the

Gontracti on wer BoSRothS; FA3a- Ea B SnEet brid Hal Bo5BUPR BRI s or T han
t he gl ass-t aOremalybdehur 3twendipdilent ceefficientis phetheynak xXpagsieny|
i Towi ng | eakaga ey o E R, B e e rml L desi gn
guch asg t he thHEPiE%?ISgEﬂiHQ%f'éé%aEFP?ﬁeiﬁﬁﬂM? Fheﬁpﬁé.sqgfcﬁl1 gughng:
preventing thispleakage. ceateed impybtiantn featinads widlt xpand pg the
glass-to-nmetal ggak %§§ei§§Lgﬁgiglasé—to—metal seal 138. If the
15 coefficients of thermal expansion and contraction were
not similar, then the terminals could expand faster than
the glass-to-metal seal 138 and potentially crack the
-glass-to-metal seal 138 or reduce the effectiveness of
the glass-to-metal seal 138 by allowing leakage of the
20 electrolytic solution. In a very small design, such as
the hermetically sealed capacitor shown in FIGS. 12
through 24, preventing this leakage is an important
feature, and thus, the qlass-to—métal seal 138 is used.
Therefore, the particular selection of the platinumized
25 molybdenum for the first terminal 134, since it is a phss
through terminal is importart to the life of the
cabacitor. The second terminal 136 should be platinum
coated for solderability, but is not required to be a
molybdenum wire since it does not pass through the metal
30 plate 132.

The platinum coating may be applied to the
molybdenum wire in a variety of ways as known in the art,
such as dipping or diffusion bonding. The platinum
coated molybdenum is passed through the header plate, and

35 then a glass-to-metal seal 138 iz formed between the
platinum coated molybdenum and the header plate.. The
platinum ceating is about 100 micro inches thick. Other



Therefore, the part I cular selection of the platinumzed 25 nolybdenum for,

the first @£k ??3'?% 134, since it is a pass through ter&% S |rrportant
. . 0
e

tothe life o capacitor. The second term nal 136 far pl ati num
coated for solderability, but is not required to be a - nol ybdenumw re
since it does not pass through the net 30 plate 132. The platinum
coating may be applied to the nol yﬁdéguﬁqw' re in a variety of ways as

known in the aoteriSHe mip Jsu Q,@eag 7}&4}& geg.elpia{igﬁaqh dJLgug‘t Stinum

coat ed nol ybdenum 'S passe hr ou en a
gl ass-t o- net aF1§EaF“!88h‘P"5e‘fﬁfrrn§& paivicle mexe EPﬁ#FﬁhYﬁ?—c@bﬁféd nol ybdenum
and t he heademopyb8enum.he platinumcoating is about 100 m cro | nches

thick. G her WO 01/ 1339§?fq/‘}i§g04%9é§gnce4 Eerbal sugnag i nst ead

of nol ybdenum such as an| um ti tan um s no eS| S | ve t han
mol ybdenum® ABAFR WPt X eRA%ISh Ebe Strins of3 carkop SaP‘a*'l‘él-"ﬂSv pdeh to
preparing thecakrept ebllecrtoan foibserarée (ﬁﬂepatrbe. CAr fbrét csttdeairpr foil s

are prepared. Rue % ﬁ& ﬂ@%dﬁen%rsgfiéé%rt rggn{:o %}é% or foilsis to

precut alum r oxi ma d| mensi ock 208), and
then die cut PHB’“aﬂﬂmﬁﬁl‘ﬂff& |am959¥mlﬁ%|d§élxedd¢mmmmlmk 210) .
The preferredzabypi ana €10dn d.i%ed:utfﬂﬁetélﬁxnﬁwuheﬂbiﬁotbe%@rpﬂ‘mﬁs% thi ckness

of appro Omikgggn%gglquﬂ:ﬂf 2107 °' 'hbe re@?:g'l ?Q}ux&%m? 'rler{{[s %Ol | ector

foils are or ne current “‘colilector have s positive
polarity) is &BSutheicuuwentmqoddgeher hao@ thd ckness def The second current
col l ector foi hppkoxinateny i0.i00@atin¥RedD| y&hlsSeﬁbsalim&a: #we by 25 nm

one edge of tREFLAS! SR GRLECAOL ddien. I3MnE DL o0k, e Pl & 23) 1S

bonded or wel roF | on'o erninal- 134, which
passes throuGRILAGEAEERIL J38 dtoshave a mosdrtivs- P@lm%ﬂ skenlabor®s; t hus,
provi di ng 13n ekemhr 16Ad e AALILODS DGk WeRTe.ANThe second current

collector foil (to have a fegative polarity) is about 62
mm by 25 mm.
One edge of the first current collector foil

130 (block 212 of FIG. 23) is bonded or welded to an

20 interior portion of the first terminal 134, which passes
through the header plate'132 at the glass-to-metal seal
138; thus, providing an electrical connection between an
exposed (or exterior) portion of the first terminal 134
and the first current collector foil (130), which at the

25 same time insulating the first current connector foil
and the first terminal 134 from the header plate 132. An
insulating barrier 140 can be interposed between the
header plate 132 and a top edge of the current collector
foil 130 so as to further assure insulation of the first

30 current collector foil 130 from the header plate. The
second terminal 136 is welded to the header plate 112
such that the second terminal 136 does not pass through
the header plate 112. The second terminal 136 will
electrically contact the header plate.

35 Referring to FIG. 13, a top view is shown of
the header plate 132, the first terminal 134, the second
terminal 136, a fill hole 142, the glass-to-metal seal




exposed (or exterior) portion of the first termnal 134 and the first
current collector foil (130), which at the 25 sane tine insulating the
first currerwogwmsssctor foil and the first term nal 134 HCTaIsNiees7header
plate 132. An insulating barrier 140 can be interposed between the header
pl'ate 132 and a top edge of the current collector foil 130 'so as to
further assure insulation of the first-3¥ eurrent collector foil 130 from
t he header plate The second termnal 136 is welded to the header plate

112 such that' t k38 scanshdhee Ear sl curTengossl eftaradeit nh 30 g Vinge brERder
plate 112. The sgepash t1&f Hnealinfa®ioy Idort@bRCHE it tf;ireantanmtahe 13dader

plate. 35 Referring to Fl 13 a top,vie f r plate
132, the first term nal Efefﬁ%n%ecoﬁdtokfrl‘?ﬁlﬁa :?8 F16 eﬁ] oeee 142, the

gl ass-to- et al seaecmmmszsseptﬁ/meéﬁzoﬂms 4t tEBBug%r?cPthe first
current coll egt 0f11Q@s¢raltad thayi &%1 wel ded to the interior portion of

the first termnal 134. ferr | o Aoy L e

el ectrode package is for %%g ?4 tﬁrou égf %% P% Jf"?a J'e this
process. Referriagotly n(;hayj,ngabq!em sitmpé-‘&%éﬁe‘i iHigh adppipum 45 £198§ been
i npregnat ed W t hogbiMne! NMriteriel deskt idrebet bRe | Niresty @erpDndl a4l wiled first

termnal 134, with n alu m S of t r 44 being 10
pl aced agai nst tf8 ?f rsggﬁt %qﬁ} S &P5r O?oakp%(?lop'ﬁ lﬂ O}%é} eate a | ow
contact resi d0anpacé@cigaisst thenfiosti eHrbenteeal efsori f:%%l &doFof i ber
cloth 144 and thg £4'Sfedtd Eae@BwCéHr{&%ttO&eéestaﬂ&é),elaaerid:amturn to

create a | ow cont act resl st ance eléa,%:t étlé' nec'ifj %g b& I&e first
carbon fiber cl offANRAGLIGMH befuepn, i ﬁ3¥ : ﬁec}? t cafbon fiber
cloth 144 fornms &heffimsdt ewrenbdeolUtor £hél dbihl @nfaydn dipaciticor .
Referring to Fi Gcr% 3 LRy \ebﬁ%a@ HQWeante ét@ca‘mean sbRrdstodm 146

|nclud|ng carbon_ c the first car, i oth.144 havi been
i npregnat ed Pt hbaFYﬁﬁ?’thﬁ% §1§ﬁ5mﬁa‘F2lEﬂ’H§db8§e? ?ﬁb ]14ﬁt BPROFRH A% of the
terminal 134. The first ca#rbon fiber cloth 144 forms a
first electrode 146 of the double layer capacitor.
Referring to FIG. 15, a top view is shown of
the first eléectrode 146 including carbon cloth, the first
20 carbon fiber cloth 144 having been impregnated with
aluminum is shown folded over the interior portion of the
first terminal 134 and the current collector foil 130,
with the aluminum side of the first carbon fiber cloth
144 being placed into electrical contact with the current
25 collector foil 130, so as to create a low contact
resistance electrical connection between the first carbon
fiber cloth 144, and the first current collector foil 130
and first terminal 134. Also shown is the header plate
132, and the fill hole 142.
30 Referring again to FIG. 23, it is seen that in
" addition to preparing the impregnated carbon fiber cloths
(blocks 200-202), and preparing the aluminum current
collector foils 130 (blocks 208-210), a porous separator
66 (FIG. 2) must also be formed (block 214) by precutting
35 strips of separator material; such as polypropylene or
polyethylene., A suitable polypropylene-based separator
material is commercially available. A typical



first termnal 134 and the current collector foil 130, wth the al um num,
si de of t%{f] ‘éﬁ‘ carbon fiber cloth 144 being placed into electrical
contact . w { e current 25 collector foil. 130, so as t TPQIRU3T | ow
contact resistance electrical connection between the first carbon fi ber
cloth 144, and the first current collﬁgtor foil 130 and first term nal
134. Al so shown is the header plate and the fill hole 142. 30

Referring agg%&)ghgr )Eler?e'ibasfed' ﬁaai@’éﬂﬁi hi‘éed rls %‘i:‘ﬁ'rb ﬂawlyr@ﬂ%fhng the

i mpr egnat ed arin
al uni num cur r &pEh e%o‘F’P’éE’?'ora‘\doPP§ ESOa\'%?%%%é’%?BSHGP a? B‘I‘B Q@ par at or
66 (FIG 2) rsso.xr2 sembe forned (bl ock 214) by precutting 35 strips of

separator material, su%ka{veqpl }&ngpﬂ__e{lg ) Tgir oTo! VA= P Leggg?éé%%t aRI e

pol ypr opyl ene- based separa erial _1s commercla .
typi cal V\(ﬁOIFEEBWMWEGGQZGA’Q‘?“QBhpO}Wr5&% 8%@ bRYBceated i al used
i s approxi n’&tﬂbyyﬁi&ﬁim teradioalishieaklienddedarsibad,acaragel paterst iivh of

about 0.04 %Qg&#vﬁv@h’e %@th&l for&?oﬁ-lénet@ Eglgé‘é f‘é’%@éé or 5

termnal s that are S at’l num coat e enum
terminal s ear?‘i‘%rc%‘\':ﬁ%&a-"@aﬁ“éﬁ(upeaﬂ‘%?ﬁ?%r@ rﬂJé‘PeSEabal d to the
i nt ernal corrpmeﬁtcnmhecmmir@l the sbmeenﬂpgicpﬂwessasemnyehanm@psed to a

t her mal %@“&Eﬁ’”&u@éﬁé&% té&*id%?'xﬂgt bRl i is Eghﬁéée @ 10 10 an

aut omat ed soI ring process, It e capacitor case may
be. exposed tEh@pCIARRGLINY FAaFecEmay be| S¥PRSedtHar 6&5259 G‘EB’E%P% m nut es
within a sol deslgjus ftogsskiolisuss petdns aiiraltexORAGACAL & eamezbﬁl bI eto

wi t hst and thef‘q]en@% Therﬁﬂoarta‘teo m@g}&giaéo‘#? r;er}te: E&ﬁlge %%{lgr si nce

it is prone to 'he” evént 0 uId
result in a sm)thsﬁm uthe hgathi nTi’ﬁesea?Fa%‘F%rmaﬁSJrlﬁﬁg1§e§l‘% m‘tiﬁe
pol ypr.opyisnevubDaéesb Bepadidicd 9tNa6Nplbile USE thd It ilnge ifAothk eev@yerofapaci t or

design, in COHP«?HaﬁéQP Wb heTtiRb Bb¥1d Cresfl UL SRoEL WL SER: Of

t et raet hyl ammon
within the capacitor. During tests, the polypropylene-

based separators normally used in the double layer
capacitor design, in combination with an electrolytic

20 solution comprised of tetraethylammonium

' tetraflouraborate (salt) in acetonitrile (solvent),
failed (i.e. the separator melted) during the exposure to
such heat. Even when exposed to the same heat for about
10 seconds, some of the test capacitors failed while the

25 ones that did not developed significant parallel
conductance. :

Thus, in the solderable terminal embodiments, a
porous Teflon-based separator, which is available from
W.L. Gore and Co., located in Elkton, Maryland, is used.

30 In terms of capacitance and resistance, the Teflon-based
separator is essentially equivalent to the polypropylene-
based and polyethylene-based separators earlier
discussed. The Teflon-based separator, in combination
with electrolytic solutions of tetraethylammonium

'35 tetraflouraborate (salt) and acetonitrile (solvent), and
tetraethyammonium tetraflouraborate (salt) and propylene
carbonate (solvent), were able to withstand a heat source



tetrafl ouraborate (salt) in acetonitrile (solvent), failed (i.e. the
separator nelted) during the exposure to such heat. Even when exposed to
t he sane heavobdwsssgbout 10 seconds, sone of the test capaFiusoVe4¥7ai | ed
while the 25 ones that did not devel oped significant parallel conductance.
Thus, in the sol derable term nhal enbodi nents, a porous Tefl on-based
separator, which is available from WL43Gore and Co., |ocated in Elkton,
Maryl and, is used. 30 In ternms of capacitance and resi st ance %_

Tefl on-based s®faRaPofegreas; CeAsing| PRAR $81 EnPit-951e cﬁ(?ﬁ?ﬁ 8BY1 ene-
based and pol yet‘.mﬁ_heaecb@ﬁaﬁtmaar gbder iany Ifuenacel] sdhisleedheThe

Tef | on- based sepana 1 [ gns of

t et raet hyl ammoni® %’r}?@go?%{' I our ab%lr‘g'rr‘beo%ystatp??gggdﬁ%:ﬁ ()S(r;ﬁpgghugk( sol vent),
and tetraet hyarheshi ﬁﬁrﬂeﬁr fieourgbbedl e (TaRLE) 4 PP RANOMe  carbonate
(solvent), wee jahh@tiatediddistr-agdles hﬁatbdimui:éslyﬁxﬂ:ﬂd HH&B8 PCT/ USOQ 20437

49 of 250 degrees sius up _t 1y g £
conventional sol TFRAH %jaPﬁ?rﬁ(c){e“ewﬁn 'F?y%‘gﬁf’/lﬁg%py ene- as\egg Bed o

pol yet hyl ene- basxs® deguees felsiyst IﬁOT-'a!F | rehutie dpngeTdH e 4 shown
below, 5 illust r@épﬁ%ltbﬁcéw negitRgheid m&lesbﬁn?&a aeﬂlii.gmﬂ[iamrbasee bef or e

and after exposure to s urce o :Hﬁ;rftz 5 m nutes.
The change in é:%ﬂ tﬁﬁfés cené'aﬁ I’%?Ia}s%ng%g{lgn a sl q:éncrease in
the resistarte mwrwasvwngemwlen@cqa@%te ar %‘Eﬁ‘iﬁ‘!%& &sPAg

propyl ene car bongigeakd. aoﬁi\ﬂ#’“ taE:'e'tSnﬁﬁrlﬁé)h‘éel&h& pﬂ'élﬁ&:reai:stoalvehtl.l eis
the preferred sal vent

t he ypr e Iy | | t ed)
in the exposurdd &FRBLEhﬂg‘l @r&’tyP‘E Qe %’é%?t gagg&{%e%eﬁgt gﬁc ohms)
(Before) (After)efBsuoee)' (After) Teflon (w TEA 10.5 10.23 0.129 0. 200
TFB and ACN Teflon (w TEA 10.02 9.94 0.376 0.394

TABLE 4
15 | Electrolyte Capacitanoe (F) Resistance (ochms)
{Before) | (After) (Before) (After)

Teflon (w/TEA 10.5 10.23 0.129 0.200
TFB and ACN
Teflon {w/TEA 10.02 9.94 0.376 0.394
TFB and PC)

20 Referring to FIG. 16, the porous separator 148

(either polypropylene-based or Teflon-based as described
above) is folder over the first carbon cloth electrode
146 (indicated by dashed lined), and sealed at its edges
using any of a number of well known heat sealing or

25 welding techniques. As such the porous separator
envelopes the first carbon cloth, the first current
collector foil, and the interior portion of the first
terminal 134.

Referring to FIG. 17, a top view is shown of

30 FIG. 16 such that the sealed edged of the porous
separator 148 are particularly evident, as the porous
separator envelopes the first carbon cloth 144, the first
current collector foil 130, and the interior portion of
the first terminal.



TFB and PC) 20 Referring to FIG 16, the porous separator 148 (either .
pol ypropyhﬁp‘ﬁ- ed or Tefl on-based as descri bed above) is folder over the
first carbon gP@?h el ectrode 146 (indicated by dashed qTﬁ[ég(”/,z"“?i’nd seal ed
at its edges using any of a number of well known heat sealing or 25

wel di ng techni ques. As such the porouz,) separator envel opes the first
carbon cloth, the first current coll &t Gr foil, and the interior portion

of the first termnal 43 o B9ct 018! G shio ' | S. shown of
30 FIG 16 such that thé é%%ﬁ{c?ee of "the por oﬂ‘g Egggégr'a o¢&148 are

€ . 2
particul arly &AFNE50ssthiR %Ugths%a‘i"]&l‘ﬂﬁ““&hﬁéﬁﬁpﬁicim Jqa¥%st carbon
cloth 144, thefdom $he firsentummntecbdledtnrd £63Q, 130dahdcawdy efdom’ porti on

0 ! Rt Tl I B i e Bl

18, a second carb . F \ umnum si de

faci ng away® fIeRRFREET1$8121ang dhe dbFeRtarnPordiipn196 Bhe Bl&SE from the
porous separ attermi4d) 134{ ofiliagd sacondt b&risr Aiver ©2HBHaLSG ﬁdi&b sf &'bong Theh
interior porti ' ' . ' carbon. fi ber cl ot
150 for mspa s%cagg@ %Fgg{:#{’)&e ooé %h@eagéﬁﬁéﬂy}?e?agggggl or. Next, still
referring to FIG 18, aN®¥koritFildyrprERrring It F3e-f 8By aseegandhover:

f ol ded over tlmrtentecodlectob@vial asb iSEHIWwNEoLbedi avéx i e porti on of

the first ' ' | : ids t end
Fully over Snaueaf cifbod ELGC 130 QYERF ind 1oeBEA8E pttidyar BRECICC, o\
150, and hal f M&Etotermindt Hetd . FRer seeond cunremtn gl degeonffaide 18@cond

carbon fi be(rj Extehashfd by m:aambonhgﬁva fl:lh@ h&hﬁiﬁﬁmoﬁﬁd% iccilg thle t he

al um num si de e | cl gt exposed. erring to
FIG 19, a fol ecg%gl 8%?‘?%’33‘%‘2%28% 139, iagl({;ﬁé\i% FaY WAl th a1’h°§‘f“€5¥poseo|
hal f of the M@®lénefsthe dtuninunsddadot delisoisecepdr carbem fiideent s f ol ded

15 cloth 150, so as to leave one half of one side of the
aluminum side of the secorl carbon fiber cloth 150
exposed. ) .

' Referring to FIG. 19, a folded electrode
assemblf 151 is shown in which the exposed half of the

20 one side of the second carbon fiber cloth 150 is folded
over against the portion of the second current collector
foil 152 extending over the half of the other side of the
second carbon fiber cloth 150; thus, bringing the exposed
half into contact with the second current collector foil

25 152, and creating a low contact resistance electrical
connection between the second carbon fiber cloth 150 and
the second current collector foil 152 élong the entife
aluminum side of the second carbon fiber cloth 150.

Referring to FIG. 20, a side view is shown of

30 the header plate 132, the first terminal 134, the second
terminal 136, the first current collector foil, the first
carbon fiber cloth, the porous separatbr, the second
carbon fiber cloth, and the second current collector foil
having been assembled as described above. These items are

35 referred to collectively as a capacitor sub-assembly 154.

Next, The first and second carbon fiber cloths,
the porous separator, and.the first and éecond current




over against the portion of the second current collector foil 152
extendi ng over the half of the other side of the second carbon fiber cloth
150; thus, WwOwgsisg t he exposed half into contact with teice/useosmd current
collector foil 25 152, and creating a |ow contact resistance el ectri cal
connection between the second carbon fiber cloth 150 and the second
current collector foil 152 along the engire alum num side of the second
carbon fiber cloth 150. Referring to FIG 20, a side viewis shown of 30

t he header pl ateolBec,:tdshefdii]rsst arer alhathérB4retsisedstogetthert dnnmanal 136, the
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the carbonibi belothoéhedtrudvisyt @Refli 466dnlledd) andetolCd irwductiohhin

thi ckness of the,al uiide: Gl 1IAEI0ALE OAUPYhd bHGh: A0 ChilildoRhech” 0des.

when assenbl ed, educt | eresis of the
al um num i rrpregﬁa?b@n %%i?%r?lﬁtbeﬁléF%YW%ﬁ-ectFﬁl@Bésl.'v Rpd mere and nore

i nportantly, appbbsﬁtamp,f dpp2 iBRESONT 6F Sdﬂwfpb&shbﬁetﬁibofmisdeheftéﬂﬂe

carbon fi ber g%% 9§f(éhm°ct§r§ t#ﬁ%%flgfot\ﬁa gfgxg?ﬁ?ég l%s)t so that nore

surface area of ayers on the first
carbon cl ofth 1Hﬁlhﬁﬁst Reaksd sar boat qiaxen SBSGaQFanéﬁﬂ @t §hecont act t he

first current cebfafé@raﬂxﬁﬁrmﬂdlhbergegmqrmrr 4§nbn CENd aGlret E8tbord S2,
respectively, S9 38, 'P4) 4 Ine second carbon cloth 150 are able to
" contact the first current collector 130 and the second
current collector foil 152, respectively, so as to reduce
20 the contact resistance R. of the double layer cépacitor.
The capacitor sub-assembly 154 is next
carefully inserted into a case or can 156 (block 224 of
FIG. 23), so as to bring the second current collector
foil, which is exposed at an exterior of the capacitor

25 sub-assembly 154 into electrical contact with an interior
of the case 156 and to bring an edge of the case 156 into
contact with an edge of the header plate 132. The header
plate 132 is next secured into place by welding, thus
making the case sealable (block 224) and bringing the

30 header plate 132 into electrical contact with the.case,
and second current collector foil 152. The second
terminal 136 having been welded to the header plate 132,
and is brought into electrical contact with the case, and
the second current collector foil 152, such as the second

35 terminal 136 is in electrical contact with the second
electrode and the first terminal 134 is in electrical
contact with the first electrode.



20 the contact resistance Rc of the double |ayer capacitor. The capacitor.

sub- asse Is next carefully' inserted into a c 156 (bl ock
”Wg 01%133428 ﬁs Il?g 004

224 of so as to bring the second current co oi |, which
i s exposed at an exterior of the capacitor 25 sub-assenbly 154 into
electrical contact with an interior - 68 +he case 156 and to bring an edge
of the case 156 into contact with an edge of the header plate 132. The
header plate 132 i s neRefexxingedoi RIGS pl2ide YhronshdRRg, théius naking the

case seal abl ecﬁbhes&opé‘)baay!se%wgwa RAEindf deradensek et 1o ¥He

el ectrical contact p%th t he case. se ond %ﬁ eﬁ golle tor:%ggl 152.
The second t &ARPNAPS138 FBRMHg B&En t Lt B and
i s brought inmve'hgcbeéoewem&otthﬂ@wh@fca@@ casg 156e skkemd current
col l ector fgi 'shlaﬁ?. i§U5hbaf1 R rs agonsh 3ndteris W1d1_~36tb8thél #iectrical

contact with S nd ctro and t first .ter 134.is in
olectrical  cOMBLIgrt HTRRDFYY gfasflé%tfildels ot Fr1u980 Bt 0] 20437
52 Referringuntiffl B3ocR1248 mfoFFiG.224. t [Bhis eadiinetienbofissenbly 154

havi ng been i ngghkbedrkst fs ! Nreri@aCtd et &irs ¥ bneVchBakitopdge of the
header plate 132 g.giylnggbeen wel ded to the edge of the case 156. Also 5
n

shown is a bal®®sf 61 that is welded to the fill hole 142. The bal
bearing 16m is not wel dReferripigace FEGti21bhlayek 2248 cofimnps G 624ardhi s

gggb' Qgt 'R gpeg: rc]ﬁﬁ\r uﬁsur sfeusozrc%tae&aeé Live NS R rbfa%hteheasa@ﬁ@afgr anserrblxé
| cri wn_t hat "are force

into the side3&f Yc?;l 910|t e °§§§‘Bﬁb}§/z% 'ﬂ?é“e@r |(F?E 56%562} ¥ or med

(bl ock 226) byindentdegt ong sive sifd¢hef caprc itapa@ssenbdystadlyitl6awith a -

crinping tool .cp Fﬁ‘izﬁ €B§1162n?er %ﬁ@@&ﬂl@ﬂ dhe thetﬁé Shss Ple t he
capaci tor asse urpose of the crinps 162

is to apply® a Eoﬁ%l?%ﬁftt%r é§§ﬁ‘?‘}él¥ olﬁché‘ﬁ‘ i anB EEGo® ectrodes
havi ng been f(ﬂh@e@urﬁbeecoerhe:b&imb8|m§pttuaﬁo|ayply a modest,

constant pressure to the' first and second electrodes
having been folded. The crimps 162 bring the first
carbon cloth 144, the second carbon cloth 150, porous

20 separator 148, first current collector foil 130,'second
current collector foil 152, and case into close physical
contact, providing for good electrical contact (low
resistance). The crimping helps reduce resistance
between the components as well as slightly compress the

25 impregnated carbon cloth to effectively reduce the
internal resistance_of the cloth. The modest constant.
pressure, in part, enables the double layer capacitor to
achieve high capacitances. The crimps 162 further serve
the function of adding structural integrity to the

30 capacitor assembly. '

Another feature of the hermitically sealed

capacitor or capacitor assembly 160 is the first terminal
134 and the second terminal 136 are such that they may be
mounted or soldered directly to a pfinted circuit boarad.

35 The size of the capacitor assembly 160 and terminals are
minimized. The first terminal is insulated by the glass-
to-metal seal from the case 156 and the second terminal



carbon cloth 144, the. second carbon cloth 150, porous 20 separator 148,
first current collector foil 130, second current collector foil 152, and
case into clweelvpmssi cal contact, providing for good el estrisesios4izont act
(low resistance). The crinping hel ps reduce resistance between the
conponents as well as slightly conpress the 25 inpregnated carbon cloth to
effectively reduce the internal resi St afce of the cloth. The nodest

constant. pressure nabl es t he d I ca tor to

achi eve hi gh cap’?fmdt 3838 ﬁ'hwet th SCABY fu ?agie/ ?’ﬁghfunctlon of
addi ng struct ur dlenminagsi @911143 htehpas@ thiranght &prmsmlayld Ansuhated
feature”of the h&w fcheaéiye%?d edxoﬁa«a@@l t&ﬁsobrémléxﬁkhéisenm y 160 is

the first term 134 e seco er,m 36 are,.such that they may
bo. fount ed or SHCAEIEN TAT SE FereRd w’e@ CFPEER CHBARINAES MAY s] 26 of
t he capacit or5 askakblip. 16Duarkd tthensmalk size ofi bher aasenbIfel60f sitt er mi nal

Lorninal W) D133 rg'fm /%%’d%% i R TR TN
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I nsul at ed fromweh.dedaSQ 1156 helddeevplatehi s creates another |ocation (at
the second term naI ) merl@ef—‘r@‘}tﬁn@ H&é‘iﬁ tP¥re, ! @é‘k drite e EAsthgasnal |

size of the ass ave onI one t er m nal
her neti cal | y*° c\iP?ﬁd £ §§§ én{ﬁa)aﬁ ?%égfss]anbt t’ﬁ‘e K&R EPhply
wel ded to the h@wtrﬁbalshd?eiser(bilagkam)n t This GedA3 isopeefohwed ase has

10 been ol osed anhedy W%éﬂﬂ%ﬁ}sgﬂ@res‘.n{sﬂa@c&eﬁéﬁpeéxprtheeEQE&H‘f@AlShorts

(bl ock 228). This measuri ng the_resistance
bet ween the el e&%’i‘“&&ﬁlst rﬁhr?aIcéPBFl’f% céﬁaéf‘t tieal rﬁi°é‘|‘?1Fdé§¥e’éloubl e
| ayer capaci t orcapakisor pstisisareeistamcea (frya aaﬁ)e'ntﬂsgs-emb(hy&‘énel ectrol yte

et int r'oducgj i %ﬁ@ DP | i st ance
?/reasur enent , gﬁlte%t%gf{{:é fﬁ@%%ué ge"%?/egﬁetﬁ{éétge% ?ﬁaﬁgP S #ﬁfﬁe cl osed
dry e 1nfin1te. A low resistance measurement, e.g., of just

a few ohms, between the terminals of the closed dry
assembly, indicates that an electrical short has occurred
internal to the assembly. 1In practice, a dry resistance

20 of at least 20 MQ is acceptable to pass this test for
electrical shorts.

Referring back to FIG. 21A and also to FIG. 24,
at this point the contents of the capacitor assembly are
dried by evacuating the case over an extended period of

25 time, e.g. 48 hours. The case is evacuated and the
internal components are thoroughly dried (block 230).
Such drying process typically takes place over a 2 or 3
day period, and comprises attaching a vacuum pump to the
closed assembly, via the fill hole, and maintaining a

30 constant negative pressure of about 10 Torr for a
specified period of time, e.qg., 48 to 72 hours. Once
dried, the assembly is tested for leaks (block 232).
Such leak testing may be done using any suitable
technique as is known in the art. A preferred leak test

35 includes sprayiﬁg an inert gas, e.g., helium (He), over
and around the closed case while it is still connected to
the vacuum pump, and while a negative pressure is still



assenbly, indicates that an electrical short has occurred internal to the

assenbl y. vddhpé% tice, a dry resistance 20 of at Ieastcﬁw‘@,ﬁccept abl e

to pass this for electrical shorts. Referring ba 21A and
also to FIG 24, at this point the contents of the capacitor assenbly are
dried by evacuating the case over an~eXfenhded period of 25 tinme, e.g. 48 °

hours. The case j§ evaguated.and_th internal co nents are_thoroughly
dried (bl ock n.%:alﬁ‘f@hwdﬁgi"ﬂglﬁf ogle%stq’t?& oA ?yfg)%fdesq-' g@ga‘@g? a2 or 3
day period, armresswne dasidet tbei ease sunksuthpulie gas thheroughotbhd assenbl y,

via the fill holfk, i WReNtal §a80can IheiPbat aBtedEaRtin/ &Har essure of about
20-6 Torr for a s%ecifigd p ' 48 to 72 hours. Once

erirpod of tine, e.g.,
dried, the as qam §{"e8ffg?el‘é%%u"( B8Pk 232). Such leak testing may
be done usi®g any suit afifethectoakage tast dskauapesstully passed, preferred
leak test 35 inadddas Y i8Irélay 'S (bdddmpreglated ! inyBugietheover and
around the cl O€J§1d]p ase V\/m.ltg it is still connetc__'ltjggl_ to _th .vgcuum punp, and
while a negati r ¥itD a; Pres@hed ARONR' /%ﬁgﬁcﬂ%&? 54

mai nt ai ned wi télertnolyite shdntion bleck 246he Thgaelectrgliydesure inside the

case sucks thegdfuttih Ly QngBolliea! Sl thad chPactoasdeabiyhep be
detected in the , outstream fl |.eakage test

, oW, th . 5 1f t
e eotcosshal 195 i eb et AREh St eation F50eaas TR e rtimalintt o L hr ough
the fill hol eenwitdnmentr,esor Abetioamininizsf cantpetndtih. el ectrol yte -
sol ution (block 246). ThfeekREbEPbYjee StibANLSSnild WHERLabELEnd he

capacitor assenbly by 10 using a vacuum jnfiltration process in a
control |l ed" erﬁi?%’rﬁ%rﬁd, sadtadni 8 RYPFTH Red SREEAMhat iTPCePh& el ectrol yte |
solution is mipeapdne dhssslolutjona thk¢ esdloentalis preprird Jdlickd234) vent .
Hence, 10 ;9repad Geld &piQlitlie@Nsalbe(SRMER6) S 1 BT GRGEREA Pl agk 234) 15 and
the specified sal‘;,é‘bl oc(l;ré%) 133 ptr:gé:urlgedferred E‘r)f‘\r/ér?gs{g/ a|nn((:I)| cated, the
preferred sol VFgViisky 1rpted, 2P rganic
: solvent acetonitrile (CH,CN). The preferred salt is
tetraethylammonium tetraflouraborate; or (CH,CH,) /,N'BF, .
Note that for the embodiments that solderable, the
20 preferred salt is still tetraethylammonium
tetraflouraborate and the preferred solvent is still
acetonitrile. Furthermore, another preferred salt is
triethylmethylammonium tetraflouraborate, or (CH;CH,),
CH,N'BF,”, which is slightly more séluble than
25 tetraethylammonium tetraflouraborate. The electrolytic
solution is mixed (block 238) by first drying the salt
for at least 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.
30 Once mixed, the electrolyte solution is tested
for impurities (block 240). It is important that the
amount of water in_the electrolyte be reduced to less
than 20 ppm (parts per million), preferably less than
about 15 ppm. If the level of impurifies, e.g., water,
35 in the electrolyte exceeds 20 ppm, the operating life of
the double layer capacitor is adversely affected. It is
important for impurities, particularly water, to be
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tetrafl ouraborate and the preferred solvent is still acetonitrile.

Furthernore, another preferred salt is triethylnethyl amonium

tetrafl ouraborate, or (CH3CH2)3 CH3NBB&'+ which is slightly nore sol uble

t han 25 tetraethyl anmoni umtetrafl ouraborate. The electrolytic solution is
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operating life ofVol¢% Bhe PEHESN P8P TS adversely affected. It is

i nportant for inpurities, Ther water azdntendt of  the srluldoplis3gessured

PCT/ USOQ 20437 {4 né SRR dle@P1 & NGi 18126k, OhY ! £5 BafAme ihhengl #egrolate is
I npregnated into the case ,of the, doubl yer capacit I S noted that

d I or.. t
some additives nh§PPESHYR Vo tHiFEAt e 35‘? oY &€ dis79 IPg (éhﬁ%rf%‘érq?sse
performance A0 i fprbhe ECIU® Fptratom@viaifiabde fimm d@hSCiendee but wat er
shoul d be avoi dgduhgedihe present embodi ment.) The water content of the
solution is neasured wusing.a %oul onetric ti tr@to nown |
‘ﬁﬁé’ﬂ‘ t

r, as.is 5 in the a
A representativetitrator HRSE Y  SOHer BRTEH HaY, R F58EY 79 Hs{dR
LC3000 Titrator afathabtldadoanbd) Beiankdy,Adassite atieiptsuhatel y, sone
wat er may al read b S he. &l em‘f@l.y, despy tenpts
to thoroughly dﬁ%ﬁ%@ﬁ?gf%?gtﬁ%ﬁgggbfgé aI\:or exarrplg Elgk%/\lg?? may be
trapped i n t & a¥RLGEIBRY R B5APPEbi the activated carbon fibers o

the carbon fiber bundles of the carbon fiber cloth. Such
trapped water may be released into the electrolyte,
thereby becoming an impurity within the ‘electrolyte, as
soon as the impurity-free electrolyte is impregnated into
20 the case. To remove such water (or similar impurities)
from the carbon, it is contemplated that the closed
assembly be flushed with a suitable solvent, e.gqg.,
acetonitrile, the electrolytic solution, or other water-

rte.

scavenger material, prior to filling the case with the
25 electrolyte. It is also contemplated that the carbon
fiber cloth, prior to being impregnated with aluminum,
and/or after being impregnated with aluminum, but before
being assembled in to the aluminum impregnated carbon
cloth electrodes, may also be flushed or cleansed with a
30 suitable material selected to remove impurities,
especially water (e.g., water scavengers or additives
that search out and remove ﬁater).
If the electrolyte solution successfully passes
the impurity test (block 240}, it is also tested for -
35 conductivity (block 242). The conductivity test is
performed using a conventional conductance meter that
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20 the case. To renove such water (or simlar inpurities) fromthe carbon,
it is contenplated that the cl osed _a%?er_rbly be flushed with a suitable
solvent, e.qg., acetonitrile, the electrolytic solution, or other water-

terd | £l i AT, t | yte. It
e Al S0 cont opsrarzat; kfaqqtenice hRing i S QUYL | Mg Lo ©

i mpregnat ed wioth theufrkarion £heMdA Betat Irasty SErpPeuMRR A At 12226 num
but before being assenbhesl the eletbeonyterisvlutibpr Rgsabesh asintean cl ot h

el ect r odes, 1 e L th:a. suitable materi al
selected to ggf?ﬁmdsg:algtgﬁr%’%’lzlgﬂiqrgéégéi%S&mﬁlgutgglzéégf,ﬂwa er scavengers or
addi tives % hdmpregparedinththecrase (Riegly 2467 FEE- e?4kirol yte sol ution
successfully passes theetdpuhe pregaiikhdd aotoudOpf eledtralyie tested for

conventional  COMTERE nEé Heen IRpERONRELY 1AL, 6B, chSe FEIATETC 131 1O @
neasures condReBxAng 8| veidad date ghare oveRr ddedfilinkele on tthe sol ution
shoul d be at IRaderSplate) /sy @8 &b 8aOXhe @iQQ hbRee(BLddl0I34ds) & uti on

ih?rf)r tejgﬁgt enid‘i< iGn h%n?:ﬁggggggr E%S(%ﬁ(fmg%gh@f@n%% Q’ﬂg\fc %gé%#el%reeis i ri ged
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| ayer capacit dheadoupdef bayexl qapacdikorsngets itssspepéfbed the doubl e | ayer
capaci tor yetgerflotmanesi & ebrka.performnce criteria.

Generally, final’ acceptance tests include
charging the double layer capacitor to its specified
working voltage, Vy, fbr'six_hours and then allowing the
double léyer capacitor to sélf—discharge over a fourteen

20 hour period. The voltage drop that occurs during this 14
hour self-discharge period provides a measure of the
equivalent parallel resistance of the double layer
capacitor, which should be at least 40,b00 ohms.

Additional acceptance tests that are performed

25 include subjecting the double 1aYer capacitor to a
constant current cycle test to determine the cycling
capacitance and steady state series resistance. This
test is performed by applying a biphasic 300 milliamp
and/or 1 amp current to the double layer capacitor. The

30 voltage waveform resulting from application of the
current is measured. From the current and voltage
waveforms, which includes time measurements, a large
number of parameters are determined to characterize the
capacitor. Such parameters include the charge

36 capacitance, C,; the discharge capacitance, Cy..; the half
discharge capacitance, C,;;, and the steady state.
resistance, R,. In order to meet presently-imposed



General ly, final 3acceptance tests include charging the double |ayer
capacitor to its specified working voltage, V., for six hours and then

al | owi ng. t hawvo ooiskdse | ayer capacitor to sel f-di scharge owenr/usofwea7t een 20
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resi stance of the double |ayer capacitgh, -which should be at |east 40,000
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p

doubl e | ayer cafaed 30 voltage waveformresulting from application
of the -current is rreasur'mﬂe firad taveeptianemttestd adso aecludayator ns, which
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characterize the .capacl tor para ers 1 ncl ude

capaci tance, Cupghitialgreshebapcafaci tBHSe reglgrancy I‘?@ ﬁ& £ g‘(‘ﬁ' R ge
capaci t ance, = Cl/gdweantthth@oshbadyaysiraicapacitent shandeliwer. | Ttoider to neet
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criteria, these v Ues s | i ohyrs,
C'p/ Cae, n0. 98; REFPONERoARRLYREK RIS aTRARE| 343 P&E&Bb?%f—ﬁe‘é t Bat Shopld,
include ac foimpedaone bRstkalfiher kiye palwersifeR. | corredswte6bsm@he initial

resistance, R Thi s st sLaRecaAhlortiolle fledls RANETSLLP dADLES! ayer

capaci tor can deliver neasu ol at ron 1250
Frequency ‘Respdrssentapybedinent xeprreepts q:‘cﬁtléﬁlléét’@f‘t ﬂi’aé'ﬁ&ullﬂ 10 be

about one-hal f afhd l@RuBALHBapér Rrapicitbeuar®5 Mhg. usésoflesationedinbove, it
5 (1S Se, AR B E3R e U NTRILEP RN o RO pfheocvance
i npr egnat ed % t trlilgstaunfoib| plater fonnsaar affdgdent electrode
structure that provides vety low electrode resistance.
As described and shown, a double layer capacitor is
‘realized that exhibits capacitance values in excess of 10
Farads at a nominal working voltage of about 2.3 volts,
20 an electrode resistance of about 1.25 mQ, a time constant
of about 1.2 seconds, an energy density in the range of
2.9-3.5 W-hr/kg, and a power rating of over 1000 W/kg.
Advantageously, these operating parameters can improve
even more when the double layer capacitor is operated at
25 a higher voltage, e.g., 2.7 volts, or even 3.0 volts
(which can be readily be done once all the impurities are
removed from the electrolyte solution) and the weight of
the case is reduced. For example, at an operating
voltage of 3.0 volts, the energy density rises to 5.0 W-
30 hr/kg. Further, by using a polyethylene separator
material, instead of a polypropylene separator, the
effective electrode resistance may be reduced even
further, allowing the time constant of the double layer
capacitor to be reduced to around 1.0 seconds.
35

Glass-to-metal seal {Hermetic Seal)



15 collector foil plate, forns an efficient electrode structure that .
provi des gﬁwﬂl oy el ectrode resistance. As described and shown, a double

| ayer capact V6P real i zed that exhibits capacitance Val/U¥820437 excess of
10 Farads at a nom nal working voltage of about 2.3 volts, 20 an el ectrode
resi stance of about 1.25 nmQ a tine cggstant of about 1.2 seconds, an
energy density in the range of 2.9-3 Whr/kg, and a power rating of over

1000 Wkg. Advant ageoﬁﬁérrtlgssgoopﬁg@t 'ﬂﬂ R 3%‘35?\5%%# _;ﬁgr&ve even

nore when the doubl e | ayer capacitor per at e r vol t age,
e.g., 2.7 vol ?gvar&a%%r?fg tﬁ‘evBFF§e ’("m/rﬁ"@r?' @sh =pelpysdi 1y ‘E?bed’tﬂﬂ?%ce al |
the inpuritielaper capamited farendiseussett r dhet ditel ofi m) and the wei ght

of the case €A1 QY Latind e of 3.0 volts,
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pol yet hyl ere SLBETER th%ﬁéﬂt&f’“ FaR ke £ prf" oRg¥usel s Sanlat or, the
ef fective el etsresed rigsititeacapachobe r'mhjami-m@tdn séalt hihiits<aldani ng t he
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el ectrolytic sofut I on can ext sea I's used in the
capaci tor. ThBTREPWR4 |ecff§é’§l thapi aslarger GARGitor Bayies mueh axe into
the cell. Theehectmdily:te sedlumes toecypadcitaor aelall aregnl | T&bTLE capaci tors

since the ra&s& Rl The! a2kl W0 ARG ERY oRCPLLAL Shulcugh? VeV

smal | ; thus ux o noi st ure anore pro a |l arger
capaci tor havfh§ ‘Fl’il%‘ht foRes SfcPPLYISHS ANt FH@SEo cAPaCRR Pe [AEN ar ea.
Table 5 J.Sbetna\# siowrdnsnisation vapss drantders off nagebtddy ough

different t ypﬁ?gl?ér pﬂ{ %%e?“ﬂa@&?fﬁs lttha%ar}.nb%lgggr.] It can also

be seen that the transmission rates increase by at least
an order of magnitude as the temberaturé is increased
from 75° to 110°F. The effect of the increased

20 transmission rates on the water contamination level is
shown in FIG. 25. The capacitor desigh as in FIGS. 12
through 24 (i.e. PC 10) was used as a comparison with a
similar sized capacitor without hermetic seals (non-
hermetically sealed capacitor). The capacitor packages

25 used measured 25 mm x 44.5 mm. For the purposes of this
test, the internal components of the capacitor were
removed. The package was filled with approximately 1.5
ml of electrolytic solution with a contamination level of
30 ppm water. The cells were heated to 60°C and

30 periodically removed to check for water contamination.
These test results are shown in FIG. 25. Similar tests
with hermetically sealed packages show that this increase
in water contamination can be virtually eliminated with
the improved seal.

35 The increase in life achieved with a capacitor
employing an organic electrolyte with a hermetic seal is
demonstrated by comparing the life characteristic of two




-15 that the transm ssion rates are orders of magnitude higher in polyner
material' than in glass. It can also be seen that the transm ssion rates

i ncrease bywaoosasst an order of nagnitude as the tenperaTis®/20437i ncr eased
from75 to 110F. The effect of the increased 20 transm ssion rates on the
wdt er contamination level is shown in FIG 25. The capacitor design as in
FIGS. 12 through 24 (i.e. PC 10) was u®d~as a conparison with a sinilar
si zed capacitor withoyt hernetic seal non= Jher Leal .
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al hermetic seal.

The

4RH19%% are shown with reference

to FIGS. 12 5 24. The design of the non-hernetic UC20 is constructed of
two pieces of alumnumfoil that have be®ABIFed& ed with a surlyn
t her nopl asti c. The capacitor Waken Vapaor Frapsmission RAkeSyi nptely 20 cnp.
See FIG 26, whitheslitigs Makierighanpess reizpdekt ance [®B0k medativace as [a
function of 10 t{nme for the two capHanidityd@sigie. 'IH\EI}I?:'!&Y\/\&t 210 \Bapdr
Transni ssion Ratps Sealing Materi plg78YsmeE) at i ve 8JUHE Adavk
Silicon s 0.35 8.2
15 | Fluorosilicon 0.24 6.5
Nitrile 0.10 3.8
Ethylene 0.01 0.41
Propylene
Butyl <0.005 0.14
20 |Surlyn _ ) ,_ 0.14
ionomer/metal (109 F, 90% Rel,
composite film Hunidity)
Glass <0.00005 <0.00009

Referring to FIG. 25, a graph is shown
illustrating moisture content on an ordinate axis versus
time on an abscissa axis for a non-heretically sealed
The capacitor

25

double layer capacitor (e.g. UC20).
illustrated in FIG. 25 was packaged with a surlyn
ionomer/metal composite seal. As can be seen, the

moisture content of the non-hermetically sealed double

layer capacitor rose from 30 ppm to over 190 ppm in just

30

200 hours of operation, in comparison the moisture
content of the hermetically sealed double layer capacitor
(i.e. PC 10) that negligibly changed in over 700 hours.



Humdity @73F Humdity @ 110F (g/n2/day) (g/nR/day) Silicon 0.35 8.2 15
FIuorosH 4 6.5 Ntrile 0.10 3.8 Ethylene 0.0 3opyl ene

But yl ﬂégﬂggﬁ 20 Surlyn 0.14 iononer/netal (100F4’c861§/hgo+p conposite
film Hum dity) G ass <0.00005 <0.00009 Referring to FIG 25, a graph is,
shown 25 illustrating noisture contentgeon an ordinate axis versus tinme on

an abscissa axis for a non-heretically sealed double |ayer capacitor (e.qg.
UC20) . The capacchfr bel héUﬁI rée chgien oF| &eaﬁemmebawed vvith a surlyn

i ononer/ metal Go C b cont ent  of
t he non- herrretsg'gg?lgic gigdr%%\ﬁcﬁas %ﬂF (E“?ﬂg’ép%écqlo&?&% "fo ppmto
over 190 ppm PnPPGGFOIZQGSﬁbL#@lﬁ)f nep e m"PdPPm'r%th—ﬁpaPFson the noisture-
content of thgugeesButai Idoﬁaeaﬁctddaubl 8 SDYRIfiGapRChekPiod (of &inRC 10)

t hat negli g bl chan e 1338 SQQ 20437  -. 60
As can be ?e %if‘ﬁe §gyo$ $ n%éi aF%g{-é% %’/p‘g‘]{d’n%?‘ cﬁlﬁ?‘l’éq‘? uces the
i nflux of noi %%lbﬁﬁohehemca&k|1150ﬁn§&§épat¢ﬂjs howsvsrur@l%ntent can be

successful |y gaphakl advamapﬁe:s& grﬂ fthaaai—ymi l;ﬁebdéfsst i aEeétxbtﬂﬁQa early
designs in accordanc

des
anti ci pat ed, HS\EB\?E?&PH& th? uﬂarﬁfr- éﬁgﬁ%bnén?cl r Y n’h%”}?r °§ess
el ectrol yte ﬁh@phﬁaﬁﬁﬁnplﬁm P dde casaet and sthe baéﬁdb?h%lml‘m fpeof the

header pl atee maaae Faaee *h tﬂ‘&\hﬁﬂ linbgabé tent ia e ﬂ@::&@@dfr plate will
result in subst i ncr er netd #E_atd i h enhanced

| ongevity in t e 3085I Eef'lﬁ g’rcjcé'pfagf’ g Ruﬁe?‘i}? rfcr?éi 1261" Set of
graphs is sho\ﬁQuble layer capacitor.
Referring to FIG. 26, a set of graphs is shown
of percentage change 6n an ordinate axis versus time on

15 an abscissa axis for Capacitance and for internal
resistance of a non-hermetically sealed double layer
capacitor, and for capacitance and for internal
resistance of a hermetically: sealed double layer
capacitor (i.e. PC 10). In FIG. 26 it is observed that

20 internal resistance remains low, and capacitance remains
high for an extended period of time after the manufacture
of the docuble layer capacitor’having a hermetic seal as
described herein, as compared to a non-hermetically
sealed double layer capacitor.

25 While the invention described above has been
described by means of specific embodiments and
applications thereof, numerous modifications and
variations could be made thereto by those of skill in the
art without departing from the scope of the invention set

30 forth in the claims.




of percentage change on an ordinate axis versus tinme on 15 an abscissa
axis for capacitance and for internal resistance of a non-hernetically
seal ed doublyo hirigsys capacitor, and for capacitance and fror/usmymsal

resi stance of a hernetically seal ed double |layer capacitor (i.e. PC 10).
In FIG 26 it is observed that 20 internal resistance. remains |ow, and
capaci tance remains high for an exterdéd period of tinme after the

manuf acture of the double |ayer capacitor having a hernetic seal as
described herein, as conpared to a non-HERARBically sealed double |ayer
capacitor. 25 Wahhe i8ecidwmad iies descri bed above has been described by
means of specific enbodi nents and applications thereof, numerous

nodi fications and variations could be nade thereto by those of, skill in

the art without depdrtinly ¥onamidfe dewble okavieke CRRIEAEPHFLEWTISIBG fort h
in the clains. WO 01113388 d¥ek/;USOQ 20437 - 51 - CLAIM5 What is clained

Is: 1. Along life double |ayer ca L[tor conprising: a case; 5 a first
term nal ; an%EIectricaIIyaiéisﬁta%fﬁéghéghetic seal interposed between the
first terminal and the caam;ekectiricaldyrirsilaldngebebretf |Sqalectrical ly

coupled to an iﬁh@%&?&s@&rﬁé%e&f theeriisstedraiinanahng ke acdda;st net al

| mpregnat ed carbon cloth el gctrode_havin tal L apr ﬂgg% I4¢e, the
metal inpregnated side of ’rFeStf Fl’_‘%'f:eﬁ%tgﬁfﬁie%ro% rflgggdgcar %ﬁé{}gt h
el ectrode bei ngdouplagotedmdaitestiorhportian ofckheehired fodtidakioi|; 15 a

porous separg@j Or j Uxt aposgde pgal hetal hempiégiatedecarbonpebgtat ed car bon
cloth el ectrode; .a i

a netal inpregnzfllf?& gggg%ﬁﬁ@o& qr‘-ig ngﬁ%’%rge‘%}%%?%gsgég})%%ﬁh?ggrggxg?gd
carbon cloth impregnated side of the first metal impregnated carbon
cloth electrode being‘juxtaposed against the first
current collector foil;
15 a porous sepafator juxtaposed against the first
metal impregnated carbon cloth electrode;

a second metal impregnated carbon cloth
electrode having a metal impregnated side, an opposing
side of the second metal impregnated carbon cloth

20 electrode being opposite the metal impregnated side of
the second metal impregnated carbon cloth electrode, the
opposing side of the second metal impregnated carbon
cloth electrode being juxtaposed against the porous
separator, wherein the porous separator is interposéd

25 between the first metal impregnated carbon cloth
electrode, and the second metal impregnated carbon cloth
electrode; '

a second current collector foil, the second
current collector foil being juxtaposed against the metal

30 impregnated side of the second metal impregnated carbon
cloth electrode;

a second terminal electrically coupled to the
second current collector foil; and

an electrolyte solution saturating the first

35 metal impregnated carbon cloth electrode, and the second
metal impregnated carbon cloth electrode, wherein the

-

L



20 el ectrode being opposite the netal inpregnated side of the second netal
inpregnat%@)&ﬂggﬁn cloth el ectrode, the opposing side of the second netal

i mpr egnat ed carpon cloth el ectrode being juxtaposed agBiHe"™eM3” por ous
separator, wherein the porous separator is interposed 25 between the first
metal inpregnated carbon cloth electrgde, and the second netal inpregnated
carbon cloth electrode; a second currént collector foil, the second

current "ol | ecd egdinlcBebBuE 1% S0P SRMeESRE DT 1} Sorilifba 50 LT eanat od

side of the secon a mEreggft ed carbon i‘ﬂ? trode;, a second
terninal el ect$3%2 3N EBERLACERIGHLY JDEBLALIRG Daxmetdq s6Rdr #BR|: and an
el ectrol yt e sokhdrnedm dafdnzt ofiginmer iftiiest inB85 thet adldamodgteat ed car bon

cloth electro t | eI c h ectrode,
wherein the_l ?'Te?l"f’éllﬁnl Pgl ???Igleﬁ?{%@l t.lhlmi?%l C L 4&? %@81% %;3%}3&

PCT/ US00/ 2083 721eprrigaddy spgriatiiddiegnericst®rtantial Iy contai ned by the

case and the electrically insulating hernetic seal, and wherein influx of
impurities into the el egtrol tieQn 5i ially.-kLphi bpted by the
case and the 5 electri cgl'l Y ?‘frléu gﬁ %lf%e?%g??%bgﬁp‘%ba%ﬁg%oﬁfg life
doubl e |ayer cEii® domhgrelip spid @ aFALlyi Ihslating: Rerpetisul ati ng
hernmetic seal seddprompedisgkagtassS. The long |ife double |ayer capacitor of
10 Jaim2 wherein said first term nal conprises nolybdenum 4. The | ong
life double |ayer capacitor of Claim2 wherein said first term nal
conprises platinum coaBed nBh§blukifs denkle olRyey (CRPASHEPE Phyer
capacitor @b dfain @ wherehar €aid sfirdic deemiANaPr ¢l iseshaalebdghdh £,
wherein the electrically insulating hernetic seal is interposed between

the first : .
4. The long life double layer capacitor of

Claim 2 wherein said first terminal comprises platinum
coated molybdenum. .

5. The long life double layer capacitor of
15 Claim 2 wherein said case comprises:

a header plate, wherein the electrically
insulating hermetic seal is interposed between the first
terminal and the header plate; and

a can, wherein the header plate is welded to

20 - the can.

6. The long life double layer capacitor of
Claim 2 wherein said electrically insulating hermetic
seal comprises one or more of the group consisting of
silica, boron oxide, alumina, potassium oxide, sodium

25 oxide, and lithium oxide.

7. The long life double layer capacitor of
Claim 1 wherein said case comprises a conductive case.

8. The long life double layer capacitor of
Claim 7 wherein said conductive case comprises stainless

30 steel.
) 0 G




term nal and the header plate; and a can, wherein the header plate is
welded to 20 . the can. 6. The long life double |layer capacitor of Caim
2 wherein sayglogissggtrically insulating hernetic seal comoTUS@E0887€ Or nNOre
of the group consisting of. silica, boron oxide, alum na, potassium oxide,
sodium 25 oxide, and lithiumoxide. 7. The long |ife double |ayer
capacitor of Claim 1l wherein said casee630orpri ses a conductive case. 8.
The long life double | ayer capacitor of Cl aim7 wherein said conductive
case conprises stainless 930 sThe|long Life|douole) layer|gapaqiter) pf) ||| * C

L MS WO 01/ 13388 Ba/1L $8ePe2R48aia £i€dt Hetadleinpregnitdd «lrictiredeayer
capacitor of daiml1 wherein said first netal inpregnated el ectrode

conprises: a fi rSRESS5H cl oth el ectrode; 5 a netal i npregnated within a
tow of the carbon fiber e Gikst icarbbneclobly ¢ldakradabl e | ayer capacitor of

G aim9 wheregn said netaly hﬁtﬁf'ﬁfﬁr‘i‘e@nﬁ&@@@itﬂfﬁ#a t6@Nst HneN@agbon

al um num copper,..and titanium 10 11. The long life doubl-e | ayer capacitor
of Caiml V\her%ﬁ'tf‘f”éaﬁld’t-g‘mous separator can withstand exposure to
tenperatures of up to 250 C for periods of up to 5 mnutes. 12. The |l ong

life double layer capacitqip,of ple i@l Titd dbesr Nagal A citorsegar at or
GR aci tor of
l)

material conprises', teflon. ,13. The long.life dqu | ayer_.(

O ai m 1 wherein SHP cgaé'@efgﬁnmfsf’rfgt“ﬁ’faqe%ﬁo%%reec(%teg gf%rflrpaergé’lfu es of up to
250 C for peri odsomgistuing of aluminuxt,esoppdar, Tl [tdfgnivme doubl e | ayer
capaci tor of

¢ 10 ~ 11. The long life double layer capacitor of
Claiﬁ 1 wherein said porous separator can withstand
exposure to temperatufes of up to 250 °C for periods of
up to $ minutes.

12. The long life double layer capacitor of
15 - Claim 11 wherein said porous separator material comprises’
teflon.

13. The long life double layer capacitor of
Claim 1 wherein said case can withstand exposure to
temperatures of up to 250 °C for periods of up to 5
20 minutes.

14. The long life double layer capacitor of
Claim 1 wherein said electrolyte solution comprises a
selected solvent and a selected salt.

15. The long life double layer capacitor of
25 Claim .14 wherein said selected solvent comprises
acetonitrile or propylene carbonate.

16. The long life double layer capacitor of
Claim 14 wherein said selected salt comprises
tetraethylammonium tetraflouraborate or

30 triethylmethylammonium tetraflouraborate. “"'I" ” ""I" "III " ,",
* c .L | M s *



Claim1 wherein said electrolyte solution conprises a selected solvent and

a selecte I 15. The long life double |ayer capacitor of 25 Claiml4

wherein sg‘ll((?j‘ﬂgé 8gct ed solvent conprises acetonitrile o'FéW%%'I“é'he

carbonate. 16. The long life double | ayer capacitor of Caim 14 wherein

said selected salt conprises tetraet h%/A moni um tetrafl ouraborate or 30
ate.

tri et hyl met hyl ammoni um tetraf| our abor “1* ¢ Lros 1! WO 01/13388

PCTI 11 S00/ 20437 64 1737 Theph@nibrld f18 edodbhs1d ai/ﬁel‘:%‘déiﬁbroa Caiml
ot erper at ur E455R hvperen safd @rbclEaga Il g 1ontar iy hometlcs 15 The
to tenperatur p | : : e

| ong |ife doulskeall aanrwitisttandrexgosutieatm tehperatarresongf up g 268 aor nore

crinps fornedepneossahd £ JOWERY & RInqrdPdest, constant pressure on an
el ectrode asserrbf?/ g%nt al ned qutxﬁl n sai gncase. 19. Along |ife double Iayer

capacitor |10 conprising: a hernetically sealed case; a plurality of netal
i npr egnat ed el ectrodes, 18 eacthéalomy ld feetiaubleplsypmteaapasiiter afplurality

of c$rrent colhecto ' ' 0 ai Sy I tkye one of
Che' pl ural ity CREROL ERELReE Achpr Sy LAROGE A dhmel [eGREA' 1C 0N

i npregnat ed s34 Sap8r 6% VEGRrLADR MRAEFFal CORTANY RFEFSHEEEBNAN
respecti ve onedectrotie pssemibly \caitaimedl withirgmidcdae®.el ectrodes; and a
non- agueous el ectrolyte solution saturating said plurality of metal

i mpregnat ed el ectrodes, _wherein a ‘nulti-electrode, single cell device is

formed. 20. The long |i}% dRANT dide SIPBLE (IAYRE CABRGEESTm 19 wherei n

sai d her mato cabhmprisidhgd case conprises a glass-to-netal seal.
a hermetically sealed case;
a plurality.of metal impregnated electrodes,
each having a metal impregnated side;
a plurality of ctérrent collector foils each
15 juxtaposed against a respective one of the plurality of
metal impregnated electrodes against said metal
impregnated side;
a porous separator material positioned between
respective ones of the plurality of metal impregnated
20 electrodes; and .
a non-aqueous electrolyte solution saturating
said plurality of metal impregnated electrodes, wherein a
multi-electrode, single cell device is formed.

20. The long life double layer capacitor of
25 Claim 19 wherein said hermetically sealed case comprises
a glass-to-metal seal.

21. The long life double layer capacitor of
Claim 20 wherein said glass-to-metal seal can withstand
exposure to temperatures of up to 250 °C for periods of
30 up to 5 minutes.

22. The long life double layer capacitor of
Claim 20 wherein a first terminal is coupled to at least

* [+ L M S *




21. The long life double | ayer capacitor of Caim20 wherein said

gl ass-to-netal seal can withstand exposure to tenperatures of up to 250 C
for periods wboi/3888up to 5 mnutes. 22. The long |ife dowaraishuanes?
capacitor of Claim20 wherein a first termnal is coupled to at least * C
L' MS ~E{f 4f WD 01/13388 PCT/ US00/ 20437 65 one of said "ilurality of
metal inpregnated el ectrodes through s&3d—-gl ass-to-netal seal. 23. The
long life double |ayer capacitor of Caim22 wherein said first term nal
conprises 5 nol yBRRRImsald PREalHhy ofi petab RFeInate cﬁg%{“ﬁéesof Caim
23 further conprtsidggh saddCc gldsserormedhlwbeaki n sai d second terminal is
electrically coupled to said case. 10 25. The long life double |ayer
capacitor of Claim23 wherein said first termmnal further copnprises

pl ati num 26." The long |if23-do%Beclng, dife ekl layer °€P3‘F+ﬁ% Qfher ei n
said first term pphiv@@rheeein Paid ifiet térmiedledomphribdgnum wire. 27.
The long life dougéi?&é“GH- capacitor of Caim19 wherein said first netal
i mpr egnat ed ePec?r € conprises: a first carbon fiber cloth; 20 netal

i npregnated into the tow of the first carbon fiber cloth. 28. The | ong
life double |ayer capacit®s.of Théel Pirg d1feheshTe Saiydrs eapaci twt alf

| npregnat ed el ecf.to qﬂgr' S, %ﬁ% .second carbon fiber cloth;
addi ti onal netalaiﬁggéﬁﬁa e&h?%t%o g%#%&'of t he second carbon fiber
cl ot h. a second terminal wherein said second terminal

is electrically coupled to said case.

10 25. The long life double layer capacitor of
Claim 23 wherein said first terminal further comprises
platinum.

26. The long life double layer capacitor of.
claim 19 wherein said first terminal comprises a platinum
15 coated molybdenum wire.

27. The long life double layer capacitor of
Claim 19 wherein said first metal impregnated electrode
comprises: ' ‘
a first carbon fiber cloth;
20 metal impregnated into the tow of the first
carbon fiber cloth. '

28. The long life double layer capacitor of
Claim 27 wherein said second metal impregnated electrode
comprises:
25 a second carbon fiber cloth;
' additional metal impregnated into the tow of
the second carbon fiber cloth. '

I
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life doub capaC|tor of Claim28 wherein said and sai d

addi ti onal ma?aﬁa selected fromthe group consisti :%} GYSOU PR M num
copper, and titanium 5 30.- The long life double |ayer capacitor of Caim
19 wherein said electrolyte solution-®@sp~i ses a selected solvent and a
selected salt. 31. The long |ife double |ayer- capacitor.of Caim 30
wherein said sel ected so?R¥entTheodongsaife odeuhdieodayet | eapacitap\dfene

carbonate. 32. chagm 2BOwhéf&in @aikienkaX M and@ Al Q84 PEjofA P inBeERh Waerei n
sai d sel ected salt ﬁ%g%pﬁl sest?l_1 tetraet hgl amoni um_t et raf | our abor at e or

tri et hyl met hyl %S EP S FFIHBr SPRS1Sings of rplupipygm iqaPRTubl e | ayer
capacitor of @ndi fhit8niwesein said hernetically seal ed case can withstand
exposure to tenperatures of up to 250 C for periods of up to 5 mnutes.

34. The long life double ayg{rh cq_gaci ior gl aim19 \/\herel n sal d
porous separator materiat®tarnPitPhg: anfe éﬁﬂéiﬁ' YTt SIRRTLRF &F of up to
250 C for peric3a@admofouphexe i maidt edecBbolyitee sodntyion f eonjoides laayer

capaci tor of Gellddrdd YOBF&It) a3l & BeioUEeS AR OF material conprises 25
teflon. 36. The long |ife double |layer capacitor of Caim19 wherein said

doubl e | ayer capacitor can wthstand exposure to tenperatures of up to 250
C for periods of up to 3l rileedonyl Lifé|ddukllel Layet ddddditblr ol * C L M

5 WO 01/ 13388 RGH4WSOE dR4ATin Ghia 3410306 | Fehtf Eomjgiibl s | aver capaci tor

f
0 10 acetonitrile or propylene carbonate.

32. The ldng life double layer capacitor of
‘Claim 31 vherein said selected salt comprises
tetraethylammonium tetraf)ouraborate or
triethylmethylammonium tetraflouraborate.

15 33. The long life double layer capacitor of
Claim 19 wherein said hermetically sealed case can
withstand exposure to temperatures of up to 250 °C for
periods of up to 5 minutes.-

34. The long lifée double layer capacitor of
20 Claim 19 wherein said porous separator material can
‘withstand exposure to temperatures of up to 250 °C for
periods of up to 5 minutes.

35. The long life double layef capacitor of
Claim 34 wherein said porous separator material comprises
25 teflon. ’

36. The long life double layer capacitor of

Claim 19 wherein said double layer capacitor can
withstand exposure to temperatures of up to 250 °C for

periods of up to 5 minutes.
(O




Claim19 further conprising one or nore crinps fornmed in said hernetically
seal ed case for exerting a nodest, constant pressure on said plurality of
met al i npre@mowidss8 el ectrodes, said plurality of currentPCE@SI0ER0433r foil s,
and said porous separator material contained within said hernetically

seal ed case. 38. .Anu-'--hod of making a long life double |ayer capacitor
conprising: 10 inpregnating a pluralitygof.electrodes with a netal;

j uxtaposi ng a respective inpregnated side of each of the plurality of

el ectrode with one of a :ptur athiet 3loni; tife eivubdel layevrcdpadisor] f

i nterposing a PRIGYS FERALAL $81ind PG B! Binsd dSualy eiCh of

the plurality o ctrodes; satu ati.ng the uralhéx of el ectrodes with

an eIectrolytes§bﬁuP?€WFt§EP¥%¥m% eﬁe??ﬁﬁlﬁﬁﬂ E¥erhing| 3988k of
el ectrodes-and tbaspant ghrégswnfe o sand plnﬂammbqrofométalvﬁuyneqnateése 39.

The method of, O35 IaUBCTE 1k itar 169! 4F 6B 563iador (KeAHOSI NG

gl ass-to- netgl §a8 opening in sal case and_a first f erm na
and electrlcalBydcéaﬁﬂlﬁﬁquﬁaﬁqga§PtP€r%4?ﬁH a@o“BﬁﬁabFegdﬁ%FqﬂnU?é Aty of
current coll ect perhetical P sedieareaed of C aim 39 wherein said glass- 30
to-nmetal seal can wi thstand exposure to tenperatures of up to 250 C for
periods of up to 5 mnutes. I]oll 1111%% [i] 111111 WO 01/13388

PCT/ USOQ) 20437 68 41. THe nék Hbdhed of anakiaw @#hdPBEn1its FoUhHS egnati ng
conpri ses i npregagerngapacitd®rednprdeingoth with said netal. 42. The

method of Cgjm 4L wher el Sahtheiny 8 BE0A i E2MRILEESoAS WRHAK NO Lhe
metal; .
juxtaposing a respective impregnated side of
each of the plurality.of electrode with one of a
plurality of current collector foils;

15 interposing a pdrous separator between
respective other sides of each of the plurality of
electrodes;

saturating the plurality of electrodes with an
electrolyte solution;

20 sealing hermetically the plurality of
electrodes-and the plurality of current collector foils -

within a case.

39. The method of Claim 38 wherein said
sealing comprises:
25 interposing a glass-to-metal seal between an
opening in said case and a first terminal; and
electrically coupling the first terminal to one
of said plurality of current collector foils.

40. The method of Claim 39 wherein said glass-
30 to-metal seal can withstand exposure to temperatures of
up to 250 °C for periods of up to 5 minutes.




cloth with said netal. 4-'.. The nmethod of Caim42 wherein said

| mpr egnat | @%}E” ses | rrpregnatl ng a tow of the carbon fiber cloth with
said netal. The nethod of C ai m 43 wherein sai d HeV@20437 s¢| ect ed
fromthe group consisting of alum num copper, and titanium 45. The

met hod of claim43 wherein said irrp_r_e&pa_gi ng further conprises arc
spraying said netal 15 into the carbon fiber cloth with a jet arc spray

nozzle. 46. The nethod qof;,C @h@ﬁ&w&zﬁw ma%dsa'm&m'é&qdconp“ ses

i nt er posi ng satd oro% separat or vygqp gg 2gorous separator can

wi t hstand expolRe 10 %ﬁ@f“g’fﬁ%% rﬁﬂ"a ng 23 (Farhasn fg‘@?ﬁ' gdosh up to 5
20 m nutes. 47Wwitihesadid metadé C ai m.46 wherein-said porous separator

conprises teflon. 48. A rret hod of maki ng a doubl e player capacitor
conprising: 25 coupli ng rrent collector foil to an _ internal
portion of a first term 8I'Eﬁ 4 ofi FLpiethvheRsidy S218d el ectrode
over-the cuPr empmnm Cbmptisegit aricngpaapbing ushe aartatro £ ibgai Nnst t he.

first 30 netag1ét®eiiintsadacheeiyode;, HITITITTIIfIIITjITITillllol s WO
01/ 13388 PCT/ USOQ 20437 69 juxtaposing a second netal inpregnated

el ectrode agai nst the porous separator; coupling electrically the second
metal inpregnated el ect4t’odeThe mMofSciainrm iwrgr.tehim fsadiat net al

i mpr egnat ed eh@ﬁ- 4;41& r§§‘ég)r]_q\ ;Jﬁjat \l’,\,%cg:gggg with an
el ectrolyte s I ng. her ITE'[I cal e case, eréin the

tion
electrolyte i s% tqalrﬁqihaF'l"g cSAAhimedd i t hi n the case,

10 44. The method of Claim 43 wherein said metal
is selected from the group consisting of aluminum,
copper, and titanium.

45. The method of Claim 43 wherein said
impregnating further comprises arc spraying said metal
15 into the carbon fiber cloth with a jet arc spray nozzle.

46. The method of Claim 38 wherein said
interposing comprises interposing said porous separator
wherein said porous separator can withstand exposure to
temperatures of up_ to.250 °C for periods of up to §

20 minutes. |

47. The method of Claim 46 wherein ‘said porous
separator comprises teflon.

48. A method of making a double player
capacitor comprising:
25 coupling a first current collector foil to an
internal portlon of a first terminal;
folding a first metal impregnated electrode
over  -the current collector foil;
placing a porous separator against the. first
30 metal impregnated electrode;
—\-—\,_.
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10, and wherein influx of inpurities into the electrolyte solution is
substantially inpaired. 49. The nethod of claim48 wherein said placing
sai d porous wepsaragsor conpri ses envel oping said first necakesonpezgnat ed
el ectrode with said porous 15 separator. 50. The nethod of claim 49 wherein
said juxtaposing conprises juxtaposing-said second netal inpregnated

el ectrode over said porous separator. =589.-The nethod of C aim 50 wherein
said 20 coupling electrically caonprises: juxtaposjng a second current
collector foil over the $e€eARresidgap ?ﬁﬁ?@bﬁﬁFgg PIRFAEFEFED and
contacting the sersutdogudr sgiinstolthecporod®ideparatol; t he case. 25 52.- The
met hod of claim48 furthe NI ShOgs s LI t] Ifhr st neta

i npregnated el ectrode anéowdsééggﬁrh%gt%ye?ﬁ%rée%ﬁ g'laelctrode with a
metal . 53. The rinpregngted elestdpdghtect fasfi/d 30 i npregnating further

conprises inpgegnating a fatwfatisy kR8 fiked mekal himprbgnatedond car bon
fiber cloth with sai.d t al erein i t t ' of |
1111111111111111% SGrods; i a@"’cﬁ?‘f é%%ﬁﬁ%égﬁﬁﬁ%%ﬁé B3r635 7N e
first carbon fiban elesthoiyte tsduddepndardr bon fiber cloth. 54. The nethod
of Claimb52 wherein said geiping hernetecd By fthencabe, gimuHeinonRest i ng of

alumnum 5 titanjum_and copper. .55, . f | ein said
seal i ng herneticéﬂ?ifﬁ°§¥gﬁdé ;S%Rﬁtgﬂﬁ@agy§|é§§§3?§?é&xﬁﬂﬁiégﬁﬁébg?ﬁéén

anot her poriPorand wherein influweofi Agpurkdiesaintesthe elepctgolyhe net hod of
clai m 55 wher ei ngsRitdonsea! sussteraatl gaihpaifiveat her incl udes:

49. The method of Claim 48 wherein said
placing said porous separator comprises enveloping said
first metal impregnated electrode with said porous

15 separator.

50. The method of Claim 49 wherein said
juxtaposing comprises juxtaposing said second metal
impregnated electrode over said porous separator.

51. The method of Claim 50 wherein saiad
20 coupling electrically comprises:
juxtaposing a second current collector foil
over the second metal impregnated electrode; and
contacting the second-current collector foil.
with the case.

25 52. The method of Claim 48 further comprising:
impregnating said first metal impregnated
electrode and said sécond metal impregnated electrode
with a metal.

53. The method of Claim 52 wherein said

30 impregnating further comprises impregnating a first
carbon fiber cloth and a second carbon fiber cloth with
said metal, wherein said metal penetrates into a tow of

0



wel ding a header to a can, wherein the header includes the glass-to-netal
seal . 57'F&nﬁ" hod of Caimb55 further conprising: 15 selecting a

material for saird first termnal having a coefficient BTS04 expansi on
substantially simlar to a coefficient of thermal expansion of glass. 58.
The met hod of C aim 57 wherein said selecting conprises selecting ’
nol ybdenum 20 59. The net hod of d arn?$7 wherei n sai d sel ecting conprises

sel ecting pl atéﬂ&*@i&‘_s’ﬂ %r%hy?gﬁgyr%lcrt@?:an-ﬁh‘ihgeggggn fcaq'sbg:’:x%nfs wherein

sai d sel ecting conprises selecting a plating materral Tor PFst
ternminal that $%°%bl derable. 25 61. The nethod of Cl aim 48 further
conprising selecting a material for said porous separator that can

wi t hstand exposure to t er r 0 eriqds_o pto5
mnutes. 11111111 111120 | ?%'F'I ﬁg'f&%‘? lb%lﬁaﬁﬁ‘w?g %’fﬁﬁﬁf}?m&d

PCT/ USOQl 20437AS Belegtedrifzompetheqgrrurticansistingersi alweimmy,i ng  sai d
material fd Sdbithnimmuandegappépl conprises selecting said nateri al
conprising teflon. 63. The nethod of Claima48 further conprising 5
selecting materials to nake said double-layer capacitor that can w thstand
exposure to tenperaturedSof ThetBebtiyyl of Gaipefdfovkerdinsaid 5 ni nut es.

64. The net hodeafl idghara@tival Derive@Iddssi ng pl aci ng a nodest const ant

pressure on said first sec et al i 0pregnat.e electrog s, said
first and second.curre%?ggéﬁpggtéﬁg%%EEQSPeggg gg?g'?é#%ﬁﬁg 20858fE  or . 65,
The nethod of ROXGLencLfKaid fixat dteyninalngndasdidoease. const ant pressure
conprises formng 15 crinps in said case.

10 - 56. The method of Claim 55 wherein said
sealing hermetically further includes:
' welding a header to a can, wherein the header
includés the glass-to-metal seal.

57. The method of Claim 55 further comprising:
15 selecting a material for said first terminal
haQing a coefficient of thermal expansion substantially
similar to a coefficient of thermal expansion of glass.

58. The method of Claim 57 wherein said
selecting comprises selecting molybdenum.
1
20 59. The method of Claim 57 wherein said
selecting comprises selecting platinum plated ﬁolybdenum.

60. The method of Claim 57 wherein said
selecting comprises selecting a plating material for said
first terminal that is solderabile.

25 61. The method of Claim 48 further comprising
selecting a material for said porous separator that can
withstand exposure to temperatures of up to 250 °C for
periods of up to 5 mihutes.
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62. The method of Claim 61 wherein selecting
said material for said porous separator comprises
selecting said material comprising teflon.

63. The method of Claim 48 further comprising
selecting materials to make said double layer capacitor
that can withstand exposure to temperatures of up to 250
°C for periads of up to 5 minutes.

64, The method of Claim 48 further comprising
placing a modest constant pressure on said first and
second metal impregnated electrodes, said first and
second current collector foils, and said porous
separator.

65. The method of Claim 64 wherein said
placing said modest constant pressure comprises forming
crimps in said case.
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