Ay

Title:

ELECTRODES
(12) and second (14) el ectrode
i nclude a current collector
current col | aakpirniPolar icaioR %ﬁ.flﬂ‘éi
coating. The prinary u
t he secondary

maki ng t

slurry that

A0 O O

WO 01/88934 Al

Abstract: A double |ayer

foil (22),

coatings |
coatings include activ
h@d9)e¥ould {ntehetuabRropngtsy Omzemizationc |

(%

(43) International Publication Date

'2hYN

dae con

."'EA“ .j"

Ll
AT

\

ELECTROCHEM CAL DOUBLE LAYER CAPACI TOR HAVI NG CARBON POWDER
capaci tor
structures separated by a porous
a primary coating forned

R o U
ar bon

o AR AR

i ncl dtfEsiedReeret i ng car bEiMP

i ncl udes first
each
on the

(Figure 1)

powder (44). A method of

{10) International Publication Number

22 November 2001 (22.11.2001) PCT WO 01/88934 Al
(51) Enternational Patent Classification™ HO1G 7/60 CHRISTIE, Raymond, T., E.; 3838 Pendiente Court,
#120, San Diego, CA 92124 (US). FARAHMANDI, C.,
(21) International Application Number: PCT/US01/15333 Joseph; 10572 Bemabe Drive, S8an Diego, CA 92129

(22) International Filing Date: 11 May 2001 (11.05.2001)

(25) Filing Language; English
(26} Publication Langunge: English
(30) Priority Data:

09/569,679 12 May 2000 (12.05.2000) US

(71) Applicant: MAXWELL TECHNOLOGIES, INC.
{US/US]; 9275 Sky Park Court, Suite 400, San Diego, CA
92123 (US).

(72) Inventors: NANJUNDIAH, Chenniah; 14309 Dalhousie
Road, San Diege, CA 92129 (US). BRAUN, Richard,
P.; 8366 Lake Adeon Drive, San Diego, CA 92119 (US).

(74)

(81

(84)

(US).

Agents: SAMPLES, Kenneth, H. et al.; Fitch, Even,
Tabin & TFlannery, Suite 1600, 120 South LaSalle Street,
Chicago, IL 60603 (US).

Designated States (hational): AE, AG, AL, AM, AT, AU,
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, 1S, TP, KE, KG, KP, KR, KZ,1.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, PL, PT, RO, RU, SD, SL, 8G, S, SK,
8L, TJ, T™M, TR, TT, TZ, UA, UG, UZ, VN, YU, ZA, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, §Z, TZ, UG, ZW), Burasian
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), Buropean
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE;,

[Continued on next page]

{54) Title: ELECTROCHEMICAL DOUBLE LAYER CAPACITOR HAVING CARBON POWDER ELECTRODES

{57) Abstract: A double layer
capacitor (Figure 1) includes first
(12) and second (14) electrode
structures separated by a porous
each include a current collector
foil {(22), a primary coating formed
on the current collector foil, and
a secondary coating formed on
the primary coating. The primary
coatings include conducting carbon
powder (42), and the secondary
coatings include activated carbon
powder {44). A method of making
the electrode struclures includes the
steps of : preparing a first slurry that
includes conducting carbon powder
and a binder; applying the first slurry
to form a primary coating; preparing
a second slurry that includes activated
carbon powder, a solvent and a
binder; and applying the second
slurry to the primary coating.
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and a binder; applying the first slurry to forma primry coa}i.ng.
preparing a second slurry that includes activated carbon pmﬁl i]GT 2001!L
solvent and a binder, and applying the second slurry to the prinmary
coating. 18 OCT 2004 1 ELECTROCHEM CAL DOUBLE LAYER CAPACI TOR HAVI NG
CARBON PONDER ELECTRODES BACKGROUND CF THE | NVENTI ON The present invention
rel ates generally to electric doublelayer capacitors, and nore
particularly to a high performance doubl e | ayer capacitor nmade with

| owr esi stance carbon powder el ectrodes. Double |ayer capacitors, also
referred to as electrochenical double |ayer capacitors (EDLC), are energy
storage devices that are able to store nore energy per unit weight and

unit volune than traditiapgstTREGEIICRRr BoubhE agldigs on, they can typically
deliver the stor gﬂ@é a rechar geabl e
batteries. Doubleqﬁayer capac??g?s coﬁ??gﬁﬁ%ﬁdh &tgﬁhééﬁﬁ? el ectrodes that

are isolated fromelectrical contact by a porous separator. Both the

separator and the el ectr gR&erOURD OPIBHaRENMbER an el ectrol ytic
solution. This allgﬁ§ ionic gurrent to flow between the %Iectrodes
dr

through the separat of aP-Ffig" VRO FSLaERE 2R9Rh %revents an
el ectri calelectaliec doghile lagevppapsed towsanandondoy euntrientlailgm shorting

the cell. tepuphagnt ﬁekliﬁrmaﬁﬁg &urac ha?fert Q&p@@fﬁd&e m%'a%Ch jedes is a
current oIIectln ur pose current collecting plate is
to reduce &W—reﬁl g§B§e|ﬁaFH8nd8 I%&?gFr°§§%a0|tor | f these current
col l ecting pl ates aD@ubﬁenlppe:nﬁﬁpadmaprsanaaksoriﬁenrgddtasapart of the
capaci t or s3e¥trdpiehli®al atehLEPAG/dO R pabeEErE! BIIST Al

energy storage devices that are able to store more energy

per unit weight and unit volume than traditional

capacitors. 1In 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

porous separator. Both the separator and the electrodes

are impregnated with an electrolytic solution. This

allows ionic current to flow between the electrodes

through the separator at the same time that the separator

prevents an electrical or electronic (as opposed to an

ionig) current.from shorting the cell. Coupled to the

back of each of the active electrodes is a current

collecting plate. One purpose of the current collecting

plate is to reduce ohmic losses in the double layer

capacitor. If these current collecting plates are

non-porous, they can also be used as part of the

capacitor seal.

Double layer capacitors store electrostatic

enexgy in a polarized liquid layer which forms when a

potential exists between two electrodes immersed in an

electrolyte. When the potential is applied across the

electrodes, a double layer of positive and negative

charges is formed at the electrode-electrolyte interface



energy in a polarized Ifquid | ayer which forns when a potenti
between two el ectrodes imersed in an electrolyte. Wien the p tae@[FT%zogé

applied across the electrodes, a double |ayer of positive and negative
charges is forned at the el ectrode-electrolyte interface 18 OCT 2005 2
(hence, the nane "double layer” capacijtor) by the polarization of the

el ectrolyte ions due to charge separatlon under the applied electric
field, and also due to the dipole orientation and allgnnent of electrolyte

nnlecules over bggcgnt HeE ﬁ%H%faﬁéhéﬁz HQ eghegéﬁéggﬁ?r'r : of car bon

el ectrodes in ectroc emcal ca aC|to and ener gy
density represéﬁﬁgrl%ﬁ?ﬁﬁﬂ1pﬁlEhﬁte%ﬁﬁﬂiﬁﬂaﬁé ieng %ﬁt?ﬂﬂﬁhﬂqg&y because
carbon has a kepaf&bbed Yun@ed €heé ippldleackradesicanidi f aid ealsaddquei th

very high surfgéetﬁgen a%ﬂ%ﬁé antnoffangogﬂgmlugggr fa&%cat&%rl W|th car bon

el ectrodes has videnced by
U.S. Pat. Nosmoéesﬂbe%1‘6’9(rB§BRe$f}t11%ﬂ1(§“3fo48 abethpukedirosies. A ngj or

probl emin many carbon eﬂr@ch@-.adef EANRGI L0BBLrbass UTh ngledﬂirbzlcmdnay:erl
capaciiors. |5 chPRkiclie AU RURNCSET BCCARRAF dglalsy it o0

because of the erna ance of
hi gh i nt ernal ﬁe§F§Paﬁkﬁ?nﬁa?dﬁénﬁn&9tkﬁ §é@ér§P0hnﬁk@ﬁwsPeqqﬁﬁQuﬁﬁHQOPhe hlgh

contact resistageeaoiow f&ngl&yeamlc&aid@paiaatbeaeg%axamé fa&fﬂdal’t%dcont act
resi st ance of th% el ect.r.odes vvlg?1 a current c&rlec

resi stance traﬁ%lgtggr¥3nl ggr ﬁ%%%es R 1%% aC| 6V’§%r|ng t he
chargi ng and dllgtz'harg@Pdes?é@ w1Wh|@ﬁrhm@égctup@ﬁarh@@lmgeﬂgnc&m dax t he

characteristi ctnBCafteEb:Si@NAed Lbi®S: GRNAGK! 89¢&inéed By AN atiatof the
capacitor and [nterfer

di scharged in Eho?taékwq¥ﬂj(38$kggtélH%% éggslgnggée%é%%‘ﬁhﬁi%gda?Pdégi

| onering the |nternal riesiagoanpeebbawd hemeayt herboneeteristads , of doubl e

| ayer capacitoOk@pacitors, 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
factors, including the hiﬁh contact resistance of the
internal carbon-carbon contacts, and the contact
resistance of the electrodes with a current collector.
This high resistance translates to large ohmic losses in
the capacitor during the charging and discharge phases,
which losses further adversely affect the characteristic
RC (resistance times capacitance) time constant of the
capacitor and interfere with its ability to be
efficiently charged and/or discharged in a short period
of time. There is thus a need in the art for lowering
the internal resistance, and hence the time constant, of
double layer capacitors.

United States Patent No. 5,%07,472 to

Farahmandi et al., the complete disclosure of which is
incorporated herein by reference, discloses a
multi-electrode double layer capacitor having a single
electrolyte seal and aluminum-impregnated carbon cloth
electrodes. The use of the aluminum-impregnated carbon
cloth electrodes. described therein resuits in a double



United States Patent No. 5,907,472 to Farahmandi et al., the conplete

di scl osure of which is incorporated herein by reference, di scT' e@CaT Zﬂﬂg}
mul ti-el ectrode doubl e | ayer capacitor having a single electrolyte sea

and al um num i npregnated carbon cloth electrodes. The use of the

al um num i npregnated carbon cloth el ect godes. described therein results in
a double 1 8 OCT 2004 3 |ayer capacitor~having a very |ow internal

resi stancela¥he a@egdnot| didviugedai nvegych lewecinoeios]l howevetantendSheo be

sorrewh?t cf@,assb?xn Hsh it%sa@ut&q mallcﬁﬁvamé?g@@a@s,]g OSBméleee, lrr&sé?l% @@%g
a alr at us or 0 rin e ntern e ance o ou e ayer capacltors
Chat does AOPPRTS P bahtcr ot b, "PEiq &9 MIV2R5AAPERT [Rdidthat diidog
cont i nui ngandédr $ppaiatprovied dowblrénpaybe tapacidlorsssiSucmdenprfovetbdeubl e

layer capagibersapgetdy debivabeksahge AIDUNS Qfpusetubrgnergy at a very
hi gh power out put and energy density ratings wwthin a relatively short
period of time. Such inproved double | ayer capacitors should also have a
relatively |ow interhal isr ébust apperand ybetbéheapabke aofcoritdlndiing aeed

rel atively sBi-0hmp PPEIRIdIMH1¥Oh E 2GR cApH NN Bucht 1hSrétSP BRPALLNL Jhat
i nprovenments_are_ needed,in t(_? t echgﬂ ues and net hqods of It.Lab” catin
doubl e | ayBPACHPRLT t27°2I Bet eg]o“evsers S GUCYREP Phe YSREBINEPSTPEsPEL Ence

of the doubkeyl dyah capaert outpnd rexd menerghe desditat | Tay irglst agéthFor a

exanpl e, the1geifod, Usadrt 0 e@ABRACtoE heimEUr IRt Cald QALY B!)@]BfetQay%
el ectrode is mgortant Becg se .the interface be&ween he el ectrode n§ t he
current coffBREorC I afBRsa &d6Pce MHYS ntBr ndPLRELVEtANnce Bt tifE-eBas e

| ayer capaesistan@t needcypdcitor ceperlly dénsiitglidimer emseslatihetlhehighuare

of the opepabifgiNg|JA&gi gher operating voltages thus translate
directly into signifi canﬁ y higher energy densities and, as a result,

hi gher power output ratings. It is thus readily apparent that inproved
t echni ques and net hobisridrgmoneedet 19 dlmeerappheennt thaal imesivemence efret he

el ectrodespdeged Wint hire a tdeubkgubayeinfapachbQt ¥ kRAcreaseidde sepenati ng

layer capacitor electrodes so as to lower the internal
resistance of the double layer capacitor and maximize the
operating voltage. For example, the method used to connect the
current collector plate to the electrode is important because
the interface between the electrode and the current collector
plate i1s a source of internal resistance of the double layer
capacitor. Since capacitor energy density increases with the
square of the operating voltage, higher operating voltages thus
translate directly into significantly higher energy densities
and, as a result, higher power output ratings. It is thus
readily apparent that improved techniques and methods are
needed to lower the internal resistance of the electrodes used
within a double layer capacitor and increase the operating
voltage.

SUMMARY OF THE INVENTION
Embodiments of the present invention advantageously
addresses the needs above as well as other needs by providing
a method of making an electrode structure for use in a double



vol tage. SUMVARY OF THE | NVENTI ON Enbodi nents of the present i nventj.on
advant ageously addresses the needs above as well as other ada BﬂT 2004
providing a method of making an el ectrode structure for use in a double 18
OCT 2004 4 |ayer capacitor. According to a first aspect of the invention,
there is provided a nethod of making an electrode structure for wuse in a
doubl e | ayer capacitor, conprising the steps of: preparing a first slurry
t hat i ncludes conducting carbon powder dnd a binder; applying the first

ity b7 SagueT Sibeclert S ¥ e gp (sl le,
[

car bon pomgg?¥e l%o?%%‘%[d%{]cﬁpé“e&}%&iero %&lﬁgpfi‘?l %ﬁe?%o%eec?ﬁﬂmtéﬂr@rr?rto

t he primaryseoati ng. decdoidi dgyeo acasouitbraspectpoisine itheensteps ofhere

i's provi degdyapseihods of i fki 919,87 &lreGt rﬂtéquateguewa&ct{rpgst&asﬁ%m thattfb' e

| ayer capaC| t.or co t he Steps aring a fir

i ncl udes a°lfqfi & HEBthEI?%Wgn%a?b%n “E?Fd’ FPG Yy i Gridector
coating thpléatest d&dwimgy bhet capplkiad acEe'ret aslwewry erto coblkector gﬁimaey
dryi ng thecaaeiﬁ@d fddeplarahyr ry ts%ao@l@ovglhfﬁy ld diherfgeam aa(jﬁf
coating Ia§ $re$ ring a second slrg{r%/ %A |ncI udes activate car on
powder , AR Sy rfer P Frlterd VISt BRI 1nRe Bh@

mat eri al ; sdaringca Hélesem;tmdrsl geayimp. to the prl mary coating I ayer and

removing the solvent to forma secondary coating |ayer to create an

overal | electrode stéucture cont a| ning a pol %rrer and carbon. According to
a third aspect of thB°FREEAPPONtOt Rer 82CPE%r 39PTEH LWodtice LBYERTLON,
capaci t or tbapei disngrayifdadsta BEELOH00E starkictouran t datcincdedes ractiarst

current cokbechge ihokl go@blEr $hyBEi BBHYCSP8L NdohRLTBIngNchhestLESt o5
current preparing a first slurry that includes a liquid,
conducting carbon powder and a polymeric binder;
coating the first slurry on to a surface of a
current collector plate;
drying the applied first slurry to remove the
liguid to form a primary coating layer;
preparing a second slurry that includes activated
carbon powder, a binder of polymeric material and a solvent
for the polymeric material;
coating the second slurry on to the primary coating
layer; and
removing the solvent to form a secondary coating
layer to create an overall electrode structure containing a
polymer and carbon.

According to a third aspect of the invention, there
is provided a double layer capacitor comprising: a first
electrode structure that includes a first current collector
foil, a first primary coating formed on the first current
collector foil, and a first secondary coating formed on the
first primary coating;a second electrode structure that



collector foil, and a first secondary coating formed on the
coating; a second el ectrode structure that 18 OCT 2004 4a i ncl udi§ ﬁlm%

current collector foil, a second prinmary coating fornmed on the second
current collector foiI, and a second secondary coating formed on the
second primary coating, wherein the fir t and second primary coatings

i ncl ude conducting carbon powder and th ffirst and second secondary
coatings include activated carbon powder; a porous separator positioned

bet ween thentingésand sesend QMQQEthec§IIé@&ﬂH9501§ndaneéaéonaoﬁmlmary
the first ctrode

t t th t
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reference @etben 10| oWdg a@h@t %bl:@ﬂddﬁﬁﬁﬁaﬂq}Iéa“atqfng%h@nbmﬂ&@ta:&mmng
acconpanyi s which s fort ust rative i ment in which

n gr awi n
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present inyepieen Wkl ﬂl&s@r&cﬁ%é{:&ﬁ'& E&eaﬂcw@ef@lchse&ﬁges MLRaP&dngul ar
descriptio thea%of din cog unction
a

ﬁ; Rs esent

B PPk el gk e TR i fane Al 3R RERU RS LE, cory Uncly or
illustrati ﬁéeatr@ldmtﬂ’fe:ucweescapamEvmsqm@@d plactoeburice swlutibhe present
invention; FIG 2 is a schemati c di agram illustrating a nulti-electrode

doubl e | ayer capacit de in nce resent ntion; FIG
3is a flowhart il I%s?‘?’ali?lhd“‘ -5F) of! I’L'Bgegga ﬂr%%c%r?%aarfg@%atgﬁst he
present i neéntthen pfr@ﬁenﬁaknﬁgnth@ncwtbbnbpomwleéécbyode@shom tn EhES. |
and 2; following detailed description of the invention and

accompanying drawings which set forth an illustrative
embodiment in which the principles of the invention are
utilized.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of

the present invention will be more apparent from the following
more particular description thereof the steps of:



| FIG 4 is a side viewillustrating one of the current COllech%s@ﬁ?ﬂ

showmn in FIG 1; FIG 5 is an isonetric viewillustrating a pr Dli'
coating the current collector plate shown in FIG 4; FIG 6 is a side view
illustrating the coated current collector plate resulting fromthe process

shown in FIG 5; FIG 7 is a side viewillustrating a process o: cutting
the coated current collector plate shown in FIG 6; and FIG 8 is a side
view illustrating a secondary coating applied to the coated current

collector plate shown in FIG 7. Corresponding reference characters

i ndi cate corrpsgsafted Doquenenict ibhr eiighotiie SBMEIMing avawhgs he

drawi ng. DETAI{ED BESCRI PTI ON OF THE | NVENTI ON The fol I owi ng description of
the presently “contehpl ated best node of practicing the invention is no to
he taken in a linmiting sEdyel Bt & Schamathereiagray 1linstpatpogea of

descri bi ng thedgebeeal.apsi g tofr hhGe LAVatddTancEN@is60pR0f the

I nvention shou d )1.ned wth reference to the clains. 18 OCT 2004 6
Activated car bggegg%e%&%@nf%é used to provide high capacitance in

el ectrocheni cal doubl e- | Bfer 2 dapdciscbesatbplagmmiigiusgpatinanse is

possi bl e due tgultbeelacBddidanflcanages§ capidiitd e haer BaNacwbL@iinés on
the order of 189&;9‘1350035@/ ot %e Eoss_i bl e net hod of making carbon powder
el ectrodes is 10 appl'y Phe et ivat é"é-’ &8¢ bon powders onto current
collectors in the form ofIG S Uy £f3gwphartsiliusimsftingt anaewempiation

powder may be gREEes8 #n SfWdHdaEL YR BhAJpRe N Y MBfvhitREar sofhe
resultant elegtjodes, Donever: Jouid,’ 2108 Ls3i8tinSin 12 B3EE 2 Yng
2}

FIG. 4 is a side view illustrating one of the
current collector plates shown in FIG. 1;

FIG. 5 is an isometric view illustrating a
process of coating the current collector plate shown in
FIG. 4;

FIG. 6 is a side view illustrating the coated
current collector plate resulting from the process shown
in FIG. 5; '

FIG. 7 is a side view illustrating a process o:
cutting the coated current collector plate shown in FIG.
6; and

FIG. 8 is a side view illustrating a secondary
coating applied to the coated current collector plate
shown in FIG. 7.

Corresponding reference characters indicate

' corresponding components throughout several views of the
drawing.

DETAILED DESCRIPTION OF THE INVENTION

The following description of the presently
conﬁemplatéd best mode of practicing the invention is no
to be taken in a limiting sense, but is made merely for
the purpose of describking the general principle of the
ipvention. The scope of the invention should be
determined with reference to the clains.



alleviate this problem a snall pércent age (e.g., 1-2% of a Cfﬂmml
IS nore conducting than the activated carbon, nmay be added to r U
Thus, the electrodes are nmade by applying a single coat of activated

carbon, conducting carbon, and a pol yner binder onto current collectors.
Unfortunately, the tinme constants of EDLC capacitors having these types of

el ectrodes typically fall in the range of 3-5 seconds. It would be highly
advant ageous to produce EDLC capacitors having |ower time constants.
Referring to FIG 1, there is illustrated a schematic representation of a

t wo- el ectrode si ngl e celictidatéd ecdryar poadacd tcan balusadetonprasebielance

with the pre éﬁ)&tlltgg Igedﬁg,%gbh&gh Od&%lg_\_{gggrl ow i nternal

resi stance an operatin

Furt her nor e, t?@%‘%ﬂﬂ?ﬁﬁst dlEDIJG i SR Mﬁaﬁﬁﬁa%t%ﬂ avi H@séhbi'@: @P‘Pret%onst ant
of 0.5 secondsthdmmapatirracelffed g ddesvived spated,apnith ¢ardan powder

el ectrodes 1021:11%0%@4:9%@' |1ﬁablyos%r816qu by a porous separator 106. one

pur pose of the roni c “'separator s to assure that the opposing
el ectrodes 102, 104 ar OngePefFsiplediathed of thloime £asbrBr POEdRT act
bet ween el ect reTescFems tis kb apphprﬁheclaeeﬂvatai\d:armmdpodaaket bAdoof the

charges stored ﬁ&%‘{\? ct%ﬁ%u:g gs ‘I,'Qle ffIDE_ Iecé]fg_% 10% f‘ul n cont act

with a curreﬁ? i's in fn 18 OCT 2004
7 connected t SRRy Af ealcée-ﬁfafce'al carému mwd&rloneuf hehaadeapacht or 100.

Simlarly, thessne©ish e:lcﬁﬁ:hriadﬁglﬁzlpdlwe& bCRIdACt 1Wd Realothat current

col | ector plat %h %P glgte 112 S onnegﬂsg to a secon?.e&ictrica
termnal 114 o e CHy Pa 14 EO ]¥% cGF renttTori%ct 6° BFg &8-*Yo8, 112
preferably cor@ll%‘el%ﬂmmhwrrprgblem C ﬁ@aﬂ-ilkpercém@qeegleog beftm@&h t he

el ectrodes 102 104adson\ekhids i8lhorf cbheu@wﬁ@ aftlofh m@ca%taaawel ds

within the el gctiodes 102, 104, jare il 1.0, wth g hi oy cqnductive.
are made by applying a single coat of activated carbon,
conducting carbon, and a polymer binder onto current
collectors. Unfortunately, the time constants of EDLC
capacitors having these types of electrodes typically
fall in the range of 3-5 seconds. It would be highly
advantageous to produce EDLC capacitors having lower time
constants. .

Referring to FIG. 1, there is illustrated a
‘schematic representation of a two-electrode single celi‘
double layer capacitor 100 made in accordance with the
present invention. The capacitor 100 has a very low
internal resistance and is capable of yielding a high
operating voltage. Furthermore, the capacitor 100 is
capable of achieving an RC time constant of 0.5 seconds.

The capacitor 100 includes two spaced apart
carbon powder electrodes 102, 104 electrically separated
by a porous separator 106. One purpose of the electronic
separator 106 is to assure that the opposing electrodes
102, 104 are never in contact with one another. Contact
between electrodes results in a short circuit and rapid
depletion of the charges stored in the electrodes.

The first electrode 102 is in contact with a
carrent collector plate 108, which plate 108 is in turn



preferably non- aqueous electrolytic solution 116. The el ectrodes OégCi-Ové
as explained in nore detail below, are preferably fornmed by ap 004

different types of carbon powder slurries to the current <collector plates
108, 112 in two separate coatings. Specifically, the first electrode 102
includes a primary (or prinmer) coati 120 that is in contact with the
current collector plate 108. Simlarly, the second 122 el ectrode 104
includes a primary (or prinmer)coating that is in contact with the current
col |l ectorpl atell2. The primary coatings 120, 122 preferably conprise a

car bon pomdercéimﬂlmtémttocanfarn’s dil ity cadintecihingl chrdhore Panwder in Iarge

proportion and ﬁ_m%r bi n p

carbon i ncl ude | n t 00r| ngr%ﬂé%_gfy Qégl%%ﬁgfie% era% f@?q]l%s I n the
range of 25969BbacHEitly |aﬁﬁF9e’€o‘é‘f1i‘r?§% f?éle?'ﬁ??rp?%?‘é?a%]r%/ dﬁ"l%t cont ai n
activated carpbate Thez fig sbnaketéd oge al@2cahdoelactnilesl acereirarldar y

coating 124, 204l of lalltnctbEr P6ONd mdl ghkafle d0hLOELH e aSecondary

coating 126. e secondary coat In co t with the
separator 10619%helkd &y éEa??’Fi@i%lstzﬂ‘l!!%nH?‘ef‘abbl‘P’éat*b% e of the
primary coat | 18 defidDetivespnethe velactraddsanre2pr ebef add yweldpldsed wi th

Sty of  PohLYaLECRRThAN, B900UGIIN0 A URTaBNd: o PRI VAT Dinder.  The

i Ilustrated conponents™ are Co arn er with a constant

nmodest pr essuféectredes Hé’zpoﬂﬁés areg didrlgfoMitheaphigbhy | sRPMF It i cal
short bet weenptBfedSbl¥hoAd8quiots esldrdeayted, sédtidherpbect rodes 102,

nave o louer res st antd RATCELSATT di% Ade R AU iig ethobEe of

activat ed car@ehaitobefiant.i agecrroberakiv farpely her applying two
different types of carbon powder slurries to the current
collector plates 108, 112 in two separate coatings.
Specifically, the first electrode 102 includes a primary
(or primer) coating 120 that is in contact with the
current collector plate 108. Similarly, the second
electrode 104 includes a primary (or primer) coating 122
that is in contact with the current collector plate 112.
The primary coatings 120, 122 preferably comprise a
carbon powder f£ilm that contains highly conducting carbon
powder in large proportion and a polymer binder. The
propoxtion of highly conducting carbon included in the
primary coatings 120, 122 preferably falls in the range
of 25%-95%. The primary coatings 120, 122 preferably do
not contain activated carbon.

The first electrode 102 also includes a
secondary coating 124, and similarly, the second
electrode 104 includes a secondary coating 126. The
secondary coatings 124, 126 are both in contact with the
separator 106. The secondary coatings 124, 126 are
applied on top of the primary coatings 120, 122,
respectively, and are preferably applied with slurry of
activated carbon, conducting carbon and a polymer binder.
The illustrated components are compressed against each
other with a constant modest pressure, with the porous
.separator 106 preventing an electrical short between the



bi nder as descri bed above. The ions of the electrolytic solutio GF
free to pass through pores or holes 118 of the separator 106;1 ﬁeﬁh gﬁﬂ’r
separator 106 prevents the electrode 102 from physically contacting, and
hence electrically shorting with, the electrode 104. A preferred separator
106, for exanple, is polypropylene. Pogypropylene “includes

rect angul ar - shaped pore openi ngs having dinensions on the order of 0.04 by
0.12 Am Another suitable separator material is polyethylene.

Pol yet hyl ene generally has pore sizes on the order of 0.: Amdianeter or

| ess. I n operatleptrolen ao2glpEirical potential is applied across the

termnals 110, 114, and C NOITS ser} es-gonnect.ed_el.ectrodes 102,
104, a polarized Liquid@ﬁgyg%éﬁ%rnssaﬁggécﬁﬁg13@&%0&:%lﬁnBF§83r¥n t he
el ectrol yte 116°3tings LR@seldpd|and Aegoniaty dooaliiords Wi, cA26t ohave &

el ectrostati c aowegyresfistanecsitinmelddtrodeybhaid ah GARAGHEE! coht -

that function : Cj I n ries. Mre specifjcall
as,conceptualIgédéggéyggggybéfﬁé?'“ﬁp ang 08 € s rFtBrE?iﬁFFﬁg t he
el ectrical chhigdes: aghdedcrihedddareect rol yte interface of each

el ectrode that is inmmerselei fohdeltdet cob¥tpollBlc MQRioR YOI LS 1S

appl i ed across ectrod e..g., when | ectrode 102 is charged
positive rel at F%ggt ggeﬁégisrglg%oug}ggorgsd%bﬁaf?%ﬁa icéf %CBP@&P{*E%H% ically
depi cted by tHhB6§wget+rhe separaborh\lochprpvents Adig mileskrbie 1@Rectrol yte
i ons due to cherpm BRP8EIGALDY éowialcting, aRal hethe&Wdirgchigyd and al so

the entire sur EagEEonar HER: obhs GHC TIPS IB6t ark ASH4UTLES BERIBOBAR ot of ot
energy in the &8pacEburezsuplej N tpolypeopplénsd nPoXmpyoeaki ps: C=k. A/ d
(1) and includes rectangular-shaped pore openings having -

dimensions on the order of 0.04 by 0.12 um. Another

suitable separator material is polyethylene.

Polyethylene generally has pore siées on the order of 0.:

gm diameter or less.

In operation, when an electrical potential is
applied across the terminals 110, 114, and hence across
the series-connected electrodes 102, 104, a polarized
liguid layer forms at each electrode immersed in the
electrolyte 116. It is these polarized liquid layers
which store electrostatic energy and function as the
double layer capacitor--i.e., that function as two
capacitors in series.

More specifically, as conceptually depicted by
the "+" and "-" symbols (representing the electrical
charge at the electrode-electrolyte interface of each
electrode that is immersed in the electrolyte 116}, when
a voltage is applied across the electrodes, e.g., when
electrode 102 is charged positive relative to electrode
104, a double layer is formed (symbolically depicted by
the two "+/-" layers) by the polarization of the
electrolyte ions due to charge separation under the
applied electric field and also due to the dipole
orientation and alignment of electrolyte molecules over
the entire surface of the electrodes. This polarization



E=CV2 /2 where Cis the capacitance, k. is the effective dielegtri
constant of the double layer, d is the separation distance béf@k£H3Hh2004
| ayers, Ais the surface area of the electrodes that is imersed in the

el ectrolytic solution, Vis the voltage applied across the el ectrodes, and
Eis the energy stored in the capacitgr. In a double |ayer capacitor, the
separation distance d is so small that it is measured in angstrons,.

while the surface area A i.e., the surface area "A'' per gram of

el ectrode material, may be very |large. Hence, as can be seen fromEq. (1),
when d is very shotres anedgX is thergagaariger tbheorxdpagritartds Wdlllodnygery

| arge. The surfagp@i&iashis: i n the capacitor 100 is |arge because of the
make-up of the electrodes 102, 104. Specifically, each of the el ectrodes
102, 104 conprises activated carbon powders in the secondary coatings 124,
126, respectively. Astk.ppa@led carbon is a highly poyous form of carbon. The
activated carbon powders do not have a snooth surface, but are pitted with
nuner ous hol es and pores. The hol es and pores of the activated carbon
powders have a ??%ical size of about 10-100 A (Angstrons). The powders are
imersed in the electrolytic solution 116. Each hole and pore
significantly increqﬁgﬁnge surface area of the F%rder that is exposed to
the electrolytic solutioh 116. The result is a ee-di nensi onal el ectrode
structure which allows the electrolyte to penetrate into the hol es and

contact all, orvhesé @lis thef chpecstdicsexyrng e ldfigek?i0eTa2@94c4P1 car bon
Electrode over SRTRRRh St b BOSPES IR R 1B ok AR RN, {or med.
Achi evi ng a hi ghigtanres tetweenhsheviayers, s Rofbythpasurfdce kerdanwedntthen. The
capaci tor 100 iglé¢tEfodcaPipat i8f ifhdFddd0 iANEndi SEHSEHO N £V WMt iBn
rel atively qu'c5 is the voltage applied across the electrodes, and E is

the energy stored in the capacitor.

In a double layer capacitor, the separation
distance d-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 Ed. (1), when d is very small, and A is
very large, the capacitance will be very large.

The surface area "A" in the capacitor 100 is
large because of the make-up of the electrodes 102, 104.
Specifically, each of the electrodes 102, 104 comprises
activated carbon powders in the secondary coatings 124,
126, respectively. Activated carbon is a highly porous
form of carbon. The activated carbon powders do not have
a smooth surface, but are pitted with numerous holes and
pores. The holes and pores of the activated carbon
powders have a typical size of about 10~100 A
(Angstroms). The powders are immersed in the
electrolytic solution 116. Each hole and pore
significantly increases the surface area of the powder
that is exposed to the electrolytic solution 116. The
result is a three-dimensional electrode structure which
allows the electrolyte to penetrate into the holes and
contact all, or most all, of the surface area of the



time period. In general, the charge/ discharge tinme of a capa
governed by the internal resistance of the capacitor. The |lo Q‘htbsc? 200’{-

i nternal resistance, the shorter the charge/ discharge tinme. The internal
resi stance of the basic double |ayer capacitor 100 is nade up of several
conponents. Specifically, the internal, resistance conponents include a

contact resistance R :, an electrode resistance REL, an electrolytic
solution resistance RES, and a separator resistance R The contact
resistance R represents all of the resistance in the current path between

t he capaci t orcaxian Wkl ,ufhevebhededredticeddy 1 08creasiilg twie the
resistance in hiyeeddl r8da Pl Jpetigem 4N RPBGEL Ofnidif ¢t doubld and the

el ectrode 104._ The el ectrode . resi stance, REV represents the resistance
within the elXM§HRF RF rrEsd %otlﬁFHl‘F%elselfé’H“FGde 104). The electrolytic
sol ution resistance RES:2shiteying at hightecagardtaakect hobgtdre,. sid wirilgn 116,

and the separ gigie r@éla{eaqh%en%%ﬁ exwﬁéscgﬁdggbxfgﬁégrgéga}fgé UpeARAT at or

106. Any energy stored acl t
capacitor by Horing BaG dissharging BReagadnf AohRlakitrigh SWickRES, RES,
and RSEP- Thus time iyersizen t fIai genepallprtiochprgel diathahgs geik sohay ge

tirrestobeaé%ﬁ/ fL.R :

conbi nati on wt %L%rtaggsc é’lr%%%e 8§fthgﬁh$egﬁ??'nggg%)%5§n? é{%c] %{L’ t he
capaci tor 100,S2R3 B er ey Jewpr the infwramlpsesistancanethesi stance of
the separat or fGhpcers the fdMadigegaiskhibhge poimRsi ty and thickness of the

separator 106. A preferged Lopyl e havi ng a
t hi ckness of about 0. 00 hee %%I%%Ejg %gﬁ'ﬁéﬁr{c}n fggﬁ%Z%gﬁlg‘i“gﬁeernatlve
separat or mat é#ﬁéﬁrl@nﬂﬂly'@tlhwoénés apde uhaf sgvarahi camporenifs about 0. 001

i nches (0.025 spsaclf:ﬂﬁ&w ortmeeriattaahﬂef&éﬂsﬁmel éBﬂﬁén&@E@&ﬁ&!ﬁfﬁé’oes

pol yet hyl ene déj r@r}:r}aesris't%n\é\:@ &D poI

con B¥oge res1stance Re, an
electrolytic solution resistance R,, and a separator
resistance Rgp. The contact resistance R, represents all
of the resistance in the current path between the
capacitor terminal 110 up to the electrode 102, or all of
the resistance in the current path between the capacitor
terminal 114 and the electrode 104. The electrode
resistance Ry, represents the resistance within the
electrode 102 (or within the electrode 104). The
electrolytic solution resistance Ry, exits relative to the
electrolytic solution 116, and the separator resistance
Rezr exists relative to the porous separator 106.

Any energy stored within the capacitor 100
enters or exits the capacitor by way of an electrical
current that flows through R., Ry, Rz, and Rgp. Thus it
is seen that in order for practical charge/discharge
times to be achieved, the values of R., Ru,, Rgs, and Rgp,
which in combination with the capacitance C define the
time constant 1. of the capacitor 100, are preferably kepi
as low as possible.

The resistance of the separator Ry, is a
function of the porosity and thickness of the separator
106. A preferred separator material is polypropylene
having a thickness of about 0.001 inches (0.025 mm). An



constructed. Polypropylene typically exhibits a porosity of 25-40%
wher eas pol yethyl ene exhibits a porosity of 40-60% Hence, p By IEBQ#

i nherently denonstrates a |ower separator resistance than does

pol ypropyl ene sinply because it has a higher porosity, i.e, there are nore
pores or openings through which the elgctrolyte ions may flow, even though
the holes are, on average, snmaller. In addition, a paper separator nay

al so be used. The resistance RES relative to the electrolytic solution 116
is determ ned. by the conductivity of the particular electrolytic solution
that is used. dDtemediedid BgphRatby peatafrialets rpdfdthsdng, a0 use,

sever al tradeoﬂéé%ﬁ%ﬁ?3?P§h9%§§dagéﬂﬂﬁﬁy%-sbgciﬁéﬂ [ 0.63% %&Bg?s general ly

have a hi gher con T non- agqueous soluttons (e. by a
factor of 10).PohRERrlengydabasesblithasndargay tPe¥Rs \iradt fiparol t age of

tEe calo?ci t or p@ijretlﬁyﬁwlddleotﬁetlﬁhﬂnéi‘f vel WhiBeCpeBEprdgielemerigy stored in
the ce IS a of t (0] a ener ’

appl i cations a%éﬂ%é%lg%ﬁc{/’ %gtl ?gggé‘glrevneed t&g?ﬁé?i‘a& n%%’%%%u%}@%% dl yt e,
which permt e€l25vil%agiereast helyetiduwrlepe exbibitg @ paresity @fe

preferred el echpobyte hidndeQr paigethyitddhandevbhely | ayfonsanatdd o 100
descri bed herein is made f.rom

roma .mxture.of gcetonitrile (CH3CN), and a
Su Labl e sal t  LORPEEERAtT e SBRAPEASE FREBnGREE | DP ISPRIPHIRNG B 0
ohm cm 1. By begawseckahsisea bAghsuipadsisdtyal i.e5 therea aws mdxamoni um
tetra fluori bopaigs (&t ARifings! thi-sud® BB chekRBagT E8€roPVE VRSN gt the
i nvention hereki descrlbqﬂﬁﬂf n%gnplo es the use ef alternatggg;ectro!ytlc
sol utions, pattPRul &¥FY _‘ngq BURCIST BPyaRPcFVEFREE FFIAHET S0t i ons,
ot her than theadditionn ammepelr sppacatmninayi hdsodbscusbdd above. By way of
exanpl e, possible sol venkgs, Jiagkuds @rggyéaraecmr QN g& EXCr &1 h&’JréTEt hyl
carbonate 18 OCT_ 2004 %ﬁé?ﬁh() . et%yle e carbonate Z_Ca , dlnet%y
car bonat e (EMCf?luEﬁﬂnt rshidetgrmined by the conductivity of the
particular electrolytic solution that is used. 1In
selecting the type of electrolytic solution to use,
several tradeoffs are considered. Aqueous electrolytic
solutions generally have a higher conductivity than do
non~-agqueous solutions (e.g., by a factor of 10).
However, agueous solutions limit the working voltage of
the capacitor cell to around 0.5 to 1.0 volt. Because
the energy stored in the cell is a function of the square
of the voltage, high energy applications are probably
better served using a non-agqueous electrolyte, which
permit cell voltages on the order of 2.0 to 3.0 volts.
One preferred electrolyte 116 for use with the double
layer capacitor 100 described herein is made from a
mixture of acetonitrile (CH,CN) and a suitable salt, whicl
mixture exhibits a conductivity on the orxder of 60 ohm™
cm™*. By way of example, one suitable salt is tetra
-ethylammonium tetra fluoriborate (Et,NBF;). It is to be
emphasized, however, that the invention herein described
contemplates the use of alternate electrolytic solutions,
particularly non-aguecus {or organic) electrolytic
solutions, other than the solution made from acetonitrile
described above. By way of example, possible solvents
include propylene carbonate (PC), ethy;méthyl carbonate



The contact resistance Rc in conbination with the electrode rgg L
represent a significant portion of the total internal resi staﬁﬁeﬁﬁrﬁﬁgﬁi
capacitor 100. A high electrode resistance has heretofore been a nmgjor
stunmbling block in the devel opnent of commercially viable, high energy
density, double layer capacitors. A kgy feature of the present invention
Is to provide a double |ayer capacitor having a very | ow el ectrode

resi stance in conbination with a high energy density. A result of the
present invention is that R +]R,, are reduced to a value that is small in
conpari son to RGH®) ,REShyhengntapkonsteudEG) ¢ dimetieykleothodds (DRC) 04
descri bed hereighd @Mdikbutgeutost he el ectrode resistance REL being very
smal|l. Specifically, the Large géo ortioon of highly conducting carbon
powder and the |ack of alPPvEPRECariTHStANERRp I hErPepatingswity 122
significantly rdtucdectiredeorasistane die repsiestatce Ridnifildurgt i S because

the interface rasitSicinee PREVWESPal hfhteﬂ:rrﬁiaqa ¥s EQRL A AT cé'%g:q%?é:}#%%)it% d the

collector plate 108 _(or, 112) IS extreng ow due to y “¢onduct i ng
carbon powder" .1‘#’Urt ﬁe?‘ﬁﬁ%‘e?%ﬁ??‘?ﬁ éﬁﬁ»&@éapggi heaskeretrfiqpeeheeme apri mary
coating 120 (ormafiz2) sgmibiliing biecndar theodevalofrdnt st I¥imereiallag
extrenely | ow Guanildd ®3LROBHE | “f eLQAlSe f .t Lntinmgte

m xi ng of the Q{FI[ ry cog?i n‘g‘ ﬁ%q%%{rgltl‘:%) aﬁﬁ%’f?hﬁ, sec%r?&éjr%%oggéti g 124
(or 126), the ifftYe rgr @5 bRetpressiyy daventden i famravidesacondary
coating i s highrubleTRagerncapasieby Mprihace acep eot aldhesed greater
nunber of cond ' hs . f | d.c on_t han ul.d_ ot herw se
be possible wit OJ%&Fﬁ%E ?Fn§§?£%%3?§%g§8%§26aﬁi AR d?%g@%d nber
of conducting gt @éctbaspsesent rigniestinapeis AphaRrRanaraspeduced t he
present inventitana vaduel thabetonEndmr & raRBAPSAL sbh OFp tH)e +d@SCri ption that

follows is the use of mifiplg;gat ban pouder ¢l gotropes 18 CCT 2004 13
described herein contributes to the electrode resistance
Ry, being very small. Specifically, the large proportion
of highly conducting carbon powder and the lack of
activated carbon in the primary coatings 120, 122
significantly reduces the total electrode resistance Repe
This is because the interface resistance between the
primary coating 120 (or 122) and the collector plate 108
(or 112) is extremely low due to the highly conducting
carbon powdef. Fuarthermore, the interface resistance
between the primary coating 120 (or 122) and the
secondary coating 124 (or 126) is also extremely low due
to carbon/carbon interface. Because of the intiﬁate
mixing of the primary coating 120 (or 122) and the
secondary coating 124 (or 126), the interface area of the
primary coating and the secondary coating is higher.
This increased interface area establishes a greater
number of conducting paths for the activated carbon than
would otherwise be possible without the primary coatings
120, 122. This increased number of conducting paths
decreases the resistance;

An important aspect of the present invention,
as will become more Apparent from the description that
follows, is the use of multiple carbon ﬁowder electrodes



connected in parallel within a capacitor package that reqU|res on

single electrolyte seal. One exanple configuration for paralle {ﬁﬁ&bﬂﬂﬂ#
mul ti pl e carbon powder electrodes is a "flat stack"” of electrodes. It
shoul d be well understood, however, that there are nmany ot her
configurations for parallel connect ed pul tiple carbon powder electrodes
that nmay be used in accordance wth the present invention. Because only
one electrolyte seal is required it is appropriate to refer to such
capacitor as a "single cell" capacitor since it is the electrolyte sea

whi ch nor mal | ycgeRegked wintrazsidelswithin celdapagdthrapstiRge dat,

mul ti-el ectrodgegdaibbe du@.w%ra éi%l%@@l EQéc@ﬁ!ﬁt@Ulé@thQn bfe ae:@érﬁﬁﬁé red way of
practicing the N hasi zed,

t
however, that FRE ¥en qu qu ﬁ@?aﬁiFg ﬂ%ﬁPGQHfdb@uiFﬁ?}%dcﬁfﬁ ch node or
embodi nent . Raphwderi eleéctradnst dsplal'lat heltadkYe oifnedactoedesxt entkt o al |

double |ayer Qﬁeaﬁatséswémtuﬂmsltaw eﬁb@é@ﬁcetﬁaﬁzbﬁﬁeﬁ@% n@hect rodes
i n accordance \fl)\% ?5 reseq_‘t I nventi on ecific

Uasted alees
el ectrode conf EnPEET}{P & 5?88 f9 WakeRHR capaci tor,
and regardl essavbcnhaomimc|eflemﬂnoglhscbheludaawmteyusbéctnoﬁg@mndam ution

that is enpl oygqginSeRe ﬁ%é%éﬂﬂ“¥%#&%%ﬁbﬁuraﬁééﬁﬁ%e IBRY 'BﬁéUQfecﬁréhyte
mul tiple electrodis connect ed parallel in.a gﬁp%&e cell (as 1s

descri bed nor eSFAf ¥ FeRRinpd. éibéﬁraBPrgpﬁﬁﬁFb ERENGREST a spiral
pattern in a scapgheitet|as a dttinnies cedhhecamaitorseines 1tnlst1ahked cells;

or other el ect p9deeFaR/LIUall WtonRbERA] 1Y éeqi:..%'eg what! B8hBriSes

illustrated a schematic representation o -el-ectrode single
cel | doubl e | af€tlcapiRFR ot S it de e HELEH &&fﬁ?@rwﬁﬁhdovhéep%éx%ﬁt
i nventi on. Thempaaitbxam&@ﬂgxmaﬁnomeisaa prefmingce valy biepeaspbeengs from

several of theF%ggggﬁggf qﬁiqgﬂp gesgxgr acgﬁpparag escri bed above.

The current co connected in to a first
el ectrical terﬁﬂﬁﬁﬁsﬂéﬁdothWﬁyequikﬁﬁt§PEZEEVQQ§%9H:Hé @Q?réﬂFeEQPﬁector
plates 112 areto be limited to such mode or embodiment. Rather, it is

contemplated that the invention extend to all double
layer capacitors that use low-resistance carbon powder
electrodes in accordance with the present invention,
regardless of the specific electrode configuration that
may eventually be used to make the capacitor, and
regardless of the specific high conductivity electrolytic
solution that is employed. Such electrode configurations
may include, e.g., multiple electrodes connected in
parallel in a single cell (as is described more fully
hexein); a pair of electrodes arranged in a spiral
pattern in a single cell; electrodes connected in series
in stacked cells; or other electrode configurations.
Referring to FIG. 2, there is illustrated a
schematic representation of a multiple-electrode single
cell double layer capacitor 200 made in accordance with
the present invention. The capacitor 200 comprises a
structure of the components from several of the two-
electrode double layer capacitors 100 described above.
The current collector plates 108 are connected in
parallel to a first electrical terminal 202 of the
capacitor 200, and the current collector platés 112 are



18 OCT2004 14 connected in parallel to a second electrical termnal 204 of
the capacitor 200. The el ectrodes associated with the first te'[gn % Qﬁglr
conprise a first set of electrodes, and the electrodes associ at &d

second term nal 204 conprise a second set of electrodes. The individual

el ectrodes of the first set are interlgaved with the individual electrodes
of the second set. The porous separators 106 prevent electrical shorting
between the interleaved individual electrodes. As nentioned above, the
current collector plates 108, 112 preferably conprise alumnumfoil or the
| i ke. The el ectG¥uEsted? lnlgaral:lmiprhose theondve budiring ) ¢erindhal ayed)

carbon powder o amle edpacdess’ihed @‘P;@Véle&tleocféé S‘%ﬁ %%ﬁo{}gtﬁewr:ﬁ?()f

el ectrodes int ot %a0|toi %&9 ﬂ@y gonpri se fferent

configurations. S SThMiPa: ORGP @uf’a’ﬁ‘"or?‘i%é’f %S&@F%PSQOO may
conprise a stacked ther gdegkeodes asrariasedckiich dand ispuonid eerhliigael ect r odes
associ ated W t pddh@onbirigshk heg 2 &Eﬁ; a gyl ack of
el ectrodes and the é?&ztro eg, & é%§§§n€§% d m%%ﬁ dégE #& ?Ed&bﬁé?éé may
conprise a secSNTITRReS 8EkERY THisicSEGqRES 1 %Ifi‘@.ﬂ"&dbé’lﬁél Eh@nder stood
however, that inddvdduad slegtoodms qgihyhecabcauhfidedilr atnhgngoi-aﬁst he first
and second set epfar@heel 88Sptdyd e <12BEL LY %%M@%e 3”: sed In

accordance wt the res nt | nventl on
seri es connect % vedoindi eidygelggbredes. BASONED’C&@QEE abevedent i fied
within the el ed:theo@arsenuct:ulbem:ﬁ bihoessi1odhe pﬁaoq:&ietf@ﬁcabZQOcoﬁ%eor

nore of the el p Y | u I I ncl udes a
pair of carbon%q;:iﬂ%m gbggt%dteﬂs)&fbl%% ggwh eﬁré@gl’agﬁ fabricated

as described hé&° Spafhe Atyorgeptday éP’éc’GVQJdT@QI@.OZ caprdonOpofderng one
anot her with tkdectantieal Qgsepiwitaberesepar at or 106 di sposed between them

The first and second sets of electrodes in the
capacitor 200 may comprise many different physical
configurations. For example, in one configuration the
capacitor 200 may comprise a stacked structure. TIn this
stacked configuration the electrodes associated with the
first terminal 202 may comprise a first flat stack of
electrodes and the electrodes associated with the second
terminal 204 may comprise a second flat stack of
electrodes. It should be well understood, however, that
there are many other physical configurations for the
first and second sets of electrodes in the capacitor 200

that may be used in accordance with the present
invention.

In the figure, a plurality of series connected
capacitor electrode pairs A, B, ¢, D and E are identified
within the electrode structure which forms the capacitor
200. Fewer or more of the electrode péirs may be
included. Each electrode pair includes a pair of carbon
powder electrodes 102, 104 which are preferably
fabricated as described herein. Pair A includes
electrodes 102 and 104 facing one another with the
ionically conductive separator 106 disposed between them.
Similarly, pairs B, ¢, D and E each include electrodes
102 and 104 facing one another with ionically conductive



Simlarly, pairs B, C, D and E each include el ectrodes 102 and égiltgpi
one another with ionically conductive 18 OCT2004 15 separators 1 p
bet ween them The internal nonporous current collector plates 108, 112 are

pl aced between each electrode pair in the illustrated manner. Each of the
current collector plates 108, 112 has;two adjoining polarized el ectrodes
on each side thereof. It will be appreciated that the illustrated

conponents are conpressed agai nst each other w th a constant npdest
pressure, with the porous separators 106 preventing an electrical short
between the efepayabiess 10 disposed shetfvwemredheanount of a highly

conductive, preferably nﬂ{éq(ih%%%ﬁleﬁ@r@fﬂd%ldﬂé Cut etk Qa%léﬁtéﬁef reg?lrlgggs

into the cell ? thfé t he eIectroIgﬁg sat ur at es_al

102, 104 and 3833 B ot E®r 198 REEnPhAeHtPEINSen BRFnGLBEEFaRe RLY 110

el ect rode pai rthethbluwedemmende Heih it a:meg:ah:i:uﬁte&:el:léﬂdﬁr t he

| ower el ect r0€§aé9é ﬂis Paii ﬁaQeEQSE?dﬁH[ ?851 %g%[aaegleétxe des RGEOTES 2
ectr

positive electro dh same ch arg carries
over to the upPaf %&%%t?ﬂﬁﬁ?°f02 Eoptt he qPH§e°1§F§éthﬂ% Y of pair B
becones positi ¥klysthakekdamploathte &reeddnpneaﬁédlﬁaaeﬁstpeaéhAotﬂ&&s

causes the lo | ec Igg% p |y charged
i.e., negati v\giﬁit%hgr%i njﬁog‘to %EQ?%E %&Iﬁa 3& %T'On%hg 88]?6'5&8.

el ectrodes of SpHRpraters [5‘0GEPE§88H§1E%£TQ®I1q9¥r&C§|1WFhQFt nlaﬁﬁ‘é'?en A&‘she

ment i oned abovelethBDQéSCMHDd&$4102A éﬁEEfﬂﬁknﬂmamb&h&bbf hontgshpy appl yi ng

two different aw&&ce{vecgcr R8I0 foR IR 9 LR AEYEE SO RRLISE O

plates 108, 112 in two 's I Ngs rna Ve
102, 104 may bésSfEnkeedyse (iﬂﬁpnghemeelblSﬁQhwﬁhﬁtc&hboﬂlpghnelytan1nated

films to the cuat@ﬁ&tegoéipfafokhal 2l estidifhs b2, ri%heﬁﬂdoéeﬂﬁ-é@oré' urries.
Wth respect tf@& a{gqguﬂpmder-slurry technlque FI G

buring operation, if in electrode pair A the
upper electrode 102 is a negative electrode, the lower
electrode 104 of pair A becomes oppositely charged, i.e.,
becomes a positive electrode. The same charge of
electrode 104 of pair A carries over to the upper
electrode 102 of pair B, i.e., electrode 102 of pair B
becomes positively charged relative to electrode 102 of
pair A. This causes the lower electrode 104 of pair B to
become oppositely charged, i.e., negatively charged
relative to electrode 102 of pair B. The electrodes of
pairs C, D, E become charged in a similar manner.

As mentioned above, the electreodes 102, 104 are

preferably formed by applying two different types of
carbon powder slurries to the current collector plates
108, 112 in two separate coatings. Alternatively, the
electrodes 102, 104 may be formed by forming two
different carbon powder laminated films to the current
collector plates 108, 112 instead of using_siurries.
With respect to the carbon powder slurry technique, FIG.
3 illustrates an exemplary process 300 in accordance with
the present invention that may be used for making the
carbon powder electrodes of the capacitor 100 and/or 200,

The exemplary process 300 begins in step 302 by



3 illustrates an exenplary process 300 in accordance with the present

i nvention that may be used for making the carbon powder el ect{@JCof %ﬂﬁif
capaci tor 100 and/or 200. The exenplary process 300 begins in step 302 by

18 OCT 2004 16 obtaining a current collector plate, such as the current
collector plate 112 shown-in FIG 4. The current- collector plate 112 (and
108) preferably conprises alumnumfoil. Qher suitable nmaterials for use
as the current collector plates include copper, nickel, stainless steel
foils, and any conducting current collectors. The current collector plate
112 is first coxtédningt p chvrent mallecsari miptoL subke asr ther gpurwantng 122

formri ses a caddiebibm gmaa/tgggimgsﬂ(}mhlm lﬁmﬂuc{) ! rmgle %_&r:lﬁeﬁtppwder in
arge proportiagn.te. d. a ' mer bi.nder . primary coat
122 pref er abl yc&}égcg&r pr%iFaﬁwz a{;ﬁ‘}‘ﬁ&f’gg %’é?%%rrﬁb @%PFE'E’F? coating 122
is preferably adpmisgnm foilhe @tinerrsuideblechatemlaltse £o12 use tbether m of a

slurry. The sl ghitentedoleb8bM bItoLdY 1MBIYAE 0RSpIE 12 cKled ,Pr €pared in
step 304. By way qf exangk:gﬂt .slur copprise a slurry supplied by
ny, c

he r may
Acheson Col | oi F&2RHf5S fobts pare Y oFOPMICEING GuFEENFel y, the
slurry used tododdectleespri mary coating 122 may be made from conducting
carbon powders |ike acet yhgng,pl-ak c&ﬂ@c@&xégﬁf&@étﬁ f%ﬁ@b%at@@e

F,

2 1

exenplary slurry for.  the. ,primary cpating 1 can be nmade by m xing
comercial ly a\'fé'it}‘aﬁpﬁ BF&Eﬁ?‘%’e"éﬁH‘&W%ézgrnd@e RIARAR Y AOG P Guitrde ( PVDF)
in acetone. PVBempamisiee aobaaboedtilwmdbikhidingheigilor cahdbactiaeg, as
"Kynar", catalfgyod pBYREL28A11 bneranp! e.odd1gs.q0upgrgially
avai |l abl e graphite nmll) e gbt ai n%gg? %ﬁ%%;?mTéI t(A[gr'i czaé o%s\ﬂstg}rlgkg, Ohi o,
but it shoul d BROLYHSEePINGsHy -t hBre REiNENerorYy pE2DiPRpiaNARlY f@pspaot
substituted. Praintadlh wethikatadodgatbsf. conducting carbon

The primary coating 122 is preferably applied
to the current collector plate 112 in the form of a
slurry. The slurry used to form the primary coating 122
is prepared in step 304. By way of example, the slurry
may comprise a slurry supplied by Acheson Colloids
Company, Inc. of Port Huron, MI. Alternatively, the
slurry used to form the primary coating 122 may be made
from conducting carbon powders like acetylene black
and/or graphite. For example, one exemplary slurry for
the primary coating 122 can be made by mixing
commerpially available graphite and the binder
polyvinyldiflouride (PVDF) in acetone. PVDF can be
obtained from E1f Atochem Co. of France, as "Kynar",
catalog no, PVDF 2801-00. By way of example, the
commercially available graphite may be obtained from
Timcal America of Westlake, Ohio, but it should be
understood that any other type of graphite may be
substituted. Preferably, the amount of conducting carbor
powders used in the slurry falls in the range of 25 w% t«
95 w¥ ("w%" meaning percent by weight), with the
remainder of the slurry consisting of the PVDF in
acetone, Ideally, the composition of graphite can be
between 50 w% and 95 w%.

After the slurry used to form the primary



powders used in the slurry falls in the range of 25 wb6tc 95 we ("wo"

meani ng percent by weight), with the reminder of the slurry doQsngtq
the PVDF in acetone. ideally, the conposition of graphite canqbg UQT\DZQQI"

50 Wb and 95 A. After the slurry used to formthe primary 18 OCT 2004 17
coating 122 is prepared, it is then cogted onto the current collector 112
in step 306. Referring to FIG 5, the slurry is preferably coated onto the
alum numfoil current collector 112 with a nmetering rod 320 to give a wet
coating of 125 um, Specifically, the alum numfoil current collector 112
i s' placed on acgaiahm eldR dek peeParefat ihds dhempoontedr pake. tiihe netering

rod 320 (such afirréft avsiilaitee inempl y@éﬁljdsed lﬁ@tf@i-eah ego Of1d] &y emont ,
New Hanpshire) Llncl #ldes coils

d th
primary carbon®8fuF V@QGISOPF(? teﬁgb@&r‘f"g%%eds tt%gggleﬁf‘r}lﬂhﬁlﬁ’?oﬁ/ﬂilg in
front of the neuerény collec32y. 1TRevirth ex inrferdcig320di 320hta giivgged down

the length of w&EecééHﬂc;PlHE 195l whl2 EPedi¥EilINSS! ‘tﬂ@ Qflurﬂi \A)?]’MV £3¢8- The

metering rod 320 is kept- flush with the alum num foil le 1t is
bei ng dragged. S§hESRY, e%tiq}’r r]'}zv\nlﬁlp%%c?deﬂn i%n gtrﬁé'lﬁﬁke 8FXt$%2 metering
rod 320 at a thatkhassa depsrtdestuirdacéhe T me32kingpapdt 3po (shch ance on

the metering rod %911%@64 CASP bt Bors UG HALL330 Eoaglhsst] ve for

coating the pr| mar lurry onto t 'um num current
col l ector 112, Np¥ Jﬁ'ﬂ’é-f"é‘?ﬁoﬁ‘-”%*%t”&t-he?‘ vPéPﬁGd%z‘*o%sc‘é%‘?‘il ng may
be used. In step Sﬁﬁthﬁié:qﬂﬁlnﬂg'yl sagbon delwthf Gzeomatohahé kanfacand. in

step 310 the cgating @M&Hf?& 189 & rnpé}gczfzb%bcw Di@ReAYRY- pdRe

t hi ckness of t resu rinary coa
resulting pri &8Py c'ﬁla?éaaﬁqmmqamd( B2@. is c‘ﬂ?&%rﬂra&gleldeél?&ﬂ the with
primry coati ngeﬁaehtbﬂrﬁw)amﬁnllnbhusbﬂmfm Iih e Aretlofic6Ongarow

coating 126 is3§99|ifgeQm éégﬁné rod 320 is kept flush with the
aluminum foil 112 while it is being dragged. The carbon
slurry will be left in the wake of the metering rod 320
at a thickness dependent on the coil 321 separation
distance on the metering rod 320. While use of the
metering rod 320 is effective for coating the primary
carbon slurry 326 onto the aluminum foil current
collector 112, it should be understood that other methods
of coating may be used.

In step 308 the coating is air dried for one-
half hour, and. in step 310 the coating is cured at 80°C
for one hour in an oven. The thickness of the resulting
primary coating 122 is about 4 to 6 um. The resulting
primary coated film 312 (i.e., current collector 112 with
primary coating 122 thereon) is illustrated in FIG. 6.

The secondary coating 126 is applied on top of
the primary coating 122. The secondary coating 126
preferably comprises activated carbon, conducting carbon
and a polymer binder. Like the primary coating 122, the
secondary coating 126 is also preferably applied in the
form of a slurry. The amount of the activated carbon
powder in this slurry preferably falls in the range of 5¢(
to 98 percent-by-weight.

The slurry of activated carbon, conducting
' ‘



the primary coating 122. The secondary coating 126 preferably rises
activated carbon, conducting carbon and a pol yner binder. Li kélcgnﬁtﬁ'
coating 122, the secondary coating 126 is also preferably applied in the
formof a slurry. The anpunt of the activated carbon powder in this slurry
preferably falls in the range of 5( 8 98 percent-by-weight. The slurry of
activated carbon, conducting 18 21 04 18 carbon and a pol yner bi nder
used to formthe secondary coating 126 is prepared i A step 314. The slurry
preferably includes the follow ng ingredients: a solvent, a binder, and
activated carb@anmv\ahmlsa Eylyaesr oindexaungpd, td lf@ramhhatsecﬁmsdﬂment may be

80.6 W the appu %{;JE% b 933Nd Hhe of activated
car bon powder {%% ii)iiﬁbi?%% Idlargn sg%ean%s atﬂg %I tlt:)g% wat er or

acet one. ExerrH% ?r%]i’Hélet%‘ﬂé}déan\VBF f‘:‘%‘t"ﬁ’yﬂg clétqrﬁldd%tﬁnda%ﬁ?rﬁhyl ene
Propyl ene D eaebihfapjresnad . aa%dtvataﬁedarnbbcprbmmierssyayapeoﬁbt ai ned from

vest vaco H anePaes o Of il " SIR: ¥ SLAOURSARE) AP Bods, ye! B0 25

An exenpl ary process’for aration of slurr ormthe
secondary coa®fnginger;mayde fJOI 36ws angd the art‘ﬁ@boﬂ?déf’tiiga%‘ﬁghed into a

&gpmﬁ ﬁl as; carbbﬁhptgw&@ranaqagﬁetmcn%umeﬂmﬂyeamgdﬂed aiéﬁ -sol vept
i ch has been ed, out ara . eJaro
the binder. T e)éﬁé](';’l Wate e B Pk tfij(?vlt)set E%ﬁggig%)? th er%f gr%g I:Q}H%Ur
intermttent BAE thcebyulﬂmﬁﬁi a@rﬁﬂ%‘l {BEBY lenme, PW]&@?I Daend car bon

powders and HBﬁoﬁ@ﬁﬂUCtA&ﬁxﬁeﬂfélDrba%‘ﬁﬁebsw@éﬁs \dﬁ}ghvédoﬂuhihadafré@ont
beaker and seﬁ | de. Aft gpr theajar { o %er sglutlon I s taken
off the stirp 3?§Ya?ﬂ %??géﬁﬂer i éﬁﬁeBa * atid ﬁu? Sﬁga 2 bon powder s
are careful | ycatddied wpt hBE—23%al | scoop. The jar is placed under an
ordinary kitchen m xer gRdefdifpTHr{L prickelHl FEF €k R-dpA€ation of the
slurry used to form the secondary coating 126 is as
follows. First, the binder is weighed into a 100mL glass
jar to which a magnetic stirbar has been added. The
solvent, which has been weighed out in a separate bottle,
is added to the jar of the binder. The jar is sealed and
set on a stirplate for an hour, with intermittent shaking
by hand. During this time, the activated carbon powders
and the conductive carbon powders are weighed out in a
100mI, beaker and set aside. -After the hour, the jar of
binder solution is taken off the stirplate, the stirbar
is removed, and the weighed carbon powders are carefully
added with a small scoop. The jar is placed under an
ordinary kitchen mixer and the mixer is turned on to the
lowest speed to allow the carbon powders to get wet.
Oonce the powders are wet, the speed is increased and the
jar moved up and down to provide sufficient mixing of the
slurry. The jar is then set below the mixer and allowed
to mix for 10 minutes. Affer completion of mixing, the
lia is.placed on the jar and the slurry is shaken
vigorously by hand for approximately 30 seconds. The jar
is placed on a jar roller apparatus until it is used.
Once the slurry that will be used to form the
secondary coating 126 has been prepared, a desired length
of the primary coated film 312 (i.e., collector 112 with



| owest speed to allow the carbon powders to get wet. once the powders are
wet, the speed is increased and the jar noved up and down to prqvgdef’"r(dznnzl_
sufficient mxing of the slurry. The jar is then set bel ow the m Xel "a
allowed to mx for 10 mnutes. After conpletion of mxing,' the lidis
placed on the jar and the slurry is shgken vigorously by hand for

approxi mately 30 seconds. The jar 1is placed on a jar roller apparatus

until it is used. once the slurry that will be used to formthe secondary
coating 126 has been prepared, a desired Iength of the primary coated film
312 (i.e., co primaxy cdtimigt 1228tHEXEMM)2GE4 ch pni sbey TOGL | MthilP2

thereon) is cubuififdaheblls THiGstFdEdd N $180 45 iThustigtem igh£1G 7.
In step 342 the sec¢ondary slurr at was p(r?glpir d in step, 314 I's poured

th e
onto the dosi r SASPRIRTH IR EHAF RS REFRAZAS 1898, 314 fLs (RaHEeM) ( ho
secondary sl uroytostimplesdaerio 1ehgthdeditied préngtp obatée Hilmedi2 coat ed

film312. Stepy34 Y. i : | 0 and the
granite bl ock 5%2%%@%&?%%gbgsga%e%%%ﬁllge%s%%gggeé‘ls)?féﬁ | engt h of the
primary coat eddefired shength gfatbg BRIRHY SRatsdefddnt Bd2granite bl ock

322. The pipet 324 is usstbd a4apphy béepacivrmedr usihyr tie weterime surface

of the desired égn%g Qﬁd tﬂﬁ% %iaggggsaﬁg%e%ﬁg%hg}qﬁlzni Elé[o t of the

metering rod 35 The meteri ] agged as’ deScri bed above.
It shoul d be SRBE+SiERHLY hERe desivadt leREHPL kRenBrénary coadEe®20 to
apply the secogilzhy3st uis pliatedOobnathe egui e ehet GeaRi€sapiodiavent i on

and t hat ot her t sed. |,n rLoar condary
coated car bon%??m@%,%%%#sﬂl P%gﬁr%cfez#lpﬁk EPE sg,%oﬁfgé%fn}ﬁe fmé’ﬁ owed
to dry for apppokenthelsudaas oft dbei desingdt Ieagthvbénthe peidayy t he
carbon film 338okhted eafn t1Da B8Nt HF Ot §elte@dRs rbh §POUl drhe

under st ood thaﬁe£Q§i€§9¥§h 320 is then dragged as described above. It

should be understood, however, that use of the metering
rod 320 to apply the secondary siurry is not a
requirement of the present invention and that other
methods may be used.

The resulting primary and secondary coated
carbon £ilm 330, which is illustrated in FIG. 8, is then
allowed to dry for approximately 10 minutes in step 346.
When it is dry, the carbon film 330 is ready to be made
into electrodes.

It should be understood that the above
described process 300 may be used to form the electrodes
102, 104 in the capacitors 100 and 200. In order to form
-the primary and secondary coatings on the reverse side of
the current collector 112 (and 108) that are illustrated
in FIG. 2, the carbon film 330 is simply turned over and
the appropriate steps in the process 300 are repeated on
the second surface.

The above-described method of making carbon
powder electrodes makes possible EDLC capacitors having
time constants 1. on the order of 0.5 seconds.
Furthermore, the method results in caxbon powder
electrodes with a lower resistance than electrodes having
only a single coat of activated carbon, conducting



descri bed process 300 may be used to formthe electrodes 102, 104 in the
capacitors 100 and 200. in order to form the primry and secdhea%'r %[]pl',
coatings on the reverse side of the current collector 112 (and 1 t ha
are illustrated in FIG 2, the carbon film330 is sinply turned over and
the appropriate steps in the process 300 are repeated on the second
surface. The above-descri bed net hod of maki ng carbon powder el ectrodes
makes possi ble EDLC capacitors having time constants tc on the order of
0.5 seconds. Furthernore, the nethod results in-carbon powder electrodes
with a | ower resimmneand Rabisidest,r ddes, haleakyrodes yikhshagbrinmay of

activated carb o810t iR t5$OE 4804y Plef e, and a binder, i.e.,
el ectrodes with no pri marrgl g%r ri m-alr ‘coa)éei q:%,as descri bed above, In
order to illustrate thisT QE&RT&CheILHEHFR 15 d2%ebePBIIE holPR s

d! fference in paricbrmhbehmemhecdi_ﬁﬁgrmeﬂeim @ie&‘tfbmdasev\betmgn and
with a primar ycéfﬁ%rhﬁfddﬁ‘érz) .e&%@tgoﬁ%%%itﬁéﬁé Yand @Mehakh Eﬁkﬁ?f ggﬁ] tor

cells were nade, e capacitor cells_were tested using ce

anal yzer and iRCERR CR¥s bPRESHFISAL ¥ ur FEFRTAL FRLCoCEPRFANRE FRLEF| of
t he capacitor weté¢ madtent ifheectapavitorhcdbbt aserle amdt2d nelindeawne coating

the capaci tor weks mad _ cas
comost {1 on of “PReEls Rl A S In BRRe LAy YRS LRRE Lk Eant

powder coati ngTherelagiredas ins addowd the emeAtHeSeltfe igrnkdfisde

bet ween Tabl esifd dith Zralsled hataride dhegtidedase idvdtiimgc apati tohsietss
identified in . i I JE at i-ng, A t he

el ectrodes in ?%%P%%pl%:ﬁ#o%%fzte \{ﬁge:ﬁgg:ﬁ?}a?{q L%ecél)'abllfgl%Z sﬁggﬁ.?%‘él ude a

pri mer coati ngeo@aesiting @F yehep iy vAed sbel Rualiss ttiyee dEApacil¥inceRC for

the PrimarilyChetovadd L rdaridn WheibrCaoReindorsieledcy @ell is shown in
the tables. The difference between Tables 1 and 2 is
that the electrodes in the capacitor cells identified in
Table 1 do not include a primer coating, whereas the
electrodes in the capacitor cells identified in Table 2
do include a primer coating.

Cell ID | Slurry Composition used Resistance | Capacitance | RC

for the Primarily Ohm. om® F/cm?
Activated Carbon Powder
Layer
RCO604 BP-25 {90 w%), SFG-44 1402 0.013 15.4
(1.5 w%), Kynar (8.5 w%)
RCO605 Same as above 627 0.012 T+2
RCOG08 | BP-25 (90 w%), SFG~44 (8 | 964 0.007 7.0

w%), Kynar (2 ws)
9829 - | Westvaco-CHR-98-55 (S0 10.3 0.16 1.7

01-01 w%), Black Pearl (1.5

w%), Kynar (8.5 wi)
TABLE 1: Without Primer Coating




RC0604BP- 25 (90 W4, SFG 4414020.01115.4 (1.5 we, Kynar (8.5 wo ?
as above6270.0127.2 RCO608BP-25 (90 w%, SFG 44 (89640.0077.0 wo ﬁé‘r

Wy 9 829- Westvaco- CHR-98-55 (9010. 30. 161. 7 01-01wg, Black Pearl (1.5 w2,
K nar 8.5 wi TABLE 1: Wthout Priner coating 18 O CT 2004 21 Cell IDSlurry
Conposi tion usedResi st anceCapaci tance for the Primarilyohm cn2F/ cmi
Activated Carbon Powder Layer 51291-1BP-25 (91.4 w9, Kynar4.620.090. 42
(8.6 wg 51291-2Sane as above4. 080. 100. 39 51291-3Sane as above7.480. 090. 65
51291-4Same as above4. 390. 090. 39 TABLE 2: Wth Prinmer Coating As can be
seen fromthe tables, capacitor cell resistance and time constants are

significantly lower for the capacitor cells identified in Table 2, which
are the cells-that have a priner coating-gn.the electrodes. ln the-tiables,

BP-25 is an ex|éifpfatR | EEY ofompagitioa e’ caRB TRt et ReAbte e | §¥ai | 4bl e
from Spectraciorp, SFGEdd the mtimaxtenpl ary t{ppe.cof graptumte thaf is

avai l abl e from Ti ntal ﬁggygggicgygﬁrmgﬁg; Q0 is an pgxenplary type of
bi nder that is| available fromElf Atochen1Co CHR—98 55 is an exenplary
type of activated-—ca Eﬂﬁmnnmder that—i-s—an able—f-tom-West-vago—Hi
Power, and Bl pORobeh| FPT2S A éx‘éﬂpllﬁ‘?’ﬁrtypg% carbpn tH%2 is| Sv3F Ilabl e

fronlcabot. Inl_a preféendedwenbodi nent of the present! invention, the |binder

content in the| $129ir% | gemjaepbbwem the coath-8fy that|is PlPnarill $-2tii vat ed

car bon powder 51291-3 | same as above 7.48 0.09 0.65

51291-4 | Same as_above 4.38 0.05 0.39
TABLE 2: With Primer Coating

As can be seen from the tables, capacitor cell
resistance and time constants are significantly lower for
the capacitor cells identified in Table 2, which are the
cells that have a primer coating on the electrodes.

In the tables, BP-25 is an exemplary type of
activated carbon powder that is available from
Spectracorp, SFG-44 is an exemplary type of graphite that
is available from Timcal America, Kynar 2801-00 is an
exemplary type of binder that is available from E1lf
Atochem Co., CHR-98-55 is an exemplary type of activated
carbon powder that is available from Westvaco High Power,
and Black Pearl is an exemplary type of carbon that is
available from Cabot.

In a preferred embodiment of the present
invention, the binder content in the slurry used to form
the coating that is primarily activated carbon powder is
lower than ig illustrated in Table 2. A preferred value
for the binder content is shown in Table 3, which
illustrates the measured performance for capacitor cells
having carbon powder electrodes that include a primer
coating in accordance with the present invention.



|l ower than is illustrated in Table 2. A preferred val ue
I's shown in Table 3, which
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a priner

eRC for the Primaril yResi stanceF/ cn?

291- 18P-25 (97 Wi,

Kynar

(34.950.120.59 w9 51291-2Sane as above4. 300. 140. 58 51291- 3Sane as
above5. 070. 120. 62 51291-4Sane as above3. 940. 120. 46 TABLE 3: Wth

Primer. Coating Additional
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Pat ent
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t he
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BEpRed@htwrappivirgat(Pon
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By?% ef er epce.?-Whi | e
bed by the specific

t B9
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and applicati

29i-R

€l

reakt,asnskBeous nodi fi

atzons an

1 var.zati o

nsocsrul d be

made thereto K

V510 8DS

e

slok [ decelbde the art wi

shout departimg2fro

m Dba2 scope

of the inventi

H129844

f pimkhad Aboviehe cl ai nNs. 9

p0040.23

0.46

TABLE 3: With Primer. Coating

Additional packaging and manufacturing

techniques that may be used with the present invention

are disclosed in United states Provisional Patent
Application Number 60/188,331, entitled "HIGH SPEED

MANUFACTURING OF ULTRACAPACEITORSY,

filed March 9,

by inventors C. Farahmandi, Edward Blank, Chenniah
Nanjundiah and Brad Emberger, as attorney docket no.

the full disclosure of which is hereby fully
incorporated into the present application by reference.
Furthermore, the full disclosure of United States Patent
No. 5,907,472 is hereby fully incorporated into the
present application by reference.
While the invention herein disclosed has been

66238,

2000,

described by the specific embodiments and applications

thereof, numerous modifications and variations could be
made thereto by those skilled in the art without
departing from the scope of the invention set forth in

+he claims.



CLAIMS What is claimed is: 1. A method of meking an el ectrode sfructure

for use in a double | ayer capacitor, conprising the steps of: 'i ﬁHBThQU@4
first slurry that includes conducting carbon powder and a bi nder; applylng
the first slurry to a current collector plate; -drying the applied first
slurry to forma primry coating; ggaring a second slurry that includes
activated carbon powder, a solvent and a binder; and applying the second
slurry to the primary. coating. 2. A nethod in accordance with claiml1,
wherein an anount of the conducting carbon powder in the first slurry
falls in the range of 25 to 95 percent ebgiMswei ght. 3. A nmethod in
accordance with claim11, wherein the first slurry is free of activated
carbon. 4. A method in accordance with claim1, wherein an amount of the
activat ed carWbatpbfdetainedhks: second slurry falls in the range of 50 to
98 percent-by- weight. 5. A nmethod in accordance with claim1l, wherein the

second slurry further C?npm%sﬁétﬁﬁfqﬂfkhﬂgngog%tEHEJ¥P335 stbuchuyBt hod in

accordance with claim1 I'n the preparing a second slurry
conpri ses 18 &0€ ¥sgodn 2469%1%tk§%erof°apﬁic tag- 19 isd8E &he EhePSol vent ;
stirring the ggxed bi nder and sol vent; adding the activated carbon powder
to the mxer binder andréﬁé%fﬂé aa¥ELst slurry that includes
conducting carbon powdér and a binder;
applying the first slurry to a current
collector plate;
"drying the applied first slurry to form a
primary coating;
preparing a second slurry that includes
activated carbon powder, a solvent and a binder; and
applying the second slurry to the primary

coating.

2. A method in accordance with claim 1,
wherein an amount of the conducting carbon powder in the
first slurry falls in the range of 25 to 95 percent-by-
weight.

3. A method in accordance with claim 1,
wherein the first slurry is free of activated carbon.

4. A method in accordance with claim 1,
wherein an amount of the activated carbon powder in the
second slurry falls in the range of 50 to 98 percent-by-
weight.

5. A method in accordance with claim 1,
wvherein the second slurry further comprises conducting
carbon powder.

6. A method in accordance with claim 1,
. wherein the step of preparing a second slurry comprises



nixing'the activated carbon powder into the m xed binder and golvent. 7. A
met hod in accordance with claim®6, wherein the step of m xing t3d§01'2004

activated carbon powders into the m xed binder and sol vent conprises the
step of: initially mxing slowy to allow the carbon powders to get wet;
mxing with an automatic m xer for approximately 10 m nutes; and shaking
vigorously for approximately 30 seconds.28. A nethod in accordance with
claim1l1l, wherein the step of applying the first slurry to a current
collector plate conprises the step of: applying the first slurry to the
current cehkestepspbate with a metering rod. 9. A method in accordance

with claiml, wherein the  step. of duxg?%_the ﬂgg%%ed first slurry to form

a primary coating é%ﬁ%ﬁﬁégs t %n% %p h@uPP e applied first slurry

in an oven. 10. A netthigdring abeondued oMiddr engi aplvemberein an  anmount of

the conducting car bosidieMdenei Bct iatdd HarSbll bywhal | 8o Mk thedrange k- 50
to 95 percent,- 11. a nethod of making an el ectrode structure for

Qg-mei ht._.

use in a dgﬁglg %EVE% acitor, conprising the steps of: preparing a first
slurry that includesnixingquibd, acdvateti ngrbanbpowgendentanttha padkgderi c

bi nder; 180C12904,,2b 693Lhpg the first slurry on to a surface of a current
collector plate; drying the applied first slurry to renove the Iliquid to
forma primary coating layer: preparing a second slurry that includes
activated carbon poinded methionddemn cfcopaldpneei eimht elbah @nd wheseliviemrhe for

It ggeP'Ol g‘ﬁgtgp Meser hhal i n& 08N, e, RRLPNd SLUE T HRetQ LG Pr AR %3624t | ng
’ binder and solvent comprises the step of:
initially mixing slowly to allow the carbon powders to
get wet;
mixing with an automatic mixer for approximately 10
minutes; and

shaking vigorously for approximately 30 seconds.

8. A method in accordance with claim 1, wherein
the step of applying the first slurry to a current collector
plate comprises the step of:

applying the first slurry to the current
collector plate with a metering rod.

9. A method in accordance with claim 1, wherein the
step of drying the applied first slurry to form a primary
coating comprises the step of:

curing the applied first slurry in an oven.

10. A method in accordance with claim 1, wherein an
amount of the conducting carbon powder in the first slurry falls
in the range of 50 to 95 percent-by-weight.

11. a method of making an electrode structure for
use in a double layer capacitor, comprising the steps of:

preparing a first slurry that includes a liquid,
conducting carbon powder and a polymeric binder;



rehDving the solvent to forma secondary coating |ayer to create an

overall electrode structure containing a polynmer and carbon. ‘kﬂ nggbzﬂmr
| ayer capacitor conprising: a first electrode structure that i

first current collector foil, a first primary coating fornmed on the first
current collector foil, and a first secqﬂfary coating formed on the first
primary coating; a second el ectrode structure that includes a second

current collector foil, a second prinary coating formed on the second
current collector fotbatang aclsecandssecendary coatimg af osueda®n tdre a

second pri at.l rei he first and second primary coatings
i ncl ude co%gﬁ%?ﬁgggéggggﬁggogggFgénd the first and second secondary

coatings include act PY¥iBe chrbormpoWdRY ; Bl py okl Wwapar &tcor rpoivel otbe
bet ween theiguidt tandormegopdirheot codesngt 1ugtures; and neans for

saturating the porou - af or. f.hrst nd.seco | ectrodes
structures in a pres@%?gggigbegt?%%@%$% S%%Fﬁ{i% ?tléHugﬂﬂﬁﬁ%|8F?é§8Fed
capacit or FATREBoPEHAEE  widt Pindey npl2pofyneher asrhemisilnggnd &i sstlvent

capaci tor fernthal p?apﬂeracsﬁaeediaapacitlolr termnal; 18 OCT I2084t26th
wherein a portion o LT curren ctor foi LS _coupl e 0 e
P chdfibbiPheCHLLERL SPLLERISD 18 bnb o EoRS obErins

first capacitor termna ortron o e’ secC
foil is colp¥ed/ tdthe second capacitor terminal. 14. A double |ayer

capacitor in accordapegowih clhi r&ollgentd.\hﬁzlbeifb@m aﬁ%wforﬁaﬁﬁect@ﬁeﬁﬁgti ng
carbon po .n.the  first_an rimary, coatings falls in the range
of 25 to ggg§%£rgén$¥ﬁ§¥%kfaﬂtgv§§$f£ goﬁﬁFeo gygﬁﬁﬁﬁéﬁﬁ%(ﬁo?éﬁﬁ%%%?dﬁnce
with cl ai fPoiymerhandi A2¥Rentirst and second primary coatings are free of
activated carbon. 16. A double | ayer capacitor in accordance with

12. A double layer capacitor comprising:

a first electrode structure that includes a first
current collector foil, a first primary coating formed on the
first current collector feil, and a first secondary coating
formed on the first primary coating;

a second electrode structure that includes a second
current collector foil, a second primary coating formed on the
second current collector foil, and a second secondary coating
formed on the second primary coating, wherein the first and second
primary coatings include conducting carbon powder and the first
and second secondary coatings include activated carbon powder;

a porous separator positioned between the first and
second electrodes structures; and

means for saturating the porous separator and the first
and second electrodes structures in a prescribed electrolytic
solution.

13. A double layer «capacitor in accordance with
claim 12, further comprising:
a first capacitor terminal; and

a second capacitor terminal;



claim12, wherein an anmount of the activated carbon powder in the first
and second secondary coatings falls in the range of 50 to 981\H Q]CT ?QO#
percent - by-wei ght. 17. A double |layer capacitor in accordance t alm
12, wherein the first and second secondary coatings further conprise
conducting carbon powder. 18. A double I?g capacitor in accordance with
claim 12, wherein the first and second ectrode structures each conprise
a stack of a pI ural i tywbérémli @i cj_cuﬁ}tlenlne%f odRs Ifavisng ciheint respecitore

current coII tor f D para and. furt her wherei,n th
i ndi vi dual © str oC e %g?agkr%ﬁ‘ l?arﬁlgf)i‘eﬁgalw H"”}CLéa iR P&ugﬁ
el ect rodestbé aﬁmhneir smiazodqt thélepotaus feepar &t orcoppieentiongtiked e cteconal

shorting b@&ﬁ‘ﬁ@ﬂ:érheter&%ﬂ! eaved individual el ectrodes.

14. A double layer capacitor in accordance with claim
12, wherein an amount of the conducting carbon powder in the
first and second primary coatings falls in the range of 25 to 95

percent-by-weight.

15. A double layer capacitor in accordance with claim
12, wherein the first and second primary coatings are free of

activated carbon.

16. A double layer capacitor in accordance with
claim 12, wherein an amount of the activated carbon powder in
the first and second secondary coatings falls in the range of 50

to 98 percent-by-weight.

17. A double layer capacitor in accordance with
claim 12, wherein the first and second secondary coatings further

comprise conducting carbon powder.

18. A double layer capacitor in accordance with claim
12, wherein the first and second electrode structures each
comprise a stack of a plurality of individual electrodes having
their respective current collector foils connected in parallel,
and further wherein the individual electrodes of one stack are
interleaved with the individual electrodes of another stack,
the porous separator preventing electrical shorting between the
interleaved individual electrodes.



