Title: ELECTROCHEM CAL DOUBLE LAYER CAPACI TOR HAVI NG CARBONFX%%EEHE
ELECTRODES Abstract: A double layer capacitor (Figure 1) inkl 1}299&
(12) and second (14) electrode structures separated by a porous each
include a current collector foil (22), a primary coating fornmed on the
current collector foil, and a secondary coating forned on the primary
coating. The primary coatings include conducting carbon powder (42), and
the secondary coatings include activated carbon powder (44). A nethod of
making the electrode structures includes the steps of : preparing a first
slurry that includes conducting carbon powder and a binder; applying the
first slurry

ELECTROCHEMICAL DOUBLE LAYER

CAPACITOR HAVING CAREON POWDER ELECTRODES

BACKGROUND OF THE INVENTION

The present invention relates generally to
electric double layer capacitors, and more particularly
to & high performance double layer capacitor made with
1ow-resistancg carbon powder electrodes.

Double layer capacitors, also referred to as
electrochemical double layer capacitors (EDLC), are
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



to forma primary coati 'rig; preparing a second slurry that inc
activated carbon powder, a solvent and a binder, and applyin Lﬂﬁgcs-lt;c%cr’]%‘r

slurry to the primary coating. 18 OCT 2004 1 ELECTROCHEM CAL DOUBLE LAYER
CAPACI TOR HAVI NG CARBON PONDER ELECTRODES BACKGROUND OF THE | NVENTI ON The
present invention relates generally t el ectric double | ayer capacitors,
and nore particularly to a high performance doubl e | ayer capacitor made

with |owresistance carbon powder el ectrodes. Double | ayer capacitors,

al so referred t‘ﬁg@?%?‘ﬁﬁtﬂ%gh% Le ﬁ%}gge (I:g%/r%%le %ﬁgfﬂfy%ﬁ (EDLC), are

ener gy storage C that are a o'store per unit weight
and unit vol unBoLRERZAFEAN Pfokhe elagiaelvbesions ARlite Ghart¥sey can

typihcal I ybfjel | wepatftiostuices ERergppldledachegbeic ppird; aindgligeaaue
rechar geabl e t i A er a nsi s t or ous

el ectrodes t ha{e ga%géi‘gigqoa]t%gg% g%%ng%ﬁoélct% %§0§Fi§%§?§€t§% éléaq;tﬁ'.c?\r&%&g

separ ator. Bot RolggulepAverothanentine suréprredet the eeleffapiesed with an

el ectrolytic solution. TiHes usal bHVEario elebtreaés t Dn fd e tieicreai cahe

el ectrodes  NLaual;Lhee SRR ALOE A dl1Sna TR LLIabhate) NersharaLor
prevents an el éctrrcal or electromc (asS opposed'to an -ionic) current from
shorting the cél Fi9Thiffant agdveneageddk thiseheahneledie kaaguae &laadorodes is

a current col hagt aNPop| RIrRitPNEN@ AR el cbBLoE & WO dBatiidagedpl at e

is to reduce oh 'ﬁ | 0sses. in thﬁ' douhl e Iayg,r f .t.hese current

. capaci t or
col l ecting pl at'ds"arey -hpg% C€ tHSF “¢an ﬁPgbcggl%%e%lf aio%a?‘re[ of the
capaci tor seal lapsubtapaciterscupblei carhonsedectepdes rivas dedan kemwmyin n a
pol ari zed |i quitdel ay¥er sohichfi thOEBRe VIR 2 asPRYEAEhELA S 3 S5 .paiaeen two
el ectrodes 'mT%fass?dz',QO(?,nsls (Becker), and 3,648,126 (Boos et al.).
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
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
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There is thysrachegdrdtddee art for lowering the internal resistance, and
hence the tinme constant, of double |layer capacitors. United States Patent
No. 5,907,472 to Farahmandi et al., the conplete disclosure of which is
incorporat ed herei n Byrtlefmosaeelt discdlosesspparent that improvements are

needed in the techniques and methods of fabricating double
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
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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
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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:



coating formed on the second current collector foil, and a sec
secondary coating fornmed on the second primary coating, whereiﬁqulCﬂngﬂﬂ4
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 firgt and second el ectrode structures,

and neans for saturating the porous sSeparator and the first and second

el ectrode structures in a prescribed electrolytic solution. A better

under standing of the features and advantages of the present invention wll
be obt ai ned byprefeneadeind edhianctdbhowity tied afidRdbwdegcarpvingsof the

I nvention and mﬁfgﬁﬂpanylng drawi ngs which set forth an illustrative

enbodi ment in rinciples of the invention are utilized. BRI EF
DESCRI PTI ON OF THE DRAW% Thé safoFehanat be hitagpedddusteatingsaand

?drﬁntages of dqoupler espad ddp&ﬁﬂﬂo&nmwﬁbLlhEa?wa?aﬂa@amﬂﬁhfEh?gIEQ; 004 5
ol owi ng nor c ription thereof the steps o
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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.
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of a carbon, which is more conducting than the activated
carbon, may be added to the slurry. Thus, the electrodes
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
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there is illustrated a schematic representation of a two-el ectrode single
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Speclflcally, the flrst 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
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contact with the current collectorplatell2. The primary coati

preferably conprise a carbon powder filmthat contains highly conducting
carbon powder in large proportion and a polyner binder. The proportion of
hi ghly conducting carbon included in tge primary coatings 120, 122
preferably falls in the range of 25%95% The primary coatings 120, 122
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i ncl udes a secongary coating 124, and simlarly, the second electrode 104
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rectangul ar - shaféd poreeppeplegsihapdlyprogylensi orsomridpglender of 0. 04 by
0.12 Am Anot h¢heludes 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



suitabl e separator material is polyethylene. Polyethylene gen Hﬂldmw 3&4
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el ectrical potential is applied across the termnals 110, 114, and hence
across the series-connected el ectrodes 102, 104, a polarized liquid |ayer
forms at each el ectrode imersed in thF el ectrolyte 116. It is these
polarized liquid |layers which store electrostatic energy and function as
the double |ayer capacitor--i.e., that function as two capacitors in
series. Mre specifically, as,conceptually depicted by the "+" and "-"
synbol s (represseimrer) drergyl dot the atapaciisngeaatotdine | tae titedEcdleatingl yt e
interface of eagdya®©{&aiyQde that is inmersed in the electrolyte 116), when
a voltage is applied across the el ectrodes, e.g., when electrode 102 is
charged positive relative to electrode 104, a double layer is forned
(synbolically depicteek pyd the two "+/-" |ayers)(by the polarization of the
el ectrolyte ions due to charge separation under the applied electric field
and also due to the dipole orientation and alignnment of electrolyte

nol ecul es over @®he entire surface of the el ectrodes. This polarization 18
OCT 2004 stores energy in the capacitor according to the follow ng

rel ationships: C=k. Aldwf and E=CV2 /2 where C %f the capacitance, k. is
the effective dieleciri “constant of the double ayer, d is the separation
di stance between the layers, Ais the surface area of the electrodes that

is imersed in yherel@cy ahpt capsoiténdd), x, is siderreldage apphbegrfcr 0ss
e ! o afiind e e RORRAY 350 B e BRI Eon ", % G002,
in angstroms,. di#farce thetsgehatbealayers, B. és, thheswnfdex euare®f’ Ahe per

electrodes that is immersed in the electrolytic solution,

V 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



gram of electrode material, may be very |arge. Hence, can Ilf

Eq. (1), when d is very small, and Ais very large, the capambfan@ bﬁﬁ]’r
be very large. The surface area "All in the capacitor 100 is |arge because
of the make-up of the electrodes 102, 104. Specifically, each of the

el ectrodes 102, 104 conprises activatgd 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 snooth surface, but
are pitted with nynerous holes and pores: The hol es and pores of the
activated car bearbqowsdensay shereppi ddnatiireldy ahorradingl GheA

(Angstroms). TAa-HAWIeNHS AN vi E‘fetﬁédeiébﬁx%%le %bsﬁ@i&ﬁ'tﬁzé%d&ﬂlﬁﬁ 116.

Each hol e and Eore significantly I ncreases the surface area of the powder

that is expos ¥ tHe DREEELIPLLERLSP u’tsf (fr‘?ri‘fé The result is a
t hr ee- di nensi onal el ect rpmﬁawungcauhegmmmaciazbhcw hdmeeveémptrsalqﬁ]qr to

penetrate int gpg{@ 5‘@"%‘% e q._q_g}lact Iﬁﬁgr@ggt 184 ia Ep_{sé pHfilace

area of the 18 OCT 200 car on po dranmatic y |ncrea5| ng
the surface &eStoring aﬂtﬁedérsséﬁrsa%go%f@rr%%hat relabis of
char ged nol ecutise imefimdred InAgeneyady thalicggargapaisthacss ﬁlmew a 1S
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and di schargi ng 'energy in n general t he
charge/ di schaf3Ra¢i4Rr of The daygEi tb?— +%t5&j%'\?ér ﬁealﬁyan% itther nal
resistance of shmrtempand largbyjaikeuergé einent ernal resistance, the

shorter the charge/ di S%Qﬁme&:ﬂ‘él ;_[Q&%égned'en%lf Eﬁén%%%g‘%?%&; he basi c

doubl e |ayer capacitor several
Speci fical ly, ‘aen magamitoresios aﬁcEa@%rﬁR)r@ntS§Vﬁn@l udempenenits act

resistance R, stﬂmlrﬂtheeah&b@ﬂsf %sﬁ&ceebéﬁbéﬂéﬂ’éé Cifg@ludd on
resi st ance RESa ar.at or | st anéﬁ?&’éﬂé{h cont.act si stance R

represents all o?rgfahc‘: esslﬁtg‘ﬁ‘(?@ p’é’?sf%sotéiﬂﬁ@e 2y h &N

electrolytic solution re51stance Rys, 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



capacitor termnal 110 up to the electrode 102, or all of the r
in the current path between the capacitor termnal 114 and t11 §¢i'tﬁlﬁﬁ§
104. The electrode resistance REV represents the resistance W|th| n the

el ectrode 102 (or within the electrode 104). The electrolytic solution
resistance RES exits relative to the glectrolytic solution 116, and the
separator resistance RSER 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 Rc, RES, RES, and

RSEP- Thus it asténﬁtidmtgeparatdﬁrmafmmaamg|p@iy@&wm{eﬂil Saalw ge tines

to be achieve Y I RESoo EESH.EP iy conbi nati on
with the capagll.‘ s % %T%k ghgf r?é: cons aﬂfl o?o’t e caaam tor 100,
are preferabl qutbwrowqr@N@aeseg%hbﬂ@s IregeesPeYehcEat A998 separat or
RSEp is a funpgtlpetipfldme quer @ikt yarivt HA pkDes spelyprepERary aﬂsor 106. A

preferred sepa eria Q v I.C f about
0. 001 inches (ég%:g{;n:%/d' IPféW e?%’??? iﬁt%’\g&gj‘@e%%r a§ é’rl al is
pol yet hyl ene, @fs¥5—43wi Hiexear| ERh!é%i‘shYdﬁn&béﬁhlbit@1almlﬁeﬂslt(m C(ﬁ25 m .

Pol ypr opyl ene iahgsgnt I%ﬂw AN gEEhPIIRS 1hhé£‘eﬂ@§§ adpbridadeaneg due the

manner in whic ol ypro ene i s onstr cte e typical

oxhi b1 t 5 a por SRFES EETREALEIE neB sRERISE "ikn, Sos | eebnebanerie SN () of
40- 60% Hence, bp@a\]etehwm ianhdgbex | powdeitst i aeesthere omer usar at or
resistance t haﬁoﬂ@@%ﬁ%ﬁﬂiﬁ@@ﬁ' eﬁeoﬁwmmchbeﬁaucsfe&ram@ i &lay

porosity, i. her e are res openi ngs t hrough | t he

electrol yte i oﬁi Vrhyev?rf %]SﬁfF tai’r‘g'hB egvﬁ’r'%g‘gons’%]gf e, Yhaller.
In addition, ad@apeonseqoa:m:tem'r s&ayraltcm)ntag aded. bdhesedsi st ance RES
relative to the el ect rolpgid %es&%'tﬁhb&%“&lah%t %”\:ﬂsdewc{:@&‘lyt c

conductivity of the, particular ectrofytic solution I S use I n
sel ecting the F??J‘étb‘?né%t%Id;?FIeEmé’&?‘%ut]?Yoﬁhteocﬂ’é@“"tl"lty of the

particular electrolytic solution that is used. 1In
selecting the type of electrolytic solution to use,
several tradeoffs are considered. Agqueous 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-agqueous {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



several tradeoffs are considered. Aqueous electrolytic sol utif S ,eiezﬁhl y
have a hi gher conductivity than do non-aqueous solutions (e.g %ma li‘
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the capacitor cell to around 0.5 to 1.0 volt. Because the energy stored in
the cell is a function of the square gf the voltage, high energy
applications are probably better served using a non-aqueous el ectrol yte,
which permt cell voltages on the order of 2.0 to 3.0 volts. ne
preferred electrolyte 116 for use with the double |[|ayer capacitor 100
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suitable salt, i alhei ¥EUERr&XHi bits.a conductivity on the order of 60

ohm cm 1. By way of exaggl e, o€e suitable salt is tetra ethylammonium
tetra fluoriborate (Et4NBER)SOPEFs 15 I5EanERpRadiy, INPABAELRR Wiklat t he
i nventi on her eithaledectiyede resistaice &, tleprasentfaasigiidieart ectrol ytic

sol utions, pargdrailoly bY BAB- BGHEP Ushtddhnaqr ggeig%aﬁéé%&gf géwe{)i a%g%&i ons,
ot her than the solution,.made_from acetonitrile escribed above. y Way of
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carbonate 18 OFRZG04tLRbLENG)bloat hid dhe davedophent B3 contlicriighy
carbonate (DMCOyiaraRrd LT oA r ' t S C I n

conbi nation w L:%lla t he lie.lltiggt ?g]ae eﬁﬁ@ﬁgeﬁgﬁ?‘%eﬁg%n%a%c%tg%nisf‘ i c&nt
portion of the %%t A°3HEer REI the gpagsaitte 1gvenhitorabacia drovig® aA hi gh
el ectrode resi stokde Nagehecapatbrer heering amagpy Béwrdlddigdadeock in the

devel opnent of lﬁégpgq:r l-al k ' : i ner densi t ouhle | ayer .
capacitors. A key fgg’!tc%r gxo?%ﬁgﬁ%le@eg{ltﬁng_eﬁ# ne’?%rq/yo dger”ﬁﬁtgé a“* doubl e
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a high energy densi vwlud thasuié @falherpcesgatiseyerd ign4 g that R +R ,,
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el ectrode resi dess@dbed 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 powder electrodes



REL being very small. Specifically, the large proportion of highly
conducti ng carbon powder and the |ack of activated carbon in th Bol[]@ﬂ'rﬂ[]ﬂlf
coatings 120, 122 significantly reduces the total electrode resistance
RzL. This is because the interface resistance between the primary coating
120 (or 122) and the collector plate 198 (or 112) is extrenely |ow due to
the highly conducting carbon powder". Furthernore, the interface

resi stance between the primary coating 120 (or 122) and the secondary
coating 124 (or 126) is also extrenmely |ow due to carbon/carbon interface.
Because of thecPhippked imipausdlefl whthprianmapasdsernpagkeasg dtha?2) and the
secondary coat yaguirds (M1 20)sinle bNbetfatRA:ea10f bRé eldhgBEy coatirig
and the secondaré foatin I S higyer ihis ingi aseg Lnterface area

establ i shes a §PB& %‘r’raﬁ%'?fbefpro aZBAGEL: TP "POFIPHR GRTPAt ed carbon
than woul d ot hevdexeebectpuukishlic wi 'dbat stackyr ofar}ectuedeys W20, 122.
Thi s increasedsREiREr v@fwePN AitfddridtoBal NBowd\RG,edn8E therseskeldlee. An

i mportant aspect, of the_present inventione s will becone npre apparent
fromthe descr P%PFBnC?‘h%fgm%%ri"&ﬁs oy Pﬂ’éa]u]seg[ &Dnﬁﬁf’?faél BULSHRER powder
el ectrodes 18 ©a¥bg0(doddr milvsdrodesnthat atdelbemiskinin sapercdanee package

that requi restﬁhYtﬁe%M&@'i@Wéﬁ@iﬁﬁ? S@&au@%nQ&a%Beel&Qﬁéﬂ}E@t ion
for parallel conngcted hul i p] e car.bon owder electrodes is a "flat stack"

of el ectrodes. SPE* LRoLFE I3t dfgBPRF oAt ok ERLTeENE? $WERe are many
ot her confi gur eapanitdorapa didiglgleonedit ecapadittionl @incar bonipotiter

el ectrodes thatalgaxrefyie?eg%ailn A r%?ﬁ&ll}}f"ieéf]fifn[é%. RhEEeALmbPYSEL I o1

Because only one_el ecttol y is_requite i S appropfiate to refer
to such capacPEdt-asSUch @ inglGicelle sputtilegtrede; fopkleptayer
el ectrol yt e seehpabitbrnesmidduraidfonnds ahptefmmed say of peattiSimyg a

single cell, miLLisalectiode daull elauar ¢oppacidon cqpfjguration is a
preferred way o racticing he 1 nvention at theé présent fime. It is to be
emphasized, however, that the invention is not intended
to 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



enphasi zed, however, that the invention is not intended to be limted to
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descri bed above.
paral lel to a findwidnedt eleatrodesiafalthd02eadnd f@t Lcammel bGIE-QQQO and t he

current col | ecladpaploabes 133 gh&udft QIR00SJM SPASGISULARR ghlel to @

second el ectri rmn capaci
associ ated wit n[tﬁ’é‘ SAVE th‘ém%l S3SCEEART se A6 ﬂqerl'éitlo’s;l@ﬁ abow—ect rodes,
and the el ect r dides caszentatetiledidr tglataecong, tﬂ’ﬂnﬂi@feragingaﬁﬁffgea

second set of eglwlhgﬂegoifh%a%\iﬁgal Tﬁé &%&ég ﬁlrst set are

interleaved with th i ndi vi |"éctr odes o %4 The por ous
separat ors 106 PrEFeFe Ehectvecarating t(Pﬁgt%'tlm@r)t ls@rbont privéexved
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descri bed abov&apracitor 200 may comprlse 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



The first and second sets of electrodes in the capacitor 200 rrIy C’g: m
many different physical configurations. For exanple, in one co 831?1 "f
the capacitor 200 nay conprise a stacked structure. in this stacked
configuration the el ectrodes associated with the first termnal 202 may
conprise a first flat stack of electrgdes and the el ectrodes associated
with the second term nal 204 nmay conprise a second flat stack of

el ectrodes. It should be well understood, however, that there are nmany
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el ectrodes 102sat@datds Ay icH eAt ambertodfs ady,ghlow aﬁ@nggﬁﬁi’é(@ors
preferably nonz ueo S. el ecthrol th c solution is introduced into the cell

such that the e ec yl?e
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



saturates all of the electrodes 102, 104 and separators 106 wthin each

pair. During operation, if in electrode pair A the upper el ec{r@@CIP2064
a negative el ectrode, the | ower electrode 104 of pair A becones oppositely

charged, i.e., beconmes a positive electrode. The sane charge of el ectrode
104 of pair A carries over to the uppef electrode 102 of pair B, i.e.,
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i nvention that cvdylelgdoused for nmaking the carbon powder el ectrodes of the

capaci tor 100 and/or 200Th£heu§f@ﬁ@|c%meeeefeﬁfaéé)outhe g]%ﬁ@t%%atéQZ by
18 OCT 2004 16 Q ai a current, collector_plate, such as the current

col l ector plat&Hw® o IPRATE) eoatingri@2e | r A% P AYYe 95 1502282112 (and
108) pr ef er abl wompapsiesea cakbon nfind eiontaithimg lsiqn]q,blcemmmﬁmgl s for use

as the currentcagyolne%;,gaegl %eﬁaf@gcﬁ%o%g@ﬁr g&ckgs,_ggt alhasy steel

foils, and any cqnduc current tors current “cdl 'ector plate
112 is first c@RFyer ﬁdﬁﬁe pERAEPATEE AL Pﬁatlig%z rrRf qraliyr flogsabplg 122
conpri ses a cardemtafinl actonhaedi agridghl y conducting carbon powder in

large proportion (e.g., %@&?8?%%af¥“%é%ting 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



pol ynmer binder. The primary coat 122 preferably does not contain activated

carbon. The primary coating 122 is preferably applied to the 8 grﬁr Q04
collector plate 112 in the formof a slurry. The slurry used t'o t

primary coating 122 is prepared in step 304. By way of exanple, the slurry
may conprise a slurry supplied by Acheson Colloids Conpany, Inc. of Port
Huron, M. Alternatively, the slurry used to formthe primary coating 122
may be nmade fron1conducting carbon powders |ike acetylene black and/or
graphite. For exa one exenplary slurry for the primary coating 122
can be made bycar¥king 12:2)mﬁemleﬂﬁr?davhﬂ3@oltéle@r gphted onbot¥ee bi nder
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of graphite mﬁe@%oaﬂs‘ﬂﬁ% i@ Rl efg.lsééliﬁ/matm amuna%&fnl £RRAEGE1 NG

carbon powders used he slurr% s in rang woetc 95 wo
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18 OCT 2004 17 coatlng 'S, prepare en coated onto current
col l ector 112 NR¥WsHapp eRéf"!é’rlPFiﬁé Foifs c%zla X pdpgtypry 1€ pFeferably
coat ed ont o t heocakppinuthd @dimaayr canbon o lwentyors 2kl 2ntiot Bha seteacag rod
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current coll ector ['ock has a snoot h
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I's used to apgby thgy, pri ALY EARAN3ShUEL e AR WienSERLaCe
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
' ‘



of the alumnumfoil 112 in front of the netering rod 320. Th(je1 b LN
rod 320 is then dragged down the Ilength of the alum numfoil 1§E %Thﬁﬂﬂ#

direction of arrow 328. The metering rod 320 is kept flush with the
alumnumfoil 112 while it is being dragged. The carbon slurry will be
left in the wake of the netering rod 320 at a thickness dependent on the
coil 321 separation distance on the netering rod 320. while use of the
metering rod 320 is effective for coating the primary carbon slurry 326
onto the alumnumfoil current collector 112, it should be understood that
ot her net hodscaxibox omhd Ny pralyree bdader|wsst dp 30&mt bhecsetomdprys air dried

for one- half a ' O:t.h I ANY HRC t 80C for one
cQQHIT%% %‘ﬂ? Ciké‘n g}tse%%f% ih Qt%é)ﬁlﬁig. heCUh Gy ¢

hour in an oven. ( the resu] g primary coating 122 is
about 4 to 6 RrefEeablyinchylestiheafgliontng Marediente; 2 solVRhlent

col l ector 112avbihdep) i amd yacoiatateg taAPZbbhes@aiers.s Byl wayrated in FIG 6.
The secondary ' ' | j rigar oaf | 122.
The secondar ye%%g%liﬁg %‘g Alf)or‘g&grdéfg ?Qgg%ﬁ?a?esbéa%?i'@a%%g g%%b%ﬁélﬂgt
conducti ng caPboRindas Baydrs Mer35inabe. the |@quid 9f agakdveabadi ng 122, the
secondary coathfBon2powded | ey Meehigr.abky appdnEihriyn sbheentsraref a slurry.

The anount of ctivated carhon po | I s Lurcy.p rably falls
in the range S?Qﬁ?g ‘f’%t%é %’éracceen < ey- mﬁ‘ggﬁ?ig}:ﬁhgl&dﬁeﬂy% ‘gg}?f(/at ed
carbon, conduBefhyl ¢slbus®ncnad EEPYr KERhRIRNS BrsinydenebPheBe used to form

the secondar yMofiéaei Ny 1R6tivatdERae®dn Poddels Jdr bENebshihey £PewRferably
I ncl udes the &8«'5%9&“ ng 'Lnlgr di entDS' A sgl vent r rQbi %der I'ancdn:_act | vat ed
carbon powder ST"By ﬁﬁy}‘?ﬁ é%efﬁ)l ef tREBBuN? oj?a bl \?gﬁF ﬁﬁy Be 80.6 wy
t he anbunt ofabahdgrneayBPe23. 63% and the anmount of activated carbon
powder may be 17.77% Exgnpkéfyi1 e} WRokesal for i YraopRl-ati8h agetrae.
Exenpl ary b'”%iﬁ%rgrﬁsngfé 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



met hyl cellul ose and EPDM (Et hyl ene Propyl ene Diene Mononmer) . Activated
carbon powders may be obtained from Wstvaco H gh Power of W rgl‘lnBagG)‘I" 2004_
from Spectracorp, catalog no. BP-25. An exenplary process for the
preparation of the slurry used to formthe secondary coating 126 is as
follows. First, the binder is weighed jjnto a 100nL glass jar to which a
magneti c stirbar has been added. The solvent, which has been wei ghed out

in a separate bottle, is added to the jar of the binder. The jar is seal ed
and set on a stirplate for-an hour, with intermttent shaking by hand.
During this tupmmuue cartingt edzcahemmp)ombelcgt andstépe tohiducthise car bon

powders are maae@ﬂu@t&téw i3 ﬁ@ﬁa’crgeré&q 394, S?tlgﬂéd& pAééfrrb@e hour,
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the jar of binder $o ution is ken off the stir , e, stir
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the powders are wet 'S 1 Nnc Jar noved up and down
to provide suffipeiead *ﬁ‘?&‘ﬁ’g off threPringxy \woatrd £adm 312hen set bel ow the
m xer and allowed to mstepor34t0maynbieeser ffrired asipyethemeteringng, ' the

lid is placed athgol d ;ﬁ.gniltgrgy éf iéﬁ@wnviﬂoi‘ slé/ by hand for
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approxi mat el y secon appar at us
until it is us€Bechhtealip §:|hl?f ri?#ﬁa@ Wflqtl'bé’fuifréa Pﬁlm%ﬂr'n?% edecondary
coating 126 hagibmemipripaiiedtedactethecshtfng b ehet Geanitambyoswated film
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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



rod 320 and the granite block 322 shown in FIG 5. Specifically, the
desired length of the primary coated film 312 is placed on t sgﬂ'ffc?[]gﬂt
the granite block 322. The pipet 324 is used to apply the secondary sTurry
onto the surface of the desired length of the primary coated film 312 in
front of the metering rod 320. The nefering rod 320 is then dragged as
descri bed above. It should be understood, however, that use of the
nmetering rod 320 to apply the secondary slurry is not a requirenment of
the present invention and that other methods may be used. The resulting
primary and s ecorittay,y 2evhEedindarhon - &i | ne B rageiscwith nbl psimated in FI G
8, is then al tw%.l%ﬂr)eofa%,@p;g@p§bgg£%yd Jegjcmenut es in step 346. \Wen
it is dry, the carbonfllm330|3\? :i\é i nto electr%ggs it
shoul d be understood thd® OF&eFh5Pe 114 §E’F?‘b€’edﬂ“§1‘so&€§§r3881ﬂ’éy 1R%d to
formthe el ecttoaied 2 132 owl @hown thiee dé fifarenar sinl @@riodndfOe batweaker to
form the pringg o%ﬁfegrn Helok: WMy S

current coIIector 11%’ (an %8'8936 ha:egaggt?ﬁ%ﬁcgs}ggh ?nﬁﬁﬁaﬂé dlﬂe car bon
film330 is siApteRly 'ovép%lcﬁﬁéyapﬁ?ﬁﬁqlat@% EpRarAteRcol R ess
300 are repeatedr@rmaddn.e o sitiftaceceThe oy ecedtedr ubddgmanhod of
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poi nt, Tabl es Cgmm@%lﬁm%wltmmuﬁﬁ@r%d&ﬁ% t@@@é‘#ﬁtﬁﬁéélfbet ween
carbon powder @J:ema{mf&amﬁdaptﬁo@& %hhlﬂgpfémaek{ Q@ellPRENBhOwE Oh .

Specifically, éﬁv §bles. Cﬂﬁ&?%f %é%rence getween 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

RC0O604 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 7.2

RCO608 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




were made. The capacitor cells were tested using an i npedance gngl 2@5
I n sonme cases by constant current. The electrodes in all of th Eﬂﬁi} 4

cells identified in both Tables 1 and 2 include one coating that consists
primarily of activated carbon powder. The specific conposition of the
slurry used to make the prinmarily actjvated carbon powder coating for each
cell is showm in the tables. The difference between Tables 1 and 2 is

that the electrodes in the capacitor cells identified in Table | do not
include a prinmer coating, whereas the electrodes in the capacitor cells
identified in Table 2 do include a primer coating. Cell I1DSlurry

Conposi ti on usedResi st anceCapaci tanceRC for the Primaril yOhm cnxF/ cnR
Activat ed Car ban_Pouwder | aver RCOG04BP-25 (90 w4 SEG-4414020,01115.44 (1.5

wog , Kynar (8. ek RODBHSEENGPrRes AR 862570 | B3P NRODERTSBE:PE° (86 W),
SFG 44 (89640.{0077.0 r tyrating2ind) 9 820nwest vacpr/oR- 98- 55
(9010. 30. 161. 74 01-01 /th@g@g&cg’%;,lpo(dgeﬁ WY, K nar|[8.5 wh TABLE 1:
Wt hout Prinmerfcoating O CT 2004 21 Cellf I1DSlurry Cbnpositidn
usedResistanceGapaGLLaﬁ@§E€ f or t hePri-maryrohm-erblenrt—Aetivated—dar bon

Powder Layer SHP$I1TRPEBTS ¢41-4 W’)d KYR%ar 4 48%0. 090. 42 (828w “81%1- 2sane
as above4. 080.100. 39 hie&FliwBtane as abover.i480. 09Q, 65 _51291-4Sanme as
above4. 390. 090] B2oTAB| Earf: apyablover j ner  Coatli4n@® As cah beb-d8en fir 8s3% he

t abl es, Capaci 2933 || Same as above 7.48 0.09 0.65
51291-4 | Same as above 4.39 0.09 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.



resi stance and tinme constants are significantly |ower for the capaC|tor
cells identified in Table 2, which are the cells that have a 44361'2004
coating on the electrodes. In the tables, BP-25 is an exenplary type of
activated carbon powder that is available from Spectracorp, SFG 44 is an
exenpl ary type of graphite that is avgilable fromTincal Anmerica, Kynar
2801-00 is an exenplary type of binder that is available fromEf Atochem
Co., CHR-98-55 is an exenplary type of activated carbon powder that is
avai l abl e from Westvaco Hi gh Power, and Black Pearl is an exenplary type
of carbon that is available fromCabot. In a preferred enbodi nent of the
present invention, the binder content in the slurry used to form the

coating that is primarily activated carbon powder is_ _lower th s
il lustrated ircéablia |Zluwkyprefresiddnvicde |Arey t he fapdeit=geniBht i 9 shown
in Table 3, wijich il Iﬁtg@t@ﬁmgpgyrreasure | Rl N dBBNERnT OF -capacitor| cells

havi ng car bon [powder e tro hat cludle, a prinmey coatinglin
accor dance wi tlh 't he pr¥§‘ '? %?'] 3°def8 (fﬁm'f 04 2p Cell IDS|lurry
Conposi tion udedArea er tanceRC for the Primaril yResistanceFfcn®
Act i vat ed Car Hd@i2 EHPERIM (EFv) ayinas 2011 #4818 25 (9 w12 Kynar ©-5°
(34.950. 120. 59 w9 512841- 2Sane as above4.§%p.140.58 51291- 3Same as

above5. 070. 1245229 dSankoave abovel. 940413, 46 TABLB.32 W{ho.58
Pri mer. Coat i nq sAddisl [oswak feaema@ Ng- and nmaneiexct uri npg_ teehni qgueg.q4zhat nay
be used with t{hmzpr-asiesdmel saavermivieon are di g 46

elosed inl Unit.a8 Stat @si6
Provi sional Patent Applicat FARLEu#bAIBo/Preger3feagandt | ed "H GH SPEED
MANUFACTURI NG OF ULTRACAPACI TORS", filed March 9, 2000, by inventors C

Farahmandi, Edward Blanﬁdd?%ignai 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 ULTRACAPACITORS", filed March 9, 2000,
by inventors C. Farahmandi, Edward Blank, Chenniah
Nanjundiah and Brad Emberger, as attorney docket no.
66238, 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
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
the clains.



Nanj undi ah and Brad Enberger, as attorney docket no. 66238, thg ful
di scl osure of which is hereby fully incorporated into the presﬁﬂt UCT 2004
application by reference. Furthernore, the full disclosure of United

states Patent No. 5,907,472 is hereby fully incorporated into the present
application by reference. While the inyention herein disclosed has been
descri bed by the specific enbodi nents and applications thereof, nunerous
nodi fications and variations could be made thereto by those skilled in the
art without departing fromthe scope of the invention set forth in the
clainms. 18 O C T 2004 23 CLAI M5 What | ewsiBgnmed is: 1. A nethod of making
an electrode structure for use in a double |ayer capacitor, conprising the
steps of: pre aring a first slurry that includes conducting carbon powder
and a bi nder; ¥apbl §Fnglekeed %t siurry to a current collector plate;
-drying the applled first slurry to forma primary coating; preparing a

second slurry that incl llﬁldes Tﬁl&(ﬁ&?urr m%ylggnalpomtm% QItX-EP:rtui?Ed 2

bi nder; and applying thé sécon primary. .coating
net hod in acc8PHanee #nth @pabhe 11aY‘W1éia§’iaﬁ ispre rﬁﬁﬂﬁrléﬂnﬂh§h80ﬁﬁﬁli’?l ng
carbon powder gfm the first slurry falls in the range of 25 to 95

Prst siurry (s free of PREBPOSTEA caran AT e, Tt datRaks. o dance i ¢ h
claim1, wheeendughingogarboh peredéxtanthme®isdebon powder in the second
slurry falls in the ranggp®{if§ tRe 9BiMA GARErPYto 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



weight. 5. A nmethod in accordance with claim1, wherein the second slurr
further conprises conducting carbon powder. 6. A method in aca dﬁ éh
claim1, wherein the' step of preparing a second slurry conprises 18 OCT
2004 24 the steps of: mxing the binder and the solvent; stirring the

m xed bi nder and sol vent; adding the activated carbon pomder to the m xer

bi nder and solvent; and m xi ng the actixated carbon powder into the m xed
bi nder and solvent. 7. A nethod in accordance with claim6, wherein the
step of m xing the activated carbon powders into the m xed binder and

sol vent coanélgeépgh@fstep of: initially nixing slowy to allow the carbon

powders to get wet; mxin ap. aut o xer for approximtely 10
m nut es; and shaklndmngggS§%I§l ﬁﬂﬁﬁg% nﬁng ™80 seconds. 8. A nethod

in accordance with ctirming Wh@r@ihedﬂﬁ@KEﬂEQDdfSabp¢wtmg the first slurry

to a current coll eCtzQId:.n@' dhe cefpviass ddipost eBwel:s BPPLyd Ngistdie Hiinst-
slurry to taﬁ 1{:rer’;[ikﬁ col lector plate with a netering rod. 9. A nethod in

accor dance® £ Yherei n t he step of drying the applied first
slurry to forma primeing doat iawf icerpdi sesbbhe pswdprofintouthegrtikedappl i ed
first slurpynddr ahPe@Rvedd. A nethod in accordance with claim1, 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 nethod of making an

el ectrode structure T.or A usehiod dndadcerdhayer wiapacilham, 6¢omeirgting thiae

steps of: prepardMOm@x{ihg Stndl ULty | BELYGES Rk %nto the mixed
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;



coﬁducting carbon powder and a polyneric binder; 180CT2004 25 coating the

first slurry on to a surface of a current collector plate; drggrg%gqugg&

applied first slurry to renove the liquid to forma primary c _
preparing a second slurry that includes activated carbon powder, a binder
of polymeric material and a sol vent fcwzghe polymeric material; coating
the second slurry on to the primary coati’hg |ayer; and renoving the
solvent to forma secondary coating |ayer to create an overall el ectrode

structure containingcaatpﬁbynEMeaﬁﬁl@&rbgﬁurig. fngqublgf!gugfa@@pagjtgr
conpri si ng; LS d ycture that 1ncludes a first current

col |l ector F%?F%hg %P?ggg%%?n§%§£%bating formed on the first current
collector foil, and 8r¥ipgt Beeomepliedatiigst f drlied Yon tiche reimose picheary

coating; alsgooadtel eetmodepsindeyuceathay iAgkudes a second current

collector foil, a se - L, i hg_torned. on. the econd_current
col lector foil, and §9§§35%5g23¥6%%§%§9c82 Fhg Qﬁﬁﬁnﬁf%iF %o agtmated
primary co8fFhgn WREAsirn tthindet ahdredyBadicpmatmniadoattichgs Brdvads

conducti ngfearbhe powwrerandmbberihlst and second secondary gogtings .
include activated ca ; ; I,0 separ at or sitione et ween e
EORPLRECCEL, aleRPaC TuRROTRE £ BRE R iP et yngotRane

first and _second el eciro ures;a neans .
porous sepaf¥€6f @R€ the first and second el ectrodes structures in a

prescribed el ectrol ykéfovsabuttheN. sdBvedt deubl eotmyar faRRtdd®f EbBating
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first curreplY®eer| aggofarbon.

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;



foil is coupled to the first capacitor termnal and a portion of the
second current collector foil is coupled to the second capac t@roeqrm
14. A doubl e | ayer capacitor in accordance with claim 12, wherein an
anount of the conducting carbon powder in the first and second prinmary
coatings falls in the range of 25 to 95 gercent-by-meight. 15. A doubl e

| ayer capacitor in accordance with cl ai M 12, wherein the first and second
primary coatings are fwherein actporatiech caf behe ¥BrsA dﬁuhk?wlﬁyﬂﬂeqtor g
capacitor in.accordance wmith _.claim.y212, wherein_an anount t he activate
carpbon po 8%]? lng B $P &R g%%%%déaspeaccolﬁ(%r ffeﬁ%émgag“faﬂ I%Olﬁtr}ophg%
range of 50het e@®nger centerly - velbctod7 foAldaihl ecpyed dapathé orsecand
accordance_.w.t h. i wherein the first and second secondary coati ngs
further cS%%%?E%ﬁigﬁ%t%ﬁﬁ%g carbon powder. 18. A double layer capacitor in
accordance with claim 12, wherein the first and second el ectrode

structures each conpgisg éoﬁ&ﬁ&kléﬁefidgﬂé%§kb iR ab0gEyd loi¢hechbogdes
having their respective current collector foils connected I n parallel,
and furthet2wh¥PEFRIREhEN RFVNGuAL etht POIRACHINDnea R kPaWdeT | Ak eitheaved

with the indryt dusd RiReldr pdenael anothefs staadk int BRePBARYS SERA #1005
preventing_el ectrical §8g£ting between the interleaved individual

el ect r odesPerCent-by-we
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.





