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35 means, such as compressive arrangements, which maintain the
essential close physical contact between elements in order to
ensure low internal electrical resistance. An example of a
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‘ Other means for minimizing the internal resistance of
supercapacitor structures have, for example, attempted to
combine pyrolyzed aerogel, carbon foam electrodes with high-

25 temperature soldering of conductive collector elements, as )
described in U.S. Patent 5,260,855. Such approaches have
realized limited success, however, due to the extensive
processing and high energy and time consumption required, in
addition to the lack of manipulability of the resulting

30 devices.

Overcoming the limitations of prior supercapacitor
structures and fabrication procedures, the présent invention
provides, in particular, means for readily preparing flexible,

35 low resistance supercapacitor structures under economical
ampbient conditions. Such simple fabrication procedures enable
the expanded use of these devices in a wide variety of
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i 0 extrusion, or otherw se, from conpositions conprising a polyneric matrix
of such a material as the noted polyvinylidene fluoride (PVdF) copol yners.
For exanple, in the construction of such a supercapacitor cé bunen2@3ect r ode
filmor nmawOoanesIss prepared as a cast layer of a conpositipaTafsesgdspyat ed
carbon 15 powder dispersed in a plasticized copolynmer matrix sol ution which
is dried to formthe nenbrane. Sections of desired dinension are cut from
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of thé cell elenments into 25 ~a unitary flexible supercapacitor structure.
At this stage the |am nated stgupale SOMPHE SASVENTEI@NI ficant neasure of
honogeneously distributed organic plastrcizes Wiarch 1s then substantially
renoved by imrersion of 30 the cell lamnate in a copolymer-inert solvent,
such as diethyl ether or hexane, to selectively extract the plasticizes

w thout significantly affectin e r ell_ el enent
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the w de range of denmands presented by nodern el ectronic systens. In
accordance with a first aspect of_the invention, there is provided a
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in the form of a flexible, self-supporting film. The copolymer
preferably comprises about 75 to 92% by weight vinylidene
fluoride (VdF) and 2 to 25% hexafluoropropylene (HFP), a range
35 in which the latter co-monomer limits the crystallinity of the
final copolymer to a degree which ensures good film strength
while enabling the retention of about 40 to 60% of preferred
solvents for electrolyte salts. Within this range of solvent
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el ectrode nenber and sai d negative el ectrode nenber are bonded to opposite
interface surfaces of said separator nenber to forma unitary flexible

| ami nate structure. In accordance with a second aspect of theé4iJoned0ddn,
there is pr@\gﬁﬁqsﬁ supercapacitor structure formed as a unitary flex-ble
| aminate structure conprising a first el ectrode nmenber of firBET/HEMIAIBIS,,

conprising a flexible polyneric matri x nmenbrance having an activated carbon

powder uni for di sfrj but reln,.a Lectricall.y .co i,ve. eurrent
col | ect or eqoé';ge b a‘t’#’lérgtgge%ggagégtng%g&?%gg F:oglgﬁé)ééq}é]%(lic%ﬁ%felé: -
pol ymeri ¢ retedvx okybe amerbrang oy fekda are i He ot 1 wenieom toempdratuseai tionic
first elect : S n ect -rﬁergtﬁ.{ of. G Qr'ngif:
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menbr ance hexhidyl s Betevadence a@bono pvadbr e¥HERSARPY WHisth imaldd terd et @
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el ectrode nenber; a second separator nenber, conprising a flexible,

polymeric matriXx Sepdressseicet dcSELONGreepanatenciedbacdrrdi tio sie
second el ect rode nenmher opposit ai d _fi.rst separatar nber; _and a third
o col T ode. KT 1 S5y AR o TR L i s e s %8 s Snarph6x
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o f1 exPhl o POSSIS Rt I SPSRTTT i e ot c2ed FPPEE YRSl i Are Bt Bohded
to said fimdticH et ramdiedrendeform theohembbane . 28edtaen200E alexirenie
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|
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i

sai d Pir st 2sEBdtET idle SURRIHAPASHEPEL SFTHERBER conprising a
flexible, polymeric matrix menbrance, said second separator menber bonded
to said bipolar elgctrode nber,..opposi t e Ld_fir parat.or. nenber such
that said second é%ecrtl}losdes 4 eertq spjiaﬁ“%%%fg ts\{/:\nrfl%gzgd%sog'i%rnl e'ss'ep%lr at or
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uni formy distributed therein and an electrica conductive current
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5b 24 June 2003 supercapacitor/battery el ectrode, conprising a
supercapacitor electrode | ayer of second polarity opposite said first
polarity, conprising a flexible polyneric matri x nmenbrane having an
activated carbon powder uniformy distripu&eg therein, a collector elenent
bonded to said supercapacitor electrode |ayer, and a battery el ectrode

| ayer of said second polarity, said battery el ectrode |ayer bonded to said

col l ector el enent opposite said supercapacitor electrode |ayer, said conmon
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FIG 1 is a diagrammatic representation in cross-section of a |am nated
singl e supercapacitor cell structure of the present invention; FIG 2 is a
di agranmmatic representation in cross-section of a |ani nat ed24duel2908ar al | el
supercapacitor cell structure of the present invention; 5d WO 00/ 17898 24
June 2003 PCT/US99/19595 FIG 3 is a diagrammatic representation in
cross-section of a | am nated doubl e series supercapacitor cell structure of

she presentpbR¥ent hRA: 1 R &G Adlm%t%ali' RQL-BORBLEC KRPLESENtRS iR in
cross-section of a |am nated hybrid el ectrocheni cal battery/supercapacitor

cel | str&ergrFeCsf thfespFesente ﬁﬂ/@ﬁltsluéﬁf espprrisgli 5oRigr aphi cal

repr esent-ahyoptof;ithe charge/ 10 di scharge characteristics of a
supercapacitor of the present invention; and FIG 6 is a graphi cal
representation of the cycling ~j stability of a supercapacitor of the
present i nvenn‘ihensaﬂle‘fakDESﬁ%llBﬁl o OEddHE la\NVENT kN1 2Qed &canﬂ'dmt ed
super capaghLor ,SLEELUr € 0f L hee Present Lnvention as, depl cledin LG 1
i ncl udesa p05| Pve eleclrode nenber ¢ nprising a current 16" foi
11, pref @rabhgednonheespeatbfe ani dgpere res e caimeni sdrcgrpde mﬁu@hp%lte

| am nat e%o‘l@g@'ﬁyheﬁiﬁeaﬂgsﬁi€S§Pr@11téeté’ierea@19%ﬂ%%'tr iaf sebeetrede nmenbranes 13,
13 25 conprising an activated carbon powder dispersed in a plasticized

pol yner i éulBieﬁﬁéPaﬁﬁFPFxha‘ﬁ%%g]aﬁ%%/é”eélg@& FBBE ﬁ%n%(é‘t‘l‘é?lrﬁrltarﬂayracl&ﬁ&rl ses a
current eoalikreefrosihgik ddyipsefatabinusg rpxtdwadfmkgmg@feaae@pepeafshc copper

grid, whi ed,b a r of act rb el ectrode
90 menbr s8¢ 975 25 1BLE (OB AP IO Ao RAL AR B R g
pl asti ci 2E@°EdHH6I yﬁéﬂrt@nwﬂqlieoﬁeﬂé Eéﬁlt:f—‘é)ﬁ%ﬁ Jbéxafre‘@we@heflébnﬁom te

el ectrodeinerbensc andrégatcsumdtHESSUELE aar gna@@hw&hé@t seft;ens and bond the
pol ymeric conponents and I n}rnate t he el ectrode and separator nmenbers.

Ext ensi of$PE3 C2RECHFOf he®BEP T2 sHe 5V Sdtifr EHE CRol PRcE HrI¥DiT% conveni ent | y

provi de cennegti dn des mmialerf devtthe. super capaci tor device. - 6

A particularly useful implementation of the present
invention takes advantage of the compatibilities of materials
and structure between the laminate supercapacitor and available
polymeric laminate rechargeable battery cells mentioned above
and provides a single unitary device comprising an economical
and reliable source of both high energy and high power to meet
the wide range of demands presented by modern electronic

systems.

In accordance with a first aspect of the inventicn, there is
provided a supercapacitor structure comprising in contiguity a
positive electrode member, a negative electrode member, and a
separator member disposed therebetween, wherein said positive
electrode member comprises a flexible polymeric matrix membrance
having an activated carbon powder uniformly distributed therein and
an electrically conductive current collector element bonded to said
membrance, said negative electrode member comprises a flexible
polymeric matrix membrance having an activated carbon powder
uniformly distributed therein and an electrically conductive current
collector element bonded to said membrance, said separator member

comprises a flexible, polymeric matrix membrance, and said positive
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24 June 2003 WD 00/ 17898 PCT/ US99/ 19595 Separ ator nenbrane 18 is preferably
prepared froma _ conposition conprising an earlier-noted PVdF:. HFP

copol ymer (avail able comercially from Atochem North Ameri 2 de@PRdr FLEX)
and a conpatible organic plasticizer. Such a copolynmer ., conposition is

al so preferred for the preparation of the el ectrode nenbrane el enents,
since subsequent |lamnate interface conpatibility is ensured. The

pl asticizer is preferably a high-boiling polynmer solvent, such as dibutyl
pht hal at eledinnsiehpepait kadasaid diegphyve phssrade mesberr a5 ongad osget hyl
phosphat Tnar.gani j 1) J S gFgg 1 ilanized
fumed si ?P %%%Hogﬁasﬂkér%éségd% Bﬁ%n a%tges?%&eg%ﬁgglaéa stmrg %%g‘%ﬂafg(r% %rel t

Vi scosi t ynbfary fepailbtoriangenbtarerantdyré.n some conpositions, to increase

t he subsequent | evel of electrolyte solution absorption. 15 El ectrode
menbr ane el enent scdddahde atiictsianséasly appepared theommempliast | tharedis
conposition conprising the greferred cogol ymer material in which is

di sper seB*ant Pv AR CRAEORC hWdEF t ¥ tHTe™MeEG pS Gorme FRTaliF*ehtt oyed in
super capaghl@t2@ttabhiatb@PriANY a0RTRL RhecLHIHE nkAke£astt ifRgsOr form ng
films or menbranes of polynmer conpositions may be enployed in the

pr epar at Perabftwheoppisdmy Aehldiaeenpe bmiegis. Mytepe NeBREANTG BAVERRAIE NG of
a fluid i b4 j o W ; tgr. hl ade
appar at ugg t a?e% ggf)%ﬁ %%%gefﬁ%&cfgﬁ}pé%%ﬁl{%kﬁ\%mup?&Z eﬁggﬁaﬁay%e reduced by
t he addi eilentwifcad lyeachductévaporateatl cabidatgrselemnit,; sutirsds separator
tetrahydrofuran (THF),, acetane,,.or the |like. Such coatjngs are nornally
it el o GEPRE R bhBer NHS o oPgHaIT SelF CRdh eS| PR ot ot
honogenegdgarddashbgbee bopapal ydeyaigofpesi tklebsrodk Menbeane: waterdal , 3~
particularly for use as a separator elenent, my also be forned by all ow ng
t he copoPyferrqds BempRr Gfapeforinpolagity (presére pividefirto PARELFYi n a
proporti opate ampunt £l iphastl i cafigh A e ReRb LSRN Gal ey SWOLEED, ARSS

bet ween heated (€. g., about 130C) plates or rollers, or extruding the

m xt ur e. c3sbeniddederanni formd ypditapavredrihsireint apk gnwhl edt vigkiléd upon

hi ghl y-c i ve [ ce n intain th u 3 WO
001 17505 RS 60] 10505 bLaanty ST E s Obt TSt ash PRIt i ve
el ect r odeonaedercs sahd Tiorsduetpasss tour nemberc @ipbestvr Sfaddl feteneitstrddee

| am nation of the gr es(gnt cel | nmenbers al one ensures. such intimacy and
resul ti n°TBW r &sFEPINE SEPERERT Ebnt THBTEY I At JpPEYh tes P8 W%/]i”lr?ate
super capagtt of negbhah®d eFalilys@dshd lsexhPiddrt YembSr Pdnakd tO LAGUEEAEhSUCh
integral lam nation, as well as low interface resistance, the collector

el enent s eAAGtHElpPeTbe e ARPESsR ISHS WLEFE MiPPeratey gebesnpd Bl Enpet yneri ¢
mat eri al o1£0F QXA FRKSer DY %QE&'@@étOFoPirﬁcaQ- eanptiago% saluthgn of a ~0
~ copolyner simlar to that of the electrode matrix, typically PVdF with 2
t 0 25% HFPlymewrlcheattixg memb2eace d1a430¢ dpracihyated qagbs0 metsiswds prior to

| am nat i . what . i yer. Qf ~-j .t I , t hat
obt ai ned%&l/f H"El i né’sﬁlkgﬁ% 0 g%?% %or?ngfarf heele%%%?%%yym%ﬁﬁd%éoﬁ&%eF,Sr%notvi des
excel | entcolbeadhesilonemi t sautl ehijposklbheatddegmepeeatiopned to said second

separator member opposite said second electrode member.

In accordance with a third aspect of the invention, there is
provided a supercapacitor structure formed as a unitary flexible
laminate structure comprising a first electrode member of first
polarity, comprising a flexible polymeric matrix membrance having an
activated carbon powder uniformly distributed therein and an
electrically conductive current collector element; a first separator
member, comprising a flexible, polymeric matrix membrance, said first

separator member bonded to said first electrode member; a bipolar

ba



As with the nmenbrane-form ng operations, |am nation of assenbl ed

super capacitor cell structures nmay be acconplished with comonl y-used
appar atus. Preshaped or sized assenblies may 20 be conpresseédiJure 3Rdhn
heated rollers or may sinply be pressed for a short while between netal

pl ates wei ghted at about 3x104 to 5x1g4 Pa in an oven at a tenperature of
about 120 to 160C or in a heated press providing simlar conditions. Were
conti nuous webs of conponent nenbranes are enpl oyed, the 25 operation is
pr ef er ablglesarededieberustapriearedt dilrehdereqtager sayerheff serdndoper ati on
in the super acitor.cell_fabricat] ce At al ' jon of the
R il S o Bt TR i
el ectrol ydd yinar e dertrtie aatireveei lonticigc andactivaiteyl. cStel pepdacenent i s

preferably acconplj.shed through application aof an ectrol yte sol ution
Bfter oxtiHEOEBIY of TREDPTUSITEFSHY F BNt e 6pOP THE- CEoRpURTTS 67 VORT t he
struct ur ey by rkBMRES 1IN0 aPor tAR rbpm Nad edrcehid HikHet pdiri€yJand thakcohd FI G
1, in a solvent for the plasticizer which has significantly little affect
on - g W4alunrkYSOGEPWPOMRLE7E98 FCH B88997d 3595 i her EFpdl FReenchEeFfk

mat eri al . r e.pr RPvd I ol ted be
g R S e S

m cr opor ceisarabde XL agteruchnt & fsecomdl ddychodes dteeley sf cmiev dpostaticdarotyt he 5
extraction sol.vent ap%cbﬁvi d}gfethr ou%h.ocut éhe matn%i X_an ab%ndancaectof agi?ﬁﬁﬂs) for
ret ent i o BPIRE D ForE- 3t PR&YHoR Qdasots BIEERFT Y1 "Sorlit T8y 2E 8 monl y
enpl oyed dd¥rbeuppswaiiatnt 66ml yAdistbasutet tieeidial edasdpiceoapagliddaroael | s
such as 10. depicted in the FIGs. were prepared with conpositions

conpri si NP YIFPPEEEE SRoF R rid TSR dSlietle ledst f PardePEIAileaF SHdSpRYSi cal

sui tabi | idyerht 1S idTRepb PAd AWeBEr SXBMRIBSr M Shdell UStIAl ¥erof sGhator
preparation and use. 15 EXAMPLE 1 An el ectrode coating conposition was

pr epar ed MEpbeyspRPRiitg $01¢ fofrsh dl gt rodef merdoear eaclt 106G ald)fiasti vat ed
car bon po i | ut Lo f,a ' A2 VdE: y.mer of
Cbout 3B0LTOT R (ARt em Ry e e 0 s st sed s en O TR ot o
(DBP) in shontl i6hptolr acdtcone comiel siingt ar Elaxva®lst | palegheirhic anaredixani cal
bl ender for about 10 .m nutes , to ensure ho nei t nd s then cast upon
an_ abher dITERANG8t i EnaStars SRPAA di'e "SHPT AcE WPt G 0Ck BHOBIHde devi ce
25 and aldnwedole minpberNogbdsidk EQOLIN fieRpesaddiat ol Oheralausudn henst. sihe

resulting dry, tough, flexible nenbrane of about 0.125 nm
second e e-33Y§fad Sr eAdTIVAFENBYEY SPrEnPeIRc 68PFFRF ¥ur f ace and

vas di vi dgdidedt 0582083 rQf e RROULIS GndiiBet 80 JHTG QebohdigRdadsty,
super capaci tor el ectrode el enents.
comprising a flexible polymeric matrix membrance having an activated

carbon powder uniformly distributed therein and an electrically
conductive current collector element bonded to said membrance, said
third electrode member to said second separator member opposite said

bipolar electrode member.

In accordance with a fourth aspect of the invention, there is
provided a hybrid supercapacitor and battery structure formed
as a unitary flexible laminate structure comprising a
supercapacitor electrode member of first polarity, comprising

a flexible polymeric matrix membrance having an activated

carbon powder uniformly distributed therein and an
electrically conductive current collector element; a
supercapacitor separator member, comprising a flexible,
polymeric matrix membrane, said supercapacitor separator

member bonded to said supercapacitor electrode member; a common
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30 An al um num open nesh grid of about 50 ~tmthickness, e.g., a McroGid

preci si on expanded foil marketed by Del ker Corporation, was cut to forma

current collector element 11 (FIG 1) of about 50 nm x 100 24rduneR€03f t he

pol ymer conposition 35 nmenbrane sanples was arranged in contact with each

surface of collector 11 to formelectrode elenents 13, 13 and provide an

g 24 June 2003 WO 00/ 7898 PGT/ US99/ 19595 ext endi ng col | ector terminal

tab 12. This assenbl age was pasted between rollers heated to about 125C at

a FreSSusﬁpéﬁcdﬁa@dtOQEbétﬂﬁﬁy |bmé?trddﬁ OfcbﬂbffﬁlngjnhaCEup%Mﬁapab?eor I

ol ymeri 4.0 S oftene i ent 5

Fo penet PHeRHs antr maore b BoatF borrastor Thdna S dr el oY

coher ent COBPL SAIC h af | fh?’ylké]rﬂ)eméwnﬁﬁéc cdmaltefé?(orm?’@blfi*frem Aayangar yn

p85| ti Vela@iﬁféﬂe@de dERiEher . p%wﬁ@gat uv&ef@h@%br O@f‘sﬁmlmeéd\/\/a%hétglrh,aﬂa{ for ged
~ enplo LI 0 el ect menbr anes er gri

col | ect of ¥ <Tgcolr5e%ememt' é eerdm%nalsgg8 S‘i%erc@pac%rgjét%ge& raneegoatl ng

conposi t Ak m@aﬁﬁégar@depﬁroﬁhe lgwyevi qus Wﬁleﬁeﬁ%ncé BospehsY onsefd9 g of

fumed Si]bia@@ei:@ aelJe%t&@b@ti QQy@f: Gocquzefdtka@ Kyaad RN <280k Vdkekbr:

copol ynmer_and:. in_ab Af ter bI endi ngh t he

et
o 0 mogied O ki, PRher S SR oht . etkrBrE i hne St thn B E 0 7e
t hi cknessuphi cdpais- i Adadég rivynedesanpiiesbofdetbout BO.dnpupe8GapaciCne sanpl e

18 of thgesePaf &t OheBLDr h IS 201 IARSedapet esN dNQ trode member
previ ouslaé ]&aggar ed p05| tive and negatl ve el e trﬁde menbers and the

assenbl a Pami e e d> 19 19HE 2 rah GFEReS i ndVGT dadl Bt eCPPLE" nenber s
to formuaith exabdewm@a%cmmglﬁwemap@mbmv st battame skparabor
Lam nat edepedd Sbracd UkS ]sQl1‘@asc$n9ﬁfnea§&§érda?qgi§§g/5dlt%rybqg)éc%fogé et hyl

et her V\/nere under |d agitatiaon for ab
S~- ~ h- eSPPRR I gy néPE rEAPaqieg 4 elpaaFa(’fotr SRS FaritP e et ﬁafgo r
------- neabrame (ﬁdimxtsptleo%ay\@:s edd r dot edonStrtict witeh 1Gaas thenerenoved

fromt hes@fﬁf%ﬂ AL and a rba‘%rtb?:Q 2l £0RNAe %&%W%Vfatsla&@ fEkBé' ly,
the cell activated under .a noi sturefree atrmsrgqm%re imersion inal
ey SEnyPe

M el ect r BPYAES0IRRANISR dP 15%BF6 HattaTy: FeRd ke RE1Ear BBhdt e
(EQ) : di nmetiyyédn cardeowabec{ OMI)bdtarergbeliectifodd .nut es during which it inbibed

the electrol yif $QldiyhnPe i iiG Lhe; f‘ErFra% QEE’Uéf l.am ﬂ%&t%ﬁucﬁr&gx% EQ 35
substantially replace t e 'ori I na | asticizer. 'owl ng" a
provided a method of making a supercapac1tor structure

comprising in contiguity a positive electrode member, a negative
electrode member, and a separator member disposed therebetween,
said method comprising the steps of providing said positive
electrode member, said positive electrode member comprising a
flexible polymeric matrix membrane having an activated carbon
powder uniformly distributed therein and an electrically
conductive current collector element bonded to said membrane,
providing said negative electrode member, said negative
electrode member comprising a flexible polymeric matrix
membrane having an activated carbon powder uniformly distributed
the electrically conductive current collector element bonded to
sald membrane, providing said separator member, said separator
mempber comprising a flexible, polymeric matrix membrane, and
bonding said positive electrode member and said negative
electrode member to opposite said separator member to form a
unitary flexible laminate structure.
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WO 00/ 17898 24 June 2003 PCTI US99/ 19595 m|ld wiping with absor bent mat eri al
to renove surface electrolyte, the activated supercapaci to %}a%
hermetically sealed, but for the extending term nal tabs 12 Phl n a
pol yol efin envel ope tnot shown) to maintain a 5 noi stur e-free enV| ronnment.
The supercapacitor cell, which exhibited a capacitance of about 19.2 F, was
then subjected to repeated charge/di scharge cycling of 2 mn periods in the
range of 0 - 2.5 V and 10 exhibited the cycling characteristics represented
in FIG 5. The capacit yBRIER HESIRIETEapNack t DiE dFRAMINEXt ended such cycling
remai ned at about 3.5 rrAhr as shown in FIG 6 EXANPLE 2 15 A

super capaci tor, bicel | capabl. e of f 2}) n| ficantl reater
specific ener g€ d’%ﬁ%ﬁ%/t htdpar Byt h Finwit\:}(‘i CIRN5& 1-O0f

posi ti vetakeattofpanenher Sraei gy f @bricpdied as | n Exanpl e 1 by | am nation of
collector grids 21 20 and carbon el ectrode nenbranes 23. Additi onal

el ectrode nenbranes 27, 27 of substantially tw ce the thickness were
prepared usi nglthel elect r@@@mmmpbﬁ:ttemreﬁerﬁ:e&mphmﬁ ands swereetliami nated in
the previgus ERneL: gty (0 doeheqent g9, Loyform a singl e
negative el ectrode el ec tr e menber was arranged, as e common
negat i vePEfeent ddwenséoieen two separator nmenbranes 28, 28 and the pair of
positive el ectrgdes as §hew Fnfd G ¢ Zegtid e casaeqh! egssﬁﬁéeé@mmat ed as
before to formthe bicel supercapamtor structure 20. In i s manner, the
super f | ubfis améaéﬁpaé?doﬁ@ué’&?r et addrl eStBrrIBPRRHIRT Folel PRIWREWE t o

t her eby peduge ng@éh\terl@k,gnmls of the cell. The resulting structure was
extracted and activated with el ectrolyte solution as described in Exanple 1
to yield a functional supercapacitor capable of achieving greater specific
energy density. 35 - 11 WO 00/ 17898 EXAMPLE 3
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24 June 2003 PCT/ US99/ 19595 Anot her enbodi nent of the present invention is
depicted in FIG 3 and conprises a bipolar supercapacitor structure 5 which
is capable of providing a doubling of the voltage achieved 5&~Mneﬁﬁ@3e cell
super capacwiaeo/17ss fabricating this structure each of a posi pygs#/yEHHUM
collector grid 31 and negative copper collector grid 35 were |am nated

bet ween carbon el ectrode nmenbranes 33 prepared as in Exanple 1 to yield 10
positive and negafiGe éléétﬁod@@gnammnﬁﬂq|RﬁPrQ§%ﬂ¢@ﬁ€O®lp@l@mosﬁe@ecbden
was prepar g I t n

37 of Exa ecfjfb% %%Hgﬂggbpdd%%tezlééfyﬁ@ sé;efraél ng %ffae%?. ve a clrsné]lf'(lrﬁ?n é%
and copper TE? BE¢$aﬁéslnYﬁ@il°n'p05|t|ve negative, and bipol ar el ectrodes
were then | am nated 15 with interposed separator nmenbranes 38, 38 to form
the supercapacitor capable after extraction/activation, of prOV|d|ng a two
cel | series equi vVBIEnt 4i ASaasidiqosF aFaldiurE PEBENBLE 4OB 0 FhEr CHRVERT BhER
and versatidf ty pémihetaae&wnwwmmnmlﬁr Uit erySsppetcapd ot t yr
apparent in tﬂf ébrl cel | £ i n Fl’}% 4vanereoa si ngl e supercapacitor
cel | structtfret 35 HeplEfed?i %Sarp[ ST @MY ani nated with a 25
polymeric Li-ion battery cell to yleld a structure capable of providing
bot h hi gh energy sity,an SLUH I o £BLY, i on
devi ces. | n addi tlpgﬁ t% t%egl ?nr%%at e r{:apac‘{%lrdrgtor uct u? g&zzéor%@l si ng
posi t ilfe cmse%%wglcharﬁéf,ﬁtn@éléwe(ﬁfr @déw&qﬁﬁmw 9B, thederevent

el ectrode ,iferheidr angnd?7, and separator nenbrane 28, as described in
Exanple 2, the hybrid structure conprises positive alum numgrid current
collector 41 with. lam nated positive battery el ectrode nenbranes 93, 93,
segarator/electrotyGe eembr?ngzégmlmega&ww&éyﬂﬁﬁﬂnadﬂeﬁﬁrtmka¢yﬁ¢%l rge 97 )
and a comm capa itor/ 35 batt ti,ve copper, current. collector
foil 45. oy e 2008 RO B6HTFOE6 SBCHNSedd ToRds (I 0t er y
electﬂdde nenbranes may conprise any of the polyneric conpositions
described in the above-nentioned references. For purposes of the present
exanple, a typical pcsitive intercalation electrode conposi ti on was

enpl oyed which 5 conprised a RESQRERTION PF 1BHE INKENTIONGSVh204, 2.8 g of
t he VdF: HFP copol yner of Exanple 1, 4.3 g of DBP 1 2 g of Super-P
conductive carbon powder, and about 20 g of acetone. The negative battery
el ectrode conposition was prepared as a . suspension of 7.0 g of pulverized
(<60 @O comrercifllaeinstednsbpecalepacidt@rg safrudminérofHFfhegpodserer, 3. 12
g of DBB Qe Qln WOohePi0RERTy #96 A0ULMZ R Ofa A66L Hve WRSE rode
conp05|t|ons VEre cas orm el éctrode ranes as in preV|ous
exanpl es. BEMRAY ¢ANPriephAgatoFusg eRds cpdrlm;q;f fsrigarkt orprRfRaliey in

prepared i R HXFHGE ok a-ﬁh%pfe‘nn?des|ha'$‘l'&ﬁxtlh%ﬂv glédexuh%w QB l&ﬁihé(@éh%‘mdéi‘d

packagi ng gperations were carried out In descri in Exa
The super c&ifad 1319 RIETTUF 8sPEFVERB 6r€§éﬁtqq“é;ﬂq ?ﬁL §£¥UI1§

activated WdnpraiBimg dmeaduivaees Zarbarﬁpw»xdeqnmtwﬁdlmw d
el ectrol yte ,sol.utions oyed i.n. the qftr |yte’

OSIERSRAR- Elaicte £ PR S TR LIS LSV B S e e R
di et hyl camemisie,sidihks hbyxyethpme sesukf charrentamdaldlq:nmmfwalr bidnat e

preferably in the form of a open mesh copper grid, which is

laminated between another pair of activated carbon electrode

30 membranes 13, 13. A separator member comprising a membrane 18 of
plasticized copolymer composition is positioned between the
composite electrode members, and heat and pressure are applied
to soften and bond the polymeric components and laminate the
electrode and separator members. Extensions 12, 16 of the

35 respective current collector foils conveniently provide
connection terminals for the supercapacitor device.



and m xtures thereof. Also, in the fornmulation of the _ y ~ 25 activating
el ectrolyte solutions, further useful lithiumand other salts, including
Li C104, Li N (CF3S02) 2, LiHF9, LiCF3SQg, LiSbF6, NBugBF9, Afclune 2Q8B 4 may
be enpl oySMOOK1EIBuUt i on concentrations of between about O Sremasadioses
particular utility are the exceptional ethylene carbonate/dinethyl . 30

car bonat e conposi.tions of Li PEG daxtures wt i BF4 described in U S

Pat. 5;192, 6r2r8. PREATSE é%ed\‘/ber%{;eanipﬁ e%ghéﬁ%%ﬁ%#%dpfﬁp?ﬁ?%e T¥8sBre the

pr epar at i ocompoa imioine rconfp tisefng aupsa chpartnore@SPEdF udf Pirespo bymer
ariants ar k I, S.e g | th i nt | as

st out i niPRe AT ST Y I (AL EGHIR SERRF el s AN TRIASE

super capacFLBK) sendcteucempatpirt lsd rayr gan borpl g8t 1§i 2e posfutiver edapol prier

members 2 ebLye i%'ne%;sr Qe e 0Yl £o SR 3 Lo IPIDRIN £ PGsed

t her ebet ween, erein a) sai ositive el ectrode nenber conprises a

f1 exi bl e p®l§FEFPEEHIEMOE ana AR ntl REe aTUR IR RN & 2t HHN Fefvder

un: }‘or{ﬂ y ﬂx}:ﬁéif?ébe@d [tQjHll_éirtq/ eiﬁbeéﬁuf%:alm%c;@mtiw@ﬁew{ enéI

col l ector el epent bonded . ai d .nenbr ane ai d negative electro

nmenber con%??gg’s'aggﬁ’l éxi @'}&ﬁﬁé\% CPO?FBXW"‘?& %%ﬂegﬁw P éﬁ‘%a‘&‘iffﬁat ed

car bon powslethabater, mdimeitdiyl ittdah ltatey eidi etrtdy arplet el atiecaldy ohslucti ve

curre caol | d i.d s I , . id s at gr er

conpr | Ses B FPIEERYS EAPRARE" TRoFYaRITFIIING, < yRRLE, SERGR TR0 cERER

el ectrode abwhenaand siiléndggst ifvmed ecitliotie matbdre arzeddmianhaneppoete

interface sy aces ok reAld nSeRRS #elt B s Q) ff N asdPi Aok i A fe

(rzm nate structure. 2. ATsupercapacitor according to claiml1l, wherein at
| éast one PM9sal@ EBMEeCOBPOSIEHONSS STl sh Y mURsaAUsnty. 1evel of

super capacélect astotdi Bgliu® ieimiabsdrpdiegrai n at | east one of said positive
el ect#%de menber or said negative el ectrode nenber is conposed of a pair of
el ecttode nenbrane el enments and said open-nmesh grid is thermally bonded

bet ween sai d pai Elettebdet medbraerbednmeaitenddl sl 3sace $imilahkby qungosaiedon

f said paj f | t - ' f said
opencmesh bre8 2 PPAPEICT EReAREad U (RMEITAE e dEaREbAR O3
Wt hin t heeqRrpRYBer sBRgesladt Addehdehbdls i SPRISHSefdhediitvaitese F Ry to
cl ai Im 1, vlﬁtﬁi@éfl_ ?‘jﬁi dthOngge{ ic@zmgm;trgiimqryoae?@ﬁ%ﬁa{wd %QJp%IQQW'd&h"EQf; of

Vi n ene upri age w oLO % we exa or opr o ene navyl,
nomageheo St Tt TPBu: BTt RORBOR PEACECIIM T GAT i (ot UL L hs

pl astici zesr coemlatabee wift podyme rcopoippsEit idns Aagu e capdoyedr iac ddreli ng
to claim4, yherel nogake PLashielént RafoPERD hEPLacets Wil AD Sl &cinglyie

sol ution.
coating of a fluid composition is used, e.g., with meter bar or

doctor blade apparatus, the viscosity of the composition will
25 normally be reduced by the addition of a readily evaporated
casting solvent, such as tetrahydrofuran (THF), acetone, or the
like. Such coatings are normally air-dried at moderate
temperature to yield self-supporting films of homogeneous,
plasticized copolymer compositions. A membrane material,

(%)
o

particularly for use as a separator element, may also be formed
by allowing the copolymer in commercial form, i.e., bead or
powder, to swell in a proportionate amount of plasticizer and
then pressing the swollen mass between heated (e.g., about
130°C) plates or rollers, or extruding the mixture.
35

Unlike earlier supercapacitor structures which relied
upon highly-compressive device arrangements to maintain the



6. A supercapacitor structure fornmed as a unitary flexible |amnnate
structure conprising a) a first electrode nenber of first p0|arlti§9
conprising a flexible polynmeric matrix nmenbrane having an 3car bon
powder un“kgMWﬂbghstrlbuted therein and an electrically conductive current
collector elenent; 14 24 June 2003 b) a first separator nEfi§d{599/19595
conprising a erX|bIe pol ymeric matrix nenbrane, said first separator

menber bogdgént@asaidtlimage ebﬂesbedpetme‘eﬁr reﬁbe%ti%ogde%'t%dé)d&rﬁ%@§r
of second larit opp05|te sai d rst pol r|S|n a flexible

pol yneri c2Rgt FPRA X‘E V&N & W& FiNtg ce?rJr §&9°\Fataféf%a§lg% g hgnilpBAAFion
distributed therpiresent aelel eembecal lay onendirduses csmasleninﬁﬂhhe@/t farnd

el enent saldligcon el ectr.ode ne d first_separa nmenber

t
opposi t e S&FALFFPSt 18" eSS aﬁﬁﬁb&ﬁecgf%§%;x£§§? SUBRY At of P Rﬁ@Wlaes
conprbsi nglaifmberi Bupe rpaliparditior maﬂﬂlmnmegrrnyaamﬂufﬂesmhmmlsgpamat@m

menber bopded, Lo 'Q. c el; r Si Lrst separator
menber ; Qggefgaef\%ihr‘& I %@t%rho glgr%g%ger 0 g‘ﬁtglp?q?'r s%se arl % Sl%orrprl si ng
a flexi bl énpekfaeei remastarcaenbhanechdethgranl anenist @aycb)leb@rrepmmted

uni form ysgtﬁtsgbua%ﬂ ta*ae Te'&t@‘@@ea@oﬁllp%%tﬂdl@lﬂd’lﬁ%@i@thﬂgeEH%ﬁentfor
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The final operation in the supercapacitor cell

fabrication process entails activation of the cell which

30 comprises replacement of the copolymer plasticizer with an
electrolyte in order to achieve ionic conductivity. Such
replacement is preferably accomplished through application of
an electrolyte solution after extraction of the plasticizer
from the copolymer composition of the structure by immersing

35 the laminated cell structure, e.qg., that of FIG. 1, in a solvent
for the plasticizer which has significantly little affect on
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llthlu%llocopdaymer ofJgB %09§0x103 MW (Atochem Kynar FLEX 2801) and 30 g
of dibutyl phthalate (DBP) in about 160 g of acetone. The
mixture was stirred in a mechanical blender for about 10 minutes
to ensure homogeneity and was then cast upon an abherent
polyethylene terephthalate surface with a doctor-blade device

,f) 25 and allowed to dry in air at room temperature for about 1 hour.

- The resulting dry, tough, flexible membrane of about 0.125 mm

o thickness was readily removed from the coating surface and was

. divided into samples of about 50 mm x 80 mm to be used as

supercapacitor electrode elements.

30

An aluminum open mesh grid of about 50 um thickness, e.g.,

a MicroGrid precision expanded foil marketed by Delker
Corporation, was cut to form a current collector element 11
(FIG. 1) of about 50 mm x 100 mm. One of the polymer composition

35 membrane samples was arranged in contact with each surface of
collector 11 to form electrode elements 13, 13 and provide an
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a positive electrode nenber, a negative el ectrode nenber, and a separator
nmenber di sposed therebetween, said nethod conprising the st @Aslune 2693
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20

25

mixture was cast and dried to a tough, flexible membrane of
about 0.075 mm thickness which was divided into samples of
about 50 mm X 80 mm. One sample 18 of the separator membrane was
arranged between the previously-prepared positive and negative
electrode members and the assemblage was laminated in the
manner of the individual electrode members to form a flexible,
unitary single supercapacitor structure 10.

Laminated cell structure 10 was thereafter immersed in a- -

body of diethyl ether where, under mild agitation for about 10

30

35

minutes, -the DBP component of the electrode and separator

0 formsaid

{ J

membrane compositions was extracted. Structure 10 was then
removed from the extracting bath and air-dried at room
temperature. Finally, the cell was activated under a moisture-
free atmosphere by immersion in a 1 M electrolyte solution of
LiPF¢ in a 2:1 mixture of ethylene carbonate (EC):dimethyl
carbonate (DMC) for about 10 minutes during which it imbibed the
electrolyte solution into the microporous laminate structure to
substantially replace the original DBP plasticizer. Following a
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O

EXAMPLE 2
15
A supercapacitor bicell 20 capable of achieving

significantly greater specific energy density was prepared as
depicted in FIG. 2. A pair of positive electrode members were
fabricated as in Example 1 by lamination of collector grids 21

20 and carbon electrode membranes 23. Additional electrode
membranes 27, 27 of substantially twice the thickness were
prepared using the electrode composition of Example 1 and were
laminated in the previous manner with negative copper grid
element 25 to form a single negative electrode. This electrode

25 member was arranged, as the common negative electrode, between
two separator membranes 28, 28 and the pair of positive
electrodes as shown in FIG. 2, and the assemblage was laminated
as before to form the bicell supercapacitor structure 20. In
this manner, the superfluous weight of one current collector

30 member is eliminated to thereby reduce the overall mass of the
cell. The resulting structure was extracted and activated with
electrolyte solution as described in Example 1 to yield a
functional supercapacitor capable of achieving greater specific
energy density.

35
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EXAMPLE 3

Another embodiment of the present invention is depicted

in FIG. 3 and comprises a bipolar supercapacitor structure

5 which is capable of providing a doubling of the voltage achieved
by a single cell supercapacitor. In fabricating this structure
each of a positive aluminum collector grid 31 and negative
copper collector grid 35 were laminated between carbon
electrode membranes 33 prepared as in Example 1 to yield

10 positive and negative electrodes. In addition, a single bipolar
electrode was prepared by laminating double-thickness carbon
electrode membranes 37, 37 of Example 2 to a solid bimetal foil
presenting respective aluminum 31’ and copper 35’ surfaces. Thqf)
positive, negative, and bipolar electrodes were then laminated

15 with interposed separator membranes 38, 38 to form the
supercapacitor capable, after extraction/activation, of
providing a two cell series equivalent in a single structure.

EXAMPLE 4
20
The convenience and versatility of the present

supercapacitor structure is particularly apparent in the hybrid
cell shown in FIG. 4 where a single supercapacitor cell
structure, as depicted in part in FIG. 2, is laminated with a

25 polymeric Li-ion battery cell to yield a structure capable of
providing both high energy density and high power as required in )
many utilization devices. In addition to the laminated
supercapacitor structure comprising positive collector 21,
positive electrode membranes 23, 23, negative electrode

30 membrane 27, and separator membrane 28, as described in Example
2, the hybrid structure comprises positive aluminum grid
current collector 41 with laminated positive battery electrode
membranes 43, 43, separator/electrolyte membrane 48, negative
battery electrode membrane 47, and a common supercapacitor/

35 battery negative copper current collector foil 45.

- 12 -
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The battery electrode membranes may comprise any of the
polymeric compositions described in the above-mentioned
references. For purposes of the present example; a typical
positive intercalation electrode composition was employed which
comprised a suspension of 10.5 g of Liy ¢sMn,O4, 2.8 g of the
VdAF:HFP copolymer of Example 1, 4.3 g of DBP, 1.2 g of Super-P
conductive carbon powder, and about 20 g of acetone. The
negative battery electrode composition was prepared as a
suspension of 7.0 g of pulverized (<60 pm) commercial petroleum
coke, 2.0 g of the VdF:HFP copolymer, 3.12 g of DBP, 0.37 g of
Super-P carbon, and about 12 g of acetone. These compositions
were cast to form electrode membranes as in the previous
examples. Battery cell separator 48 was formed of separator
membrane prepared in Example 1. The final lamination,
extraction, activation, and packaging operations were carried
out in the manner described in Example 1. '

The supercapacitor structures of the present invention
may be successfully activated with any of the numerous
compositions used as liquid electrolyte solutions. Notably,
there may be employed in the electrolyte solution such organic
solvents as propylene carbonate, diethoxyethane, diethyl
carbonate, dimethoxyethane, sulfolane, and dipropyl carbonate
and mixtures thereof. Also, in the formulation of the
activating electrolyte solutions, further useful lithium and
other salts, including LiCl0Q,, LiN(CF3S0;),, LiBF4, LiCF3SO0j,
LiSbF¢, NBuyBF,, and Et4NBF; may be employed in solution
concentrations of between about 0.5 and 2M. Of particular
utility are the exceptional ethylene carbonate/dimethyl
carbonate compositions of LiPFg and mixtures with LiBF,
described in U.S. Pat. 5,192,629.

While the above examples have related in large measure
the preparation of a number of useful supercapacitor
structures, other variants are likewise to be included within
the scope of the invention as set out in the appended claims.

- 13 =~
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Claims:

L. A supercapacitor structure comprising in contiguity a positive electrode member, a
negative electrode member, and a separator member disposed therebetween, wherein

a) said positive electrode member comprises a flexible polymeric matrix membrane
having an activated carbon powder uniformly distributed therein and an electrically
conductive current collector element bonded to said membrane,

b) said negative electrode member comprises a flexible polymeric matrix membrane
having an activated carbon powder uniformly distributed therein and an electrically
conductive current collector element bonded to said membrane,

c) said separator member comprises a flexible, polymeric matrix membrane, and

d) said positive electrode member and said negative electrode member are bonded to
opposite interface surfaces of said separator member to form a unitary flexible laminate

structure.

2. A supercapacitor according to claim 1, wherein at least one of said collector elements
comprises an open-mesh grid.

3. A supercapacitor according to claim 2, wherein at least one of said positive
electrode member or said negative electrode member is composed of a pair of electrode
membrane elements and said open-mesh grid is thermally bonded between said pair of
electrode membrane elements, such that the composition of said pair of electrode membrane
elements penetrates the openings of said open-mesh grid to form a cohesive bond and
embedding said open-mesh grid within the body of said electrode member.

4. A supercapacitor according to claim 1, wherein said polymeric matrix embranes
comprise a copolymer of vinylidene fluoride with 2% to 25% by weight
hexafluoropropylene having homogeneously distributed therein 20% to 70% by weight of
an organic plasticizer compatible with said copolymer.

5. A supercapacitor according to claim 4, wherein said plasticizer has been replaced
with an electrolyte solution.

6. A supercapacitor structure formed as a unitary flexible laminate structure comprising
a) a first electrode member of first polarity, comprising a flexible polymeric matrix
membrane having an activated carbon powder uniformly distributed therein and an
electrically conductive current collector element;

14
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a) a first electrode member of first polarity, comprising a flexible polymeric matrix

membrane having an activated carbon powder uniformly distributed therein and an electrically
conductive current collector element;

b) a first separator member, comprising a flexible, polymeric matrix membrane, said first
separator member bonded to said first electrode member;

C) a bipolar electrode member, comprising

a first electrode layer of second polarity opposite said first polarity, comprising
a flexible polymeric matrix membrane having an activated carbon powder uniformly
distributed therein,

a bimetallic collector element having a first metal layer appropriate for said
first polarity and a second metal layer appropriate for said second polarity, said second
metal layer of said bimetallic collector element bonded to said first electrode layer, and

a second electrode layer of said first polarity, comprising a flexible polymeric
matrix membrane having an activated carbon powder uniformly distributed therein,
said second electrode layer bonded to said first metal layer of said bimetallic collector
element,

said bipolar electrode member bonded to said first separator member opposite said first
electrode member such that said first electrode layer is in contact with said first separator
member;

d) a second separator member, comprising a flexible, polymeric matrix membrane, said
second separator member bonded to said bipolar electrode member opposite said first separator
member such that said second electrode layer is in contact with said second separator

15
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0. A supercapacitor structure according to claim 7, wherein said battery electrode member
comprises a plasticized polymeric matrix composition of a lithium intercalation compound, and
said battery electrode layer comprises a plasticized polymeric composition of a material
capable of intercalating lithium ions.
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10. A method of making a supercapacitor structure comprising in contiguity a positive
electrode member, a negative electrode member, and a separator member disposed
therebetween, said method comprising the steps of:

a) providing said positive electrode member, said positive electrode member comprising a
flexible polymeric matrix membrane having an activated carbon powder uniformly distributed
therein and an electrically conductive current collector element bonded to said membrane,

b) providing said negative electrode member, said negative electrode member
comprising a flexible polymeric matrix membrane having an activated carbon powder
uniformly distributed the electrically conductive current collector element bonded to said
membrane,

) providing said separator member, said separator member comprising a flexible,
polymeric matrix membrane, and

d) bonding said positive electrode member and said negative electrode member to
opposite said separator member to form a unitary flexible laminate structure.

11. A method according to claim 10, wherein said step of bonding comprises arranging
said positive electrode member and said negative electrode member on opposite interface
surfaces of said separator member to form a unitary structure and heating said unitary structure
under pressure to soften the polymeric matrix membranes and effect a cohesive laminate bond
to form said unitary flexible laminate structure.

12. A method according to claim 10, wherein said wherein said polymeric matrix
membranes comprise a polymer composition having homogeneously distributed therein 20%
to 70% by weight of an organic plasticizer compatible with said polymer, and wherein said
method further comprises the steps of:

€) removing substantially all of said plasticizer from said laminate structure with

a polymer-inert solvent, and

f) replacing said plasticizer with an electrolyte solution.
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