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H GH PERFORNPRICEM M BLE LAYER cAPACI TORS | NCLUDI NG ALUM NUM
GARBON COWPOSI TE ELECTRCDES Background of the Invention

The present invention relates generally to an el ectric double Iayer
capacitor, and nore particularly to a high performance doubl e capacitor
conprising al um num carbon conposite el ectrodes and a hi gh performance
el ectrolyte solution, and further includes a nethod for fabricating the
sane. Doubl e | ayer capacitors are energy storage devi ces
that are able to store nore energy per weight than traditional

capacitors and they can tHpEGHaPERFORMANCE| DOUBLEc LANERgCARACITORGher power
rati ng than many IRCTAMING (AL WEENWS i GARBOD RONPOSLEE ELECERORES

consi st of two porous electrodes that are isolated from el ectrical
contact by a porous separator. Both the L - separator and the ‘el ectrodes
are inpregnated 288 ution. This allows ionic
current to flow The present invention relates generally to an

electric double layer capacitor, and more particularly to
a high performance double capacitor comprising 5iuminum
carbon composite electrodes and a high performance
electrolyte solution, and further includes a method for
fabricating the same.

Double layer capacltors are energy storage
devices that are able to store more energy per weight
than traditional capacitors and they can typically

" deliver the energy at a higher pover rating than many
rechargeable batteries. Double layer capacitors consist
of two porous eieetrodes that are isolated from
‘electrical contact by a pbrous'sepa:ator. Both the
separator and the electrodes are impfegnated with an
electrolytic solution. This ellows'ionic'current to flow
between the electrodes while preventing electrical
‘current from shorting the cell. On the back of each of
these 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.

When electtic potential is applied across the
"two electrodes in a double layer capacitor, ionic current

" flows due to the attraction of anions to the positive
electrode and cations to the negative electrode. Upon
reaching the electrode surface the charge is absorbed
into the solid liquid interface region. This is
accomplished by absorption of the charge species
themselves or by realignment of the dlpoles of the
solvent molecule. The absorbed charge is held in the
region by the opposite charges in the solid electrode.
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capacitors nejtlesearbon sebectrodes halssbeencknowhhina the art for

quite some time, as evidenced by United States Patent
Nos. 2,800,616 (Becker), and 3,648,126 (Boos et al.).

g A major problem in many carbon electrode
capacitors is that the performancé is often limited '
because of the high internal resistance of most carbon
electrodes. This high internal resistance is due
primarily to the hiQh'contact resistance of the carbon-

. carbon contacts. This high resistance translates to
large ohmic losses in the:capacitbr_during the discharge
phase. Loﬁering'this'internal_resistance_ih double layer
capacitors7is achieved primarily through the reduction of
electronic resistance in the electrode. . _

| It is also difficult to simultaneously achieve
a combination of large surface area and sufficient
control éf the carbon electrode porosity. Carbon
electrode porosity translatés to the'degreé of
electrolyte accessibility to the surface carbon atoms.

In order to increase the operating voltage of
many double layér capacitors, individual cells are often
stacked in series. Current paths between cells must be
minimized in order tq reduce ohmic losses. The optimum
design is to have adjacent cells separated with only a
_single current collecting plate. This plate must be non-
porous so that no electrolytic solution is shared between
cells. Separation preventé losses due to the shunt
current path between cells. This type_df design is
‘called bipolar. 1In a bipqlar double layer capacitof, one
side acts as a pdsitive electrode and the other side acts
as a negative electrode for an adjacent cell. U.S.



ttchnol ogy because carbon has a | ow atonmic wei ght and carb des
can be fabri ¥ Wii§e n very high surface areas. Fabricati oﬂ&g?h%glézﬁe

| ayer- capacitors wi th carbon el ectrodes has been known in the art for
gquite sone tinme, as evidenced by United States Patent Nos. 2,800, 616
(Becker), and 3,648,126 (Boos:et al.). -~ A major problemin
many carbon el ectrode capacitors-is that the performance is often
limted because of the high internal resigtance of nost carbon

el ectrodes. This high internal resistance is due primarily to the high

font a|Ct t resit st angatent %ﬁca,tsz‘el ,963, ca'aéiﬁdh etsmtm.cn'.s.%d&é,s 1 gin(rjaséz?Mw
ransl ates to rge qQhmi osses 4. n the capacitqr during the discharge
phase. Loweri ng ﬁ# gq%rﬁ &m&%s‘f éqyf%o%rﬁ%cﬁ%'r capacitors is
achi eved primarily through Anuothreard doubie dfayer aaApactitoy designtthat has

t he el ectrode. : [ S, i f T | t usl chi eve
a conbi nati on of rlegreég'l urqeféé&earp}ﬁéln%& ?u% fdl %kgfﬁéf ﬂﬂ(ﬁ)&nt rol” of I%’h%'

carbon el ect r ode Radensi tNo. Garlsidh 283, dasned ko pinshidy, ¢adlates to the
degree of el Ridlodds HHe Sidiigld Yof kHd sFivd P BELE! ONfn the

capac tors. | ndi FaRRida: &l &l Sahan, A e lackuis GRS | Ay ers FRARLERR ns
between cells migasha paimict Polat izablel@ldctradbs caposed aies. The
o hgle current cOeSEALR N, FHAve B aORUL ° il 'Susktpaths are
that no el ectrol yoatesblin layers sfaedixtwesepf activated karhon iwith a
rpent g 72" S0 g s ol RN e e 11 (V00
- electrodes face each other interposed by a separator
impregnated with an electrolyte. This capacitor has
advantageous features of both conventional capacitors
which use agueous electrolytes and capacitors which
typically use organic solvent electrolytes.
An advantage of the spiral wound cell of the
" double layer capacitor is that large surface area
electrodes can be rolled into a small case. The large
electrodes greatly reduce the internal resistance of the
capacitor and the case greatly simplifies the capacitor
seal or the sealing required for the double layer
capacitor. In a bipolar design each cell must be sealed
around the perimeter of the electrode. However, in a
wound design, only the outer can requires sealing. This
design is not as effi¢ient as a bipolar design when the
cells are stacked in series, because the resistance of
-the lead wires will add to the ohmic losses.

- The present invention, however, is more .
concerned with electrochemical or double layer capacitors
having aluminﬁm/carbon composite electrodes. The
metal/carbon composite electrodes, and more particularly,
the aluminum/carbon composite electrodes,'tend to
minimize the internal resistance of the electrode.
Teachings in the related art that are of particular
importance involve methods of fabricating the '
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PCT/ US95/ 12772 - 3- Pat ent No. .
3,536,963, issued to D.L. Boos, is an exanple of this bipolar double

| ayer capacitor. Anot her doubl e |1 ayer capacitor design that
has recently becone popular is a spiral wound cell. US. . Pat ent No.
5,150, 283, issued to Yoshida, et al., -44di scl oses one exanple of the

spiral wound cell. In the Yoshida et al. patent an el ectric double
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An advantageinkethalspnsmstamumdcdbhanﬁbntupmposite electrodes have.
been disclosed over the recent Years. For example, the
' Yoshida et al. patent (United States Patent No.
5,150,283) discloses a method of fabricating a
alumirmm/ carbon composite electrode by depositing carbon .
powder and other electrical conductivity-improving agents
on an aluminum substrate.
- Another related approach is disclosed in United
States Patent No. 4,597,028 (Yoshida et al.) which
teaches that the incorporation of metals such as aluminum
into carbon fiber electrodes can bé7accdmp1ished through
weaving métallic_fihers into carbon fiber preforms.
United States Patent No. 4,562,511, (Nishino et
al.) describes yet another approach where the carbon '
fiber is dipped into an aqueous solution such that a
layer of a-conductive metal oxide, and preferably a
transition metal oxide, is formed in the pores of the
carbon fibers. Nishino et al. also discloses the
formation of metal oxides, such as tin ox1de or indium
oxide by vapor deposltlon. '
Still another related method is disclosed in
United States Patent Nos. 5,102,745, 5,304,330, and
. 5,080,963 (Tatarchuk et al.). These disclosures
. demonstrate that metal fibers can be interwoven with the
carbon preform and sintered to create a structurally
stable conductive matrix which may be used as a composité
electrode. The Tatarchuk et al. patents also teach a
process that reduces the electrical resistance in the
composite electrode by reducing the number of carbon-
cafbbn_contacts, Which current must flow through to reach
the metal conductor. This approach works well if



doubl e | ayer acitor is that |arge surface area el ectro
wodsifsss e o

rolled-into case. The | arge el ectrodes greatly reduce the
internal resistance of the capacitor and the case greatly sinplifies
the capaci t or seal or the sealing required for the double |ayer
~capacitor. In a bipolar design each cell must be seal ed around the
perimeter of the electrode. However, in a wound design, only the outer
can requires sealing. This _  design is not-&s efficient as a bipolar
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double layerlgapacitors is important because aluminum is
the optimum metal in terms of cost, availability and
performance. For example, with an aluminum/carbon
composite electrode, in a double layer capacitor with a
nonagueous electrolyte, it is quite possible to achieve
an operating voltage of 3.0 volts. However, with nickel
or stainless steel in lieu of aluminum, the operating
voltage must be reduced to less than 2.0 volts.

Related designs_of double layer capacitors are
also discussed in United States Patent No. 4,438,481,
issued to Phillips, et al.; United States Patent No.
4,597,028 issued to Yoshida, et al.; United States
Patent No. 4,709,303 issued to Fujiwara, et al.,; United
States Patent No. 4,725,927, issued to Morimoto; and
United States Patent No. 5,136,472, issued to Tsuchiya,
et al.

Another area of great concern in the
fabrication of double layer capacitors is concerned with
the method of fabricating the current collector plate and
adhering the current collector plate to the electrode.
This is important because the interface between the

. electrode and the current collector plate is another
source of internal resistance of the double layer
capacitor. ' . .

The Nishino et al. patent (U.S. Patent No.

4,562,511) suggests plasma spraying of molten metals such

as aluminum onto one side of the polarizable electrode
thereby forming an appropriate layer which acts as the
current collector. This patent further considers
alternative techniques for bonding and/or forming the
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 United States Patent No. 5,099,398 (Kurabayashi

et al.) discloses a method of bonding of the current
collector to the electrode by chemically bonding a thin
film collector such that some of the material of the
current collectors enter the pores of the electrode
elements. This patent further discloses some other
conventional methods of bonding the current collector to
the electrode including the use of electrically .
conducting adhesives and bonding under pressure and heat.

Still other related art concerned with the
method of fabricating and adhering current collector
plates can be found in United States Patent Nos.
5,065,286; 5,072;335; 5,072,336; 5,072,337; and 5,121,301
all issued to Kurabayashi et al.

Aécordingly, there is a continuing need for

_improved double layer capacitors with Carhon/aluminum
. composite electrodes. These improved double layer

capacitors need to deliver large amounts of useful energy
at a very high power output and power density ratings.
These improved double layer capacitors should also have a
relatively low internal resistance and yet be capable of
yielding a relatively high operating voltage.

. Furthermore, it is also apparent that
improvements are needed in the téchniques and methods of
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- 5- stainless steel or nickel fibers are used as the netal.

However, this approach has not been successfs«b=when . al um num fi bers are
used because of the formation of . al um num car bi de during the sintering
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performing capacitors because of the significantdy higher
energy densities and power output ratings.
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The present invention is a high performance
double layer capacitor having an electric double layer
formed in the interface between activated carbon and an
electrolyte. The high performance double layer capacitor
includes a pair of aluminum impregnated carbon composite
electrodes having an evenly distributed and continuous
path of aluminum impregnated within an activated carbon
fiber preform and saturated with a high performance
electrolyte solution. The high performance double layer
capacitor is capable of delivering at least 5 Wh/kg of
useful energy at power ratings of at least 600 W/kg. The
present invention further identifies methods of making
the high performance double layer capacitor. '

Accordingly, it is an object of the present
invention to provide an improved double layer capacitor
having a relatively high energy density of greater than
5 Wh/kg. '

. It is another object of the present invention
. to providé an improved double layer capacitor having a
maximum useable power density of greater than 500 W/kg.

It is a further object of the present invention
to provide an impro#ed double layer capacitor having a
relatively low internal resistance.

An important feature of the invention is the
high surface area and highly porous aluminum/carbon
‘composite electrode which when used in a 3.0 Volt cell
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Rel at ed i of double | ayer capacitors are al so di Uni ted
St at es ﬁgégﬁ?ﬂﬁB 4,438, 481, I ssued to Phl||IpS et aF&ﬁH%%S?QQQStateS
Pat ent No. 4,597,028 issued to Yoshida, et
Patent No. 4,709,303 issued to Fujiwara, et j
No. 4,725,927, issued to Mrinoto; and Unlted Stzat.es -Pat ent {{No.
5,136,472, issued to Tsuchiya, et al. ' area of
great concern in the fabrication of dguble |ayer capaC|tors S
concerned with the nethod of fabricating the current collector plate
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| nportant be . ' f.ac el ectrode and the current
col | ector pl %?ggl%sl Ia;%‘é;t gefr at %Wfﬁ% érnal resistance of the double
| ayer capaci tor. Another impormant\ifgaturetofitheainventios. ifat ent
No. 4, 56 1 f it

the Jihe%gﬁ@i%é USSP YR ailahdddl éleél!}.ldéﬁft XS e%t&ﬁlsor o ng an

alun1nun1onto one e of the polarlza e electro
appropriate Ehpdr ajdiown higher, operating vpltageswo| | ect or Thi s patent

further considers qhhe@@ﬁgéﬁttﬁﬁﬂﬁﬂﬂmﬂﬁsﬁﬂytﬂgyniﬂﬁldHEH(anorﬂlng t he
VO 96/11486 improved method of making the high per (;géﬁgﬁgéjzoéile
layer capacitors by impregnating molten aluminum into
carbon fiber preforms. The present invention also _
identifies various improvements in the fabrication of '
aluminum/carbon composite electrodes and techniques for
bonding the current collector plate to the electrode.
One improved feature is the use of selected
‘wetting agents to improve the process of the impregnating
molten aluminum into carbon fiber preforms.
Another improved feature is the application of
ultrasonic vibrations and the cycling of external
- pressure during the impregnation process as a means for
improving the wettability of molten aluminum into the
carbon fiber preforms.
- Yet another feature of'the present invention is
an improved means for bonding the composite electrode to
an aluminum foil current collector involving a diffusion
bonding technique performed in an inert atmosphere and a
bonding temperature well below the melting point of
aluminum.

o
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These and other objects,. features and
. advantages of the present invention will be more apparent -
. from a thorough consideration of the drawings and
detailed description that follow.

In the following detailed description,
reference will be made to the attached drawings in which:.

_—
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sputtering, non-electrolytic plating, and use of conductive paints.

The Tatarchuk et al. patents (U S. Patent Nos. - 5,102, 745, 5, 304, 330,
and 5, 080, 963) show t he bondi ng of - a netal foil current collector to
the el ectrode by sinter bonding the netal foil to the el ectrode el enent
United States Patent No. 5,142,451 (Kurabayashi et al.) discloses a

nmet hod of bonding of the current col l ect8r to the el ectrode by a hot
curing process such that the yaterial of the current collectors_enter

‘the pores of the el ectFlftre klihehigectional view of @ stagle £kl pat ent
No. 5,099, 398 (Highhertormancetddible dlaaféﬁswp@cmmﬁméca@m&ﬂaeof the

current col | ector,_.to the el.ectrod chem cally bonding a thin
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enter the pores of the el eRIG.odaa is a desttinml Hepresentationtdfra
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Still other related art conger neddid mééaonammggné@@ma&m and
adhering current caqll ector es can be found'in I ted States Pat ent
Nos. 5, 065, 2@6‘-1'%? °f§"§’ﬁz | pexformance a?lﬂp%li’él typa double
i ssued to Kurabawysy capaaiitors. - Accordingly, there is a

continuing need for I nproved doubl e | ayer capacitors with
carbon/al um num - '

Detajled I ipti ¢ the I £y
The high performance double layer capacitor
disclosed herein is preferably a large bipolar type
double. layer capacitor that can deliver large amount of
useful energy at a very high power output and power
density ratings. Specifically, the high performande
double layer capacitor is capable of delivering at least
5 Wh/kg of useful energy at power ratings of at least 600
W/kg. Further, the preferred high performance double
layer capacitor demonstrates a relatively low internal
resistance, yielding a charge/discharge efficiency rating
of at least 90 percent and also demonstrates relatively
high operating voltages of approximately 3.0 Volts for a
- single cell capacitor. When configured as a series stack
of bipolar type double layer capacitors, the high
performance capacitor stack operates, for example, as
much as 350 Volts and will store about 1.8 MJ of energy.
The high performance double layer capacitor

__preferably includes advanced aluminum/carbon composite
electrodes with a hlqh performance electrolytic solution.
Of particular importance is the advantageous method of
fabricating the aluminum/carbon composite electrodes and
the method of adhering the current collector that are
employed with the present high performance double layer
capacitors.
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deliver |arge anmounts of useful energy  at a very high power t and .
power density ratings. These inproved doubl e | ayer capacitors should
al so have a relatively lowinternal resistance and yet be capable of

- yielding a relatively high operating voltage. Furthernore, it
is also apparent that  inprovenents are needed in the techniques and

. met hods of ' ' -10- -7- fabricating double

| ayer capacitors w th al um nunf carbon conposite el ectrodes in an effort'to
| ower the internal resiBefREEing tAcFIGublcal 8ibgleapadilt bighnd naxi ni ze
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densiti es anccoupesitetelectnddegsl2 afdnid| yanf eléetrontst separator
18, an electrolyte 20, a pair of current collector plates
22 and 24, and electrical leads 28 and 29, extending from
the current collector plates 22 and 24. -
The pair of aluminum/carbon composite
electrodes 12 and 14 are preferabiy formed from a porous
carbon cloth preform or carbon paper preform which is
impregnated with molten aluminum. The porosity of the _ ‘ :
aluminum/carbon composite electrodes 12 and 14 must be
cloSely controlled during the impregnation process to
subsequently permit a sufficient amount of the
electrolyte 20 to be introduced into the double layer
capacitor 10 and penetrate the pores of the carbon
fibers. . |
The pair bf current collector plates 22 and 24
are attached to the back of each aluminum/carbon
composite electrode 12 and 14. Preferably, the current
collector plates 22 and 24 are thin layers of aluminum
foil. In this single cell capacitor configuration, the
current collecting plates 22 and 24 are preferébly non-
porous, such that they can also be used as part of the
external capacitor seal. N
An electronic separator ‘18 is placed between
the opposing aluminum/carbon composite electrodes 12 and
. 14. The electronic separator 18 is preferably made from .
a highly porous material which acts as an electronic
insulator between the aluminum/carbon composite
electrodes 12 and 14. The purpose of the elgctronic
separator 18 is tb assure that the opposing electrodes 12
and 14 are never in'cont;ct with one another. Contact
between electrodes results in a short circuit and rapiad
depletion of the charges stored in the electrodes. The
porous nature of the electronic separator 18 allows
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ﬁoohw kgf The prqilwanl\éﬁtlvecmimfiusﬁéleiniﬁem'eiéeermbedzom ‘Ph&i ng t he

i gh performance doubl e | ay pacj t or nt invent
further includes BEFS %‘€ ﬁ?‘fé?“l%"%fs%ﬂﬂgbfhg ht® ngg#%?%ance dgﬂb: gn

| dyer capacitors ﬁzylypmp;glme ndisiol apprakimately i htmil;atbimkfl bThe
preforms. The preg ﬁ%ﬁé@%ﬁ@%% Sfatdenis fiRPCYA11PUSARBECYATERRS N the

fabrication of al osite e trodes,and techni ques for
bondi ng the curreﬁ&eQﬁ#¢k¥§%r2QHEE%P¥dt?hEnﬁﬁﬁk%?%d%t betyeen €cription

gf Dr awi ngs aluminii J&@rﬁéﬁ'%ﬁ@sﬂ@é%ié@tﬂ@&éﬁlmlm 1eference will

e made to the attached rqﬂﬁnqgeif gmi&ér 11 can be any known packaging
means commonly used with double layer capacitors. 1In '
order to maximize the energy density of the double layer
capacitors, it is an advantage to minimize the weight of
the packaging means. Packaged double layer capacitors
are typically expected to weigh not more than 25 percent
of the unpackaged double layer capacitor. The electfical

- leads 28 and 29 extend from the current collector plates

22 and 24 through the cell holder 11 and are adapted for
connection with an electrical circuit (not shown).

As seen in FIG. 2 and FIG. 3, a bipolar
aluminum/carbon composite electrode 30 and a
corresponding series stack of the high performance
bipolar double layer capacitors 40 are illustrated. The
‘bipolar aluminum/carbon composite electrode 30 comprises
a polarized aluminum/carbon composite body separated with
a non-porous current collector plate 36. Attached to one
surface 37 of the current collector plate 36 is a charged
electrode 32 for a first cell. Attached to the opposite
surface 38 of the current collector plate 36, is an
oppositely charged electrode 34 for a second cell. 1In
. other words, if the first electrode 32 is a negative

. electrode for a first capacitor cell "aA", the second
electrode 34 is then a pésitive electrode for an adjacent
‘cell "B". _

_ ~ As seen more clearly in FIG. 3, a series stack
of the high performance bipolar double layer capacitors
40 includes a plurality of cells (A, B, C,and D) which
are preferably connected in series. Each cell includes a
pair of aluminum impregnated carbon composite porous
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FIG 1 iwoReaffsi onal view of a single cell high perform%@@ﬁil ayer

capacitor in accordance with the present invention; is a
sectional representation of a bipol ar al um nunf carbon conposite el ectrode

in accordance with the present invention; and - FIG 3 is a
sectional representation of a series stack of the high performance bipol ar
type doubl e | ayer capacitors. Detail ed Description of the Invention

The hi gh perfornmance doubl e | ayer capacidgg-disclosed herein is preferably
a large bipolar type double |ayer capacitor that can deliver |arge anount

gf us]§f ul | fn@m&o@yearz/fammpmz tone awtmed@idsnsht ioﬁi‘%ilam!lﬁf
peci fically, per or mance, do ca CI gapable o
del i veri ng athr&ith: %&%ﬁ‘?ﬁﬂ% ety g%? ? ngs of at | east
600 W kg. Fupﬂmlﬁﬁpqﬂeﬁmﬁmdugmmém neollecbobs o4 8 ayee plaeedt or
deronstrat o i ety A | AUt R ANE oy FUCELSY B8 paving

char ge/ di scharge |C|ency { of at and
denonst r at es bW &dJ qﬂﬂquplﬁﬁikﬁdrﬁ}%&ﬁ#Q&R% 0 %m®rtk|qﬁ1@i§fsrenbblts
for a cells bonded thereto, as described herein. Further, a

sufficient amount of an electrolyte 50 is introduced
within each cell such that the electrolyte 50 saturates
the composite electrodes 42 and 44 and separator 46

within each cell. Exterior current collecting plates 49 '

' are placed at each end of this stack.

The individual aluminum/carbon composite
electrodes 42 and 44 are preferably formed in a manner
similar to the process described above. Each electrode
is fabricated from a carbon éloth preform or carbon paper
preform which is impregnated with molten aluminum. As
above, the porosity of the aluminum/carbon composite
electrodes 42 and 44 must be closely controlled during
the impregnation process to subsequently permit a
sufficient amount of the electrolyte 50 to be introduced
into the capacitor cell and penetrate the pores of the
carbon fibers. '

The aluminum impregnated carbon composite
electrodes 42 and 44 are sufficiently porous and
preferably have an evenly distributed and continuous path
of aluminum impregnant within activated carbon fibers |
such that the equivalent series resistance of each

- composite electrode when used in a 3 Volt cell is about
1.5 Q cm’ and the capacitance of each composite electrode
42 and 44 is approximately 30 F/cm’ or greater.

The internal current collector plates 48 of
each bipolar electrode are preferably non-porous layers
of aluminum foil designed to separate the electrolyte 50
between adjacent cells. The exterior current collecting
plates 49 are also non-porous such that they can be used
.as part of the external capacitor seal, if necessary.



single cell GaRfikgyr- Wen configured as a series stack of b}@ﬂhggﬂtzyﬁe
doubl e | ayer capacitors, the high performance capacitor stack operates,
exanpl e, as much as 350 Volts and will store about 1.8 M of energy.

The hi gh performance doubl e | ayer capacitor preferably includes advanced
al um nunif carbon conposite electrodes with a high performance electrolytic
solution. O particular inportance is the advantageous nethod of
fabricating the al um nuni carbon conposite el-as~ odes and the nethod of
adhering the current collector that are enployed with the present high
performance doubl e | ayer c#melemtronic sap®thr3F is placed between

PCT/ US95/ 12772 V|eWPFPSIQ§ aﬁumln /carbq¥ ﬁ?ﬂﬁyﬁléﬁ electrodes 42 and &

1.is a sectional e cent or mance ayer
capacitor in accéfd¥ithin a \Hatﬂ#-"{c’r\'é-% capaciteorenaldy;, The electroruqm G

2 is a sectional se-ga&awitata a3 ‘ifreﬁferablliﬂ RO g cilg Jllyﬁ&'wﬁhé‘ﬁmé' te

e eotrode in aocdifetie o il Bt AL AT e winane
: cell configuration. :

Many of the attendant advantages of the present
double layer capacitor result from the preferred methods
of_fabricatihg the aluminum/carbon composite electrodes,
the preferred method of adhering the current collector,
and the use of high performance electrolytes. Each of
these aspects of the invention are discussed in further

detail in the paragraphs that follow.

ALUMINUM/CARBON COMPOSITE ELECTRODE
As'identified'above,.the'aluminum/carbon
composite electrode -is preferably made from a porous
carbon fibef cloth preform or carbon fiber paper preform
which is impregnated with molten aluminum. The preform
can be fabricated from any suitable activated carbon
fiber material such as carbon fiber felt or other
activated carbon fiber substrates having a sufficient
porosity to receive the impregnated molten aluminum and
electrolytic solution. _
The impregnated aluminum is evenly distributed
and continuous throughout the preform such that it
provides a low resistance current path within the
electrode. The aluminum/carbon composite electrode also
.remains sufficiently porous so that an electrolytic
solution, preferably a nonagueous electrolytic solution,
infiltrates the pores of the activated carbon fibers.
' The fabrication process of the aluminum/carbon
composite electrodes of the double layer capacitor starts
with the fabrication of a carbon fiber electrode preform.
The carbon fiber electrode preform is typically
manufactured paper or cloth preform using high surface



series s{¥dgnqhsst he hi gh performance bipolar type double pepdigosfiarr2

capacitors.

hi gh perfornmance doubl e | ayer capacitor
a |large bipolar type doubl e | ayer capacitor that can deliver |arge

anount of

Detail ed Description of the Invention

useful energy at a very high power output and power

density ratings. Specifically, the high perfornmance doubl e | ayer

capaci tor

power ratings of at |east 600 WKkg. Further, the preferred high
per f or mance &@veBl garbon| @é’ﬁr%pameorsmtmaes)ﬁ these icaxthon ow

i nt er nal

vol t ages of SBPPOR

£ipars! 2Ane ra)ﬁb%l Fridth ApPRAEHMA Y HIY S [dd e ’iﬁzgﬁr at g

of at |east 90 erc%gt and "al so denpnstrates rélatively

bery P&"G‘\/&F’tesf*@r is °°ns§%f€4:é7jlt}taﬁi%ﬂﬂ44ﬁd When

The

di scl osed herein is preferably

i s capabl e of delivering at | eads= 5 Wh/ kg of useful energy at

opérating

configured apaperchakingt egliipmentf usitg appra¥dnitidly d-apEuapaci tors,

t he high

as 350 Vol { sAARBeReF| CRkPE SOHIES: ) e ot gy & Lengel o “ro oD

per f or mance dppbbzimatedyc2p&o Zomm. qumﬁuiuﬂd3fmbaﬁauh£sanhpanahne
al um nunt car gy gHBOQ'ﬂsQ by a a%h%&t ft%d%‘ixe t{n%[é‘?‘ ndin
u ortance ISt van

el ectrolytic So
agentr ppgt ing orﬁerartemcmhr@&r ronssditye off &he odes and
enpl oyed with the

met hod of

t he met hod ofegdmgihggpyggogﬁrrent col l.ector that are

cul ar age

present high perfornan%g doubl e I%%% L clc&gpa0|tors

e car preform is preferably a

commercially available cloth which uses woven carbon

fibers also having a surface area of approximately 500 to

3000 m’/g and a diameter of approximately 8-10 um. The
carbon fiber cloth preform is typically more expensive
than the carbon fiber paper preform but the carbon fiber
cloth preform has more structural stability than the
carbon fiber_paper'preform.' The surface area and other

dimensions of the carbon fibers, however, can be easily

tailored to meet the requirements of the application in
which it is used..
Impregnatzon of the carbon fiber preforms with

molten aluminum is preferably accomplished using a plasma

spraying technique, or alternatively by using a liquid
infiltration or dipping technique. In the plasma
spraying technique, the molten aluminum is preferably
sprayed onto both sides of the carbon fiber preform.

Plasma spraying molten metal has previqusly'been_used-in'
double layer capacitor construction, but has typically
. been used only as a means for forming the current

collector. - :
The plasma spray technique is optimized to

- penetrate into the carbon fiber cloth preform and form a

porous and evenly distributed aluminum matrix. This

- optimization is accomplished by adjusting the'electrical

current to_the_spray unit, the temperature and pressure
of the molten aluminum, the distance of the plasma spray

nuch

-
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-10- WO096/11486Ref erring to FIG 1, a single cell high  PCIAIPHIHEhce
- doubl e layer capacitor 10 is illustrated i ncluding a cell holder ‘11, a
+ pair of alum nunl carbon - conposite electrodes 12 and 14, an electronic

separ at or 18, an electrolyte 20, a pair of current collector plates

22 and 24, and electrical |eads 28 and 29, extending from the current

collector plates 22 and 24. : The_pair of al um nuni car bon

conposite el ectrodes 12 and 14 are preferégry formed froma porous

ol ton 4l um num SAtheEFaRGERS, cBFBoh E1BeR] HrERGER. . And, thal pRap, 8¢ wrld"

el ectrodes 12 anplasmauspray unitLoser control l ed during the inpregnation
process to SUbseq“e”tlyﬁﬂegﬂbti@qﬁﬂifiﬁfﬂiriﬁﬁﬁttﬁzhb@&ue ehactrol yte

20 to be introduced into t ayer capaci t 10 penetrate the
pores of the carBejten alpyminum is 1mpregnatgﬁe BEPr the SEruSkure;Pect or

plates 22 and 24gippa#hg 8kt ififiegsifgt BRebaakboh cabbrabwfauﬂd dm'boa |
S 21 SR As By e FASRehE HoLEah B, HLGGRT, ol
not wet the surface of carbon fiber easily, therefore it
does not enter into the pores of the carbon fiber.
Because of the poor wetting properties of carbon, special
' techniques are needed to properly impregnate the molten
aluminum into the interstices of the carbon fibers.

These electrode impregnation enhancing
techniques involve variations of'impregnation techniques

" that are used to create aluminum graphite composites in
the aerospace industry. These impregnation tédhniques
are uniquely adapted and modified for the present method
of fabricating of'aluminum/carhon composite electrodes.
For example, it is necessary to accurately control the
impregnation process so that the composite electrode
remains adequately porous for the electrolytic solution
to carry ionic curremt. = '

‘One such technique of improving impregnation
uses an ultrasonic vibration to improve the wettability
of ca¥bon fibers by molten aluminum. As the carbon fiber
preforms are being immersed in the molten bath to be
impregnated with the molten aluminum, ultrasonic
vibrations are directed to the site of impregnation.

When these vibrations oscillate the pressure in the

‘liquid cause localized cavitations. At some particular
frequencies, the molten aluminum is pumped into the
interstices of the carbon fibers. By varying the
frequency of the ultrasonic vibrations, the level of
impregnatlon can be controlled, thereby assuring the
porous resulting product.

‘Another technique for improving the
_impregnation of the molten aluminum into the carbon

-



foil. In this single cell capacitor configuration, the curre

col l ect i'i§ ffl"éls@zs 22 and 24 are preferably non- porousl’cgmﬁqyf?ﬂ% t hey
can al so be used as part of the external capacitor seal. An .
el ectronic separator 18 is placed between t he opposi ng alun1nun1carbon
conposite electrodes 12 and 14. The electronic separator 18 is

preferably nmade from a highly porous material which acts as an

el ectronic i nsul ator between the al uogygunt carbon conposite el ectrodes
12 and 14. The purpose of the electronic separator 18 is to assure that

the opposi ngpeéLsinodesing tneaadhiicataoaeuertha eQ0dfumyidaFbere anot her.
Cont act bet ween, Iec

t t d
depl ot i on of SPRBSRAER GBLeCEEPaR” THVPIYes BthRgoheant, for Sy52iT0 e o o
t he eIectronextespalapneséﬂrelbnmthe molten aluminum beltg novenent of

the ions 11 LHScELSLLAL V' fnd0rs0°aRhCEgh oHrohRG POREIRPUALICIG 1o 2

por ous pol ypr -5k approxrma € po ypropy ene
separ at or |spumpin9taeti9ns thwnhlthelplveﬁtenyaéug@npn|snte@ idmEer ti ng

it between t{Reabpat88"betWbEA theCLAPBSh! 2iBLPE! M 0PRe {emptatire of
the molten aluminum is often increased to further aid the
aluminum in £illing spaces between the carbon fibers.

Wetting agents are also used as a means of

further aiding the impregnation of molten aluminum into ‘
the carbon preform during the fabrlcatlon of the
aluminum/carbon composite electrode. The wettability of
a carbon fiber is enhanced by initially immersing the
carbon fiber into a molten metal infiltrate composed of
wetting agents such as Tin-Titanium or a Copper-Tin-
Titanium alloy. of molten sodium. When the carbon preform
is removed from the metal infiltrate, it is immersed in a
bath of molten aluminum. The molten aluminum leaches out
the wetting agent from the carbon fibers which allows the
aluminum to £ill the interstices of the carbon fibers.
Other suitable wetting agents suoh.as Tantalum, Titanium-
Carbon, Titanium-Nitrogen, Titanium-Nitrogen-Carbon, or
silicon-Carbon may also be introduoeo in the carbon fiber
preforms to aid with the impregnation of the molten
aluminum. _ | : S

| Alternative technigues for improving the

wettability of carbon fibers are also contemplated for

.use in the fabrioation process of aluminum/carbon.

. composite electrodes for double layer capacitors. Such
alternative means of improving wettability include, for
example, coating the carbon fibers with a thin layer of
metals such as silver, cobalt, copper, or nickel.
However, it is 1mportant to note that any foreign agents
or other contaminants used in the fabrication of
composite electrodes for double layer capacitors must
either be substantially removed prior to capacitor use or



The cell ho'v%%tﬁ'n gan be any known packagi ng means commonly yggfisekidir
doubl e | ayer capaC|tors In order to maximze the energy denS|ty of the
doubl e | ayer capacitors, it is an advantage to mnimze the weight of
t he packagi ng nmeans. Packaged doubl e | ayer capacitors are typically
expected to weigh not nore than 25 percent nore than the unpackaged
doubl e | ayer capacitor. The electrical |eads 28 and 29 extend fromthe -
current collector plates 22 and 24 through ifte~cel | holder 11 and are
adapted for connection with an electrical circuit (not shown).

As seen in Fig. &@%&&cé oft sucw! eﬁtsmsmwi&aﬁbensaoéﬁeiyt hﬁiecthede
30 and a corr i) g series st ck of the hj erfor n$ ﬁ#

doubl e tayer caﬂgb hQKP%ﬁ%F+§ 1T 3 BT 58|3?Bgﬁﬁ ﬂﬁ ®ar bon
conposi te el ect rxxige capagitoaes a polarlzed al um nunt car bon conposite

body separated with a non- @ﬁé%ﬁc Yi?f%iagﬁéoraglaéﬁcf‘?bgé\t% B&y&ed to

one surface 37 of the curr cirbde
32 for a first m;tlexmrmh@ressum g ccanralse be %se@h@i‘éhreént

coltector bt ate Aendd 3. fPPOShY Ahderbugce RbaSToHCLdrb0ing eREON

cell. In other wor ds, irst electrode 32 |
for a first capdﬂQEﬂGQﬁﬂ}on/prOQQ§g of the molten afumings’ ' ¥ © ectrode

addition, the variations of the plasma spraying process,
as described above, may also be used with or without a
wetting agent as a means of improving the impregnation
process of the molten aluminum.
The control of the impregnation process allows

.for the control of the electrode porosity. The porosity
of the aluminum/carbon composite electrode is closely
controlled during the impregnation process to
subsequently permit the electrolytic solution to enter
the pores of the carbon fibers unimpeded and thus forming
- a sufficiently large interface region between the
electrolyte and the carbon fibers.

- Introducing aluminum into the electrode as
described above, alters the electrolytic path for the
ionic current in the electrode/electrolyte interface
region. This altered electrolytic path, however, does
not add significantly to the internal resistance of the
double layer capacitor because most of the internal
resistance remains in the small pores of the carbon
fibers. | _

' The porosity of the aluminum/carbon composite.
-electrode can best be expressed as a weight ratio of the
aluminum to the activated carbon. It is important
however, that the aluminum be evenly distributed and
continuous throughout the preform such that it provides a
low resistance current path within the composite
electrode. The preferred weight ratio of the aluminum to
carbon is in the range of between about 1.3 to 0.5, and
more preferably less than 1.0.



second elghe

As seen nore clearly in Fig. 3, a series stack of the high pertornafce

bi pol ar doubl e | ayer capacitors 40 includes a plurality of cells (A B,
C, and D) which are preferably connected in series. Each cell includes a
pair of al um num i npregnated carbon conposite porous WO 96/ 11486
PCT/ US95/ 12772 -12- el ectrodes 42
and 44 facing one another with an ionicaljge conductive separator 46

di sposed between them A

are pl aced

34 is then a positive electrode for an aq; ¥%lgﬁhl "B".

bet ween mc:]ﬂerﬂﬁilned tédardhidr c whendontddcdépr 48 having

plurality of non-porous current collectors 48

t wo ad10|n|n
t her et o,

50 saturates

%g@?re,@rgg %Jﬁ%%e nlhz teHLd res@{ﬁﬁ%fém%u%ﬁc | | S bonded

el ectrol yt e el ectriafter mmty can tbe ramnpbiesnectmh sewerahemmnersol yte

includihd YRS ot SRS dbferitld, "é&éﬂhéeef\ra&gr 46

external pressure of the molten aluminum, and/or -
introducing ultrasonic vibrations during liquid
infiltration. By adjusting the frequency and magnitude
of ultrasonic vibrations and pressure variations during

liquid infiltration, the impregnation of molten aluminum _

can be varied. .

Further, the control of external parameters in the
plasma spraying process will affect the resulting
porosity of the electrode. For example, ‘adjusting such
external parameters as the electric current directed to

the plasma spray unit, the sweep rate of the plasma spray
unit, the standoff distance between the plasma spray unit

and the carbon fiber preform; and the delivery
temperature and pressure of the molten aluminum, one can
achieve the optihum porosity.

Alternatively or conjunctively, by varying the
amount of cellulose used in carbon fiber paper preforms,
the porosity of the aluminum/carbon composite electrodes
can be controlled. Specifically, porosity control is

- accomplished by carbonizing or sintering the cellulose

fibers thereby causing their removal after the molten
aluminum is impregnated into the carbon fiber preform.

. EXAMPLE 1 _

The following description is representative of
the preparation and fabrication of the aluminum/carbon
composite electrodes and high performance double layer
capacitor. This example, together with the previous
detailed description, represents a best mode presently
contemplated for carrying out the invention. This
description is not to be taken in a limiting sense, but
is made merely for the purpose of describing some of the

-



Vil t hi n each W |9ls1114tsEXter' or current collecting plates 49 ca{@on ﬁ;}zat

each end of 1 ack knd| arunlnu

conposite el ectrodes 42 and 44 are Bﬁefeﬁ ¥ﬁﬁ%§ Phed in a manner
Simlar to the process described above!' Each. ele fode.- Jé is fabricated
froma carbon cloth preformor carbon paper : preforn1mh|ch S
i'mpregnated with nolten alum num As above, the porosity of the-

al um nunif car bon conposite el ectrodes 42-ggd 44 nust be cl osely
controlled during t he i npregnation process to subsequently pernmt a

sufficient amoungenérabepeincipiést efS€heoihventionduc®ie scopet oft ithe

capac'tor cell aggvgﬁggéaagﬁ bia Bgrsatggmingdereggrogggr%bgan 4Xhare

The al um num i npregha carpBon conposi
sufficiently porelainmad preferably have an evenly distributed and

continuous path of al ughplghl f%egng%fmal Hepe! in&ébeﬂs(iﬁbb%tfx%%&

such that the equivalent series resistance of each onposi e el ectrode
when used in a 3c¥pbencEibers QSOGPPr°XiEa§eP¥rF]mEnfBrﬂFnHﬁB apd
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- such that they ca e externa acitor seal, if
necessary. within the carbon flber preforms. The ce lulose fibers

were added as a binding agent and to control the porosity

- . of the electrode. The percentage of cellulose fibers
added comprised from between about 9.0 to 50 percent of
the weight of the preform and more preferably about 15
percent by weight. o

Alternatively, the carbon fiber preforms could
be obtained from a commercial source. These carbon fiber
preforms are typically activated carbon fabrics wherein
the individual carbon fibers are wrapped in bundles
called a tow. The preferred fabric employed a tow
consisting of carbon fibers that were approximately 8 um
in diameter and had a surface area of about 2500 m’/g.
The tow was woven to create a fabric that was
approximately 17 mils thick.

The carbon fiber preforms were impregnated with
molten aluminum using a plasma spraying technique. The
spraying process was optimized to penetrate evenly into
the carbon fiber preforms through adjustment of the
.current to the sptay unit, the pressure of the spray, the
standoff distance of the spray from the preform, the
vertical step distance, and the sweep rate of the spray.
The optimum conditions for this example was determined to
be 65 amps of current to the spray unit, a spray pressure
of 50 psi with a standoff distance of about 20 inches.
The sweep rate of the plasma spray.unit-was about 63.6
inches per second and the vertical step distance was

i
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asator 46.is placed betwee t he

2%6%1te-eiem1rodes 42 and = 44 mnthln a

'Jﬁac

particul ar capacitor ﬁgﬁgctron!c separator 46 is preferably a
por ous pol ypropyl ene di sk’ S the el ectronic separators used in
the single cell configuration. Many of the attendant
advant ages of the present doubl e Iayem-capa0|tor result fromthe
preferred nethods of fabricating the al um num carbon conposite

el ectrodes, approxdmatellyr lednokt.hoEawh adherinumiderman rcmupasﬂ.tect or,

and t he use ek pects of
the inventi o%flgr@g F%cusse?aﬂ%%f %ﬁﬁﬁ%ﬁ& I%ac‘,h #t%%e par agra &ﬁs t hat
fol | ow. £ikeym NQNPQRRB@NNQSEQQSWFE4EBD§W%I§§ aluminum.

identified above, the alewgh¢HeC JCUE N RInE, | S preferabl y
made from a porous

rbon flber Ioth refo carbon £ ber paper
preform  wRPBROBit Pnﬁi@&ﬁgf’&? \ﬁiﬂ%smﬂqrp@n p&qqg'ﬂe,{, FMeform  can be
fabricated finmpregnated arbonc prefior.caBach co:xfpdsartértﬁx&da}oewaiams

carbon fi ber ,f gL nQk o2’ B about®s. 1! (P 'iH¥hE) ¥nd® WY AHERdF'9 2
about 17 mils. This translates into a surface area of
about 20.3 cm®. ' .

. The cellulose fibers were removed from the ' '
composite electrode by sintering the electrode at
approximately 200°C - 300°C in a reducing atmosphere.

An aluminum foil sheet of 2.0 mils thick was
bonded to each aluminum/carbon composite electrode at a
temperature of between about 360°C - 600°C, and an
external pressure of 12 psi, in the presence of an inert
or slightly reducing atmosphere. The finished

'aluminum/carhon composite electrodes with current
collector plate was a disk shaped device with a surface
area of about 20.3 cm’ and a thickness of about 0.048 cm.

_ ‘The assembly of the single cell capacitor
further includes a porous polypropylene separator of
about 1 mil thick which was placed between the
aluminum/carbon composite electrodes to act as the
electronic separator. An electrolytic solution of 1.4 M

~ tetraethylammonium tetrafluoroborate in acetonitrile was
then impregnated into the carbon/aluminum composite
electrodes and separator using a vacuum infiltration

. technique. The capacitor was then externally sealed.

Table 1 identifies several examples of the
activated carbon/aluminum composite electrode and their
performance characteristics. It is important to note
that ID No. 071994A utilizes a different carbon cloth
than the above-described cloth preforms and similarly has
a greater thickness than the other samples. Measurements
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carbon cloth/ . : 7.8 Whikg

carbon cloth/ 7.85 Whikg
aluminum

carbor_l cloth/ ; ' 6.9 Whikg

. .
aluminum
SLmney

carbon papser/ . 3.6 Whikg
aluminum i

carbon cloth/

Table 1 Aluminum/Carbon Composite Electrode Performance Characteristics

ADHERING CURRENT COLLECTOR TO COMPOSITE ELECTRODE

After the aluminum is impregnated into the
carbon fiber preform, an aluminum foil is secﬁ:éd to the
backside of the electrode. 1In such a process, the
aluminum impregnated carbon preform diffusion bonds to
the aluminum foil thereby creating a low resistance bond
between the composite electrode and the current
collector. The aluminum foil functions as the current
collector or conductive electrode of the capacitor.

' specifically,'the diffusion bonding is accomplished by

—————

first modifying or removing the oxide layer on the
aluminum foil and then heating the electrode and foil
structure under pressure in an ineft'atmosphere. " This
bonding process involves the combination of high
temperature, and moderate pressure in an inert atmosphere
to bring the surfaces of the composite electrode and the
current collector together. These steps are performed so

ect Has Been'Re
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appr oxi 0 7 mm Cell ul osgrfi of conparable Cﬁﬁ al so
be addegﬁ?gbghe preformto act agf iSrgh == : and’in ggggiﬁ?o

control the porosity of the - ~ The carbon «
fiber cloth preformis preferabl i avail abl e cloth which
uses woven carbon fibers also —syrEacasir ea of approxi mately

500 to 3000 nQ/g and a di aneter of apprOX|nater 8-10-[err]m The

carbon fiber cloth preformis typically=-gpre expensive t han the carbon

fi ber paper preform but the carbon fiber cloth preformhas nore
structural sthéialamgihtmnatboms fillathenvbider atahe ﬁmthmﬁmceﬂtb surface

d b |
L Torny oo Engre, hZBREPRROLO IBERE ER KB bR IRLC AR 07T Y
used. : | rrsneg nhipehanf capecé,spyo stackar tpaebom@dmfnil

mol ten al Umﬁ‘x’@%'ﬁepﬁSﬁeﬁéPszaiﬁOSPEE§h€Q H%b&&a%epltﬁmlectiﬁrl 0

techni que, or alternat]vel ['tration or “di pping

techni que. 1%P}wk ﬁshﬁthe§pFﬁ}Fﬁg t@ﬁﬁnf&gé mPﬁ@ PGIF@&°§IGPPHHH is
preferably tosensyerd thépebaté ﬁbdpinhblébeoeabl&hérf defecssf OAMFoil

Pl a | t b d d bl e |

capaci tor corberkpeps peBkEen EBelk 8.8 311 8B, 38H M Jo5e a means for
form ng the preferxed fovol bipodar electrodes. The plasma spray techni que
is optimzed to pe”ﬁi%ﬁ ‘af.Q hbe SaﬁQEBrfithhS'tO&E Relhoslized forma

porous and evenly distri um num mat mzation 1s

acconpl i shedfox @iffusion lpwedénaet rThel Aiffignisu aréseﬁefgpmayhem t, the
tenper at ur e Pkl eSRIAE layef thetMs! Ppabul1PuprebbAtdbnt ance of t he

pl asma SpraXalumlnum surface. This oxide layer tends to retard the
transfer of aluminum between the surfaces to be bonded.
Most diffusion bonding techniques involving aluminum
require a high external pressure and a bonding
temperature that is just below the melting point of
aluminum. The pieces or structures to be bonded
typically_must be held at this state in an inert
atmosphere for an extended period of time. These bonding
conditions are not acceptable for activated
carbon/aluminum composite electrodes because a high
external pressure pulverizes the activated carbon fibers
in the electrode. Further, the high temperature for an
extended period of time results in the formation of
aluminum carbide. The formation of aluminum carbide
significantly reduces the performance of the electrode.

~ The present process bonds the alum1num/carbon
.composite electrodes to an aluminum foil with low
. external pressure, at a lower temperature, and for a
relatively shorter amount of time. The present.method
further significantly reduces the amount of aluminum
carbide formed during the bonding process, and allows the
bond to form without physically damaging the activated
carbon fibers in the electrode. The present preferred
bonding process ailows for the'honding of the aluminum
foil to the aluminum/carbon composite electrode at a
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WD 96/ 11486 L © PCT/ US95/ 127
-15- urVP 9186t he carbon fiber preform and the sweep oﬁﬁ%‘”yuﬂz
pl asma spray unit. In the liquid infiftratton technngue, the
ol ten al uminumis inpregnated into the structufle8y SHEET{] ﬁﬁ@ﬂc
i nmersing the carbon fiber preforminto a Lt en BETHA um

Mol ten al um num however, does not wet the surface of carbon f1ber
easily, therefore it does not enter intg,§he pores of the carbon fiber.
Because of the poor mettlng properties of car on, speci al t echni ques

are needed to prﬁ&ﬁ% gegaﬁéé bEepatieen abouel monérrahat gobPe, and

I nterstices of t These el ectrode
i mpr egnati on enhﬂﬂ%@ngreferﬂbéﬂnﬂﬁué§°Pﬁv3§9ecv§r53t¢ons he PﬂB?ebﬁatlon

Eﬁghgg?gggace' | ;gﬁi;%?ﬁed#ﬁsént anCéﬁaﬁgnatugrausueeabhl aboatMmesipeds i n
adapted and nodified ?or tﬁégﬁrgg 8 tﬁ%‘a(i ngggﬁiéﬁPSatb§§¥§#%g§
al um num car bon uadeesalivantagevnsesonditibns,eisnpehieved bynphysigallyo
accurately Contrgemggfng or modifying the oxide layer on the aluminum
foil prior to bonding the foil to the electrode #An an
inert atmosphere. The oxide layer is removed using an
argon ion sputtering technique. Alternatively, the oxide
layer can be modified by etching the aluminum foil in a
solution of sodium dichromate in sulfuric acid, e.qg.
(Na,(Cr,0,) in H,S0,]. In either technique the aluminum
oxide layer is significantly reduced. | '
Before the aluminum foil is bonded to the
aluminum/carbon composite electrode, any cellulose fibers
present in the aluminum/carbon composite electrode can be
removed by earbonieing or sintering the cellulose fibers
by heating them in inert atmosphere or alternately by
reducing thenm chemicaliy.' By varying the amount of
cellulose used in preforms, the resulting. porosity of the
aluminum/carbon composite electrodes can be controlled.
For the bipolar aluminum/carbon composite
electrode, as each pair of aluminum impregnated carbon
fiber preforms are removed from the impregnation process,
they are aligned together and bonded to a single layer of
- aluminum foil. The preferred process involves
simultaneously diffusion bonding the aligned pair of
-aluminum/carbon composite electrodes to an aluminum foil
- current collector under low pressure, a relatively low
temperature and in an inert atmosphere. As before, the
process avoids the formation of aluminum carbide and
other contaminants and prevents physical damage to the
carbon fibers. The quality of the bond is enhanced by
first etching both surfaces of the aluminum foil or by
removing any aluminum oxide layers that may be present.

- This Sheet Has Been RT
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inpregnaa&ﬁﬂﬁg&ﬁcess so that tin

porous ‘for lectrolytic s
One such techni que of inprovi

PR e oo oAt ely
|

Fa .
i om ,ﬁ§r|nn uses an ultrasonic

vibration to inprove the wettability of carbon fibers by nolten

al um num As the carbon fiber preforms are being inmrersed in the nolten
bath to be i npregnated: wth the nolten alumnum ultrasonic

vibrations are directed to the site of kLgpeegnation. When t hese
vibrations oscillate the pressure in the li quid cause |ocalized
cavitations. At sone particular EXMMPIRI@ es, the nolten al uminumis

P ey of the ul 1 oBGR: EbEBvihol AB=CRIBUAC 1S, FerPealiheita 1E, .,
be controlIedhetﬂefébﬁleasbondgnghprocesponodspreparatdgnpmuﬁnafor.
Ao e oo Ph ik cekaipiOp! PUbaENERCv th LRE' BHAY1LAR BbtallgelP! fon alum num
PCT/ US95/ 1279@scription, represents a best mode preseptly

contemplated for carrying out the invention. This

description, however, is not to be taken in a limiting

sense, but is made merely for the purpose of describing

some of the general principles of the invention. The

scope of the invention should be determined with ‘

reference to the claims.

An etchant bath was prepared for etchlng the
aluminum foil by combining approximately 60 g of
Na,(Cr,0,)* 2H,0 with about 173 ml of concentrated H,SO, ,
about 1.9 grams of aluminum powder, and enough water to
make a one 1iter solution. The etchant bath was heated
to approximately 60°C. In addition, a water bath for
rinsing the etched aluminum foil was prepared and also
heated to approximately 60°C. '

The aluminum foil was immersed in the etchant
bath for about 15 minutes. The foil was then removed
from the etchant bath and immersed in the water bath to
rinse the foil. The foil was then dried in an oven for
approximately 30 minutes. '

_ The electrodes and etched foil were then
assembled for diffusion bonding. A carbon cloth preform
was used as a release sheet and Hastoloy X plates were
used to apply moderate pressure of between about 3 psi to
. 400 psi and preferably about 12 psi to electrode/foil
assembly. The electrode/foil assembly was placed in a
stainless steel reactor for the actual diffusion bonding.

The present diffusion bonding process involves
heating the electrode and foil assembly within the
stainless steel reactor while under moderate pressure in
an inert atmosphere. After the aluminum is impregnated
into the carbon fiber preform, thus forming composite

This Sheet Has Been Relplaced
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preformduring the fabrication of the alum num carbon conposi
Bt ne

el ectrode i NS W848 her neans for cycling the external pr

mol ten al um num bei ng i mpregnated. The rise and fall of the pressure
Creates a punpi ng action that wll Hel'pnolien,ad geEqum enter into
the spaces between the carbon fibers. The ténpetatsgggs of - ° the nolten
alumnumis often increased to further aid.the.c——atymEnumin filling
spaces between the carbon fibers. -25-\Wetting agents are al so
used as a neans of further aiding the inpregnation of nolten al um num
into t he car lreqtrddes) dthe nel édierddds i were odrbédt fier approximately

al um nunt car bon 0S| | e [ t L1y - g bon fi ber
i s enhanced by |W‘§/€?%m?fgf%8&fﬁ%&h§d¥€a‘§%€% #’%%%%'llﬁ?%dgw%g*ten nmet al
infiltrate conpodwdingigen (5%Q tnkininjkrand AXgeRs(1000 isminh 8t a

Copper - Ti n- HoprthtiRatey 200! { esdoditte METuidie CPIHOFs Didkd™ M
is renoved fromthe netal infiltrate, it is imersed in a

] .. bat h, of
mol ten al umi num CamRoniAed At 308 RIHRARRUE (IR minutes while gtilhn:
fromthe carbon fgdiRjingitnd &léctFodds with shydidgent (550! h1hin) and

interstices of the carb | b . _ her, sui tabl-e wetiJjn n h as
Tantal um Tit ani fRI°D &&é%ﬁfﬂq)ahl &R?\Iily it wé'\g tndd 89FhLd 8Hf

Ti tani um Ni t r ogerarcarthen, argon rats |was ninréeasedoto aapproxinatelbylutseoi n

t he carbon fiber_mllmﬂ,;eforrrs to aid wth the inpregnation of the nolten

al um num ' " Alternati ve techni ques for inproving the,
wettability of carbon fiberBherkonding kenreF¥atuEe vas thensattained by

}‘abr’i cation procggy 'ﬁjﬂm {}Eﬁ@%i@%mpeﬁ@w;ﬁj t£s St @ghiPERS lf)_?ér_ndﬁelb*@
e SRR (e Pt MR TR R SRR
. between about 300°C - 600°C (See Table 2). This bonding
temperature was maintained for a prescribed bonding time
of about one to five hours as indicated in Table 2. The
reactor was then turned off and the electrodes were
allowed to cool for about 90 minutes. After, the 90
minutes time, the reactor was further cooled with water
and the electrodes were removed. '
Table 2 identifies the capacitance, series
resistance and other performahce-characteristics of
several electrode/foil assemblies that were diffusion
bonded in accordance with the above-described bonding
process. Measurements of the resistance and capacitance

were made for the purposes of comparison only.:

Capacitance

Resistance |

158 F
148 F

| 092094 | 800 112 |1 ] 190em* J1asF |

Table 2 Electrode/Foil Bonding Characteristics
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metal s such as silver, cobalt, copper, or nickel. However
i mpor t antOP M8 e that any forei gn agents or ot her conﬂﬁﬁwﬁﬁﬁ@gnﬁsed in

the fabrication of conposite el ectrodes for double | ayer capacitors nust -
ei ther be substantially renoved prior to capacitor use or WO 96/ 11486
PCT/ US95/ 12772 -17- t he presence

of such agents should not severely limt the physi cal characteristics

or performance of the double | ayer cgga0|tor o The
ultrasonic vibrations, as described above, or external pressure cycling
can al so be used with or wi thout a wetting agent as a neans of

| nproving t o the nolten alum num In

addi tion, HSI%%.?gg?éﬁgﬂg§h ﬁ%ﬁaﬁgéﬁnggraying process, as descri bed
above, may al so be useBheiperformanbeucfadoubleciayey sepacitors deans of
i mprovi ng th@eff%ﬂ&ﬁa&éﬁéndentpéﬂcﬁﬁé fooFEE gl EQ&::%&-B'I&‘E‘:[@

The control regnation progess cont rol of.the
el ect r ode pdeggpgyonthSﬁgros?;? itional aqueous electrolytes
typically exhibit lower reszstance than the nonaqueous

electrolytic solutions. On the other hand the .

nonagueous electrolytic.sclutiohs often have higher ionic
conductivities and thus increase the operating voltage of

the double layer_ capacitors. In particu];.a_r , these non- ‘
aqueous electrolytic solutions have allowed the operating '
voltage of single cell double layer capacitors to be
increased to approximately three volts.:

The present invention considers the use of some
advanced electrolytic solutions. These advanced
electrolytic solutions often fall into three types or
classes of solutions. First,?there.ere'ammaniate
solutions which use gaseous aﬁmonia as the solvent for
the electrolyte. The preferred ammoniate solutions
result when certain salts are combined with gaseous
ammonia to form highly conductive liquids at room
'temperatﬁre. Because of their high conductivity, voltage
stability, and temperature range, these solutions are
good candidates for electrolytes in high performance
~double layer capacitors. Exampies.of some ammoniate
solutions which are suitable for use as electrolytes in
high perfermance double layer capacitors include:

[NHqNO:s] * 1.3 [NH;};
[NaI] ¢ 3.3 [NH;);
and (LiC10,] * 4 [NH,].

The second class of electrolytes is comprised
from sulfufidioxide based solutions. The sulfur dioxide,
vhich is a gas at room temperature, is used as the
solvent for the electrolyte. The sulfur dioxide dissolves



t he i npregnati on proce§ ently permt the electr

solution to enter carbon fibers uninpeded and t hus
forn1ng a suff|C|entI ace region between the el ectrolyte
and the carbon fibers. | ntroducing alumnuminto the

el ectrode as descri bed above, alters the electrolytic path for the
ionic current in the electrode/electrolyte ipyerface region. This
altered electrolytic path, however, does not add significantly to the

i nternal resistaosomeofalts so adotblEOtnyaiquanaeuectrbeyteseathbomf t he

Hoore. o ceaBRERRRERT (TnePe BELPOE niBRIRR, Baskl sEThEidne,

el ectrode can betypbeauprhegedhaqherv\sogductam&yothanecorrespmdlimgt o the
~activated Carbonamﬁaniité”Baiﬁéﬂbns GE“EKEQ a&EBttEBa %bUEh”HGer evenly

di stributed and cont | nuous roug preform sugh It prOV|des
‘a | ow resi st af@Eresivent Fhefeup ﬁPﬁrPEXtE§nﬂ6§|99t31n§§e¥FFBd§“ 1fne

preferred wei ghtdigki@eOist ifedl 61 Ail8Eblive teerleRlofonlumifatasyefof
betmeen about 1. Eiéglum, Hmlum,”BoﬁxﬁmEfer§95é9#%§§5}§§772 electrolygic

96/ 11486
solutions can be generally characterized as follows:

of the al um RN Yalely cg ﬁeﬁrrcpde Is closely cont gﬁ*hﬁgslfy'ﬁi ng

| M [AlCl,]* x SO,
where x is between 2.5 and 6.0; and
where M is selected from Li, ca, Na, or Sr.

The third class of improved electrolyte which
are suitable for use in hiqh performance double layer
capacitors are the molten salt electrolytes. The molten
salt electrolytes are formed from ionic salts that have
been liquified at elevated temperatures. The elevated
temperatures typically are in the range of 4500C and
above. These high temperature molten salt electrolytes
possess the highest ionic conductivity and breakdown
voltage of any electrolytic solutions. The major drawback
to these solutions are that they require high operating
temperatures and in many are highly corrosive liquids.

_ An example of a high temperature molten salt
electrolyte that is suitable for use in high performance
double layer capacitors is a mixture of potassium
-chloride and/or lithium chloride. A high performance

- double layer capacitor using such electrolytes, should
have an operating voltage of above 4 volts and an ionic
conductivity of approximately 1.6 S/cm at about 4500C.

Moreover, there are some alkali metal
tetrachloroaluminates and tetrabromoaluminates which are
molten salt electrolytes that have operating temperatures
between about 100°C - 400°C with conductivities ranging
from 0.15 to 0.45 S/cm. There also exist several
chloroaluminate molten salts, which are liquids at room
temperature, which are deemed to be useful as



- 18- WO 96/11486 As identified earlier, the control of geop gg;f.ﬁg{:at i on
process and the resulting control of the el ectrode por05|ty can
acconpl i shed in several manners i ncluding the use of wetting agents, .
cycling of the external pressure of the nolten al um num and/or

i ntroducing ultrasonic vibrations during |iquid infiltration. By

adj usting the frequency and nagnitude of ultrasonic vibrations and
pressure variations during liquid infd8«4ration, the inpregnation of
mol t en al umi num can be vari ed. Further, the control of

ext er nal par&ﬂﬁKEmpIYtQSuin thqﬂnighiERREQWNEPQFOQQBEIQAlayerfect t he i
resulting d]?rl&ﬁ’ ‘ﬂhséﬂfs offs; For exanple, adjusting such

ext er nal para ers as ctrlc current djrected to t he pl asma
spray unit, the sweep Hie SFeqtrolrticsalntions eyaluated far uees
di stance bet yaam tahes Nmm apemmance asubie wb@rbipbeitefeéﬁém

and the deliy er re res re, of the nolte [ um un1 one
can achi e@?‘}%iﬁﬁe %Jrf% alin inum m%?%'ﬁg?&vﬁ? .
conj uncti vel iber \prreﬂm:gxs fand sepanlznr cﬁreepﬂ'efelsmblgeslaturm@on fiber

paper prefor JUHd t
el ect rodes %',té‘an e cont rﬁ ef%‘%{(ﬂﬂiﬁ Y, p%?%@él)[byfcon r%lgf a

acconpl i shed VRFvsa t;mﬂ%%téforsmm% the ceI I uI ose fibers thereby
T { he

causi ng thel‘ S
carbon fi ber fjprabor rHNon-Aqueous Electrolyte Sait Current
? :
| Solvent | (mA) {F) ' -
Il 0810948 | Acetonitrile Tetraethﬁimmor_ﬁum _ 166.0 1000 14.72
' Tetrafluoroborate 1.40M
[062894‘1 Acetonitrile Tetramethylammonium- 103.1 100 10.28
' | Yetrafiuoroborate 0.095M. '
" 032594A | Propyiene “Tetrasthylammonium- - -403.3 100 12.46
Carbonate Tetrafluoroborate 0.982M- - ’
! 032294A | 1,3-Diokolsne | Tetraethylsmmonium- ~ | 13.7 |10 | 1.67 J
] Tetrafluoroborate 0.122M '

' Tabla 3 Non-Aqueous Electrolytes

From the foregoing, it should be appreciated
that the present invention thus provides a double layer
capacitor with aluminum/carbon eomprite electrodes and
high performance electrolytes and a method of making the
same. Further, it will be apparent that various changes
may be made in the form, constructidn and errangement of
"the parts thereof without departing from the spirit and

" scope of the invention or sacrificiné all of its material
advantages, the forms hereinbefore described being merely
exemplary embodiments thereof.

To that end, it is not intended that the scope
of the invention be limited to the'sbecific embodiments
and procesees described. Rather, it is intended that the
scope of this invention be determined by the appending
claims and their’ equlvalents.



EXAMPLE 1 The follomnng description is represent

tlhe pr MU abri cation of the al uni lnum{ carhon ﬁ%’l‘sl:é@s‘hzwz

el ectro and hi gh per ornance doubl e | ayer -nﬂseap@e¢MQqu$hls exanpl e,
toget he m ”mC"ﬁ” detai I ed desc |pt|q115~ir{epresent $ a best node
presentl ed for carrying out ti~on——FhFs

descrlptlon is nBt fo be taken in a limting sense, but Is made nerely
for the purpose of describing sonme of the -29= _
-19- general principles of the invention. The scope of the invention
shoul d be determ gradtWMighcnafised@nde:to the clains. Car bon fi ber
prefornms were made using activated carbon fibers of approximately 5 mmin
| ength and approximately 8 [err]min diameter. The activated carbon fibers
had a surface area of appraxidoubdeylayer capaciter comprisdad: bers of

approximately 5 mmin length 839y of aluminum impregnated carbon composite
electrodes having surfaces facing one another;

a pair of current collectors, each current
collector disposed on a non-facing surface of said
respective composite electrode; '

an ionically conductive separator disposed
between said facing surfaces of said composite
electrodes; and

an electrolyte solution saturating said
composite electrodes and separator.

2. The double layer capacitor of claim 1 wherein
each of said aluminum impregnated carbon composite
electrodes further comprise a porous electrode having an
evenly distributed and continuous path of aluminum
impregnant within an activated carbon fiber preform.

3. The double-layer capacitor of claim 2 wherein
said double layer capacitor is capable of delivéring at
least 5 Wh/kg of useful energy at power ratings of at
least 600 W/kg.

"4, The double layer capacitor of claim 2 wherein
said composite electrode has a resistivity of less than
. 1.5 Q cm’ and a capacitance of at least 30 F/cm’.

5. The double layer capacitor of claims 1, 3 and 4
wherein each of said aluminum impregnated carbon
composite electrodes further comprise a porous electrode
having an evenly distributed and continuous path of
aluminum impregnated within a carbon cloth preform.
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fi ber preforns. The cel | {l os€ Sk berSrw\E}:B.\r ded as a bindi'ng agent ‘and to
con Eh&éﬁ’éﬁ@ Th ercentage of cellul ose fibers -
added conpri se bet ween about 9. 0-t&=50 percent of the weight of the

pr ef ‘ﬂm\ (\mﬁ erably about 15 percent by wei ght.

Al teﬂlm y @arbon fiber prefornms could be obtained froma

commerci & Source. These car bon fiber p~80ernms are typically activated
carbon fabrics wherein the individual carbon fibers are wapped in bundl es
called a tow. The6preTber dgubdler layerpicapasitanwic @idimg g & angd bon
fibers that %ﬁﬁfeiﬂpéﬁéh”@fekﬁlﬁ [a ol Pl ﬂﬁ@&ﬁw’ﬂ%ﬁ%ﬂ surface area

of about 2500 err tow was woven to cr€ate a fabric that was

appr oxi mat el 9°EBESE%Fr piechrodes further cemprifie,d, pongus plachnadewr e

i npr egnat ed nairhnqohheav&hum aietribated AInds EONTINSU gartiggue. The
sprayi ng progg was otlmze trateeenl I nto_th carbonflber

preforns thr %iﬁh‘f‘ué‘ RERED gefih Peﬁt PRI ?Srefyqfrﬁ e pressure

of the spray, the standoff distance of the spray fromthe preform t he

ertical step distanc e . '
\éond: tions fgr !thit7s e?ge Pgu\%/g'g rm ngﬁ °?1%§§%%“ P"f:g’lr)traé{na{”?t o the
spray unit, Whepeip Eﬁééséﬂéméfmy QE‘PK‘&B@W caxbon &cmsci&rer di stance of

about 50.8 caeéhﬁoaaeeEueeheroeohbelabaami%w GarbotP T ideg 161.5 cm

er second d the verti ste dlstance
P aﬁ vting sur ace area range of about 500 - 3000 m?/qg. ‘

appr oxi Jidselerrimi W werre---.atﬁg I ncor por at ed 'f/ﬁ d%/#;]fﬁ car bon i
a

8. The double layer capacitor of claims 1, 3 and 4
wherein said aluminum impregnated carbon composite
- electrodes further comprise activated carbon fibers
having a surface area greater than 2000 mz'/g.

9. The double layer capacitor of claims 1, 3 and 4
wherein said aluminum impregnated ‘carbon composite
electrodes further comprise an aluminum to carbon weight
ratio in a range of about 1.3 to 0.5. '

10. The double layer capacitor of claims 1, 3 and 4
wherein said aluminum impregnated carbon. composite
electrodes further comprise an aluminum to carbon weight
ratio of less than 1.0.

11. The double 1ayet capacitor of claim 1 further
.comprising a housing means for sealably packaging said
. double layer capacitor.

12. The double layer capacitor of claim 1 wherein
said separator is a porous polypropylene separator
saturated with said electrolyte solution.
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#420- appr oy rrgé( 2.54 cm Each -al um nunf carbon conposite ep 99@
77
4

cont ai ned am er 0.2 grams of caizbﬂe—h.b__\L'_s\t_Q appr oxi mat
granms of al um num After-thg Bpeay- RFQLRS \I\ﬁs conpl et ed,
g

conposite electrode di sks were punche fromgngdigpre ated carbon preform

Each co m had a di anet =Jd--.cm(2 inches) and a

th| cknegﬂim'muﬁ WE mlrr] m This translates into a surface area of about
ni ersr he cellul ose fiberszywere removed fromthe

corrp03| te el ectrode by Si nt ering the electrode at approximately 200[err] C -
300[err]Cin a reducipy, atPRe pdile layer capdeisbrnofiuclabml 1swheredh

50.8 [err]mthick onded t

a tenperature of® %%gv@gns%b utY O’f?g%'fgr??gfégg%fa§$¥€r§§%322%ﬁg?? 5§ggf5ogg !

pressure of .84 metabPfoib bdmd@debensai@fnan-fneingoﬂlsfagﬁsl ofr saiddi ng

- at nospher e. The ;é%,égg %l gg&%d ggébon conposite el ectrodes with current
shape

col l ector plate evice with a surface area of about 20.3
cnferr] and a t hi ckness of about 0.048 cm The assenbly of the

single cell capacitor iurt'ﬂi‘é d&&bl@eﬁafei?oééyscﬂﬁbrpéﬁpﬁlamﬁ sephesedn of

about 25.4 [err]mthi ck whi ch V\fi géace bet ween th IuT grﬂggfgggm

conposi te el ect reuEd FUrEept coiie E%t?ﬂﬂ?ﬁ%ﬁpﬁr@t‘gp ayer inum
foil bonded to said nonffacing surfaces of said
respective electrodes.

15. The double layer capacitor of claim 1 wherein
said electrolyte solution is a molten salt solution.

' 16. The double layer capacitor of claim 15 wherein
' said molten salt electrolyte solution is a mixture of
potassium chloride and lithium chloride.

17. The double layer capacitor of claim 15 wherein
said molten salt electrolyte solution are characterized
by a formula: ' '

[AlCl,]) * MX
where M is an alkali metal; and
where X is selected from a group of consisting
of Chlorine or Bromine.

18. The double layer capacitor of claim 1 wherein
said electrolyte solution is an ammoniate solution.

19. -The double layer capacitor of claim 18 wherein
said ammoniate electrolyte soluti:n is selected from a
group consisting of [NH,NO;) ¢ 1.. [NH;}; [NaI] ¢ 3.3 '
[NH,]; and [LiCl0,] * 4 [NH;l.
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FvEtetraethylammont . [
Rceton tHOSALEE ) o Py egnat faimtaoieEa e b/ b unt nufONRIORETE

:

separator using fa vacu%ﬁﬂukﬁﬁﬂtrailon t echni que. The >
capaC| ternally seated. — = ~Table 1 identifies severa
exa m@‘m‘m ated carbon/ al umi num conposite el ectrode and their
perf eLchar act éri sti cs. It is inportant to note that 1D No. 071994A.

utilizes a different carbon cloth than tf§g-above-described cloth preforns
and simlarly has a greater thickness than the other sanples.

Measur enent s 20. The double layer capacitor of clali 1 @helledn
Rt o A TN R E O
Mat eri al /vqharacter1zed by a formehaetty Resistance:
M [Al1Cl.].* x SO,
where x is between 2.5 and 6.0; and
where M is selected from a group éonsisting of
Lithium, Cadmium, Sodium or Strontium. -

21. A method of making a double layer capacitor
comprising the steps of: ‘
impregnating an activated carbon fiber preform with
an evenly distributed and continuous path of aluminum;
bonding a current collector plate on a surface of
- said aluminum impregnated carbon fiber preform;

B ~aligning a pair of aluminum impregnated carbon
preforms and current éollector plateitogether wvhereby
said aluminum impregnated carbon preforms have non-bonded .
surfaces facing one another; . :

placing an ionically conductive separator between
said facing surfaces of said aluminum impregnated carbon
fiber preforms; and |

satﬁrating said aluminum impregnated carbon fiber
preform and separator with an electrolyte solution.

22. The method of making a double layer capacitor
as set forth in claim 21 wherein the step of bonding said
current collector plate to said aluminum impregnated
carbon fiber preform further comprises the steps of:

removing any aluminum oxide layers from an
aluminum foil current collector; and

pressing said carbon electrode against said
aluminum foil at a bonding temperature well below a -
melting point of said aluminum in an inert atmosphere
such that aluminum atoms f£ill voids at an interface of
said carbon electrode and aluminum foil to adhere said

I —
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892094A carbon cloth/ 2500 20cnferr] s=6-F——7_8 Wil kg
al umi num n{VEPP¢/1486 (071994A carbon cl ot hy TAGSEHEET29AC BEEF I ] pga-ﬁfﬁgslp-nz
7.85 Wi/ kg 0. 85 . alun1nun1 merr]y QS&ﬁQQED carbon cIoth/_

35829 11. 4cn® 7 F 6.9 Wi/kg "~ 0.69 : i orFre - nf err]/g’
40694A c ZOCn{err] 7.5 F 3.6 Vh/kg 2.4

al um num ﬂmmmm uH[EﬂnA carbon cloth/ 2500 20 cnferr] 11.23 F
8.02 Wh/ kg 52 al um num nMecghlg ~  Table 1

Al um num Car bon Cbnp03|te El ect rode Perfornance Characteristics ADHERI NG

CURRENT COLLECTQRy k 1 EeELESI1BOEErbon electroﬁ%tﬁhluhe pHevantifg S

| mpr egnat ed |nto t carbon ; ber  prefor an alum num,foil is secured to
t he backsi de of fﬂ%m%FéEPrBﬁealPﬁlgHEhcagb#9€e§§ sﬁﬁg &P%ﬁFﬁ &GS npr egnat ed

car bon prefgrn1d|ffu3|on bonds to. the alum numfoil thereby creating a | ow
resi stance bond betwe the co | Iec e I r.
The al um num foi | funggronghﬁsggﬁg kéggl P%PLQE g%ﬁ%%gka‘ﬁéiﬁﬁkp

el ectrode of theasapetiforthSpncbihunBl9; and aaffusmbsrb@mmnnésipg the
acconpl i shed by 0 Waly) ' 3 I num
foil and then heétéﬁ °?ﬁghé¥é§?¥oga5ﬁﬁgxrgiFEE?rS?Pgﬁs un fog?gggﬂﬁgH?h an
i nert at nospher ewithinsa housing. #

'24. The method of making a double layer capacitor
as set forth in claims 21 and 22 further comprising the
step of controlling porosity of said aluminum impregnated
carbon fiber preforms during said impregnation step.

25. The method of making a double layer capacitor
as set forth in claim 24 wherein the step of impregnating
an -activated carbon fiber preform with an evenly
distributed and continuous path of aluminum further
comprises plasma spraying molten aluminum into said
activated carbon fiber preform. ' ' '

26. The method of making a double layer capacitor
as set forth in claim 25 wherein the step of controlling
por051ty of said aluminum impregnated carbon fiber
preforms further includes adjusting a standoff distance
_between a plasma spray unit and said carbon fiber
preform. | :

27. The method of making a double layer capacitor

- as set forth in claim 25 wherein the step of controlling
porosity of said aluminum impregnated carbon fiber

preforms further includes controlling a sweep rate of a

plasma spray unit relative to said carbon fiber preform.

\ .
\\
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bondi ng i nvol ves the combination of high tenperatyr derate
_pressurggbﬁagﬁ&Fnert atnnspherd?h@m@ghgg Q§E§¥%faces of 3%&“&%§§6§?te
el ect - current-collébtor q§gqg£§£} ese steps are perforned so

-22- t ] L fill tlhe—verds—at-the interface to adhere the
currentﬂﬁ@i‘%j“mmm conposite el ectrode. In a bipolar
capacit , nt ne bended foil nust be non-porous in order to separate
the electrolytic solutions between cellsygJhe foil nmust be thick enough to
ensure there are no pinholes or other defects. A foil thickness between
about 12.7 [err]a8 andrhe GaetHad Fdﬁﬁﬂcﬁﬁ@f@rd&ﬂbiérlb*éﬂ 8apateebtodes.

Al um numis not terial sujted for dif

that,is, | | si on, bopdi,ng. The
ST calty” 2k sek Ear iin dfRin 28 une T rthe cpeen o SeeREPOILBE . on
an al um numpbrdsicey ofhisaikialhuminm impreghatedtcarbonefibvensft er of
al um num be S; ' ¢} ) dj f | ondi ng
t echni ques H%‘\jégb\#r% a uénl%?%ﬁsn%ééehq‘?eréé) %%&ié%r%aégg#g%re and a
bondi ng t enfempenature and pressure of said molten aluminum to said
activated carbon fiber preform. :

»*

29. The method of-making'a double layer capacitor
as set forth in claim 24 wherein the step of impregnating
an activated carbon fiber preform with an evenly - ‘
distributed and continuous path of aluminum further
comprises immersing said activated carbon fiber preform
into a bath of molten aluminum.. |

30. The method of making a double layer capacitor
as set forth in claim 24 wherein the step of controlling
porosity of said aluminum impregnated carbon fiber '
preforms further includes cycling pressure of said molten
aluminum impregnating said activated carbon fiber
preform. ' |

31. The method of making a double layer capacitor
as set forth in claim 24 wherein the step of'controlling'
porosity of said aluminum impregnated carbon fiber
preforms further includes applying ultrasonic vibrations
to said activated carbon fiber preform dﬁring said
impregnation step.
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that is jus he nelting point of alum num The pieces res
to be bondeg’(fyplé\éﬁtly must be held at_this state in _an inertpgflgtg)gs%%té?e

for an extended period of time. The aqgk?gqggﬁ hEiggts are not acceptabl e

car bon/ al uni num conposift #G64 Q@ey because a hi gh externa
pressur I a““aactlvated carbgnz££DEL&~+n the el ectrode. Further,
a high mm “ﬁ mm‘l n extended period of tinme results in the f or mat i on
of aIu urm carburdes The formation of al umaggscarbide significantly

reduces the perfornance of the el ectrode. The present process
bonds the al um num cagpon Qﬁ@pﬁéthsdebeﬁanﬂﬁg aodoubaéumhyar1baphcmtbh | ow

external pressure, at,a Io r,tenperatu

anount of tine. Q¢m9fﬁe§ n%?hnga+ﬂ?t%§ra§a ﬁ%??ugtégga%éégéégipﬁe anmount
of aIun1nun1carbsthpfutnrdmdusing saédbaqﬂlngtpdocaxbpnaﬁdbsrlpmsfpnv bond
to formwi thout Hlygig 89 ihpiserhial ConpBERANGE! RoULEnGhC

el ectrode. The presen pré?err process a ror the % of
t he aIun1nun1f0|agenttnélexuhﬁnynptagbé 1@§n§65¢tECEFBEPPQdEaEP°§ fibe

- 23- preform with aluminum.

-

33. The method of making a double layer capacitor
as set forth in claim 32 wherein said wetting agent is
selected from a group consisting of Tin-Titanium,
Copper-Tin-Titanium, Tantalum, Titanium-Carbon,
Titanium-Nitrogen, Titanium-Nitrogen-Carbon,
Silicon-Carbon, and mixtures thereof.

34. The method of making a double layer capacitor
as set forth in claims 21 and 22 wherein the step of
‘saturating said aluminum impregnated carbon fiber
preforms and separator'with said electrolyte solution
further comprises saturating said aluminum impregnated

" carbon fiber preforms and separator with said electrolyte
solution utilizing a vacuum infiltration process.

35. The method of making a double layer capacitor
as set forth in claims 21 and 22 wherein said bonding
_temperature is between about 300°C and 600°C.

36. The method of making a double layer capacitor
.as set forth in claim 35 wherein said bonding temperature
. is approximately 360°C.

37. The method of making a double layer capacitor
as set forth in claim 22 further comprising the step of
etching surfaces of said alumlnum foil prior to said
bonding.
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t enper at W@ ok/pjage of between about 300[err]C and 600C, andppRpfRoRifb£r ably
at about 360[err]C 50[err]C. The bond with an external

pressW/cnﬂ < SH@'QCM s\‘ﬁﬁ’proved bondi ng techni que, -
per f ormed under eous condi ‘gns,prws +&ERi eyed:by physically renoving
- or nodi “m“\ ayer on t é_alﬂ,&mm&m'?d“l ‘prior to bonding the foil

to the n*l nert atnosphere. The oxide layer is renoved using
an argon *i of sputterl ng technique. Al term36étrvely, the oxide |ayer can be
nodi fi ed by etchlg:g the alum numfoil in a solution of sodiumdichromate in

sul furic acid 81 NofRe rpethed, of cpeking andppbie) ayexrr pRPacitort her

t echni que theasalwtnwa-ﬂxlﬁe ¢ByEh 3% whépeihcenel ¥té§dbfe€tch1ng said
Before the aI num f oj sehbonded to the alu carbon c si;te

el ect r ode, R ot 11’ ﬁ’r'eg%’ﬁ?rﬁe?hgmﬁFﬁﬁ?’ﬂHngg&r g&l’r cdfpdsite
el ectrode carsmhltmveﬂ sx;diumbnbnchrngabe snnselfugichacddl| ul ose fibers
by heating themin inert atnosphere or alternately by reducing them

chem cally. By varying the amount of cellul ose used in preforns, the
resul ti ng porosi tyg/ f tThe eﬂl%ﬁ‘vh%n?%am%bﬁngoﬁp@@ﬂbbeeléi’grogepacanone

controlled. ag set forek iMechiim! £3 Pﬁ#ﬂh@f‘”&éﬁﬁ@?giﬁenﬁﬁé'&Ee | ggt r ode,

as each pair of alum numinpre nated p bon refoins are renoved from

the i npregnatiIPHIEAYY 3 Y%E]%t"l% mo83igoAdERinER, single
| ayer of al unfoidnwith ama:qmefmmesbmﬂenmg vechniguel nul t aneousl y

di f fusi on bonding the aligned pair of alum nun carbon conposite el ectrodes
to an alumnumfoil current collector under |ow pressure, a relatively | 0\.
tenperature and i Gn Themethodsphanaking dcdoublet bayer capacitor as

set forth in claim 22 further including the step of
pressing said carbon electrode against said aluminum foil
having a thickness between about 0.5 mils and 3.0 mils.

41. The method of making a double layer capacitor
as set forth in claim 22 wherein the step of pressing
said carbon electrode against said aluminum foil is
accompllshed at a bondlng pressure between about 3 psi
and 400 pSI.

| 42. The method of making a 'double layer capacitor
as set forth in claim 41 wherein the step of pressing
said carbon electrode against said aluminum foil is
accbmpli_she_d at a bonding pressure about 12 psi.
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‘Process avohgds P el Or mation of alum num carbide and ot her CWE and
prevents phyS|ca ganage to the carbon fibers. The quality of the ond

enhanced by first etching both surfac ’ﬁTthe alun1nun1f0|l or by renDV|ng
‘any al umi num oxi de | ayers that may beeg esent .

-24- EXAMPLE 2 The foll ow ng
description is representative of the diffusion bonding process and
preparation therefor. This exanple, together with the previous detail ed
description, represents a best node prgsently contenplated for carrying out
the inventiopgJhis description, howevefq~is got to be taken in a limting
sense, but is ;EUQ merely for the purpdse of descrlblng sone of the general

et oo hed o &\&&\»‘&\\\m N R R a2z

‘\()‘i\

prepared for etchi N} BRI oA \anasssns!n\ 'V‘tely 60 g of
S L A L A R i
7777777777777 g,,
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grans of al um num powder, and enough water to nmake a one liter sol ution.

The etchant bath was heated to approximately 60[err]-C.--In additton, a water
bath for rinsing the etched al um numfoil was-prepared-and heated to
approximately 60[err] C ) The al um num foil -was ‘i mersed in the
etchant bath for about 15 mnutes. The foil was then renoved fromthe
etchant bath and immersed in the water bath-to rinse the foil. The foil was
then dried in an oven for approxi mately 30 n1nutes The

el ectrodes and h S u |
carbon cloth pre orn1mas d@ﬁé%éafgg ea§ %9 gkéé ?iﬁﬂlhgﬂgkg?ggﬁﬁere
used to apply|ﬁﬁﬂHQ§¥¥$HQ%EE#¥P@#Sbhmm@@neéﬁent bozlowercﬁtetén grnakg/ cnP
and preferably ahoile{h@¢ &0/ od clisdbi@® ehpetrodpatotbraangmhh¥imlbe the

el ectrode/foil assenb) | aced ip a stainless steel reactor for the
act ual d|fo$<ﬂP?ﬁﬁﬁﬁ$&]V°l age. Siypge FARAGLTAF{ POCFIK BBRELKY process

i nvol ves heat i nghdrasdLaritllecliddsqware a@ﬁeaﬁéyopei-htmngheostagal ess st eel
reactor whil e ynder noderate lgress re in €. é spﬂ ﬁ After the
alun1nun1|3||ﬁh eﬁ??ﬁﬁ%ﬁ \& i B%?Sg? $ot ﬁ? B mi ng

conposite performing capacitors because of the 51gn1f1cantly higher
energy densities and power output ratings.

The present invention is a high performance
double layer capacitor having an electric double layer
formed in the interface between activated carbon and an
electrolyfe. The high performance double layer capacitor
includes a pair of aluminum impregnated carbon composite
electrodes having an evenly distributed and continuous
path of aluminum impregnated within an activated carbon
fiber preform and saturated with a high performance
electrolyte solution. The high performance double layer
capacitor is capable of delivering at least 5 Wh/kg of
useful energy at power ratings of at least 600 W/kg. The
present invention further identifies methods of making
the high performance double layer capacitor.

: The present invention further includes an
improved method of making the high performance double
layer capacitors by impregnating molten aluminum into
carbon fiber preforms. The present invention also
identifies various improvements in the fabrication of
aluminum/carbon composite electrodes and techniques for
bonding the current collector plate to the electrode.

Brief I ipti e T .

'In the following detailed description,
reference will be made to the attached drawings in which:
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-25- electrodes, the electrodes were dried for approximately 30 m nutes.
The el ectrodes were then purged with hydrogéen (550 nt/ritn) and argon (1000
mk/mn) at approximately 100[err]C. Next, the cellulose:fibers were
.carboni zed at 300[err]C for about 30 m nutes while still’ pur di ng the

el ectrodes with hydrogen (550 m/mn) and argon (1000 m/mn). The hydrogen
was then turned off and the argon rate was Lgcreased to approxi mately 1500
m /mn. The bondi ng tenperature was then attained by ranping the

reactor tenperature, as rege.radis raorsemdam] Glité'w ide 4 igiiglhwnsk g or
sintering tenpebatg W&ICh IS b bout 300[ e - 6g§%err C ( See
Table 2). This B3AGi R§*LE Yftaic (f? oL $9 ndi ng
time of about ow&thothevprhsem$ anwemtnnnﬁxiln Tabl e 2. The react or was
then turned off and the e trad 0

FSELr 9d9% ‘é’e %c%o% ekr%‘%&n{ag% : C(;'éoﬁ eag Wi th

m nutes. After, the 90 m ndtés tine, e rea
wat er and the ebeppiweslmn@umémw@@n comp051te Elsctrodelcin iF¢enrdance

capaci t ance, [ I~rRElH mance characteristics of
ﬁ&f§ kR g,&ag@ﬁta&s&v%kt‘iono e
e/ foi

several electrod senblies that were diffusion bonded in accordance
with the above-described B3Rdi Agifr 8c&estimmadyramnnsenfiatinn kiat ance

and capaci t ancesgphiesmetackobft kBeP Highs perFortiidd IHHPLIAY type double
layer capacitors. o

Detailed [ it ¢ the I £

The high performance double layer capacitor
disclosed herein is preferably a large bipolar type
double layer capacitor that can deliver large amount of
useful energy at a very high power output and power
density ratings. Specifically, the high performance
double layer capacitor is capable of delivering at least
5 Wh/kg of useful energy at power ratings of at least 600
W/kg. further, the'preferred high performance double
layer capacitor demonstrates a relatively low internal
resistance, yielding a charge/discharge efficiency rating
of at least 90 percent and also demonstrates relatively
high operating voltages of approximately 3.0 Volts for a
single cell capacitor. When configured as a series Stack_
of bipolar type double layer capacitors, the ﬁigh
performance capacitor stack operates, for example, as
much as 350 Volts and will store about 1.8 MJ of energy.

The high performance double layer capacitor '
ﬁreferably includes advanced aluminum/carbon composite
.electrodes with a high performance electrolytic-solution.
Of particular importance is the advantageous method of
fabricating the aluﬁinum/carbon composite electrodes and
the method of adhering the current collector that are
employed with the present high performance double layer
capacitors.

““"ENDED SHEET



I D Bondi ng Bondi ng Bonding El ectrode Capaci t ance Ener gy

Series Tenp Pressure Time Area Density Resistance

(€) (kg/cnerr]) (hours). .. (Wi/kg) ([err] *cn{err]) -092094A 380
0.84 4.5 20.2 cnferr] 15 F 7.8 0.85 090194A . 500 0.84 2 20. 2
cnferr] 14.8 F 8.2 0.95 092094A 600 0.84 1 19.0 cnjerr] 14.5
F 7.0 0.82 Tabl e 2 El ectrode/ Foil Bondi ng '
Characteristics WD 96/ 11486 ~11-

PCT/ US95/ 12772 .. ' - 26- H CH
PERFORMANCE ELERSYRPSHESCE the ions in $he B&PF&FF?&X%& éP-dodBee | ayer

capacitors is- preﬁe;ygduehedtpendenseparahercheids af pereatsr ol ytic
Ot PoS, e gt ER BeBsRs LG 25, o MPEAEKY P
ot her hand, thepolypropylene separator is initially soaked in the
electrolyte 20*§£ior to inserting it between the
aluminum/carbon composite electrodes 12 and 14.

The cell holder 11 can be any known packaging
means commonly used with double layer capacitors. 1In
order to maximize the enefqy density of the double layer
capacitors, it is an advantage to minimize the weight of
the packaging means. Packaged double layer capacitors
are typically expected to weigh not more than 25 percent
of the unpackaged double layer capacitor. The electrical
leads 28 and 29 extend from the current collector plates
22 and 24 through the cell holdér 11 and are adapted for
connection with an electrical circuit (not shown).

As seen in FIG. 2 and FIG. 3, a bipolar
aluminum/carbon composite electrode 30 and a
corresponding series stack of the high performance
bipolar double layer capacitors 40 are illustrated. The
bipolar aluminum/carbon composite electrode 30 comprises
a polarized aluminum/carbon composite body separated with
a non-porous current collector plate 36. Attached to one
surface 37 of the current collector plate 36 is a charged
electrode 32 for a first cell. Attached to the opposite
surface 38 of the current collector plate 36, is an
oppositely charged electrode 34 for a second cell. In
other words, if the first electrode 32 is a negative
.electrode for a first capacitor cell "A", the second
electrode 34 is then a positive electrode for anh adjacent
cell "B". o

As seen more clearly in FIG. 3, a series stack
of the high performance bipolar double layer capacitors
40 includes a plurality of cells (A, B, C,and D) which
are preferably connected in series. Each cell includes a
pair of aluminum impregnated carbon composite porous
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nonaqueous el ectrolytic solutions often have higher ionic :
conductivities and thus increase the operating voltage-df “‘the doubl e

| ayer capacitors. |In particular, these non- - aqueou3 electrolytic

sol utions have allowed the operating vol t dge of sihgle céll double

| ayer capacitors to be I ncreased to approxi mately three volts.

The present invention considers the use of %B?E advanced el ectrolytic
sol uti ons. These advanced el ectrolytic solutions often fall into three

types or ééﬁgfai’f f%l—.‘igﬂgé of':‘tfn"é £ o3.S %‘i‘?@@&%"e SEeBi yte.

sol uti ons whi ch’lise Bois 3 theSofvent 'fo
The preferred atpan %@nséheﬂlénbe detPEQGDPdwﬁéﬁhc§ﬁ¢§ﬂﬁn§ﬁ it &he
conbined with gaggoes. = ammonia to form highly conductive liquids at room

tenperature. Because of their h. conductivity, volt . stablllty, and
tenperature range, these g%?ﬂ??oﬁébﬁFepref°§Bﬁdw@&ﬁdﬁﬂ%ﬁbgsﬁ&g ackdvadieg es
i n high performneacison fidetdl efl approganatieler S. minxdmpllength amd ammoni at e

sol utions “h'Ch P?§§%%€€gg %0@%$§SI§§F§8§QEr0|%hgsacgivate%?%Qrbon

per formance dou
[NH[err]BKIerr]#l@qrs]hadSa[théac?]§rea of approximately ZSOthfZg[err]

3.3 [NHerr]]; ce1 se fl?ers of angBQ;kthEQIgrhhllbe %hg§10X|5§rr]]

The second cl ass o ectrolytes Is rised rom sul based
sol utions. The %EP?QﬁlQﬁ%&lﬂes H“m &n.éhamgtsrgasrsta#&enﬂpgﬁsppa . iS

used as the  sDtYERttROrcdPBoR! £€bed! prefoFfhs.sulrher cdilaxildaedirs pairees
were added as a binding agent and to control the porosity
of the electrode. The percentage of cellulose fibers
added comprised from between about 9.0 to 50 percent of
the weight of the preform and more preferably about 15
percent by weight.

Alternatively, the carbon fiber preforms could
be obtained from a commercial source. These carbon fiber
preforms are typically activated carbon fabrics wherein
the individual carbon fibers are wrapped in bundles called
a tow. The preferred fabric employed a tow consisting of
carbon fibers that were approximately 8 um in diameter and
had a surface area of about 2500 m®’/g. The tow was woven
to create a fabric that was approximatély 432 um thick.

The carbon fiber preforms were impregnated with
molten aluminum using a plasma spraying technique. The
spraying process was optimized to penetrate evenly into
the carbon fiber preforms through adjustment of the
current to the spray unit, the pressure of the spray, the
standoff distance of the spray from the preform, the
vertical step distance, and the sweep rate of the spray.
The optimum conditions for this example was determined to

' be 65 amps of current to the spray unit, a spray pressure
of 3.52 kg/cm® with a standoff distance of about 50.8 cm.
The'sweep rate of the plasma spray unit was about 161.5 cm
per second and the vertical step distance was
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27 sone salts

sul fur di oxi de

so as to formliquid electrolytes at roomtenperature. These
based sol utions typically have hi gher tonductivity than

correspondi ng amoni ate solutions but they also tend t be noré corrosive.
These el ectrol ytes are obtained when sulfur dioxide is used to dissolve
tetrachl oroal um nates of Lithium Calcium Sodiumor Strontium These

el ectrolytic solutions can be generally chargcterized as foll ows:
M[Ad[err]][err] x Serr] wheére x is between 2.5 and 6. 0;

d where. M j f Li, . o The third
Slass of i mprovARPEPRiRbERLY c2 ok Cfmy OBach: aifiniffip/BarBlon pogpostte (M
per formance doudlectrngde captcinedsaapeoxhpanpuyen.QagramseotrGhrbem. The
mol ten salt el eobLrl LaSaBbPolkPhlEEL )" 8124 RGNS bES A1 B nRGY S DECN

liquified at elevated t

edffter the spray process was completed, composite
electrode disks:were punched from the impregnated carbon
preform. Each composite electrode had a diameter of about
5.1 cm (2 inches) and a thickness of about 432 um. This
translates into a surface area of about 20.3 cm’.

The cellulose fibers were removed from the
composite electrode by sintering the electrode at
approximately 200°C - 300°C in a reducing atmosphere.

An aluminum foil sheet of 50.8 um thick was
bonded to each aluminum/carbon composite electrode at a
temperature of between about 360°C - 600°C, and an external
pressure of .84 kg/cm?, in the presence of an inert or
slightly reducing atmosphere. The finished
aluminum/carbon composite electrodes with current
collector plate was a disk éhaped device with a surface
area of about 20.3 cm’ and a thickness of about 0.048 cm.

The assembly of the single cell capacitor
further includes a porous polypropylene separator of about
25.4 um thick which was placed between the aluminum/carbon
composite electrodes to act as the electronic separator.
An electrolytic solution of 1.4 M tetraethylammonium
tetrafluoroborate in acetonitrile was then impregnated
into the carbon/aluminum composite electrodes and
separator using a vacuum infiltration'technique. The
capacitor was then externally sealed.

Table 1 identifies several examples of the

activated carbon/aluminum composite electrode and their

performance characteristics. It is important to note
that ID No. 071994A utilizes a different carbon cloth than
the above-described cloth preforms and similarly has a
greater thickness than the other samples. Measurements
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The el evated tenperatures typically are in-the range of- 450[ err] C and
above. These high tenperature nolten salt electrolytes possess-the highest
i oni ¢ conductivity and breakdown voltage of any electnolytlc sol uti ons.

The maj or drawback to these solutions are that they r'équire high operating
tenperatures and in many are highly corrosive [liquids. An exanpl e of
a high tenperature nolten salt electrolyte that is suitable for use'in

hi gh perfornmance double layer capacitors is a mixture of potassiumchloride

and/or lithi U%fhtﬂélﬁsmétahee ARG eapRBS aeublBrbaaieC #RRC K USi NG’
such electrolytes, should have an operating voltage of above 4 volts and

an ionic condud??%???e%f°fa53PB§Fhﬁ? | 9P4¥6 S/ cm at about 450[err]C.

Moreover, there are sone alkali nmet al tetrachloroalun1nates and
tetrabronnalun1num—"unn_"u_"_“_u“__ﬂ“ﬁﬂ;_*ﬁn_—"__n____“_ﬁn;,_v; __________________ |
t enper at ures ¢ 400 &ééitah& I
ranging fromO. 0 0. tepiaf MV | so exifst” sever
nol ten salts, [ I|qU|ds )
be useful as
092094A carbon cloth/ | 2500 20 cm? 150F 7.8 Whikg 0.85
aluminum m’/g '
071994A carbon cioth/ 1150 20 cm? 248F 7.85 Whkg | 0.85
aluminum m?/g
081694A carbon cloth/ | 2500 11.4cm? 7F 169 Whikg 0.69
aluminum m’/g :
040694A | carbon paper/ | 2500 20 cm? 75F 3.6 Wh'kg 24
aluminum m’/g
051094A | carboncloth/ | 2500 20 cm? I1.23F 8.02 Wivkg | 52
no aluminum ’/g

Table 1 Aluminum/Carbon Composate Electrode Performance Characteristics

ADHERING CURRENT COLLECTOR TO COMPOSITE ELECTRODE

After the aluminum is impregnated into the
carbon fiber preform, an aluminum foil is secured to the
backside of the electrode. 1In such a procgss, the
aluminum impregnated carbon preform diffusion bonds to
the aluminum foil thereby creating a low resistance bond
between the composite electrode and the current
collector. The aluminum foil functions as the current
collector or conductive electrode of the capacitor.
Specifically, the diffusion bonding is accomplished by
first modifying or removing the oxide layer on the
aluminum foil and then heating the electrode and foil
‘structure under pressure in an inert atmosphere. This
"bonding process involves the combination of high
temperature, and moderate pfessure in an inert atmosphere
to bring the surfaces of the compoéite electrode and the
current collector together. These steps are performed so
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- 28- el ectrolytes in the high perfornmance doubke hayer . - capacitor
di scl osed herein. . The electrolytic solutlons evaluated for
use with a 3 volt hi gh performance doubl e | ayer ‘capacitor are
identified in Table 3. The al um num i npregnated carbon fiber preforns
and separator are preferably saturated Wisth the described electrolytic
sol utions by nmeans of a vacuuminfiltration process. I D '

Non- Aqueous  Elged rol whendal dtoké gfliin Ceneevbifapael thRCE@nterfasal vont
() ) o S AESHOLLL 1 oLELESEL YL AT, 160,01 1000
Tetramet hyl ammoni um 10314 a bipbla#Oc@pacitorTstaekl uthebboatedl £693M
Carbonate ' Tet TRTE PR aerArRoYoSEoR Phep B8 saparat 5B Slectrotvtic
Tet r aet hyl ammorseintions Hetwgen celkg¥. TheTEoiif mustober &héckOenpyh to
k32594A  NH erdflsyre Mere are no p#fndles 4808thér 48fects. A foil
thickness between about 12.7 um and 76.2 um is preferred
for bipolar electrodes.
Aluminum is not a material that is well suited
for diffusion bonding. The difficulty arises from the
_ strong oxide layer that is typically present on an
~ aluminum surface. This oxide layer tends to retard the
transfer of aluminum between the surfaces to be bonded.
Most diffusion bonding techniques involving aluminum
require a high external pressure and a bonding temperature
that is just below the melting point of aluminum. The
pieces or structures to be bonded typically must be held
at this state in an inert atmosphere for an extended
period of time. The bonding conditions are not acceptable
for activated carbon/aluminum composite electrodes because
a high external pressure pulverizes the activated carbon
fibers in the electrode. Further, a high temperature for
an extended period of time results in the formation of
aluminum carbide. The formation of aluminum carbide
significantly reduces the performénce of the electrode.
The present process bonds the aluminum/carbon
composite electrodes to an aluminum foil with low external
pressure, at a lower temperature, and for a relatively
éhorter amount of time. The present method further
éignificantly reduces the amount of aluminum carbide
formed during the bonding process, and allows the bond to
form without physically damaging the activated carbon
fibers in the electrode. The present preferred bonding
process allows for the bonding of the aluminum foil
to the aluminum/carbon composite electrode at a
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032994A NH err] Lidderr] - 131.3 1000 16.45 -

Tabl e 3 Non- Agueous Electrol ytes - Frﬁh1tbe foregoing, it
shoul d be appreciat ed that the present invention thus provides a double
| ayer capacitor with al um num carbon conposite el ectrodes and hi gh
performance el ectrolytes and a nethod of naking the sanme. Further, it
wi Il be apparent that various changes meyz be made in the form
construction and arrangenent of the parts thereof w thout departing

fromthe spirittcangeratufeopangt blEepebvwelh abodt 380rcl haangoart, ohnit s

mat eri al advant ages, the_for er ei nhegor scrib bei ng perely
exenpl ary embodPRERt r?ﬁﬁrag%Y LE°aBSLE 338 8T§ gﬁa?‘enﬁgei °Pg hBt
intended that taehsevpé withf ahhextaraali peebsulienvtteadbontt loe 82p&ei/fcdnd.

cTbodi Tent s, 20, P OCCEaR3s EREELUEH, polLIEY sabhpanl! SR, i
equi val ent s. advantageous conditions, is achieved- »9- physically -
removing or modifying the oxide layer on the aluminum foil
prior to bonding the foil to the electrode in an inert
atmosphere. The oxide layer is removed using an argon ion
sputtering technique. Alternatively, the oxide layer can
be modified by etching the aluminum foil in a solution of
sodium dichromate in sulfuric acid, e.g. [Na,(Cr,0,) in
H,S0,]. In either technique the aluminum oxide layer is
significantly reduced.

Before the aluminum foil is bonded to the
aluminum/carbon composite electrode, any cellulose fibers
present in the aluminum/carbon composite electrode can be
removed by carbonizing or sintering the cellulose fibers
by heating them in inert atmosphere or alternately by'
reducing them chemically. By varying the amount of
cellulose used in preforms, the resulting porosity of the
aluminum/carbon compdsite electrodes can be controlled.

For the bipolar aluminum/carbon composite
electrode, as eaéh_pair of aluminum impregnated carbon
fiber preforms are removed from the impregnation process,
they are aligned together and bonded to a single layer of
aluminum foil. The preferred process involves
simultaneously diffusion bonding the aligned pair of
aluminum/éarbon composite electrodes to an aluminum foil
éurrent collector under low pressure, a relatively low
.temperature and in an inert atmosphere. As before, the
process avoids the formation of aluminum carbide and other
contaminants and prevents physical damage to the carbon
fibers. The quality of the bond is enhanced by first
etching both surfaces of the aluminum foil or by removing
any aluminum oxide layers that may be present.
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What is clainmed is: 1. A double layer capacitor .conprising: a
pair of porous, alum numinpregnated carbon conp05|te “dél ect rodes conpri sed
of a preformof high surface area activated carbon fibers |npregnated W th
.ol ten al um num a pair of current collectors, ‘each current collector
-disposed on a non-facing surface of said respective conposite el ectrode;
-an ionically conductive separator disposed hetween said facing surfaces of
.said conposite el ectrodes; and a non- adueous el ectrol yte sol ution
‘saturating said conposite el ectrodes and t 2. The doubl e
layer capacitor of claim21l wherein each E?E@gﬁg glun1nun1|npregnated car bon
.conposite el ectrodes furthee fohpowing depceﬁptmpnflhlghpsasha@etaweaof

acti vated carbon, L bek5.Dath 18oR3: RYCBEXOLS! BhAVEEL-ARLLAR izl h of

.aIun1nun1|npregnant and rnal” resi st ess t han
‘[err] cnjerr]. This exampige ﬁqutberayéthc&becprewlePSCﬁ&ﬁel egnd 2

wherein said dQﬂQ&@fiﬁﬂf&nCaféﬁfégénté EaBéEEemgﬁedgkb%%htﬂg Fornteaplated
Vh/kg of usetful gpeéggrylngoout {gélg ven 1on. e%gt 6 oscrl%tlon,
| however, is not to be taken in a limiting sense, but is
made merely for the purpose of describing some of the
general principles of the invention. The scope of the
invention should be determined with reference to the
claims.

An etchant bath was prepared for etching the
o aluminum foil by combining approximately 60 g of Na,(Cr,0;)°
| 2H,0 with about 173 ml of concentrated H,SO, , about 1.9
grams of aluminum powder, and enough water to make a one
liter solution. The etchant bath was heated to
approximately 60°C. In addition, a water bath for rinsing
the etched aluminum foil Qas prepared and heated to

approximately 60°C.

The aluminum foil was immersed in the etchant
bath for about 15 minutes. The foil was then removed from
the etchant bath and immersed in the water bath to rinse
the foil. The foil was then dried in an oven for
N approximately 30 minutes. .

1 The electrodes and etched foil were then

assembled for diffusion bonding. A carbon cloth preform
‘ was used as a release sheet and Hastoloy X plates were
used to apply moderate pressure of between about 0.21
kg/cm? to 28.1 kg/cm® and preferably about 0.84 kg/cm’ to
electrode/foil assembly. The electrode/foil assembly was
placed in a stainless steel reactor for the actual
diffusion bonding.

The present diffusion bonding process involves
heating the electrode and foil assembly within the
stainless steel reactor while under moderate pressure in
an inert atmosphere. After the aluminum is impregnated
into the carbon fiber preform, thus faﬁﬂﬁﬁﬁD?#EEFSite



4. The doubl e | ayer capacitor of claim1, 2 and 3 wherein said conposite

el ectrode has a capacitance of at least 30 F/cnferr]. -: 5. :The doubl e
| ayer capacitor of clains 1 through 4, wherein each of said al uf num

I npregnat ed carbon conposite el ectrodes further conprise a porous el ectrode
‘having an evenly distributed and conti nuous path of al um num i npregnated

within a carbon cloth preform _ -30- .
6. The doubl e | ayer capacitor of clainms 1 tﬁ?%ﬁgh 4 wherein each of said

al um num i npregnat ed carbon. conpQsite el ectrodes, further conprise a porous
Gl oot rode. havi SBISHEECRRPy Bhe PABHEERdRT e ARIND Fotk MR G RAG AN 20

i mpregnat ed wi thinudesar brhepapectrodiee’ Mere then purbedl daiti eydysjen

capact tor of cl phgh 41 yRERYIHnd WEHR 12980 xd T B TiEARL &Y o
100°C. Next, the cellulose fibers were carbonized at 300°C
for about 30 minutes while still purging the electrodes
with hydrogen (550 ml/min) and argon (1000 ml/min). The
hydrogen was then turned off and the argon rate was
increased to approximately 1500 ml/min.

The bonding temperature was then attained by
ramping the reactor temperaturé, as required, from 300°C
to the final bonding or sintering temperature which is
between about 300°C - 600°C (See Table 2). This bonding
temperature was maintained for a prescribed bonding time
of about one to five. hours as indicated in Table 2. The
reactor was then turned off and the electrodes were
allowed to cool for about 90 minutes. After, the 90
minutes time, the reactor was further cooled with water

and the electrodes were removed.

Table 2 identifies the capacitance, series
resistance and other performance characteristics of
several electrode/foil assemblies that were diffusion
bonded in accordance with the above-described bonding
process. Measurements of the resistance and capacitance
were made for the purposes of comparison only.

Bonding Bonding Bonding Electrode | Capacitance Energy Series

Temp Pressure Time Area Density Resistance

°c) tkg/lem?) | (hours) Whikg) | (Q *em?

092094A | 380 0.84 4.5 20.2cm* | 15 F 7.8 0.8%

090194A | 500 0.84 2 20.2 cm? | 14.8F" 8.2 0.95

092094A | 600 0.84 1 19.0cm® | 145F 7.0 0.82

Table 2 Electrode/Foil Bonding Characteristics
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el’ectrodes further conprise activated carbon fibers having a surface area

in a range—ef—about—500 -.3000 n{err]/g. ~'. ° 8. The double layer
capaci t ' ough 4 wherein said al um num i npregnated carbon
CoNpOoSi qm&@ﬂ!ﬁ“m‘ her conprise activated carbon fibers having a
surface gneawerst han 2000 nferr]/g. 9. The doubl e | ayer

capacitor of clainms 1 through 4 wherein said_alum numinpregnated carbon
conposite el ectrodes further conprise an al UAPRum to carbon wei ght ratio in
a range of about_1.3.to Q... . 10. The doubl e | ayer capacitor of
clains 1 througfPRtA& &5 Y 18 °uni num i npregnat ed carbon conposite

el ectrodes further conprise an alum numto carbon weight ratio of |ess than

1.0. 11. Th(i doﬂg:d%db"iy{rla(i?e[}acéa}p?ffcdl%%{le&}:%ﬂéiﬁ per conpri si ng

a housing neans for S$€al abl'y packagi-ng said D] er capacitor..
12. The doubl e | ayer ac®gddi ©ofr Refradishi sluminm ugipregirted caxben separ at or

ielsegt Eglr 3?2 Eg: E??n%%}é‘i%’ée SRR s Pl W M S5 &e SOR-GAUSYS
surface area activated carbon fibers impregnated with
molten aluminum;

a pair'of current collectors, each current collector
disposed on a non-facing surface of said respective
composite electrode;

an ionically conductive separator disposed between
said facing surfaces of said composite electrodes; and

a non-aqueous electrolyte solution saturating said

composite electrodes and separator.

2. The double layer capacitor of claim 1 wherein
each of said aluminum impregnated carbon composite '
electrodes further comprises a preform -of high surface
area activated carbon fibers having an evenly distributed
and continuous path of aluminum impregnant and having an

internal resistivity of less than 1.5 Q cn’.

3. The double layer capacitor of claim 1 and 2
o - wherein said double layer capacitor is capable of
) delivéring at least 5 Wh/kg of useful energy at power
ratings of at least 600 W/kg.

4. The double layer capacitor of claim 1, 2 and 3
wherein said composite electrode has a capacitance of at
least 30 F/cm’. '

5. The double layer capacitor of claims 1 through 4,
wherein each of said aluminum impregnated carbon composite
electrodes further comprise a porous electrode having an
evenly distributed and continuous path of aluminum ' '
impregnated within a carbon cloth preform.
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ANENDED_SHEEI____________ | - 31- - 13. The

doubl e Ia aC|tor of clains 1 through 4 wherein each of sard current
col | ect ﬁ n | ayer of netal foil bonded tio said non-facing
surface ve el ectrodes. 14. The doubl e | ayer

capaC|tor of C a|n113 mhereln said current collector conprises a thin |ayer
of alum numfoil bonded to said non-facing surfaces of said respective
el ectrodes. 15. The doubl e | ayer capat®Tor of claim 1l wherein

6. The double layer capacitor of claims 1 through 4
wherein each of said aluminum impreQnated carbon composite
electrodes further comprise a porous electrode having an
evenly distributed and continuous path of aluminum
impregnated within a carbon paper preform.

7. The double layer capacitor of claims 1 throﬁgh 4
wherein said aluminum impregnated carbon composite
electrodes further comprise activated carbon fibers having
a surface area in a range of about 500 - 3000 m’/q.

8. The double layer capacitor of claims 1 through 4
wherein said aluminum impregnated carbon composite
electrodes further comprise activated carbon fibers having
a surface area greatef than 2000 m%/g.

9. The double layer capacitor of claims 1 through 4
wherein said aluminum impregnated carbon composite
"electrodes further comprise an aluminum to carbon weight
ratio in a range of about 1.3 +to 0.5.

10. The double layer capacitor of claims 1 through 4
wherein said aluminum impregnated carbon composite
electrodes further comprise an aluminum to carbon weight
ratio of less than 1.0.

11. The double layer capacitor of claim 1 further .
comprising a housing means for sealably packaging said

.double layer capacitor.
12. The double layer capacitor of claims 1 through 4

wherein said separator is a porous polypropylene separator
saturated with said non-aqueous electrolyte solution.
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said electrolyte solution is a nolten salt solution. - 16. The double
| ayer capacitor of claim15 wherein said noften saltZel"@ctrolyte solution

is a mxt ' hl oride and |ithium chlofide: © 17: The
doubl e | a;’mnmulu"mmmmlﬁl aim 15 wherein said nolten'salt €el'éctrol yte

'sol ution are ¢hatactertzed by a fornul a:

[AIC[err]] [err] MX ’ where Mis an alkali netal; and

where X is selected froma group of consistrAddg-of Chlorine or Bronine.

18. The doubl e | ayer capacitor of claiml wherein said electrolyte
solution is an amonilte e Hownle layer qapaghkoxovbl elaiperlchprengbr4of

claim 18 wher ei Ryl RNEHYH B & BLIEOHYdRt SObL1eOPorS S6hBELISd ArERLIA

g1 pun consi sting Slel N S ndtdd do AT SER L bac kg Lub #LELs" 2

said respective electrodes.

14. The double layer capacitor of claim 13 wherein
said current collector comprises a thin layer of aluminum
foil bonded to said non-facing surfaces of said respective
electrodes.

15. The double layer capacitor of claim 1 wherein
said electrolyte solution is a molten salt solution.

16. The double layer capacitor of claim 15 wherein
said molten salt electrolyte solution is a mixture of
potassium chloride and lithium chloride.

17. The double layer capacitor of claim 15 wherein
said molten salt electrolyte solution are characterized
by a formula:

[AlCl,;] * MX
where M is an alkali metal; and
where X is selected from a group of consisting

of Chlorine or Bromine.

18. The double layer capacitor of claim 1 wherein
said electrolyte solution is an ammoniate solution.

19. The double layer capacitor of claim 18 wherein
said ammoniate electrolyte solution is selected from a
group consisting of [NH,NO;] ¢ 1.3 [NH,]; [NaI] * 3.3 [NH,];
and [LiCl0,] * 4 [NH,]. :
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-32- e | ayer capacitor. of. claiml wherein:said

e ution is a sulfur dioxide splutions characterized by a
§f0rnu| !ﬂﬂy lg

X is b m";”, "M'L and MIAd [e\rNL]e]r [eeR/Hsnglqeﬁ'[ re]d frzbm a gr oﬁgere

consi sting of L|th|un1 Cadm um Sodi um or Strontium 21. A nethod of
meki ng a doubl e | ayer capacitor conprising tf_steps of: | npregnati ng
a preformof high surface area activated carbon fibers with an evenly

di stributed and cont bBUOU&hQahBu%flea'l'dR}‘é%U@atp%d‘ﬂ!dP DU PlE R
| mpr egnat ed car bon conp osite el ectrode;] bondi ng a current collector

plate on a surf8eé 0P1§SFH°&VGE|ﬁ&%PF#ﬁPedﬁa@e§W%¥ ISR ISR W NS ode;

allgnlrg a pa|rcnarabuargueulggragmatﬁdlearbﬁn conposihe eleﬁtrode ghe&egy.
said al um num i npregnated carbon co ectrogdes have the non-bonde
surfaces facing one another; _ Fp@ L%fﬁﬁ Lbn¥c§§4y conductive separator
bet ween sai d facing surfawherefxsasdbatuﬂemumlBnpmdgmamadenuibon conposite

electrodes; and  satupgbi-R0s°3kdsah UTHRUMA TN SIS CARALEHPEY L ©

Lithium, Cadmium, Sodium or Strontium.

21. A method of making a double layer capac1tor
'comprlslng the steps of:

impregnating a preform of high surface area activated
carbon fibers with an evenly distributed and continuous
path of aluminum to form a porous, aluminum impregnated
carbon composite electrode;

bonding a current collector plate on a surface of
said aluminum impregnated carbon composite electrode;

_ aligning a pair of aluminum impregnated carbon
composite electrode whereby said aluminum impregnated
carbon composite electrodes have the non-bonded surfaces
facing one another;

- placing an ionically conductive separator between
said fécing surfaces of said aluminum impregnated carbon
composite electrodes; and
o saturating said aluminum impregnated carbon composite

electrodes and separator with a non-aquéous electrolyte

L

solution.

_ 22. The method of making a double layer capacitor as
set forth in claim 21 wherein the step of bonding said
current collector platé to said aluminum impreghated
carbon composite electrode further comprises the steps of:

removing any aluminum oxide layers from an
aluminum foil current collector; and

pressing said composite electrode against said
aluminum foil at a bonding temperature well below a |
melting point of said aluminum in an inert atmosphere such
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el’ectrodes and se +th a non-aqueous el ectrolyte.solution.
22. The net hod of nakinﬁuﬁ doubl e | ayer capacitor ‘as:séf forth in claim?21

Y\hﬁg:gégat\m\“QMJmunu g said current collector platé to said al'umi num

‘te electrode further conprises the steps of:
> . S * . .
renovi ng ahy %l dmi flum’ oxi de | ayers froman aluminumfoil current collector

and pressing said conposite el ectrode agai nst said al um num f oi
at a bonding tenperature well below a nelting3point of said aluminumin an
i nert atnosphere such ' -33- that

al uni num at ons fohat @givaingm Atqng ik oolds A% Fwnbekertace cefrsatdand
al um num foi |t @onipeyites dllbcirbid WA A luhDmeRi £o LPNMPOSAdICe£E es4iQ@de

whil e preventing_for.mation .of .al um,num carbi de at_. said i|nterface. .
P %lumlnum f%fi to saldjcomposfke eleé%roée W {fé preventing

formation of aluminum carbide at said interface.

23. The method of making a double layer capacifor as
set forth in claims 21 and 22 further comprising the step
of sealably packaging said double layer capacitor within a

housing.

24. The method of making a double layer capacitor as
set forth in claims 21 and 22 further comprising the step
of controlling porosity of said aluminum impregnated
carbon composite electrodes during said impregnation step.

25. The method of making a double layer capacitor as
set forth in claim 24 wherein the step of impregnating a
preform of high surface area activated carbon fibers with
an evenly distributed and continuous path of ‘aluminum
further comprises plasma spraying molten aluminum into
said activated carbon fiber preform.

26. The method of making a double layer capacitor as
set forth in claim 25 wherein the step of controlling
porosity of said aluminum impregnated carbon composite
electrodes further includes adjusting a standoff distance
between a plasma spray unit and said carbon fiber preform.

27. The method of making a double layer capacitor as
set forth in claim 25 wherein the step of controlling
porosity of said aluminum impregnated carbon composite
electrodes further includes controlling a sweep rate of a
plasma spray unit relative to said carbon fiber preform.
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thod o a doubl e | ayer capacitor.-as set forth in clains
21 and aﬂz@” I sing the step of seal'ably packaglng sald double
| ayer ﬂﬂl housi ng. 24. The net hod: of rrakl ng a doubl e
| ayer capaC|tdr as orth in claims 21 and 22 further conprising the

step of controlling porosity of said al umi numinpregnated carbon conposite

el ectrodes during said inpregnation step. 25. The method of naking

a doubl e | ayer capacitor as set forth in clat4m 24 wherein the step of

i npregnating a preformof high surface areg activated carbon fibers with an

evenly distributed af#- coﬂ??nﬁ&ﬁ§°ﬁapﬁ Fekdnghien Geuhle HAY %o FARaSIEN ffm

sprayi ng nol tensatun;bﬁum tmt e1adnd zachn\é&bqrih e @tep F UMirdlling
26. The net hod of nak aC|tor set forth |n cl.ai m 25

| e.l ayer
Gherein the ot cHCEPEEbRLPE PRI BorBiRby SRBEmeR Rt CRRR
car bon conpositeletérbdedeﬁutuhehenncduﬂeﬁesamﬁmmﬂmumg a ﬁEﬂnd@&W'dlstance

bet ween a plasn@eﬁﬁé@XBﬁPétaﬂadp§gbgu§§r%9nsgﬁge %& Ay lnum‘fﬁgﬁ%ereln

met hod of making a e | ayer acitor "as set inc
the step of congebivahgdpeasbpnyfé e§aP§e£Pﬁm-nun1|npregnated car bon
conposite el ectrodes further includes controlling a sweep rate of a

29. The method of making a double layer capacitor as
set forth in claim 24 wherein the step of impregnating a
preform of high surface area activated carbon fibers with
an evenly distributed and continuous path of aluminum
further comprises immersing said activated carbon fiber
preform into a bath of molten aluminum.

30. The method of making a double layer capacitor as
set forth in claim 24 wherein the step of controlling
porosity of said alumihum impregnated carbon composite
electrodes further includes cycling pressure of said
molten aluminum while impregnating said aciivated carbon
fiber preform.

31. Thé method of making a double layer capacitor as
set forth in claim 24 wherein the step of controlling
porosity of said aluminum impregnated carbon composite
electrodes further includes applying ultrasonic vibrations
to said activated carbon fiber preform during said
impregnation step.

32. The method of making a double layer capacitor as
set forth in claims 21 and 22 further comprising the step
of immersing said preform of high surface area activated
carbon fibers into a molten metal infiltrate composed of a
wetting agent prior to impregnating said activated carbon
fiber preform with aluminum.
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plasma spray unit relative to said carbon fiber preform LT
- 34- ~28. The nethod of meking a double | ayer capacitor as :set forth

iR claim25 ' T of controlling porosity of -said al um num

i npr egnat ed lmﬂmmﬂﬂﬁmel ectrodes further includes controlling a
delivery tenperatune andspressure of said nmolten alumnumto said activated
carbon fiber preform 29. The nethod of making a doubl e | ayer

capacitor as set forth in claim24 wherein TBR& step of inpregnating a
preform of high surface area actjivated carbon fibers with an evenly, :
B Stri bured and cont Ao e He o o BTG HrSelrpt 2Ees FRRRELFAG as
sai d activated cathdortiean pidim B2 niltereiintsadd wottingaagentiuis

30. The method fe Rl A 40Ub! 4y Lok@PACI A oR S8 T QLA ©f T m 24

wherein the step I Ng
Copper-Tin-Titanium, Tantalum, Titanium-Carbon,

Titanium-Nitrogéh, Titanium-Nitrogen-Carbon,
Silicon-Carbon, and mixtures thereof.

34, The method of making a double layer capacitor as
set forth in claims 21 and 22 wherein the step of
saturating said aluminum impregnated carbon composite
electrodes and separator with said electrolyte solution
further comprises saturating said aluminum impregnated
carbon composite electrodes and separator with said
electrolyte solution utilizing a vacuum infiltration

process.

- 35. The method of making a double layer capacitor as
set forth in claims 21 and 22 wherein said bonding
temperature is between about 300°C and 600°C.

36. The method of making a double layer capacitor as
set forth in claim 35 wherein said bonding temperature is

approximately 360°C.

37. The method of making a double 1ayer capacitor as
set forth in claim 22 further comprising the step of
etching surfaces of said aluminum foil prior to said

bonding.

38. The method of making a double layer capacitbr as
set forth in claim 37 wherein the step of etching said
aluminum foil further comprises immersing the foil in a
solution of sodium dichromate in sulfuric acid.
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por05|ty_gi_saLd_aLuﬁ+ﬁuﬂTTnpregnated carbon conposite el ectrodes further

i ncl udes cyclln res of said nolten al.um num while.inpregnating said
agt i vat edu“mm Lﬁ S“Hi“form 31. The nethod of naking a double

1l ayer cap th in claim?24 wherein the step of controlling
porosity of shid alun1nun1|npregnated carbon conposite el ectrodes further

i ncl udes applying ultrasonic vibrations to said activated carbon fiber
preform during said inpregnation step. -3632. The nethod of making a
doubl e l'ayer capacitor as set forth in clainms 21 and 22 further conprising
the step of imersing%ai dTlpe crekhedfofij gakingfacdoubde 3ayevarapacatbunas

fibers into a midened@ilin éldinase £QPERELIC pﬁl&@h? fHea8€Bb BEior to
i npregnating said actjvated carbop fiber preformwth um, num
-35- removing any aluminum oxide layers from said aluminum foil

with an argon ion sputtering technique.

40. The method of making a double layer capacitor as
set forth in claim 22 further including the step of
pressing said composite electrode against said aluminum
foil having a thickness between about 12.7 um and 76.2 um.

41. The method of making a double layer capacitor as
set forth in claim 22 wherein the step of pressing saiad
composite electrode against said aluminum foil is
accomplished at a bonding pressure between about 0.21
kg/cm® and 28.1 kg/cm’.

42. The method of making a double layer capacitor as
set forth in claim 41 wherein the step of pressing said
composite electrode against said aluminum foil is
accomplished at a bonding pressure about 0.84 kg/cm®.

AMENDED SHEET .,



i .;.
33. " The nethod of nmking a double |layer capacitor as set forth in claim 32
~wherein said wetting agent is selected froma group consisting of
- Tin-Titani um, Copper-Tin-Titanium Tantalum Titanium Carbon,
- Titanium Nitrogen, Titanium N trogen-Carblon, Silicon-Carbon, and mi xtures
. t her eof . 34. The nethod of meking a double | ayer capacitor as set

| forth i ' d 22. ' ' i ' '
| pr egnat S EBRCAr B1oRE i dRL BleSublfe 2b2Prf pRRECEARAL LRHTEE, |
sol ution b&&?ﬁfol%ﬁ&%lkﬁ@%isﬁaégg@iihﬁ&l al ghiledhitK. NTHE ipSB/pRERARIscpardien is

conposi te el ectrodes ‘and separator wth said electrolyte~solution utilizing
a vacuum jnifially k@dkie@ inth® Ghfrolyte 20 pridbto ibertingtinbetwetn ek alaginum@atton

-l ayer capacitor as set forth in clainms 21 and 22 wherein said bondi ng
t enper at ucempssiteatleatrmdenh? and 340[ err ] C and 600[ err] C. + 36. The net hod
of making a double |layer capacitor as set forth in claim35 wherein said
bondi ng t enpeiThe el holden Jjcan beeany| knoympaskaging means commanly psed With kigyblss
o fyer capaciibre, T oract to magimize the chetgy desity of the doubls Tager capaciors, 2
‘it is an advantage to minimize the weight of the packaging means. Packaged double
iayer capécitors are tybic_ally expected to weigh not more than 25 'perceﬁt more than the
' unpackaged double layer capacitor. The elecrical leads 28 and 29 extend from the
\ - -current collector plates .- iZ and 24 .thrpdgh the cell holder 11 and are adapted for
connection with an electrical circuit (not shown). _ |
" As seen in Fig. 2 and Fig. 3, a bipolar aluminum/carbon composite electrode 30
a:nd a corresponding series stack of the high performance bipolar double layer éapacitors
40 are illustrated. The bipolar aluxﬁinumlcarbon coniposife electrode 30 comﬁrises a
polarized aluminum/carbon composite body separated with a non-porous current
collector plate 36. Attached to one surface 37 of the current collector plate 36 is a
charged electrode 32 for a first cell. Attached to the opposite surface 38 of the current
collector plate 36, is an oppositely charged electrode 34 for a second cell. In other
words, if the first electrode 32 is a negative electrode for a first capacitor cell "A", the
second electrode 34 is then a positive electrode for an adjacent cell "B".
As seen more clearly in Fig. 3, a series stack of the high performance bipolar
double layer capacitors 40 includes a plurality of cells (A, B, C, and. D) which are

preféféibly connected in series. Each cell includes a pair of aluminum impregnated

. carbon composite porous




T

»

s

etching surfaces of said al unmi numfoil prior to said bonding. - 38.
~The net hod- of maki ng a doubl e | ayer. capamtor as set forth in claim37

'wherein the step of etching said al uninum foil
in a solution of sodiumdichromed”e in sulfuric acid.

!thef0|
| - 36-

further conprises imersing

39. The nethod of meking a double |ayer capacitor as set forth

lin claim 220 rI-,é”%]ng %%9 %rfblﬁ-}é ﬂ?{uﬁ&‘?ﬁé&gﬂrm@fat r&gﬂl\ﬂarﬂger e Al HIL O X&l%ﬁlde

| ayers from sai

argon ering techn

40. The nephed Q(f,lu[{ﬁ}ég 2?8 fg#’UHA\}% et e&ma&w@r tﬁ’zﬁl BtretRnlithg 'anﬁll&hateﬂ

further

i ncluding 't

pressing said conposite el ectrode agai nst -

sai d al um golatib®y buthhy BBo &eﬁch e ko assie Rotrosien dIhesel eldotrolythb €t BLANEd HheR

[err]m

o

sulfur dioxide is used to dissolve tetrachloroaluminates of Lithium, Calcium, Sodium or
Strontium. These-electrolytie solutions can be generally characterized as follows:
M [AIC]4]* x SO,
where'x-is between 2.5 and 6.0; and
where M is selected from Li, Ca, Na, or Sr.
The thtrd class of 1mproved electrolyte which are smtable for use in high

-performance double layer capacitors are the molten salt electrolytes The molten salt

electrolytes are fqr_m__ed f_r_om jonic salts that have been-hqul_fied at elevated temperatures.
The elevated tempere;tllres typically are in the range of 450°C and nbbvet' T_hese high
temperature molten salt electrolytes possess the highest ionic -eonductivity and
breakdown voltage of any electrolytic solutions. The major drawback to these solutions
are that they require high operating temperatures and in many are highl)t corrosive
liquids. |

An example of a hrgh temperature molten salt electrolyte that is suitable for use in

high performance double layer capacltors is a mixture of potassmm chloride and/or

| lithium chloride. A high performance double layer capacnor using such electrolytes,

should have an operating voltage of above 4 volts and an ionic conductivity of
approximately 1.6 S/cm at about 450°C.

Moreover, there are some alkali ‘metal * tetrachloroaluminates and
tetral;romealuminates which are molten salt electrolytes that have operating temperatures
between about 100°C - 400°C with conductivities ranging from 0.15 to 0.45 S/cm.
There also exist several chloroaluminate molten salts, which are liquids at room

temperature, which are deemed to be useful as .

NP TRIRAT SSERERT

1ONTOV 11988




Bt

The meuod of making a double | ayer cafgi ARkOAE Gad Thr ¢ n B
*;,‘,v'tl"ii

(72) Inventors: FARAMSI, C., Joseph; 1309 Gatewood Drive
#101, Aubum, AL 36830 (US). .DISBEN‘élTE. John, M.;

~ 204 Ridgewood Court, Aubumn, AL 36830 (US).
(74) Agents: SAMPLES, Kenneth, H. et al,; Fitch, Even, Tabin &

Flannery, Suite 900, 135 South LaSalle Street, Chicago, IL
60603 (US).

er ein the st m pressi Nayoka N OIS IrkePERIVRREGGIORAT NSt TGEK
:f‘ i s acconp d at a bonding pr Bewween about 0.21 kg/cnferr]
and 28. 1INTERNATIGNAL APPLICATION PUBLISHED'ONDER THE mmamgceommwlm (PCT)
capagt T b&dl M 4T WeT LT .tNe Ste T ng sai
conpa é‘ﬁ E"‘E\“@é‘f‘r"&'ﬂ‘& Ck@‘&ﬁ“ﬁ'g’f Said al U nA i | (Hiptprpational We“g‘ﬁﬂ'd at Mﬁé{%s‘
pressur eHAG K155, Y3k g/ cnf er rl. (43) International Publication Date: 18- April 1996 (18.04.96)
(21) International Application Number: PEUSISI12712,1 (B1) Desxgnated States: AL, AM, 'r, AU, BB, BG, BR, BY, CA,
. _ CH, CN, CZ, DE, DK, EE, E FI. B, GE, HU, IS, JP, KE,
(22) International Filing Date: ArOctober 1995/(@1.0/.95 KG, KP, KR, KZ, LK, LR, LT, LU, LV, MD, MG, MK,
MN, MW, MX, NO, NZ, PL, PT, RO, RU, SD, sgﬁc?sr,
. SK, TJ, TM, TT, UA, UG, UZ, VN, European pa AT,
(30) Priority Data: . BE, CH, DE, DK, ES, FR, GB, GR, IE, IT, LU, MC, NL,
98319493 / _#Bctober 1994 (07. 1099~ /sy PT, SE), OAPI patent (BF, BJ. CF, CG, Cl, CM, GA, GN,
ML, MR, NE, SN, TD; TG), ARIPO patent (KE, MW, SD,
SZ, UG).
(71) Applicant: MAXWELL ATORIES, INC. [US/US)
8888 Balboa Avenue, San Diego, CA 92123 (US).
Published

With international search report.
Before the expiration of the time limit for amending the

amendments.

Lp1? s csTW\'t'L?ER-fhnm-

(54) Title: HIGH PERFQ]
TRODES

CE DOUBLE LAYER CAPACITORS INCLUDING ALUMINUM CARBON COMPOSITE ELEC-

" 28 |
| _ 22
N zz}/'/_x',-Zz'J.',-Zz' Jxﬁks 12
718
e VZ7777> /;///;/// ~ 14
\ AN

24

AN\

29

clainis and to be republished in the event of the receipt of |




(57) Abstract

A high performance double layer capacitor having an electric double layer formed in the interface between activated carbon and an
electrolyte is disclosed. The high performance double layer capacitor includes a pair of aluminum impregnated carbon composite electrodes
having an evenly distributed and continuous path of aluminum impregnated within an activated carbon fiber preform saturated with a high
performance electrolytic solution. The high performance double layer capacitor is capable of dehvenng at least 5 Whlkg of useful energy

at power ratings of at least 600 W/kg.
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