
Title: ELECTROCHEMICAL DOUBLE LAYER CAPACITOR HAVING CARBON POWDER
ELECTRODES   Abstract: A double layer  capacitor (Figure 1) includes first
(12) and second (14) electrode  structures separated by a porous  each
include a current collector  foil (22), a primary coating formed  on the
current collector foil, and  a secondary coating formed on  the primary
coating. The primary  coatings include conducting carbon  powder (42), and
the secondary  coatings include activated carbon  powder (44). A method of
making  the electrode structures includes the  steps of : preparing a first
slurry that  includes conducting carbon powder  and a binder; applying the
first slurry  



to form a primary coating; preparing  a second slurry that includes
activated  carbon powder, a solvent and a  binder, and applying the second
slurry to the primary coating. 18 OCT 2004 1 ELECTROCHEMICAL DOUBLE LAYER
CAPACITOR HAVING CARBON POWDER ELECTRODES BACKGROUND OF THE INVENTION The
present invention relates generally to  electric double layer capacitors,
and more particularly  to a high performance double layer capacitor made
with  low-resistance carbon powder electrodes. Double layer capacitors,
also referred to as  electrochemical double layer capacitors (EDLC), are
energy storage devices that are able to store more energy  per unit weight
and unit volume than traditional  capacitors. in addition, they can
typically deliver the  stored energy at a higher power rating than
rechargeable  batteries. Double layer capacitors consist of two porous
electrodes that are isolated from electrical contact by a  porous
separator. Both the separator and the electrodes  are impregnated with an
electrolytic solution. This  allows ionic current to flow between the
electrodes  through the separator at the same time that the separator
prevents an electrical or electronic (as opposed to an  ionic) current from
shorting the cell. Coupled to the  back of each of the active electrodes is
a current  collecting plate. One purpose of the current collecting  plate
is to reduce ohmic losses in the double layer  capacitor. If these current
collecting plates are  non-porous, they can also be used as part of the
capacitor seal. Double layer capacitors store electrostatic  energy in a
polarized liquid layer which forms when a  potential exists between two
electrodes immersed in an  



electrolyte. When the potential is applied across the  electrodes, a double
layer of positive and negative  charges is formed at the
electrode-electrolyte interface 18 OCT 2005 2 (hence, the name "double
layer" capacitor) by the  polarization of the electrolyte ions due to
charge  separation under the applied electric field, and also due to the
dipole orientation and alignment of electrolyte  molecules over the entire
surface of the electrodes. The use of carbon electrodes in electrochemical
capacitors with high power and energy density represents  a significant
advantage in this technology because carbon  has a low density and carbon
electrodes can be fabricated  with very high surface areas. Fabrication of
double layer capacitors with carbon electrodes has been known in  the art
for quite some time, as evidenced by U.S. Pat.  Nos. 2,800,616 (Becker),
and 3,648,126 (Boos et al.). A major problem in many carbon electrode
capacitors, including double layer capacitors, is that  the performance of
the capacitor is often limited because  of the high internal resistance of
the carbon electrodes.  This high internal resistance may be due to several
factors, including the high contact resistance of the  internal
carbon-carbon contacts, and the contact  resistance of the electrodes with
a current collector.  This high resistance translates to large ohmic losses
in  the capacitor during the charging and discharge phases,  which losses
further adversely affect the characteristic  RC (resistance times
capacitance) time constant of the  capacitor and interfere with its ability
to be  efficiently charged and/or discharged in a short period  of time.
There is thus a need in the art for lowering  the internal resistance, and
hence the time constant, of  double layer capacitors. United States Patent
No. 5,907,472 to  Farahmandi et al., the complete disclosure of which is
incorporated herein by reference, discloses a  



multi-electrode double layer capacitor having a single  electrolyte seal
and aluminum-impregnated carbon cloth  electrodes. The use of the
aluminum-impregnated carbon  cloth electrodes. described therein results in
a double 1 8 OCT 2004 3  layer capacitor having a very low internal
resistance. The  carbon cloth used in such electrodes, however, tends to be
somewhat costly. Thus, it would be advantageous to have a method  and/or
apparatus for lowering the internal resistance of double  layer capacitors
that does not rely on carbon cloth. It is thus apparent that there is a
continuing need  for improved double layer capacitors. Such improved double
layer  capacitors need to deliver large amounts of useful energy at a  very
high power output and energy density ratings within a  relatively short
period of time. Such 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 techniques and methods of fabricating
double  layer capacitor electrodes so as to lower the internal  resistance
of the double layer capacitor and maximize the  operating voltage. For
example, the method used to connect the  current collector plate to the
electrode is important because  the interface between the electrode and the
current collector  plate is a source of internal resistance of the double
layer  capacitor. Since capacitor energy density increases with the  square
of the operating voltage, higher operating voltages thus  translate
directly into significantly higher energy densities  and, as a result,
higher power output ratings. It is thus  readily apparent that improved
techniques and methods are  needed to lower the internal resistance of the
electrodes used  within a double layer capacitor and increase the operating
voltage. SUMMARY OF THE INVENTION Embodiments of the present invention
advantageously  addresses the needs above as well as other needs by
providing  



a method of making an electrode structure for use in a double 18 OCT 2004 4
layer capacitor. According to a first aspect of the invention,  there is
provided a method of making an electrode structure for  use in a double
layer capacitor, comprising the steps of:  preparing a first slurry that
includes conducting carbon powder  and a binder; applying the first slurry
to a current collector  plate; drying the applied first slurry to form a
primary  coating; preparing a second slurry that includes activated  carbon
powder, a solvent and a binder; and applying the second  slurry to the
primary coating. According to a second aspect of the invention,  there is
provided a method of making an electrode structure  for use in a double
layer capacitor, comprising the steps of: preparing a first slurry that
includes a liquid,  conducting carbon powder and a polymeric binder;
coating the first slurry on to a surface of a  current collector plate;
drying the applied first slurry to remove the  liquid to form a primary
coating layer; preparing a second slurry that includes activated  carbon
powder, a binder of polymeric material and a solvent  for the polymeric
material; coating the second slurry on to the primary coating  layer; and
removing the solvent to form a secondary coating  layer to create an
overall electrode structure containing a  polymer and carbon. According to
a third aspect of the invention, there  is provided a double layer
capacitor comprising: a first  electrode structure that includes a first
current collector  foil, a first primary coating formed on the first
current  collector foil, and a first secondary coating formed on the  first
primary coating;a second electrode structure that 18 OCT 2004 4a includes a
second current collector foil, a second primary  



coating formed on the second current collector foil, and a  second
secondary coating formed on the second primary coating,  wherein the first
and second primary coatings include conducting  carbon powder and the first
and second secondary coatings  include activated carbon powder; a porous
separator positioned  between the first and second electrode structures,
and means  for saturating the porous separator and the first and second
electrode structures in a prescribed electrolytic solution. A better
understanding of the features and advantages  of the present invention will
be obtained by reference to the  following detailed description of the
invention and  accompanying drawings which set forth an illustrative
embodiment in which the principles of the invention are  utilized. BRIEF
DESCRIPTION OF THE DRAWINGS The above and other aspects, features and
advantages of  the present invention will be more apparent from the
following  more particular description thereof the steps of: 18 OCT 2004 5
presented in conjunction with the following drawings  herein; FIG. 1 is a
schematic diagram illustrating a  double layer capacitor made in accordance
with the  present invention; FIG. 2 is a schematic diagram illustrating a
multi-electrode double layer capacitor-made in accordance  with the present
invention; FIG. 3 is a flowchart illustrating an exemplar)  process in
accordance with the present invention for  making the carbon powder
electrodes shown in FIGS. I and  2; I FIG. 4 is a side view illustrating
one of the  current collector plates shown in FIG. 1; FIG. 5 is an
isometric view illustrating a  process of coating the current collector
plate shown in  FIG. 4; FIG. 6 is a side view illustrating the coated  



current collector plate resulting from the process shown in FIG. 5; FIG. 7
is a side view illustrating a process o:  cutting the coated current
collector plate shown in FIG.  6; and FIG. 8 is a side view illustrating a
secondary  coating applied to the coated current collector plate  shown in
FIG. 7. Corresponding reference characters indicate  corresponding
components throughout several views of the  drawing. DETAILED DESCRIPTION
OF THE INVENTION The following description of the presently  contemplated
best mode of practicing the invention is no  to he taken in a limiting
sense, but is made merely for  the purpose of describing the general
principle of the  invention. The scope of the invention should be
determined with reference to the claims. 18 OCT 2004 6 Activated carbon
powders can be used to provide  high capacitance in electrochemical
double-layer  capacitors (EDLC). A high capacitance is possible due to  the
large surface area of activated carbon, which is on  the order of 1000 to
2500 m2/g. One possible method of making carbon powder  electrodes is to
apply the activated carbon powders onto  current collectors in the form of
a slurry. Such a  slurry of activated carbon powder may be made in a
solution containing a polymer binder. The resultant  electrodes, however,
tend to be resistive. To partially  alleviate this problem, a small
percentage (e.g., 1-2%)  of a carbon, which is more conducting than the
activated  carbon, may be added to the slurry. Thus, the electrodes  are
made by applying a single coat of activated carbon,  conducting carbon, and
a polymer binder onto current  collectors. Unfortunately, the time
constants of EDLC  capacitors having these types of electrodes typically  



fall in the range of 3-5 seconds. It would be highly  advantageous to
produce EDLC capacitors having lower time  constants. Referring to FIG. 1,
there is illustrated a  schematic representation of a two-electrode single
cell  double layer capacitor 100 made in accordance with the  present
invention.. The capacitor 100 has a very low  internal resistance and is
capable of yielding a high  operating voltage. Furthermore, the capacitor
100 is  capable of achieving an RC time constant of 0.5 seconds. The
capacitor 100 includes two spaced apart  carbon powder electrodes 102, 104
electrically separated  by a porous separator 106. one purpose of the
electronic  separator 106 is to assure that the opposing electrodes  102,
104 are never in contact with one another. Contact  between electrodes
results in a short circuit and rapid  depletion of the charges stored in
the electrodes. The first electrode 102 is in contact with a  current
collector plate 108, which plate 108 is in turn 18 OCT 2004 7 connected to
a first electrical terminal 110 of the  capacitor 100. Similarly, the
second electrode 104 is in  contact with another current collector plate
112, which  plate 112 is connected to a second electrical terminal  114 of
the capacitor 100. The current collector plates  108, 112 preferably
comprise aluminum foil or the like.  The region between the electrodes 102,
104, as well as  all of the available spaces and voids within the
electrodes 102, 104, are filled with a highly conductive,  preferably
non-aqueous electrolytic solution 116. The electrodes 102, 104, as
explained in more  detail below, are preferably formed by applying two
different types of carbon powder slurries to the current  collector plates
108, 112 in two separate coatings.  Specifically, the first electrode 102
includes a primary  (or primer) coating 120 that is in contact with the
current collector plate 108. Similarly, the 



second 122 electrode 104 includes a primary (or primer)coating that is in
contact with the current collectorplate112. The primary coatings 120, 122
preferably comprise a  carbon powder film that contains highly conducting
carbon  powder in large proportion and a polymer binder. The  proportion of
highly conducting carbon included in the  primary coatings 120, 122
preferably falls in the range  of 25%-95%. The primary coatings 120, 122
preferably do  not contain activated carbon. The first electrode 102 also
includes a  secondary coating 124, and similarly, the second  electrode 104
includes a secondary coating 126. The secondary coatings 124, 126 are both
in contact with the separator 106. The secondary coatings 124,126 are
applied on top of the primary coatings 120,122, respectively, and are
preferably applied with slurry of  activated carbon, conducting carbon and
a polymer binder.  The illustrated components are compressed against each
other with a constant modest pressure, with the porous  .separator 106
preventing an electrical short between the 18 OCT 2004 8 electrodes 102,
104. The electrodes 102, 104, with their primary  coatings 120, 122 and
secondary coatings 124, 126, have e  lower resistance than electrodes made
with a single coat  of activated carbon, conducting carbon, and a polymer
binder as described above. The ions of the electrolytic solution 116 are
free to pass through pores or holes 118 of the separator  106; yet the
separator 106 prevents the electrode 102  from physically contacting, and
hence electrically  shorting with, the electrode 104. A preferred separator
106, for example, is polypropylene. Polypropylene  includes
rectangular-shaped pore openings having  dimensions on the order of 0.04 by
0.12 Am. Another  



suitable separator material is polyethylene.  Polyethylene generally has
pore sizes on the order of 0.:  Am diameter or less. In operation, when an
electrical potential is  applied across the terminals 110, 114, and hence
across  the series-connected electrodes 102, 104, a polarized  liquid layer
forms at each electrode immersed in the  electrolyte 116. It is these
polarized liquid layers  which store electrostatic energy and function as
the  double layer capacitor--i.e., that function as two  capacitors in
series. More specifically, as,conceptually depicted by  the "+" and "-"
symbols (representing the electrical  charge at the electrode-electrolyte
interface of each  electrode that is immersed in the electrolyte 116), when
a voltage is applied across the electrodes, e.g., when  electrode 102 is
charged positive relative to electrode  104, a double layer is formed
(symbolically depicted by  the two "+/-" layers) by the polarization of the
electrolyte ions due to charge separation under the  applied electric field
and also due to the dipole  orientation and alignment of electrolyte
molecules over  the entire surface of the electrodes. This polarization 18
OCT 2004 stores energy in the capacitor according to the following
relationships: C=k.A/d (1) and E=CV2 /2 where C is the capacitance, k. is
the effective dielectri  constant of the double layer, d is the separation
distance between the layers, A is the surface area of the  electrodes that
is immersed in the electrolytic solution,  V is the voltage applied across
the electrodes, and E is  the energy stored in the capacitor. In a double
layer capacitor, the separation  distance d is so small that it is measured
in angstroms,.  while the surface area A, i.e., the surface area "A'' per  



gram of electrode material, may be very large. Hence, as  can be seen from
Eq. (1), when d is very small, and A is  very large, the capacitance will
be very large. The surface area "All in the capacitor 100 is  large because
of the make-up of the electrodes 102, 104.  Specifically, each of the
electrodes 102, 104 comprises  activated carbon powders in the secondary
coatings 124,  126, respectively. Activated carbon is a highly porous  form
of carbon. The activated carbon powders do not have  a smooth surface, but
are pitted with numerous holes and  pores. The holes and pores of the
activated carbon  powders have a typical size of about 10-100 A
(Angstroms). The powders are immersed in the  electrolytic solution 116.
Each hole and pore  significantly increases the surface area of the powder
that is exposed to the electrolytic solution 116. The  result is a
three-dimensional electrode structure which  allows the electrolyte to
penetrate into the holes and  contact all, or most all , of the surface
area of the 18 OCT 2004 10 carbon powders, thereby dramatically increasing
the  surface area "A" of the electrode over which the double  layer of
charged molecules is formed. Achieving a high capacitance, however,. is
only  part of the invention. The capacitor 100 is also capable  of storing
and discharging energy in a relatively quick  time period. In general, the
charge/ discharge time of a  capacitor is governed by the internal
resistance of the  capacitor. The lower the internal resistance, the
shorter the charge/ discharge time. The internal resistance of the basic
double  layer capacitor 100 is made up of several components.
Specifically, the internal resistance components include  a contact
resistance R,:, an electrode resistance REL, an  electrolytic solution
resistance RES, and a separator  resistance R. The contact resistance R,
represents all  of the resistance in the current path between the  



capacitor terminal 110 up to the electrode 102, or all of  the resistance
in the current path between the capacitor  terminal 114 and the electrode
104. The electrode  resistance REV represents the resistance within the
electrode 102 (or within the electrode 104). The  electrolytic solution
resistance RES exits relative to the  electrolytic solution 116, and the
separator resistance  RSER exists relative to the porous separator 106. Any
energy stored within the capacitor 100  enters or exits the capacitor by
way of an electrical  current that flows through Rc, RES, RES, and
RSEP-Thus it  is seen that in order for practical charge/discharge  times
to be achieved, the values of R., REL, RES, and RSEp,  which in combination
with the capacitance C define the  time constant Tc of the capacitor 100,
are preferably kepi  as low as possible. The resistance of the separator
RSEp is a  function of the porosity and thickness of the separator  106. A
preferred separator material is polypropylene  having a thickness of about
0.001 inches (0.025 mm). An 18OCT2004  11 alternative separator material is
polyethylene, also  having a thickness of about 0.001 inches (0.025 mm).
Polypropylene inherently has larger pores than does  polyethylene due the
manner in which polypropylene is  constructed. Polypropylene typically
exhibits a porosity  of 25-40%; whereas polyethylene exhibits a porosity of
40-60%. Hence, polyethylene inherently demonstrates a  lower separator
resistance than does polypropylene simply  because it has a higher
porosity, i.e, there are more  pores or openings through which the
electrolyte ions may  flow, even though the holes are, on average, smaller.
In  addition, a paper separator may also be used. The resistance RES
relative to the electrolytic  solution 116 is determined by the
conductivity of the  particular electrolytic solution that is used. In
selecting the type of electrolytic solution to use,  



several tradeoffs are considered. Aqueous electrolytic  solutions generally
have a higher conductivity than do  non-aqueous solutions (e.g., by a
factor of 10).  However, aqueous solutions limit the working voltage of
the capacitor cell to around 0.5 to 1.0 volt. Because  the energy stored in
the cell is a function of the square  of the voltage, high energy
applications are probably  better served using a non-aqueous electrolyte,
which  permit cell voltages on the order of 2.0 to 3.0 volts.  One
preferred electrolyte 116 for use with the double  layer capacitor 100
described herein is made from a  mixture of acetonitrile (CH3CN) and a
suitable salt, which  mixture exhibits a conductivity on the order of 60
ohm- cm-1. By way of example, one suitable salt is tetra  ethylammonium
tetra fluoriborate (Et4NBF4). It is to be  emphasized, however, that the
invention herein described  contemplates the use of alternate electrolytic
solutions,  particularly non-aqueous (or organic) electrolytic  solutions,
other than the solution made from acetonitrile  described above. By way of
example, possible solvents  include propylene carbonate (PC), ethylmethyl
carbonate 18 OCT 2004 12 (EMC) , ethylene carbonate (EC) , dimethyl
carbonate (DMC),  and their mixtures. The contact resistance Rc in
combination with  the electrode resistance REL represent a significant
portion of the total internal resistance of the capacitor  100. A high
electrode resistance has heretofore been a  major stumbling block in the
development of commercially  viable, high energy density, double layer
capacitors. A  key feature of the present invention is to provide a  double
layer capacitor having a very low electrode  resistance in combination with
a high energy density. A  result of the present invention is that R,+]R,,,
are reduced  to a value that is small in comparison to RSEP+ RES The unique
structure of the electrodes 102, 104  described herein contributes to the
electrode resistance  



REL being very small. Specifically, the large proportion  of highly
conducting carbon powder and the lack of activated carbon in the primary
coatings 120, 122  significantly reduces the total electrode resistance
RzL.  This is because the interface resistance between the  primary coating
120 (or 122) and the collector plate 108  (or 112) is extremely low due to
the highly conducting  carbon powder". Furthermore, the interface
resistance  between the primary coating 120 (or 122) and the  secondary
coating 124 (or 126) is also extremely low due  to carbon/carbon interface.
Because of the intimate  mixing of the primary coating 120 (or 122) and the
secondary coating 124 (or 126), the interface area of th(  primary coatirig
and the secondary coating is higher.  This increased interface area
establishes a greater  number of conducting paths for the activated carbon
than  would otherwise be possible without the primary coatings  120, 122.
This increased number of conducting paths  decreases the resistance. An
important aspect of the present inventione  as will become more apparent
from the description that  follows is the use of multiple carbon powder
electrodes 18 OCT 2004 13 connected in parallel within a capacitor package
that  requires only a single electrolyte seal. One example  configuration
for parallel connected multiple carbon  powder electrodes is a "flat stack"
of electrodes. It  should be well understood, however, that there are many
other configurations for parallel connected multiple  carbon powder
electrodes that may be used in accordance  with the present invention.
Because only one electrolyte  seal is required, it is appropriate to refer
to such  capacitor as a "single cell" capacitor since it is the
electrolyte seal which normally defines what comprises a  cell. Such a
single cell, multi-electrode double layer  capacitor configuration is a
preferred way of practicing  the invention at the present time. It is to be



emphasized, however, that the invention is not intended  to be limited to
such mode or embodiment. Rather, it is  contemplated that the invention
extend to all double  layer capacitors that use low-resistance carbon
powder  electrodes in accordance with the present invention,  regardless of
the specific electrode configuration that  may eventually be used to make
the capacitor, and  regardless of the specific high conductivity
electrolytic  solution that is employed. Such electrode configurations  may
include, e.g., multiple electrodes connected in  parallel in a single cell
(as is described more fully  herein); a pair of electrodes arranged in a
spiral  pattern in a single cell; electrodes connected in series  in
stacked cells; or other electrode configurations. Referring to FIG. 2,
there is illustrated a  schematic representation of a multiple-electrode
single  cell double layer capacitor 200 made in accordance with  the
present invention. The capacitor 200 comprises a  structure of the
components from several of the two- electrode double layer capacitors 100
described above.  The current collector plates 108 are connected in
parallel to a first electrical terminal 202 of the  capacitor 200, and the
current collector plates 112 are 18 OCT2004 14 connected in parallel to a
second electrical terminal 204  of the capacitor 200. The electrodes
associated with the  first terminal 202 comprise a first set of electrodes,
and the electrodes associated with the second terminal  204 comprise a
second set of electrodes. The individual  electrodes of the first set are
interleaved with the  individual electrodes of the second set. The porous
separators 106 prevent electrical shorting between the  interleaved
individual electrodes. As mentioned above,  the current collector plates
108, 112 preferably comprise  aluminum foil or the like. The electrodes
102, 104  comprise the two-coating (or two-layer) carbon powder  electrodes
described above. 



The first and second sets of electrodes in the  capacitor 200 may comprise
many different physical  configurations. For example, in one configuration
the  capacitor 200 may comprise a stacked structure. in this  stacked
configuration the electrodes associated with the  first terminal 202 may
comprise a first flat stack of  electrodes and the electrodes associated
with the second  terminal 204 may comprise a second flat stack of
electrodes. It should be well understood, however, that  there are many
other physical configurations for the  first and second sets of electrodes
in the capacitor 200  that may be used in accordance with the present
invention. In the figure, a plurality of series connected  capacitor
electrode pairs A, B, Cr D and E are identified  within the electrode
structure which forms the capacitor  200. Fewer or more of the electrode
pairs may be included. Each electrode pair includes a pair of carbon
powder electrodes 102, 104 which are preferably  fabricated as described
herein. Pair A includes  electrodes 102 and 104 facing one another with the
conically conductive separator 106 disposed between them.  Similarly, pairs
B, C, D and E each include electrodes  102 and 104 facing one another with
ionically conductive 18 OCT2004 15 separators 106 disposed between them.
The internal nonporous current collector  plates 108, 112 are placed
between each electrode pair in  the illustrated manner. Each of the current
collector  plates 108, 112 has two adjoining polarized electrodes on  each
side thereof. It will be appreciated that the  illustrated components are
compressed against each other  with a constant modest pressure, with the
porous  separators 106 preventing an electrical short between the
electrodes 102, 104. A sufficient amount of a highly  conductive,
preferably non-aqueous electrolytic solution  is introduced into the cell
such that the electrolyte  



saturates all of the electrodes 102, 104 and separators  106 within each
pair. During operation, if in electrode pair A the  upper electrode 102 is
a negative electrode, the lower  electrode 104 of pair A becomes oppositely
charged, i.e.,  becomes a positive electrode. The same charge of  electrode
104 of pair A carries over to the upper  electrode 102 of pair B, i.e.,
electrode 102 of pair B  becomes positively charged relative to electrode
102 of  pair A. This causes the lower electrode 104 of pair B to  become
oppositely charged, i.e., negatively charged  relative to electrode 102 of
pair B. The electrodes of  pairs C, D, E become charged in a similar
manner. As mentioned above, the electrodes 102, 104 are  preferably formed
by applying two different types of  carbon powder slurries to the current
collector plates  108, 112 in two separate coatings. Alternatively, the
electrodes 102, 104 may be formed by forming two  different carbon powder
laminated films to the current  collector plates 108, 112 instead of using.
slurries. With respect to the carbon powder-slurry technique, FIG.  3
illustrates an exemplary process 300 in accordance with  the present
invention that may be used for making the  carbon powder electrodes of the
capacitor 100 and/or 200. The exemplary process 300 begins in step 302 by
18 OCT 2004 16 obtaining a current collector plate, such as the current
collector plate 112 shown-in FIG. 4. The current  collector plate 112 (and
108) preferably comprises  aluminum foil. Other suitable materials for use
as the  current collector plates include copper, nickel,  stainless steel
foils, and any conducting current  collectors. The current collector plate
112 is first coated  with the primary coating 122. The primary coating 122
comprises a carbon film containing highly conducting  carbon powder in
large proportion (e.g., 25%-95%) and a  



polymer binder. The primary coat 122 preferably does not  contain activated
carbon. The primary coating 122 is preferably applied  to the current
collector plate 112 in the form of a  slurry. The slurry used to form the
primary coating 122  is prepared in step 304. By way of example, the slurry
may comprise a slurry supplied by Acheson Colloids  Company, Inc. of Port
Huron, MI. Alternatively, the  slurry used to form the primary coating 122
may be made  from conducting carbon powders like acetylene black  and/or
graphite. For example, one exemplary slurry for  the primary coating 122
can be made by mixing  commercially available graphite and the binder
polyvinyldiflouride (PVDF) in acetone. PVDF can be  obtained from Elf
Atoehem Co. of France, as "Kynar",  catalog no. PVDF 2801-00. By way of
example, the  commercially available graphite may be obtained from  Timcal
America of Westlake, Ohio, but it should be  understood that any other type
of graphite may be  substituted. Preferably, the amount of conducting
carbon  powders used in the slurry falls in the range of 25 w% tc  95 w%
("wo" meaning percent by weight), with the  remainder of the slurry
consisting of the PVDF in  acetone. ideally, the composition of graphite
can be  between 50 w% and 95 A. After the slurry used to form the primary
18 OCT 2004 17 coating 122 is prepared, it is then coated onto the  current
collector 112 in step 306. Referring to FIG. 5,  the slurry is preferably
coated onto the aluminum foil  current collector 112 with a metering rod
320 to give a  wet coating of 125 um. Specifically, the aluminum foil
current collector 112 is'placed on a granite block 322  that has a smooth
surface. The metering rod 320 (such as  is available from Diversified
Enterprises of Claremont,  New Hampshire) includes coils 321. A pipet 324
is used  to apply the primary carbon slurry 326 onto the surface  



of the aluminum foil 112 in front of the metering rod  320. The metering
rod 320 is then dragged down the  length of the aluminum foil 112 in the
direction of arrow  328. The metering rod 320 is kept flush with the
aluminum foil 112 while it is being dragged. The carbon  slurry will be
left in the wake of the metering rod 320  at a thickness dependent on the
coil 321 separation  distance on the metering rod 320. while use of the
metering rod 320 is effective for coating the primary  carbon slurry 326
onto the aluminum foil current  collector 112, it should be understood that
other methods  of coating may be used. In step 308 the coating is air dried
for one- half hour, and. in step 310 the coating is cured at 80C  for one
hour in an oven. The thickness of the resulting  primary coating 122 is
about 4 to 6 m. The resulting  primary coated film 312 (i.e., current
collector 112 with  primary coating 122 thereon) is illustrated in FIG. 6.
The secondary coating 126 is applied on top of  the primary coating 122.
The secondary coating 126  preferably comprises activated carbon,
conducting carbon  and a polymer binder. Like the primary coating 122, the
secondary coating 126 is also preferably applied in the  form of a slurry.
The amount of the activated carbon  powder in this slurry preferably falls
in the range of 5(  to 98 percent-by-weight. The slurry of activated
carbon, conducting  18 OCT 2004 18 carbon and a polymer binder used to form
the secondary  coating 126 is prepared iA step 314. The slurry  preferably
includes the following ingredients: a solvent,  a binder, and activated
carbon powders. By way of  example, the amount of solvent may be 80.6 w%,
the amount  of binder may be 1.63%, and the amount of activated  carbon
powder may be 17.77%. Exemplary solvents are  either water or acetone.
Exemplary binders are PVDF,  



methyl cellulose and EPDM (Ethylene Propylene Diene  Monomer) . Activated
carbon powders may be obtained from  Westvaco High Power of Virginia, or
from Spectracorp,  catalog no. BP-25. An exemplary process for the
preparation of the  slurry used to form the secondary coating 126 is as
follows. First, the binder is weighed into a 100mL glass  jar to which a
magnetic stirbar has been added. The  solvent, which has been weighed out
in a separate bottle,  is added to the jar of the binder. The jar is sealed
and  set on a stirplate for an hour, with intermittent shaking  by hand.
During this time, the activated carbon powders  and the conductive carbon
powders are weighed out in a  100mL beaker and set aside. -After the hour,
the jar of  binder solution is taken off the stirplate, the stirbar  is
removed, and the weighed carbon powders are carefully  added with a small
scoop. The jar is placed under an  ordinary kitchen mixer and the mixer is
turned on to the  lowest speed to allow the carbon powders to get wet. once
the powders are wet, the speed is increased and the  jar moved up and down
to provide sufficient mixing of the  slurry. The jar is then set below the
mixer and allowed  to mix for 10 minutes. After completion of mixing,' the
lid is placed on the jar and the slurry is shaken  vigorously by hand for
approximately 30 seconds. The jar  is placed on a jar roller apparatus
until it is used. once the slurry that will be used to form the  secondary
coating 126 has been prepared, a desired length  of the primary coated film
312 (i.e., co llector 112 with 18 O C T 2004 19 primary coating 122
thereon) is cut in step 316. This  cutting step is illustrated in FIG. 7.
In step 342 the  secondary slurry that was prepared in step 314 is poured
onto the desired length of the primary coated film 312.  In step 344 the
secondary slurry is applied to the  desired length of the primary coated
film 312. Step 344 may be performed using the metering  



rod 320 and the granite block 322 shown in FIG. 5.  Specifically, the
desired length of the primary coated  film 312 is placed on the surface of
the granite block  322. The pipet 324 is used to apply the secondary slurry
onto the surface of the desired length of the primary  coated film 312 in
front of the metering rod 320. The  metering rod 320 is then dragged as
described above. It  should be understood, however, that use of the
metering  rod 320 to apply the secondary slurry is not a  requirement of
the present invention and that other  methods may be used. The resulting
primary and secondary coated  carbon film 330, which is illustrated in FIG.
8, is then  allowed to dry for approximately 10 minutes in step 346.  When
it is dry, the carbon film 330 is ready to be made  into electrodes. it
should be understood that the above  described process 300 may be used to
form the electrodes  102, 104 in the capacitors 100 and 200. in order to
form  the primary and secondary coatings on the reverse side of  the
current collector 112 (and 108) that are illustrated  in FIG. 2, the carbon
film 330 is simply turned over and  the appropriate steps in the process
300 are repeated on  the second surface. The above-described method of
making carbon  powder electrodes makes possible EDLC capacitors having
time constants tc on the order of 0.5 seconds.  Furthermore, the method
results in-carbon powder  electrodes with a lower resistance than
electrodes having  only a single coat of activated carbon, conducting 18
OCT 2004 20 carbon, and a binder, i.e., electrodes with no primary  (or
primer) coating as described above. In order to illustrate this later
point, Tables  1 and 2 below show the difference in performance between
carbon powder electrodes without and with a primary (or  primer) coat.
Specifically, several EDLC capacitor cells  



were made. The capacitor cells were tested using an  impedance analyzer and
in some cases by constant current.  The electrodes in all of the capacitor
cells identified  in both Tables 1 and 2 include one coating that consists
primarily of activated carbon powder. The specific  composition of the
slurry used to make the primarily  activated carbon powder coating for each
cell is shown in  the tables. The difference between Tables 1 and 2 is
that the electrodes in the capacitor cells identified in  Table I do not
include a primer coating, whereas the  electrodes in the capacitor cells
identified in Table 2  do include a primer coating. Cell IDSlurry
Composition usedResistanceCapacitanceRC for the PrimarilyOhm.cmxF/cm2
Activated Carbon Powder Layer RC0604BP-25 (90 w%), SFG-4414020.01115.4 (1.5
w%), Kynar (8.5 w% RC0605same as above6270.0127.2 RC0608BP-25 (90 w%),
SFG-44 (89640.0077.0 w%), Kynar (2 w%) 9 829-Westvaco-CHR-98-55
(9010.30.161.7 01-01w%), Black Pearl (1.5 w%), K nar 8.5 w% TABLE 1:
Without Primer coating 18 O CT 2004 21 Cell IDSlurry Composition
usedResistanceCapacitanceRC for the Primarilyohm.cm2F/cm' Activated Carbon
Powder Layer 51291-1BP-25 (91.4 w%), Kynar4.620.090.42 (8.6 w%) 51291-2Same
as above4.080.100.39 51291-3Same as above7.480.090.65 51291-4Same as
above4.390.090.39 TABLE 2: With Primer Coating As can be seen from the
tables, capacitor cell  



resistance and time constants are significantly lower for  the capacitor
cells identified in Table 2, which are the  cells that have a primer
coating on the electrodes. In the tables, BP-25 is an exemplary type of
activated carbon powder that is available from  Spectracorp, SFG-44 is an
exemplary type of graphite that  is available from Timcal America, Kynar
2801-00 is an  exemplary type of binder that is available from Elf  Atochem
Co., CHR-98-55 is an exemplary type of activated  carbon powder that is
available from Westvaco High Power,  and Black Pearl is an exemplary type
of carbon that is  available from Cabot. In a preferred embodiment of the
present  invention, the binder content in the slurry used to form  the
coating that is primarily activated carbon powder is  lower than is
illustrated in Table 2. A preferred value  f or the binder content is shown
in Table 3, which  illustrates the measured performance for capacitor cells
having carbon powder electrodes that include a primer  coating in
accordance with the present invention. 18 OCT 2004 22 Cell IDSlurry
Composition usedAreaCapacitanceRC for the PrimarilyResistanceF/cm2
Activated Carbon PowderOhm.cm2 Layer 51291-18P-25 (97 w%), Kynar
(34.950.120.59 w%) 51291-2Same as above4.300.140.58 51291-3Same as
above5.070.120.62 51291-4Same as above3.940.120.46 TABLE 3: With
Primer.Coating Additional packaging and manufacturing  techniques that may
be used with the present invention  are disclosed in United States
Provisional Patent  Application Number 60/188,331, entitled "HIGH SPEED
MANUFACTURING OF ULTRACAPACITORS", filed March 9, 2000,  by inventors C.
Farahmandi, Edward Blank, Chenniah  



Nanjundiah and Brad Emberger, as attorney docket no.  66238, the full
disclosure of which is hereby fully  incorporated into the present
application by reference.  Furthermore, the full disclosure of United
states Patent  No. 5,907,472 is hereby fully incorporated into the  present
application by reference. While the invention herein disclosed has been
described by the specific embodiments and applications  thereof, numerous
modifications and variations could be  made thereto by those skilled in the
art without departing from the scope of the invention set forth in  the
claims. 18 O C T 2004 23 CLAIMS What is claimed is: 1. A method of making
an electrode structure  for use in a double layer capacitor, comprising the
steps  of: preparing a first slurry that includes  conducting carbon powder
and a binder; applying the first slurry to a current  collector plate;
-drying the applied first slurry to form a  primary coating; preparing a
second slurry that includes  activated carbon powder, a solvent and a
binder; and  applying the second slurry to the primary. coating. 2. A
method in accordance with claim 1,  wherein an amount of the conducting
carbon powder in the  first slurry falls in the range of 25 to 95
percent-by- weight. 3. A method in accordance with claim 1,  wherein the
first slurry is free of activated carbon. 4. A method in accordance with
claim 1,  wherein an amount of the activated carbon powder in the  second
slurry falls in the range of 50 to 98 percent-by- 



weight. 5. A method in accordance with claim 1,  wherein the second slurry
further comprises conducting  carbon powder. 6. A method in accordance with
claim 1,  wherein the' step of preparing a second slurry comprises 18 O C T
2004 24 the steps of: mixing the binder and the solvent;  stirring the
mixed binder and solvent; adding the activated carbon powder to the mixer
binder  and solvent; and mixing the activated carbon powder into the mixed
binder and solvent. 7. A method in accordance with claim 6, wherein the
step of mixing the activated carbon powders into the mixed  binder and
solvent comprises the step of: initially mixing slowly to allow the carbon
powders to get wet; mixing with an automatic mixer for approximately 10
minutes; and shaking vigorously for approximately 30 seconds. 8. A method
in accordance with claim 1, wherein  the step of applying the first slurry
to a current collector  plate comprises the step of: applying the first
slurry to the current  collector plate with a metering rod. 9. A method in
accordance with claim 1, wherein the  step of drying the applied first
slurry to form a primary  coating comprises the step of: curing the applied
first slurry in an oven. 10. A method in accordance with claim 1, wherein
an  amount of the conducting carbon powder in the first slurry falls  in
the range of 50 to 95 percent-by-weight. 11. a method of making an
electrode structure for  use in a double layer capacitor, comprising the
steps of: preparing a first slurry that includes a liquid,  



conducting carbon powder and a polymeric binder; 18OCT2004 25 coating the
first slurry on to a surface of a  current collector plate; drying the
applied first slurry to remove the  liquid to form a primary coating layer:
preparing a second slurry that includes activated  carbon powder, a binder
of polymeric material and a solvent  for the polymeric material; coating
the second slurry on to the primary coating  layer; and removing the
solvent to form a secondary coating  layer to create an overall electrode
structure containing a  polymer and carbon. 12. A double layer capacitor
comprising: a first electrode structure that includes a first  current
collector foil, a first primary coating formed on the  first current
collector foil, and a first secondary coating  formed on the first primary
coating; a second electrode structure that includes a second  current
collector foil, a second primary coating formed on the  second current
collector foil, and a second secondary coating  formed on the second
primary coating, wherein the first and second  primary coatings include
conducting carbon powder and the first  and second secondary coatings
include activated carbon powder; a porous separator positioned between the
first and  second electrodes structures; and means for saturating the
porous separator and the first  and second electrodes structures in a
prescribed electrolytic  solution. 13. A double layer capacitor in
accordance with  claim 12, further comprising: a first capacitor terminal;
and  a second capacitor terminal; 18 OCT 2004 26  wherein a portion of the
first current collector 



foil is coupled to the first capacitor terminal and a portion of  the
second current collector foil is coupled to the second  capacitor terminal.
14. A double layer capacitor in accordance with claim  12, wherein an
amount of the conducting carbon powder in the  first and second primary
coatings falls in the range of 25 to 95  percent-by-weight. 15. A double
layer capacitor in accordance with claim  12, wherein the first and second
primary coatings are free of  activated carbon. 16. A double layer
capacitor in accordance with  claim 12, wherein an amount of the activated
carbon powder in  the first and second secondary coatings falls in the
range of 50  to 98 percent-by-weight. 17. A double layer capacitor in
accordance with  claim 12, wherein the first and second secondary coatings
further  comprise conducting carbon powder. 18. A double layer capacitor in
accordance with claim  12, wherein the first and second electrode
structures each  comprise a stack of a plurality of individual electrodes
having  their respective current collector foils connected in parallel,
and further wherein the individual electrodes of one stack are  interleaved
with the individual electrodes of another stack,  the porous separator
preventing electrical shorting between the  interleaved individual
electrodes. 




