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(57) ABSTRACT 
An electric double layer capacitor including at least one pair 
of polarizable electrodes connected to current collectors, a 
Separator made of ion-permeable but electron-insulating 
material interposed between the electrodes in each pair of 
electrodes, and a liquid electrolyte. According to the inven 
tion the electrodes include a layer of carbon particles having 
a narrow distribution of nanopores therein, the pore sizes of 
the nanopores being adapted to fit the ion sizes of the 
electrolyte. The invention also relates to a method of manu 
facturing Such a Supercapacitor. 
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SUPERCAPACTOR AND A METHOD OF 
MANUFACTURING SUCH A SUPERCAPACTOR 

FIELD OF THE INVENTION 

0001. This invention relates in general to the field of 
Supercapacitors. More particularly, this invention relates to 
a Superior Supercapacitor having electrodes fabricated from 
specially synthesized nanostructured carbon (SNC) powders 
in which the pore sizes and the Specific Surface may be 
selectively controlled. 

BACKGROUND OF THE INVENTION 

0002 Electric double layer capacitors are widely used in 
a variety of industries. For example, PCT WO 99/24995 
shows an electric double layer capacitor and manufacturing 
method. The electric double layer capacitor comprises metal 
foil or mesh current collectors, polarizable electrodes made 
of an activated carbon and a polymer binder, conductive 
coatings comprising a melamine resin binder at the inter 
faces between current collectors and polarizable electrodes, 
and non-aqueous electrolyte. The thickness of the polariz 
able electrodes is 15 micron. The electrodes were deposited 
into the conductive layer coated current collector by a Screen 
printing method. Such a electric double layer capacitor 
demonstrates long term low impedance at the electrode 
current collector interface and high power capabilities. 
0003) Another prior art capacitor is described in U.S. Pat. 
No. 5,150,283, showing an electric double layer capacitor 
and method for producing the same. The method includes 
depositing a mixture prepared by dispersing activated car 
bon powder and agent for improving the electric conduc 
tivity of the layer on an aluminum Substrate by either means 
of spreading, impregnating or printing. The layer thickneSS 
is equal to 50-100 micron. 
0004 U.S. Pat. No. 5,776,633 describes carbon/carbon 
composite materials and use thereof in electrochemical cells. 
This invention provides an activated carbon fabric impreg 
nated with a mixture of activated carbon powder and binder; 
the thickness of materials obtained being 125-250 micron. 
The advantage of materials obtained includes the low resis 
tivity, the ability to easily form thin composites with very 
good mechanical Strength. 
0005 Another example of an electric double layer 
capacitor is described in U.S. Pat. No. 5,142,451. Specifi 
cally, an electric double layer capacitor which comprises a 
plurality of thin plate-like electrode elements is disclosed. 
The polarizable electrodes were manufactured by Sintering 
powder of minute active carbon particles having an average 
diameter of about 20 micron into a porous Sintered electrode 
body. This polarizable electrode is held in contact with a 
current collector through an electrically conductive layer to 
reduce the inner resistance of the capacitor. 
0006. A method for manufacturing a polarizable elec 
trode for electric double layer capacitor is taught in U.S. Pat. 
No. 5,277,729. The thickness of electrode is about 40-500 
micron. The electrode is obtained by hot rolling an initial 
mixture of fine carbon powder, polymer resin and liquid 
lubricant. 

0007. A metal electrode material, capacitor using metal 
electrode material, and method of manufacture is disclosed 
in PCT WO 99/38177. The metal electrode material com 
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prises a “valve metal material' with carbon particles on its 
Surface. The metal electrode material is coated with an 
activated carbon layer and used as polarizable electrode for 
an electric double layer capacitor. That capacitor has 
reduced inner resistance, resulting in an increase in capaci 
tance. 

0008 U.S. Pat. No. 5,742,474 describes an electric 
double layer capacitor, comprising a pair of polarized elec 
trodes made of the same activated carbon materials. How 
ever, the amount of the carbon material of the polarized 
positive electrode is higher than that of the polarized nega 
tive electrode. The main advantage is that it is possible to 
increase a Voltage applied to the electric double layer 
capacitor. 

0009. The vast majority of carbon materials used for 
electrodes in electric double layer capacitors (EDLC) have 
been prepared by the charring or carbonization of organic 
Substances, usually followed by a Surface activation process 
using water vapor or other activation agent. 
0010. The foregoing demonstrates that electrodes and 
capacitors have been widely studied in the prior art. Yet with 
all of this Study, there is still a great need for the develop 
ment of Supercapacitors that exhibit Superior performance. 

Definitions 

0011 For the purpose of this patent application, the terms 
nanoporous, nanoporosity and nanostructured apply to pore 
sizes less than 3 nanometer. By transport porosity is meant 
pores larger than 3 nanometers. 

SUMMARY OF THE INVENTION 

0012. In Summary, an object of the present invention is to 
provide a Supercapacitor, which exhibits Superior perfor 
mance. In particular, the present invention provides the 
following features. Specially Synthesized nanostructured 
carbon (SNC) powder is processed to fabricate electrodes in 
Such a manner that the resultant electrodes have pore sizes, 
which are selectively and closely controlled. Further, thin, 
composite aluminum and SNC electrodes are made using the 
carbon powder. Additionally, by the ability to selectively 
control the resultant pore sizes in the electrodes, a capacitor 
is provided wherein the positive and negative electrodes are 
balanced with respect to their nanopore size and active 
carbon content, thereby tailoring the electrodes to fit the 
ionic sizes of the electrolyte positive and negative ions 
respectively employed with the capacitor. This also allows, 
in another aspect of the present invention, the Selection of 
the most efficient electrolyte with respect to its conductivity 
and other desirable features. The present invention also 
provides for the Selection of a desirable Separator, which 
gives increased conductivity and leaves Sufficient free ion 
concentration when charged. 
0013 In another aspect of the present invention, a 
method is provided wherein SNC is synthesized from inor 
ganic polycrystalline material to Selectively control the pore 
Size and pore size distribution in the resulting electrode. 
0014. In one embodiment, an electric double layer 
capacitor is provided comprising: at least two thin and 
flexible polarizable electrodes obtained by rolling a mixture 
of SNC material with a binder. Said electrodes are connected 
to metal current collectors, a thin layer of a porous, ion 
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permeable but electron-insulating material (separator) inter 
posed between electrodes, and a liquid electrolyte. 
0.015. In another embodiment, an electric double layer 
capacitor is provided comprising: a pair of polarizable 
electrodes made of a SNC material having different porosi 
ties (and pore size distributions); a thin layer of a porous, 
ion-permeable but electron-insulating material (separator) 
interposed between the electrodes, and a liquid electrolyte. 

BRIEF DESCRIPTION OF THE TABLES AND 
FIGURES 

0016 TABLE 1 is a table showing pore structure param 
eters for SNC(SiC) powder modified by HNO. 
0017 TABLE 2 is a comparison of electrochemical 
behaviour of non-modified and modified SNC materials. 

0.018 TABLE 3 shows properties of modified nanostruc 
tured carbon from different precursors. 
0.019 TABLE 4 gives electrochemical characteristics of 
Some compounds Selected as Voltage equalizing additives 
0020 TABLE 5 illustrates the influence of carbon mate 

rial from various precursor material on capacitance in elec 
tric double layer capacitors with water based electrolyte 
Systems. 

0021 TABLE 6 shows results of different methods of 
connecting an aluminum current collector to a carbonaceous 
electrode sheet. 

0022 TABLE 7 is a rendering of the effect of balancing 
positively and negatively charged polarizable electrodes. 
0023 TABLE 8 gives examples of electrochemical per 
formance of prototype electric double layer capacitors 
according to the present invention. 
0024 FIG. 1 is a schematic drawing of Supercapacitor 
device comprising 4 anodes and 4 cathodes connected in 
parallel according to the present invention. 
0.025 FIG. 2 is a graph of the pore size distribution of 
SNC(TIC) 
0.026 FIG. 3 is a graph of the pore size distribution of 
SNC(MoC) 
0.027 FIG. 4 is a graph of the pore size distribution of 
SNC((MoT)Cx) 
0028 FIG. 5 compares the pore size distribution of 
carbon powders from TiC before and after modification 
0029 FIG. 6 is a Ragone plot of specific energy and 
Specific power of an unpacked electrochemical System of 
device number 1 in table 8. 

0030 FIG. 7 shows some electrolytic salts (cation and 
anions) used in electrolytes for electric double layer capaci 
torS. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0031. The invention will now be described in more detail 
with reference to exemplifying embodiments thereof and 
also with reference to the accompanying drawings of which 
FIG. 1 illustrates a side view of a capacitor with 4 anodes 
and 4 cathodes connected in parallel in accordance with the 
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present invention. The capacitor with double electric layers 
generally includes a hermetic case 5, closed by a Sealing 7. 
Inside of the case are situated one or more electrode pairs of 
which 1 is the anode and 2 is the cathode. The electrodes 1 
and 2 are Saturated with an electrolyte and Separated by 
means of a porous separator 4. To the electrodes 1 and 2 are 
attached metal current collectors 3 which are in turn joined 
to a terminal lead 6. 

0032. The present invention provides in one aspect SNC 
powder uniquely manufactured with closely controlled pore 
sizes. SNC powder is processed to fabricate electrodes in 
Such a manner that the resultant electrode has pore sizes 
which are selectively and closely controlled. Further, thin 
electrodes are made using the carbon powder. In another 
aspect of the present invention by Selectively controlling the 
resultant pore size in the electrodes, a capacitor is provided 
wherein the positive and negative electrodes are balanced 
with respect to their nanopore size and active carbon con 
tent. This allows one to tailor the electrodes to fit the ionic 
sizes of the positive and negative electrolyte ions employed 
with the capacitor. This also provides, in another aspect of 
the present invention, the Selection of the most efficient 
electrolyte with respect to its conductivity and other desir 
able features. In yet another aspect of the present invention, 
the Selection of a desirable Separator is provided, which 
possesses desirable ionic conductivity and leaves Sufficient 
free ion concentration when charged. 
0033 Additionally, a method is provided wherein SNC is 
Synthesized to Selectively control the pore size and pore size 
distribution in the resulting electrode. Finally, a post treat 
ment of the nanoporous carbon material for fine tuning of the 
pore size and its distribution is introduced. 
0034) More particularly, SNC materials are produced by 
thermo-chemical treatment of carbides or related carbon 
containing compounds. The choice of carbon containing 
compound and respective Synthesis conditions controls the 
Size of nanopores and the extent of the active Surface area. 
The ability to control the pore size and porosity is required 
to match the ion sizes in different electrolytes used in the 
Supercapacitor application. 

0035) Process for a preparation of mineral active carbons 
from metal or metalloid carbides and Some carbonitrides is 
described in GB 971943 that was focused on producing 
activated carbon powders, which would have Superior 
adsorption behaviors. Major difference of the present inven 
tion from the prior art mentioned above is to provide the 
carbonaceous material for electric double layer capacitors 
having large capacitance per Volume and low electrical 
resistivity. These targets are achievable by a material of high 
density in the Sense that no wasteful porosity occurs. 
Another aspect of this invention is to provide the process for 
producing Such a carbonaceous material. 
0036) There is a large range of possible carbon containing 
precursor compounds of the general formula MCON, where 
M is a metal, C is carbon, O is oxygen and N is nitrogen. 
Some of these compounds are more Suitable to our process 
than others. For example if M is a transition metal Such as 
Titanium, then the simplest compound is TiCx where x is in 
the range of about 0.5-1. For TiC, the pore size of the 
resulting carbon has been measured to have a peak value of 
about 0.6-0.8 nm. For TiCo the peak pore size of the 
resulting carbon is approximately 2.8 nm. The control of C 
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Sub-Stoichiometry offers a method to control the nanopore 
Size resulting from halogenation. Substituting O and N for 
carbon in TiCx can further lower the total carbon content of 
the precursor compound. This gives a further possibility to 
widen and control the total porosity and range of pore sizes. 
Substitutions for Titanium such as with Molybdenum may 
also be made. In this case the Mo atoms Substitute for Ti in 
the same Sintered metal lattice to form a Solid Solution 
compound Such as (TiMo)Cx. Upon halogenation, Such a 
Solid Solution yields a carbon with a nanopore size and 
distribution, which differs beneficially from that of TiCx or 
MoCX. 

0037 FIGS. 2 to 4 show the pore distribution for TiC-, 
MoC- and sintered (TiMo)Cx-derived carbon respectively. 
0.038 According to one aspect of the present invention, 
carbon containing compounds based on the following met 
als, or metalloids or combinations thereof, are preferred be 
used: Ti, Zr, Hf, V, Nb, Ta, Mo, W, Cr, Fe, Al, Si, B, and Ca. 
0.039 The size of the particles of the carbon precursor 
should preferably be less than about 100 microns to provide 
good conditions for halogenation throughout the particles. In 
most carbides, a particle size of less than about 10 microns 
is advantageous to avoid overheating inside the particles, 
which during chlorination increases the amount of undesir 
able graphitic clusters and closed porosity. Halogenation can 
be made with all halogens, but Cl is preferred. In its 
Simplest form a charge of TiC powder is placed in a tube 
furnace heated to a desired reaction temperature in the flow 
of inert gas. Thereupon Cl gas is passed through the powder 
mass and allowed to react until all Titanium is removed from 
the carbide. The mass balance of the reaction can be pre 
Sented as: 

TiC+2Cl2IITiCl-C 

0040. The TiCl, being a vapor at the reaction temperature 
is Swept away and condensed in a collector thus providing 
Separation of the products of reaction. In most cases the 
reaction of carbides with chlorine is exothermic and can 
increase the local temperature within the powder mass. The 
actual reaction temperature affects the nanoscale Structure of 
the carbon product and has to be kept below the temperature 
of graphitization. For instance, in the case of TiC as pre 
cursor material, 900-1000 C. is preferred. Thus it is pre 
ferred to carry out chlorination under conditions of near 
uniform heat transfer, Such as in a fluidized bed or a rotary 
kiln reactor. Carbides that form gaseous chlorine are pre 
ferred because their chlorides are vapors. The carbon prod 
uct is subsequently heat treated at 900-1100 C. in the 
atmosphere of inert gas Such as Argon or Helium to remove 
the excess of chlorine adsorbed in pores (dechlorination). 
Removal of any undesired residual chlorine including 
chemically bound is done by additional heat treatment in 
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preferably H atmosphere at 600-900 C. Diluted HO vapor 
at 800-1000 C. using inert carrier gas, e.g. Argon, also 
WorkS. 

0041. Even though the above method of manufacturing 
nanoporous carbon gives good control of the size and size 
distribution of nanopores in the resulting particles, Some 
additional refinement of the controllability is desirable. The 
match of nanopores Size and ion size under a given Set of 
circumstances, Such as different size of cations and anions 
and their diffusive mobility inside the pores, is important; 
the pores should not be too small or they will not be entered 
by the ions or if the fit is too close, the mobility of the ions 
will be impeded. 

0042. On the other hand, if the nanopores are unneces 
Sarily large, the Specific Surface of the carbon material 
Suffers. Certain carbide precursors are more expensive than 
others and the carbon yield from the process also differs. For 
economic reasons as well as from functional, it is advanta 
geous to apply a nanopores modification process of the 
carbon realized by halogenation of the precuSor material. 
This is done by essentially known methods Such as exposing 
at elevated temperature the nanoporous carbon to an oxi 
dizing medium which may consist of H2O carried by an inert 
gas, carbon dioxide, concentrated nitric or Sulphuric acid or 
other oxidizing agents. The effects are controllable widening 
of the nanopores and removal of physically and chemically 
absorbed chlorine. In most cases it is preferable to use Such 
modified nanoStuctured carbon for at least one of the elec 
trodes in a electric double layer capacitor. FIG. 5 shows the 
effect on TiC derived carbon of Such modification. Table 1 
shows the effect of halogenated SiC, Subsequently modified 
by HNO. Table 2 shows electrochemical effects of modi 
fication of SiC and TiC derived carbon. Table 3 illustrates 
material properties of a number of modified carbon materials 
from various precursors. 

TABLE 1. 

Pore Structure Parameters for SNC (SiC) powder modified by HNO3 

Pore size 
Surface area S, Pore volume Vp, X*, nm. 

Cycle number m?g. ccm/g (calculation) 

initial powder 1330 O.49 O.74 
1. 142O 0.55 0.78 
2 132O O.58 O.88 
3 1260 O.65 1.03 
4 1240 O.65 1.04 

"One-point measurement of surface area by nitrogen 
Note: Pore size X = 2 Vp/S 

0043) 

TABLE 2 

Electrochemical comparison of non-modified and modified SNC materials 

SNC 

precursor 

SC 

S. Berlm's Specific Capacitance Fg "I 

Type of SNC powder electrode DC = -1.4 V DC = +1.4 V 

Non-modified 1086 931 5.8 79.9 
Modified 2140 1567 92.8 88.1 
(HO) 
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TABLE 2-continued 
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Electrochemical comparison of non-modified and modified SNC materials 

SNC S. Birm's Specific Capacitance Fg "I 

precursor Type of SNC powder electrode DC = -1.4 V DC = +1.4 V 

TC Non-modified 1485 1054 8O.S 113.4 
Modified 2232 1639 111.2 142.5 

(HO) 

* Measured in 1.5 M TEA solution in acetonitrile using 3-electrode cell with a saturated 
calomel (SCB) reference electrode 

0044) 

TABLE 3 

Examples of material properties of modified nanostructured carbon from different 
PICCUISOIS. 

Post- W 

SSC Precursor The treatment Sa(BET) V(total) 
# carbide C. agents m/g cm/g cm/g cm/g 

1 TC 950 H, 1SOO O.74 O60 O.66 
2 MoC 750 H, 2138 1.59 O16 1.44 
3 BC 1100 - 1231 0.71 O.23 O.81 
4 TC 950 H/HO 2237 1.23 O.61 1.11 
5 SC 1150 H/HO 1696 O.90 O.61 O.81 
6 All-C 400 - 1204 O.81 0.55 O.63 

Vano (CoH) C(+)" C(-)" 
F/g F/g 

113 98 
111 105 
77 71 
116 110 
116 95 
104 91 

Measured in 1.5 M TEA solution in acetonitrile using 3-electrode cell with a saturated 
calomel electrode as a reference. 

0.045. In another embodiment it is also possible to react 
TiCl, with a suitable carbon source such as CH to recycle 
the TiCl, back to TiC. 

0.046 Titanium carbide may also be made by the reaction 
at high temperature of titanium with carbon, titanium tetra 
chloride with organic compounds Such as methane, chloro 
form, or poly(vinyl chloride); titanium disulfide with car 
bon, organotitanates with carbon precursor polymers and 
titanium tetrachloride with hydrogen and carbon monoxide. 
The reaction of titanium tetrachloride with a hydrocarbon 
hydrogen mixture at 1000 C. has been used in the prior art 
for the chemical vapor deposition (CVD) of thin carbide 
films used in wear-resistant coatings. 

0047. The SNC materials produced as described above 
are combined in a form Suitable for use as a thin, flat, flexible 
electrode containing high fractions of the SNC. Theoretical 
models developed by the inventors predict that the porous 
carbon electrodes should be essentially thin to provide the 
high power output. Estimations show the optimum thickneSS 
to be in the range of about 5-150 micron. Besides, one 
should bear in mind that electrodes must not be brittle since 
they are normally pressed when assembling the electrode 
pack in order to reduce the equivalent Series resistance of a 
capacitor device. 

0.048. According to the present invention, fabrication of 
composite electrodes of certain thickness may be accom 
plished by rolling a plasticized mixture of SNC powder, one 
or more binders and certain Solvents, Said plasticized mix 
ture being made as a Stiff putty like mass with the help of the 
certain Solvents. 

0049 Optional additives to the SNC carbon powder are 
colloidal or Thermally Expanded Graphite (TEG) (1-15% 
wt. of the dry mass) to increase conductivity, conductive 
polymers (2-20% wt. of the dry mass.) also to increase 
conductivity and SiO2 (0.5-10% wt. of the dry mass) that 
increases capacitance. 

0050. After investigation of different types of com 
pounds, which might be used as binders, fluorine-containing 
polymers, e.g. PTFE (Teflon) or PVDF poly(vinylidene 
fluoride) were selected as a permanent binder that provides 
Structural integrity. The Selection was based on the fact that 
those compounds keep both their binding properties and 
chemical and electrochemical Stability in electrolytes after 
the composite electrode material is thermally treated at 
temperatures below the decomposition temperature of Such 
polymers. In addition the carbon electrodes fabricated by the 
method do not lose their mechanical Strength even if the 
binder content does not exceed 2-10% by wt. of the carbon 
powder. This results in relatively high capacitance and low 
resistivity of the EDLC comprising such electrodes. 

0051. Another incorporated binder is temporary and 
Serves to facilitate the formation of a ductile tape. It also 
raises the hydraulic component of the rolling force during 
the roll compaction (below) and limits the crushing force 
onto the carbon particles. The increased ductility enables 
rolling to thinner Sections without unduly Stiffening or 
hardening of the product. The ductility also enables croSS 
rolling of the extruded material which develops a more 
isotropic distribution of Teflon fibers. 
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0.052 A requirement on this temporary binder is that it 
should be completely removable, at a temperature below the 
decomposition temperature of the permanent binder, without 
leaving any residues. This has the beneficial effect of leaving 
behind an improved transport porosity. One example of Such 
temporary binder is polypropylene carbonate (PPC). The 
proportion of this temporary binder should be 4-10% wt. of 
the carbon, preferably 5-7% wt. Before mixing, the binder is 
added to a Suitable solvent with the concentration of 7-18%, 
preferably 10%. 
0053. The solvent should have two advantageous char 
acteristics. It should have low evaporation rate which means 
that the Solvent content should change very slowly during 
material mixing and processing, resulting in better control 
and lot-to-lot reproducibility. Such Solvents act as a plasti 
cizer of the temporary binder and improves the working 
range of the tape. If it did not act this way, then the addition 
of a Special plasticizer would be required. Plasticizers do not 
thermally decompose in a manner similar to that of e.g. PPC 
and at the low temperatures allowable would leave material 
behind. An additional requirement on the Solvent is that it 
will evaporate completely, without leaving traces, along 
with the temporary binder. One such preferred solvent is 
N-Methyl Pyrrolidone (NMP). The solvent is first added to 
the dry mix together with the dissolved temporary binder. 
Additional amounts of Solvent is added during the appro 
priate processing Steps until a Suitable consistency of the 
mass is reached. The precise amount of Solvent to be added 
depends on the type of carbon used, particularly on its 
Specific Surface. 
0.054 For instance carbon made as indicated earlier from 
TiC, without Subsequent modification, requires that Solvent 
be added until the ratio of the temporary binder to total 
Solvent is 3-5%. Other carbon qualities may require a higher 
or somewhat lower ratio of temporary binder to total solvent 
COntent. 

0.055 Although the method comprising extruding and 
rolling of thin and flexible carbon tapes by using binders 
such as PTFE is widespread, the present invention includes 
Several improvements, that are necessary when considering 
the SNC powder according to the present invention, to 
obtain Superior electrochemical characteristics for electric 
double layer capacitors. 

Process for Manufacturing Flexible Carbon Tapes 
for Electrodes 

0056. The method of making flexible carbon tapes can be 
by hand but it is more advantageously carried out in a Series 
of mechanized Steps that lend enabling an integrated auto 
mated process. 
0057 The procedure for manufacturing flexible carbon 
tapes for electrodes includes the following Steps in order of 
Sequence: 

0.058 Dry mixing 
0059 Wet mixing 
0060 Muller mixing 
0061 Grinding 
0062) Extrusion 
0063 Roll compaction 
0064. Heat treatment 
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0065. Alternatively we may proceed by 

0.066 Dry mixing 

0067 Wet mixing 

0068 Roll mixing (Rubber Mill Processing) 
0069 Roll compaction 

0070 Heat treatment 
0.071) Dry Mixing 
0072 Applicable methods are tumbling, ball milling or 
Stirring of chosen carbon powder, Teflon powder and option 
ally included additive as described above. 
0.073 Wet mixing 
0074 Wet Mixing is a process to incorporate solvent such 
as NMP and a secondary binder such as PPC dissolved in a 
suitable solvent such as NMP. Wet mixing may be advan 
tageously carried out in a planetary paddle mixer. 
0075) Muller Mixing 
0076 Mulling is a process that effectively mixes the solid 
and liquid ingredients and works the material into a Soft, 
flexible mass. This operation is performed in a bowl holding 
the components to be mixed and a cylinder inside the bowl 
located So that its outside Surface is pushed by a Spring 
against the inside surface and bottom of the bowl. The 
material to be mixed is passed through the gap formed 
between the spring loaded cylinder and the bowl wall. The 
material is contained within the bowl and is cycled back to 
the input of the proceSS automatically. Due to the preSSure 
applied to the mixture during the mulling process, there is 
extrusion of the material in both axes as the material is 
folded back. This extrusion induces forces on the Teflon 
powder that stretch it into fiber form. 
0.077 Grinding 
0078 Grinding is a process in which the product from the 
muller is fed into a System of rotating blades that cuts the 
material into Small pieces Suitable for feeding into an 
extruder. The previous mixing process may have entrapped 
air in pockets in the material. The grinding facilitates the 
removal of any Such air when Vacuum is applied to the 
extrusion hopper after loading the material into it. 
0079 Roll Mixing (Rubber Mill Processing) 
0080. This process is an alternative to mulling, grinding 
and extrusion to produce a belt preform suitable for roll 
compaction. 

0081. The step serves to further induce fiber formation of 
the Teflon portion of the binder system by stretching the 
Teflon particles. The equipment and proceSS conventionally 
used for mixing rubber compounds is Suited to this require 
ment. The equipment consists of a pair of rollers, placed 
horizontally Side by Side So that the passage of material 
between them will be vertical. The relative rotational speed 
of the rollers is set Such that one roller turns faster than the 
other. The mixing is accomplished by passing the materials 
through the rollers and compressing it while Simultaneously 
Shearing it. This process is repeated until the material is 
thoroughly blended. In order to Start the process, the mate 
rials must be roughly blended together so they will form a 
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mass that can be placed into the rolls. At the end of the 
process, the product is collected as a Single belt perform 
Suitable for roll compaction. 
0082) Extrusion 
0.083 Extrusion is performed to produce a ductile belt 
preform, typically <1 mm thick, Suitable for roll compaction. 
0084 Roll Compaction 
0085 Roll compaction is a process in which a suitable 
ductile belt preform is fed between rolls rotating at the same 
Speed with the gap or nip Set So that the resulting tape is of 
the desired thickness, typically about 100 micrometers. 
0.086 The rolling action is predominantly a shearing 
process that produces the tape without unduly compressing 
it. The physical properties of the tape are influenced by 
Several factors including the diameter of the rolls, the rolling 
Speed and the reduction in thickness per pass. 
0087 Heat Treatment 
0088 To remove without residual material traces the 
temporary binder and the Solvent, the fabricated electrode is 
heat treated at a temperature that leaves the Teflon unaf 
fected. The pyrolysis temperature for PPC is 250° C. 
0089. One preferred embodiment of the present invention 
provides an electric double layer capacitor (EDLC), which 
comprises thin and flexible polarizable SNC electrodes 
providing both low internal resistance and high capacitance 
at the same time. This is achieved by fabricating thin 
composite electrodes having the thickness in the range of 
about 5-150 microns and being Stable mechanically, chemi 
cally and electrochemically in electrolytes over a long time. 
The electrodes comprise SNC carbon material as a powder, 
thermoexpanded graphite (TEG) as an additive, and a 
binder. 

0090. To fabricate electrodes in accordance with the 
present invention, nanoporous carbon materials produced by 
chlorinating titanium carbide, Silicon carbide, molybdenum 
carbide, boron carbide, aluminum carbide or their combi 
nations were used. These carbon materials possess a rea 
sonably large specific area (1000-2500 m/g) including the 
notable contribution from the pores of about 0.7-3 nm in size 
that enables the ions from an electrolyte to enter the pores 
forming the electric double layer. The optimum carbon 
particle size in fabricated electrodes according to the present 
invention depends on the raw mass preparation method for 
the electrode sheet rolling but preferable are sizes not 
exceeding 10 micron. Powder having large grain size would 
cause poor mechanical Strength of the composite electrodes. 
Drawback of particles exceeding 10 microns is also the 
increased resistivity of respective electrodes caused by the 
limited rate of diffusion of ions inside the particles. 
0091 Alternatively to the above method, a slurry of SNC 
carbon and other components as described above can be 
prepared, Suitable for tape casting or Slurry rolling to yield 
continuous flexible thin tapes. Tape casting could be made 
onto an aluminum foil or mesh So that this aluminum current 
collector can be directly incorporated into the electrode in a 
Single manufacturing Step. 

0092. To reduce the internal resistance of a EDLC device, 
in accordance with the present invention an aluminum layer 
of 2-5 microns thickneSS may be deposited on one side of 
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composite electrodes by using an appropriate deposition 
method such as Plasma Activated Physical Vapor Deposi 
tion. The contact between the composite electrodes and 
aluminum foil or mesh (the current collector) is provided by 
pressing them together, by diffusion welding, spot or Seam 
welding or laser welding. 
0093 Magnetic pulse welding or joining is another 
method with the advantage of being a “cold process'. 
0094 All types of electrolytes used in electric double 
layer capacitors may be used for the present invention, water 
based (e. g. KOH, HSO) and organic. The non-aqueous 
electrolytic Solution preferably comprises at least one Salt 
Selected from the group of tetrafluoroborates or hexafluo 
rophosphates of tetraalkylamonium, tetrakis (diallcylamino) 
phosphonium, N,N-dialkyl-1,4-diazabicyclo2.2.2]octane 
dium or their mixture, dissolved in an aprotic polar Solvent 
or a mixture of Such Solvents Selected from the group 
consisting of acetonitrile, propionitrile, benzonitrile, buty 
ronitrile, 3-methoxypropionitrile, gamma-butyrolactone, 
-Valerolactone, ethylene carbonate, propylene carbonate, 
N,N-dimethylformamide, 1-methyl-2-pyrrolidinone, 
dimethoxyethane, methyl ethyl ketone and tetrahydrofuran. 
The general requirement of uSeable electrolytes are the 
chemical and electrochemical Stability and good perfor 
mance over a wide temperature range. In order to avoid 
electrolyte depletion between the electrodes of the EDLC, 
the total Salt concentration in the non-aqueous electrolyte is 
chosen in the range of 0.5-3 mol/l according to the present 
invention. 

0095 Organic electrolytes are widely used to increase 
Voltage, and hence, Specific performances of an electric 
double layer capacitor and are preferred for high energy 
applications. However, most of known electrolytes comprise 
cations and anions of different size. In many cases, large 
organic cations cannot enter Small pores resulting in much 
lower capacitance of the negative electrode, and hence of the 
entire capacitor device. To provide an electric double layer 
capacitor, the present invention aims at using unsymmetrical 
polarizable electrodes in order to increase both the capaci 
tance and Voltage of an electric double layer capacitor 
resulting in its higher specific energy and power. 

0096 Equalizing Leakage Current 

0097 Unit cells can be manufactured and selected so that 
their capacitance and inner resistance are practically equal 
along a Stack of Series connected EDCLS, however, it is 
rather difficult to equalize their leakage current. Even a Small 
deviation in the leakage current value for various unit cells 
along the SC Stack can cause a significant deviation from 
mean Voltage value after keeping the charged Stack for Some 
time. In its turn, the disbalance in Voltage can cause the 
decomposition of electrolyte in the cells charged up to a 
Voltage higher than their rated Voltage during further cycling 
the Stack. 

0098. To improve a Supercapacitor performance and to 
equalize the Voltage of unit cells when they are assembled in 
a Stack, Some additives can be added to the electrolyte. AS 
another embodiment, the present invention discloses a num 
ber of compounds, which undergo a fully reversible elec 
trochemical reaction within a potential range not far from 
that wherein the impurities in the electrolyte Start decom 
posing. Said compounds are chosen from aromatic Series, 
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the preferable compounds being twinned aromatic hydro 
carbons (including heteroSubstituted ones), aromatic nitrites, 
quinones and nitro- or amino-derivatives. Such combina 
tions as nitronitriles (nitro-cyano derivatives) or cyanoSub 
Stituted quinones can also be used. All these compounds 
possess at least one reversible electrochemical wave either 
in anode or in cathode region (or in both regions), said 
electrochemical wave being located not far from the poten 
tial, at which the electrolyte decomposition Starts. The 
concentration range wherein Said additives are effective 
enough to influence the electrode potential and leakage 
current without deteriorating the performance of a Superca 
pacitor device is between 1x10" and 1x10" mol/1, prefer 
ably between 1x10 and 1x10f mol/1. The electrochemical 
characteristics of Some Selected compounds are presented in 
Table 4. 

TABLE 4 

Electrochemical characteristics of some compounds 
Selected as voltage equalizing additives 

Anodic process Cathodic process 

No. Compound E. V. E. V. E. mV 
1. Anthracene sO.9 -2.21 60 
2 1,2- -2.025 70 

Dicyanobenzene 
3 5-Nitro-1,2- -109 60 

dicyanobenzene -1.685 90 
4 1-Cyano- 1.75 -2.34 60 

naphthalene 
5 Anthraquinone -1.18 8O 

-2.83 60 

All potentials are given vs Fc/Fc (540 mV vs Ag"/Ag) at scan rate 5 
mVis. Electrochemical window for 0.1 M EtNBF in AN lies within a 
range of -2.8 + + 

0099] 2.2 V (0.5 mnA/cm was chosen as a limiting 
current density). Reduction of water impurities starts at ca. 
-2.3 V. 

0100. The electric double layer capacitor includes a 
porous, ion-permeable, insulating material (separator) inter 
posed between electrodes. It may be Selected from the group 
of a nonwoven polypropylene or polyethylene Separator 
films, a cellulose Separator paper, a polyethylene terephtha 
late nuclear membrane; the Separator thickness being about 
5-100 micron, preferably 5-20 micron. The standard sepa 
rator used in the art are PP based microporous Separator 
films from Celgard GmbH (Germany). 
0101 Alternatively dielectric materials (such as SiO, 
SiCN or Al-O.) may be deposited as a thin film (of 0.1-3 
microns) on the electrode Surface. Our experiments show 
that Sputtering a thin porous dielectric film improves both 
the mechanical properties and electrical performance of the 
composite electrodes. 

0102 Yet another method to provide a separator is to use 
a Screenable paste permeable membrane compound formed 
from a silicon oxide aerosol carried in a PVDF/NMP paste. 
The dried film properties are controlled by the ratio of the 
SiO2 wt. to the resin wt. and the dried film thickness to the 
Solvent percent. 

0103) In another aspect of the invention, balancing of the 
positive and negative electrodes is provided. One carbon 
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was chosen for the anode and another for the cathode to 
match the sizes of the positive and negative ions of the 
electrolyte. 
0.104) Of particular advantage, for a given electrolyte we 
estimate the sizes of the ions and then choose the appropriate 
carbon precursor and process parameters which gives us the 
SNC with the matching pore characteristics. FIG. 7 illus 
trates a variety of electrolytic Salts Suitable for use in the 
present invention. Sources of information about ions sizes 
are e g 

0105 1. Makoto Ue. J. Electrochern. Soc., (1994) 
vol. 141, No. 12, p. 3336 

0106 2. Makoto Ue. Electrochim. Acta, (1994) vol. 
39, No.13, p.2083. 

0107 Both crystallographic data and MM2 calculations 
were used to estimate the ion size (van der Waals volume 
and radii) for a number of tetraalkylamonium cations as well 
as for Some anions and Solvent molecules. 

0.108 For doubly-charged N,N-dialkyl-1,4-diazabicyclo 
2.2.2]octanediium (DEDACO’) cation, the size was esti 
mated by the inventors from the Size of fragments included. 
0109. In one example, a positive polarizable electrode is 
made of nanoporous carbon material having an Surface area 
of 1500 m/g according to BET measurements and a pore 
size of 0.5-1.5 nm preferably 0.5-1.0 nm. The negative 
polarizable electrode is made of carbon material having an 
average surface area of 2000 m/g and a pore size of 1.0-3.0 
nm, preferably 1.0-2.0 nm. 
0110. In another aspect of the invention, a Supercapacitor 
is provided where the Specific capacitance of the cathode 
and the anode are different. If electrodes of the same size are 
used then the one having a lower capacitance, determines the 
cell as a whole by this lower capacitance level. To compen 
sate for this we increase the volume (thickness) of the 
electrode (cathode) to raise the capacitance to that of the 
anode. The positive and negative capacitance need to be the 
Same for most efficient energy Storage. 
0111. In yet another aspect of the invention, a Superca 
pacitor is provided where the positively and negatively 
charged electrodes in an electrode pair are balanced accord 
ing to the Zero-charge potential of the chosen electrode 
material. Balancing the electrodes with respect of the 
amount of Stored charge considering the electrode's Zero 
charge potential and the applicable electrochemical window 
(i.e. the region of an ideal polarizability) increases the 
nominal Voltage and electrochemical Stability of a capacitor. 
0112 All Supercapacitors contain three key components: 
electrodes, Separator and electrolyte. It is the interdependent 
tuning of the properties of these elements that is necessary 
for and contribute to the high performance. 
0113 Design of the cell is important. If the electrode is 
thin, both the current collector and Separator have to be thin. 
Balancing of dissimilar electrodes is very important and 
again hinges on our ability to tailor make the pore Size by 
choosing the appropriate carbon precursor and on the pro 
cessing and post processing operations. This feature also 
applies to the ability to match electrolyte ion size and pore 
size. A further important feature is to adjust the Size of 
electrodes So that they deliver the Same capacitance. The 
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combination of these features gives the high performance of 
the Supercapacitors of this invention. 

0114. The ability to control the nanopores size and its 
distribution is of course also beneficial for Supercapacitors 
based on aqueous electrolyte Systems(e.g. KOH, HSO). 
Table 5 shows that the capacitance in Such a System can be 
influenced by choice of precursor material and thus the pore 
characteristics. Further refinement by modification of this 
nanoporosity offerS optimization opportunities. 

TABLE 5 

Examples of influence on capacitance of choice of carbon precursors. 

W. SaBET Capacitance 
# SNC precursor cmg' Img Fg 

1 AlCs O60 353 251 
2 BC O.78 782 217 
3 MoC O.90 873 223 
4 TC O.73 340 212 
5 SC 0.44 O59 209 
6 TiC/AlCs, 3/1 (by wt.) O.58 542 239 
7 BC/AIC, 3/1 (by wt.) O.67 614 239 
8 BC/AlCs, 1/1 (by wt.) O.58 572 219 
9 BC/AICs, 1/3 (by wt.) O.53 440 211 

* Measured in aqueous 6M KOH solution at DC = -1 V and AC = 5 mV 
using 3-electrode cell with Hg/HgO reference electrode 

0115 The foregoing description of specific embodiments 
and examples of the invention have been presented for the 
purpose of illustration and description, and although the 
invention has been illustrated by certain of the preceding 
examples, it is not to be construed as being limited thereby. 
They are not intended to be exhaustive or to limit the 
invention to the precise forms disclosed, and obviously 
many modifications, embodiments, and variations are poS 
sible in light of the above teaching. It is intended that the 
Scope of the invention encompass the generic area as herein 
disclosed, and by the claims appended hereto and their 
equivalents. 

EXAMPLE 1. 

Preparation of Carbon From TiC in Rotary Kiln 
Reactor 

0116 Titanium carbide (H.C. Starck, grade C.A., 300 g) 
with an average particle Size of 1.3-3 microns was loaded 
into the Silica rotary kiln reactor and let to react with a flow 
of chlorine gas (99.999% assay) for 4h in a tube furnace at 
950 C. Flow rate of chlorine gas was 1.6 l/min and rotation 
speed of reactor tube was -2.5 rpm. The by-product, TiCl, 
was led away by the Stream of the exceSS chlorine and 
passed through the water-cooled condenser into the collec 
tor. After that the reactor was flushed with the Argon (0.5 
l/min) at 1000 C. for 0.5h to remove the excess of chlorine 
and residues of a gaseous by-products from carbon. During 
heating and cooling, the reactor was flushed with a slow 
Stream (0.5 l/min) of argon. Resulting carbon powder 
(47.6g) was moved into Silica Stationary bed reactor and 
treated with hydrogen gas at 800° C. for 2.5h. During 
heating and cooling, the reactor was flushed with a slow 
stream of Helium (0.3 1/min). Final yield of the carbon 
material was 45.6g (75.9% from theoretical). 
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EXAMPLE 2 

Preparation of Carbon From TiC in Fluidized Bed 
Reactor 

0117 Titanium carbide (Pacific Particulate Materials, 
1.0kg) with an average particle size of 70 microns was 
loaded into the silica fluidised bed reactor and let to react 

with a flow of chlorine gas (99.999% assay) for 4h at 950 
C. Flow rate of chlorine gas was 7.5 l/min. The by-product, 
TiCl, was led away by the Stream of the excess chlorine and 
passed through the water-cooled condenser into the collec 
tor. After that the reactor was flushed with the Argon (6 
l/min) at 1000 C. for 0.5h to remove the excess of chlorine 
and residues of a gaseous by-products from carbon. During 
heating and cooling, the reactor was flushed with a slow 
stream (0.5 l/min) of argon. Final yield of the carbon 
material was 190g (95% from theoretical). 

EXAMPLE 3 

Preparation of Carbon From MoC in Stationary 
Bed Reactor 

0118 Molybdenum carbide (Donetsk Chemical Reagent 
Plant JSC, Ukraine, Lot TY6-09-03-363-78, particle size 
<40 micron, 100g) The molybden carbide was loaded into 
the Silica Stationary bed reactor and allowed to react with a 
flow of chlorine gas (99.999% assay) for 80 min. in a tube 
furnace at 750 C. Flow rate of chlorine gas was 1.6 l/min. 
The by-product, mixture of molybdenum chlorides, was led 
away by the Stream of the exceSS chlorine and passed 
through the water-cooled condenser into the collector. After 
that the reactor was flushed with the Argon (0.5 l/min) at 
1000 C. for 0.5h to remove the excess of chlorine and 
residues of a gaseous by-products from carbon. During 
heating and cooling, the reactor was flushed with a slow 
Stream of argon. Resulting carbon powder (4.9g) was moved 
into Silica Stationary bed reactor and treated with hydrogen 
gas at 800° C. for 1h. During heating and cooling, the reactor 
was flushed with a slow stream of helium (-0.3 1/min). Final 
yield of the carbon material was 4.6g (78% from theoreti 
cal). 

EXAMPLE 4 

Modification of SNC of Example 1 in Stationary 
Bed Reactor and Fluidized Bed Reactor 

0119) A carbon powder of Example 1 (25g) was placed in 
a quartz reaction vessel and loaded into horizontal quartz 
reactor heated by the tube furnace. Thereupon the reactor 
was flushed with argon to remove air and the furnace was 
heated up to 900 C. using a heat-up gradient of 15/min. 
The argon flow was then passed with a flow rate of 0.81/min 
through the distilled water heated up to 75-80 C. and the 
resultant argon/water vapor mixture with approximate ratio 
of 10/9 by volume was let to interact with a carbon at 900 
C. for 2.5h. After that the reactor was flushed with argon for 
one more hour at 900 C. to complete the activation of a 
carbon Surface and then slowly cooled to room temperature. 
The yield of a modified carbon was 15.8g. 
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EXAMPLE 5 

0120 Preparation of Carbon From SiC in Rotary Kiln 
Reactor With Subsequent Modification in a Stationary Bed 

0121 Silicon carbide (H.C.Starck, lot 3481, particle size 
<10 micron, 100g) was loaded into the silica rotary kiln 
reactor and allowed to react with a flow of chlorine gas 
(99.999% assay) for 1h in a tube furnace at 1150° C. Flow 
rate of chlorine gas was 1.5 l/min and rotation Speed of 
reactor tube was ~2.5 rpm. The by-product, SiCl, was led 
away by the Stream of the exceSS chlorine and passed 
through the water-cooled condenser into the collector. After 
that the reactor was flushed with the Argon (0.5 l/min) at 
1150 C. for 0.5h to remove the excess of chlorine and 
residues of a gaseous by-products from carbon. During 
heating and cooling, the reactor was flushed with a slow 
Stream (0.5 l/min) of argon. Resulting carbon powder 
(29.9g) was moved into Silica Stationary bed reactor and 
treated with hydrogen gas at 800° C. for 2h. During heating 
and cooling, the reactor was flushed with a slow Stream of 
helium (-0.3 1/min). The yield of the carbon material was 
28.7g (95.6% from theoretical). Part of a carbon powder 
(15g) obtained was placed in a quartz reaction vessel and 
loaded into horizontal quartz reactor heated by the tube 
furnace. Thereupon the reactor was flushed with argon to 
remove air and the furnace was heated up to 900 C. using 
a heat-up gradient of 15/min. The argon flow was then 
passed with a flow rate of 0.8 L/min through the distilled 
water heated up to 75-80 C. and the resultant argon/water 
vapor mixture with approximate ratio of 10/9 by volume was 
let to interact with a carbon at 900 C. for 2.5h. After that the 
reactor was flushed with argon for one more hour at 900 C. 
to complete the modification of a carbon Surface and then 
Slowly cooled to room temperature. 

EXAMPLE 6 

Experimental Laboratory Preparation of Electrode 
0122) A mixture including 86% wt of SNC powder of 
Example 1 and 8% wt of TEG was stirred in ethanol for 10 
minutes. After that 6% wt of PTFE (as a suspension in water) 
was added to this slurry preliminary cooled to 15 C., stirred 
for 30 minutes and gently pressed until the wet “pancake” 
was formed. Thereupon the ethanol was evaporated at 
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elevated temperature (-95 C.). This pancake was then 
impregnated with heptane, shaped to a cylinder and extruded 
by rolling the body in direction of the ends of a cylinder. The 
latter procedure was repeated until the elastic properties 
appeared. Finally the heptane was removed at -75, the 
extruded cake rolled stepwise down to thickness of 98+4 
microns, dried in vacuum at 270° C. and covered from one 
Side with an aluminum layer of 4-t1 um using Plasma 
Activated Physical Vapor Deposition. 

EXAMPLES 7-10 

Further Electrodes Preparation 
0123 Polarizable electrodes were made in the same man 
ner as in example 6 except that SNC powder from Examples 
2-5 was used, respectively. Carbon powder with particle 
sizes >10 micron were reduced by ball milling. The elec 
trode sheets were prepared with a thickness of 98+4, 125+5, 
125+5 and 125+5 microns for the SNC of examples 2, 3, 4 
and 5, respectively. 

ASSembling and Preconditioning of Capacitors 
From the Electrode of Examples 6-10 

0.124. The electrodes as prepared according examples 
6-10 were attached by methods indicated in 
0.125 TABLE 5 to Al foil of 10 microns thick (current 
collector) and interleaved with a separator. A Celgard sepa 
rator was used in the present examples The electrode pairs 
from positively and negatively charged polarizable elec 
trodes made as disclosed in Examples 6-10, were connected 
in parallel. The electrode pack thus prepared was placed in 
a Sealed box, kept under vacuum for three days to remove all 
the gases absorbed and then impregnated with electrolyte 
comprising Solution of a Single quaternary ammonium Salt 
or a mixture of Such in acetonitrile. The EDLC cells thus 
fabricated were cycled within the voltage range of 1.5-3.0 V 
under constant current or constant power conditions. 

0.126 Certain of the results obtained are shown in Tables 
6 and 7: The applicability of different methods to connect the 
carbonaceous electrode sheet to the aluminum foil is pre 
sented in Table 6 and the effect of balancing the positively 
and negatively charged polarizable electrodes is presented in 
Table 7. 

TABLE 6a 

Results of different methods of connecting an aluminum current collector to a 
carbonaceous electrode sheet. 

Volumetric 
Type of connection Resistance Capacitance Capacitance 
between the electrode Electrodes (active (Per active (Per active 

SNC used in +f- and the current thickness Resistance volume) weight) volume) 
electrodes collector (+/-) S2 cm S2 cm Fg F cm 

C(TIC),C(TIC)- Electrode? Al foil 100/120 0.87 O.O37 6.7 9.1 
modified (arc spot weld) 
C(TIC)/C(MoC) Electrode/Al foil 102/120 O.60 O.O23 6.7 9.7 

(diffusion weld) 
C(TIC)/C(TIC)- Electrode/Al foil 95/130 O.69 O.O25 6.9 10.7 
modified (pressure contact) 
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SNC used in +f- 
electrodes 

C(TIC)/C(TIC)- 
modified 

TABLE 6a-continued 

10 

Results of different methods of connecting an aluminum current collector to a 
carbonaceous electrode sheet. 

Type of connection 
between the electrode 
and the current 
collector 

Electrode? Al foil 
(laser spot-weld) 

aThe separator Celgard 2400 was used. 
Weight and volume of carbon compound, electrolyte, separator and current collector. 

O127) 

SNC used in 

+f- electrodes 

C(MoC)f 
C(MoC) 
C(TIC), 
C(TIC)- 
modified 

C(TIC), 
C(MoC) 
C(TIC), 
C(TIC) 
C(BC)f 
C(BC) 

Volumetric 
Resistance Capacitance Capacitance 

Electrodes (active (Per active (Per active 
thickness Resistance volume) weight) volume) 
(+/-) (S2 cm S2 cm Fg IF cm 
100/130 O.68 O.O27 6.7 1.O.O 

TABLE 7 

Examples of the effect of balancing positively and negatively charged polarizable 

Volumetric 
Resistance 

(active 
Resistance volume) 
S2 cm S2 cm 

O42 O.O17 

O.29 O.O10 

O.38 O.O14 

O.47 O.O15 

O.61 O.O18 

Capacitance 
(Per active 
weight) 
Fg' 

4.2 

7.8 

6.O 

6.9 

5.2 

electrodes 

Capacitance 
(Per active 
volume) 
F cm 

6.7 

12.2 

9.4 

9.O 

6.8 

Separator 

Celgard 277 

Celgard 277 

Celgard 277 

Celgard 2400 

Celgard 2400 

Weight and volume of carbon compound, electrolyte, separator and current collector 

0128. The examples of capacitor prototypes and their 
electrochemical performance illustrating the object of this 
invention are presented in Table 8 and FIG. 6. 

TABLE 8 

Examples of electrochemical performance of prototype electric double layer 
capacitors according to the present invention. 

Capacitance Resistance Specific capacitance 

# Electrolyte F Im S2 IF g' 

1 1.5 M TEAAN 630 O.56 7.39 

2 O.75 M TEA 

0.75 M 663 O.68 7.47 

TEMA/AN 
3 1.0 M TEAAN 631 O.54 7.35 

Specific resistance 

F cm S2 cm S2 cm 

9.63 

9.93 

9.54 

0.87 O.O37 

1.16 O.O45 

O.84 O.036 

Electrolyte 
salt 

EtNBF 

EtNBF 

EtNBF/ 
EtMeNBF 
EtNBF 

EtNBF 

Csalt 
M 

1.5 

1.5 

0.745/ 
O.846 

1.5 

1.5 

Electrod 
Thicknes 

+f- 

130/130 

105/135 

98/128 

140/140 

115/115 
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Characterization of SNC Materials According to 
this Invention 

0129. The low temperature nitrogensorption experiments 
were performed at the boiling temperature of nitrogen 
(-196° C) using Gemini Sorptometer 2375 (Micromeritics). 
The Specific Surface area of carbon materials was calculated 
according BET theory up to the nitrogen relative pressure 
(p/po) of 0.2, with the exception for results reported in Table 
1. The Volume of micro-pores was calculated from the t-plot 
of adsorption isotherm and the pore size distribution accord 
ing to BJH(Barrett-Joyner-Halenda) theory. Adsorption 
dynamics of benzene Vapours was Studied at room tempera 
ture using the computer controlled weighing of the carbon 
Samples in benzene Vapours at normal preSSure and room 
temperature. A Volume of the pores that adsorbed benzene in 
above-described conditions, was calculated according the 
equation 
0130 W=(m-m)/mixdolem'g') 
0131 where m and mare the initial and final weights of 
the test-sample, respectively, and dc is the density of 
benzene at room temperature. 

Electrochemical Evaluation of SNC Materials 

0132) The electrochemical tests were performed in the 
3-electrode electrochemical cell, using the Solartron poten 
tiostat 1287 with FRA analyzer. Electrochemical experi 
ments were done in aqueous, 6M KOH and non-aqueous 
1.5M Tetraethylanimoniumtetrafluoroborate (TEA) in 
Acetonitrile (AN) electrolyte. During experiments the elec 
trolyte was degassed with Argas. 
0133. Three types of experiments using: constant voltage 
(CV), constant current (CC), and impedance (EIS) technique 
were used. The region of the ideal polarizability was 
observed between -1.5 to +1.5V (vs. SCE) and -1.0 to 
+0.25 V (vs. Hg/HgO) for non-aqueous and for aqueous 
Systems, respectively. Discharge capacitance for the nega 
tively and positively charged electrode materials were cal 
culated from the CV and CC plots. The EIS measurements 
were carried out at constant DC potentials: -1.4V, +1.4V for 
non-aqueous and -1.0V, in aqueous electrolytes. The EIS 
capacitance was calculated at frequency 10mHz. 

Evaluation of Supercapacitors 
0134) The constant current (CC) and constant voltage 
(CV) tests were carried out using the potentiostat Solartron 
1287. The nominal Voltage of capacitors was estimated from 
the CV plots. The capacitance of the Supercapacitors was 
calculated from CC plots according to formula: C=Idt/dE. 
Internal resistance was derived from the IR -drop. 
0135 The power, energy performance and respective 
Ragone plots were characterized, using constant power (CP) 
charge-discharge cycling regimes. 
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0136 Electrochemical impedance spectroscopy (EIS) 
was used to determine Series capacitance and Series resis 
tance at frequencies 10 mHz and 100 Hz, respectively. 
0.137 In summary, the present invention provides Supe 
rior Supercapacitor performance. Specifically, our SNC has 
a combination of high Specific Surface area and narrow pore 
Size distribution in a high packing density of the electrode, 
which is better than any other known carbon. This allows the 
making of Very thin electrodes, which provide the low 
resistance and the high power of the device, while Still 
maintaining high Specific energy. Balancing the electro 
chemical performance of positively and negatively charged 
electrodes by varying their composition and Volume, in 
accordance with the objective of the present invention, is 
also a key feature of the method for manufacturing the 
EDLC proposed. 

What is claimed: 
1. A method of manufacturing an electrode for an electric 

double layer capacitor, characterized by mixing a mixture 
comprising carbon particles having nanopores with a pre 
determined size, at least a primary binder and a Secondary 
binder and a Solvent, extruding the mixture, rolling the 
extruded mixture into sheet shape and thereafter attaching 
the formed electrode sheet to a conductive foil or mesh. 

2. The method according to claim 1, characterized in that 
the mixing Step comprises dry mixing, wet mixing, muller 
mixing and grinding. 

3. A method of manufacturing an electrode for an electric 
double layer capacitor, characterized by mixing a mixture 
comprising carbon particles having nanopores with a pre 
determined size, at least a primary binder and a Secondary 
binder and a Solvent, roll mixing the mixture, rolling the 
mixture into sheet shape and thereafter attaching the formed 
electrode sheet to a conductive foil or mesh. 

4. The method according to claim 3, characterized in that 
the mixing Step comprises dry mixing and wet mixing. 

5. The method according to claim 1, characterized in that 
the Step of rolling the mixture into sheet shape is performed 
by roll compaction. 

6. The method according to claim 5, characterized by 
removing the Solvent and the Secondary binder from the 
formed electrode sheet by heat treatment, Said Secondary 
binder being removable from the formed electrode sheet at 
a temperature below the decomposition temperature of the 
first binder. 

7. A method of manufacturing an electrode for an electric 
double layer capacitor, characterized by mixing a mixture 
comprising carbon particles having nanopores with a pre 
determined size, a binder and a Solvent to a slurry and tape 
casting the slurry directly onto a conductive foil. 
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