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(57) ABSTRACT 

Electrodes of a double-layer capacitor are designed so that 
sub-capacitors formed at each electrode are stressed sub 
stantially equally at the rated voltage of the double-layer 
capacitor. In an exemplary embodiment, each electrode 
includes a current collector and an active electrode layer, 
such as a layer of activated carbon. The electrodes are held 
apart by a porous separator, and the assembly is immersed 
in an electrolyte. The thicknesses of the active electrode 
layers diiTer, resulting in asymmetrical construction of the 
capacitor. Di?‘erent thicknesses cause the sub-capacitors to 
have di?cerent capacitances. When voltage is applied to the 
double-layer capacitor, the voltage is divided unequally 
between the unequal sub-capacitors. Properly selected thick 
nesses alloW the voltages at the sub-capacitors to stress 
equally each sub-capacitor. The rated voltage of the double 
layer capacitor can then be increased Without overstressing 
the sub-capacitors. 

Leakage current 2.5V (A/F) 

5.00506 % 
4.0OE-06 

3.00E-O6 

I 2.00E-06 

1 ‘00506 Invention 

0.00E+00 
O 10 20 30 4O 5O - 6O 7O 80 

Time (hrs) 



Patent Application Publication Jan. 24, 2008 Sheet 1 0f 8 US 2008/0016664 A1 

_1___Q 

. ‘ I _ y /140 

O > 4 

~ w///~ / / / / / ’ <-111 

110< 0 _ <—112' 
. ~ I 0 ' , 

. Q h . 

Fig.1 

v+ :w ‘(:1 

v if 

v- I: 02 

FIG. 3 



Patent Application Publication Jan. 24, 2008 Sheet 2 0f 8 US 2008/0016664 Al 

‘O. 
(\l 

N_ i 

O 
N. 

4/ LO 

Q 
T 

1Q 
C) 

C? 
O (\1 

+03 . 
w '6 2) 
'> LL. 

0. 
1 

i 

‘Q 
7"" 

I 

Q 
N 

i 

m.‘ 
m 0 to a 8 so) 
1- w- I 1- 1' 

l I 

Farads/ cm3 



Patent Application Publication Jan. 24, 2008 Sheet 3 0f 8 US 2008/0016664 A1 

60 



Patent Application Publication Jan. 24, 2008 Sheet 4 0f 8 US 2008/0016664 A1 

~ _. ‘xii : i. ., . i I 1/ 4, 

p11... m/ i V. .v E??? Z . 



Patent Application Publication Jan. 24, 2008 Sheet 5 0f 8 US 2008/0016664 A1 

v > if: , "~ I. > . ‘ 2002 
J y w T 

' .25 

i 2000 

_- 1202 

” Figgs 



8 .wm 

US 2008/0016664 A1 

Q5 Q2; 
ow E 3 . 8 3 8 ON 8 

. mossy/5 

E2; >m.m E250 mmmxmmq 

Patent Application Publication Jan. 24, 2008 Sheet 6 0f 8 

oo+moo.o womaqm . 



Patent Application Publication Jan. 24, 2008 Sheet 7 0f 8 US 2008/0016664 A1 

882 

QQOE 

E .3 .8 0: 



Patent Application Publication Jan. 24, 2008 Sheet 8 0f 8 US 2008/0016664 A1 

3590 

CD 
“CD 

(:3 
0') 

Cl’! 
"C33 

M‘) 
N 

5..) E 
m C.) 
> ; 
P: 2 mg 
m g: (cg: 
'5, % 
<3 
g CI) 
a: 
3 “53 
{:3 w“ 

as 
m 
(if) 

3 m i“ g 
11.: $ mil? 
K at 

Q 
m 
a 

CD 
{:3 
M’) 

(I) 

C) O c: m % % g 3 
N W "v'" 1"" v“ w 



US 2008/0016664 A1 

ELECTRODE DESIGN 

RELATED APPLICATIONS 

[0001] The present invention is a divisional patent appli 
cation of copending commonly assigned US. patent appli 
cation Ser. No. 10/974,091, ?led Oct. 27, 2004 (the ’091 
application), Which is a CIP of copending and commonly 
assigned US. patent application Ser. No. 10/817,701, ?led 
Apr. 2, 2004 (the ’701 application), from Which priority is 
claimed. Both the ’091 application and the ’701 application 
are incorporated herein by reference in their entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to fabrica 
tion of electrical energy storage devices, and, more speci? 
cally, to design of electrodes for electrical energy storage 
devices, such as double-layer capacitors. 

BACKGROUND 

[0003] Electrical energy storage cells are Widely used to 
provide poWer to electronic, electrical, electromechanical, 
electrochemical, and other useful devices. Such cells include 
primary chemical cells, secondary (rechargeable) cells, fuel 
cells, and various species of capacitors. Important charac 
teristics of electrical energy storage cells include energy 
density, poWer density, charging rate, internal leakage cur 
rent, equivalent series resistance (ESR), and ability to With 
stand multiple charge-discharge cycles. For a number of 
reasons, double-layer capacitors, also knoWn as superca 
pacitors and ultracapacitors, are gaining prominence among 
the various electrical energy storage cells. These reasons 
include availability of double-layer capacitors With high 
poWer densities, and energy densities approaching those of 
conventional rechargeable cells. 

[0004] Double-layer capacitors used electrodes immersed 
in an electrolyte (an electrolytic solution) as their energy 
storage element. Typically, a porous separator soaked in the 
electrolyte ensures that the electrodes do not come in contact 
With each other, thus preventing electronic current ?oW 
directly betWeen the electrodes. The porous separator alloWs 
ionic currents to How betWeen the electrodes in both direc 
tions. As discussed beloW, double-layers of charges are 
formed at the interfaces betWeen the solid electrodes and the 
electrolyte. 
[0005] When electric potential is applied betWeen a pair of 
electrodes of a double-layer capacitor, ions that exist Within 
the electrolyte are attracted to the surfaces of the oppositely 
charged electrodes, and migrate toWards the electrodes. A 
layer of oppositely-charged ions is thus created and main 
tained near each electrode surface. The electrical energy is 
stored in the charge separation layers betWeen these ionic 
layers and the charge layers of the corresponding electrode 
surfaces. The charge separation layers behave essentially as 
electrostatic capacitors. Electrostatic energy can also be 
stored in the double-layer capacitors through orientation and 
alignment of molecules of the electrolytic solution under 
in?uence of the electric potential. 

[0006] Although double-layer capacitors may store addi 
tional energy through electrochemical processes, such 
effects are secondary, accounting for less than ten percent of 
the electrostatically stored energy in a typical double-layer 
capacitor. 
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[0007] In comparison to conventional capacitors, double 
layer capacitors have high capacitance in relation to their 
volume and Weight. There are tWo main reasons for this 
volumetric and Weight e?iciency. First, the charge separa 
tion layers are very narroW. Their Width are typically on the 
order of nanometers. Second, the electrodes can be made 
from a porous material, having very large effective surface 
area per unit volume. Because capacitance is directly pro 
portional to the electrode area, and inversely proportional to 
the Width of the charge separation layer, the combined effect 
of the narroW charge separation layer and large effective 
surface area results in a capacitance that is very high in 
comparison to that of conventional capacitors. High capaci 
tance of the double-layer capacitors alloWs the capacitors to 
receive, store, and release large supplies of electrical energy. 

[0008] Another important performance characteristic of a 
capacitor is its internal equivalent series resistance. Fre 
quency response of a capacitor depends on the characteristic 
time constant of the capacitor, Which is essentially a product 
of the capacitance and the equivalent series resistance, or 
RC. To put it differently, equivalent series resistance limits 
both charge and discharge rates of a capacitor, because the 
resistance limits the current ?oW into or out of the capacitor. 
Maximizing the charge and discharge rates is important in 
many applications, such as automotive applications. Exces 
sive internal resistance also dissipates energy during both 
charge and discharge cycles, converting the electric energy 
into heat. This reduces capacitor ef?ciency, and may affect 
both durability and reliability. Therefore, equivalent series 
resistance should be kept reasonably loW. 

[0009] Electrical energy storage capability of a capacitor 
can be determined using a Well knoWn formula, to With: 

C*AV2 (1) 
E: 

2 , 

in Which E is the stored energy, C is the capacitance, and V 
is the voltage of the charged capacitor. Thus, the maximum 
energy (Em) that can be stored in a capacitor is given by the 
folloWing expression: 

Em 2 

Where Vr stands for the rated voltage of the capacitor. It 
folloWs that a capacitor’s energy storage capability depends: 
on both (1) its capacitance, and (2) its rated voltage. Increas 
ing these tWo parameters is therefore important to capacitor 
performance. Indeed, because energy capacity varies as a 
second order of the voltage rating, While varying linearly 
With capacitance, increasing the voltage rating is the more 
important goal for capacitors in many applications. With 
increases in voltage rating, it is understood that increases in 
poWer density may also be achieved. 

[0010] Voltage ratings of double-layer capacitors are gen 
erally limited by chemical reactions (reduction, oxidation) 
and breakdoWn Within the electrolytic solutions in the pres 
ence of electric ?eld generated betWeen electrodes. Electro 
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lytic solutions currently used in double-layer capacitors are 
of tWo kinds. The ?rst kind of electrolytic solutions includes 
organic solutions, such as propylene carbonate and 
Acetronitrile. 

[0011] The second kind of double-layer electrolytic solu 
tions includes aqueous solutions, such as potassium hydrox 
ide and sulfuric acid solutions. 

[0012] Both reduction and oxidation processes can be 
identi?ed from What is knoWn to those skilled in the art as 
a CV curve, Which may obtained by cyclically applying a 
varying voltage to a double-layer capacitor and measuring a 
resulting capacitance. 

[0013] Organic electrolyte may typically enable higher 
operating voltage as compared to aqueous electrolyte, hoW 
ever, because of the conductivity of organic electrolytes, 
equivalent series resistance may be higher. 

[0014] Whatever the nature of the speci?c double-layer 
capacitors or other energy storage cells of interest, it Would 
be desirable to increase their voltage ratings. 

[0015] As used later for comparisons, a comparative 
double-layer capacitor manufactured With active electrode 
?lms of similar thickness Was tested. In one embodiment, 
the thickness of the electrode ?lms Was about 100 microns. 
A particular activated carbon used in manufacture of the 
activated electrode ?lm for use in a double-layer capacitor 
Was a type YP-17 sold by Kuraray Chemical Co., LTD, 
Shin-hankyu Bldg. 9F Blvd. C-237, 1-12-39 Umeda, Kiata 
ku, Osaka 530-8611, Japan. Empirical test data from the 
comparative double-layer capacitor Was obtained, and indi 
cated that performance of the capacitor decreased as the 
operating voltage of the capacitor Was increased above 2.5 
volts. For example, the number of times the comparative 
double-layer capacitor could be charged and discharged Was 
seen to decrease With increased operating voltage. 

[0016] A need thus exists for double-layer capacitors With 
enhanced energy storage capabilities. Another need exists 
for double-layer capacitors With increased voltage ratings. 
Yet another need exists for methods of designing and 
manufacturing double-layer capacitors With increased volt 
age ratings and enhanced energy and poWer density capa 
bilities. 

SUMMARY 

[0017] The present invention is directed to methods for 
determining relative siZes of electrodes for energy storage 
devices, such as double-layer capacitors, that satisfy one or 
more of these needs. The present invention is also directed 
to double-layer capacitors manufactured by means of such 
methods. An exemplary embodiment of the invention herein 
disclosed is a method of selecting thicknesses of active 
electrode layers of a double-layer capacitor. In accordance 
With the method, a positive voltage limit for a ?rst sub 
capacitor formed at a positive electrode of the double-layer 
capacitor and a negative voltage limit for a second sub 
capacitor formed at a negative electrode of the double-layer 
capacitor are determined. A ?rst ratio of the second sub 
capacitor to the ?rst sub-capacitor is calculated by dividing 
the positive voltage limit by the negative voltage limit. The 
relative thicknesses of active electrode layers at the positive 
and negative electrodes are set so that capacitance of the 
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second sub-capacitor is substantially equal to a product of 
the ?rst ratio and the capacitance of the ?rst sub-capacitor. 

[0018] Setting the relative thicknesses can be accom 
plished by performing the folloWing procedure. First and 
second normalized sub-capacitances of the ?rst and second 
sub-capacitors, respectively, are determined. A speci?c pro 
portionality constant is calculated by dividing the ?rst 
volume-normalized sub-capacitance by the second normal 
iZed sub-capacitance. The relative thicknesses are chosen so 
that a ratio of thickness of the active electrode layer at the 
negative electrode to thickness of the active electrode layer 
at the positive electrode is substantially equal to a product of 
(1) the ?rst ratio, and (2) the speci?c proportionality con 
stant. 

[0019] Determination of the positive and the negative 
voltage limits can be carried out using an equidistant selec 
tion method, Whereby the distances betWeen each of these 
voltage limits and the nearest voltage corresponding to 
immediate or substantially immediate failure of a corre 
sponding sub-capacitor are substantially equal. In accor 
dance With one alternative, determination of the positive and 
the negative voltage limits can be carried out using an equal 
reliability selection method, Whereby continuing or frequent 
operation at each voltage limit results in a substantially 
equal probability of failure for each sub-capacitor. The 
equidistant selection method, equal reliability method, and 
other methods for determining the positive and the negative 
voltage limits can be based on data obtained using cyclic 
voltammetry measurements. 

[0020] The step of determining the ?rst and second nor 
maliZed sub-capacitances can be performed by direct mea 
surement. In one alternative embodiment, these variables are 
determined by applying an analytical capacitance model to 
physical properties of electrolyte of the double-layer capaci 
tor and of material of the active electrode layers. 

[0021] In one embodiment, a method of selecting thick 
nesses of active electrode layers of a double-layer capacitor 
comprises the steps of: determining a positive voltage limit 
for a ?rst sub-capacitor formed at a positive electrode of the 
double-layer capacitor and a negative voltage limit for a 
second sub-capacitor formed at a negative electrode of the 
double-layer capacitor; dividing the positive voltage limit by 
the negative voltage limit to obtain a ?rst ratio of the second 
sub-capacitor to the ?rst sub-capacitor; setting relative thick 
nesses of active electrode layer at the positive electrode and 
active electrode layer at the negative electrode so that 
capacitance of the second sub-capacitor is substantially 
equal to a product of the ?rst ratio and the capacitance of the 
?rst sub-capacitor. The step of setting relative thicknesses 
may comprise: determining a ?rst normalized sub-capaci 
tance of the ?rst sub-capacitor; determining a second nor 
maliZed sub-capacitance of the second sub-capacitor; divid 
ing the ?rst normaliZed sub-capacitance by the second 
normaliZed sub-capacitance to obtain a speci?c proportion 
ality constant; and choosing the relative thicknesses so that 
a ratio of thickness of the active electrode layer at the 
negative electrode to thickness of the active electrode layer 
at the positive electrode is substantially equal to a product of 
the ?rst ratio and the speci?c proportionality constant. The 
step of determining a positive voltage limit and a negative 
voltage limit may comprise using an equidistant selection 
method. The step of determining a positive voltage limit and 
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a negative voltage limit may comprise using an equal 
reliability selection method. The step of determining a 
positive voltage limit and a negative voltage limit may 
comprise using cyclic voltammetry measurements. The step 
of determining a ?rst normalized sub-capacitance may com 
prise measuring the ?rst normalized sub-capacitance of the 
?rst sub-capacitor, and the step of determining a second 
normalized sub-capacitance may comprise measuring the 
second normalized sub-capacitance of the second sub-ca 
pacitor. The step of determining a ?rst normalized sub 
capacitance may comprise applying an analytical capaci 
tance model to physical properties of electrolyte of the 
double-layer capacitor and of material of the active electrode 
layers; and the step of determining a second normalized 
sub-capacitance may comprise applying the analytical 
capacitance model to the physical properties of electrolyte of 
the double-layer capacitor and of material of the active 
electrode layers. The physical properties used in the ana 
lytical model may comprise sizes of cations and anions of 
the electrolyte. The physical properties used in the analytical 
model may further comprise sizes of pores of the material of 
the active electrode layers. The electrolyte may an aqueous 
electrolytic solution, and the physical properties used in the 
analytical model comprise sizes of cations and anions of the 
aqueous electrolytic solution. 

[0022] In one embodiment, a method of constructing a 
double-layer capacitor, comprises providing active electrode 
layers; providing an electrolyte; and immersing the active 
electrode layers in the electrolyte; Wherein the step of 
providing active electrode layers comprises: determining a 
positive voltage limit for a ?rst sub-capacitor formed at a 
positive electrode of the double-layer capacitor and a nega 
tive voltage limit for a second sub-capacitor formed at a 
negative electrode of the double-layer capacitor; dividing 
the positive voltage limit by the negative voltage limit to 
obtain a ?rst ratio of the second sub-capacitor to the ?rst 
sub-capacitor; and setting relative thicknesses of active 
electrode layer at the positive electrode and active electrode 
layer at the negative electrode so that capacitance of the 
second sub-capacitor is substantially equal to a product of 
the ?rst ratio and the capacitance of the ?rst sub-capacitor. 
The step of setting relative thicknesses may comprise: 
determining a ?rst normalized sub-capacitance of the ?rst 
sub-capacitor; determining a second normalized sub-capaci 
tance of the second sub-capacitor dividing the ?rst normal 
ized sub-capacitance by the second normalized sub-capaci 
tance to obtain a speci?c proportionality constant; and 
choosing the relative thicknesses so that a ratio of thickness 
of the active electrode layer at the negative electrode to 
thickness of the active electrode layer at the positive elec 
trode is substantially equal to a product of the ?rst ratio and 
the speci?c proportionality constant. The step of determin 
ing a positive voltage limit and a negative voltage limit may 
comprise using an equidistant selection method. The step of 
determining a positive voltage limit and a negative voltage 
limit may comprise using an equal reliability selection 
method. The step of determining a positive voltage limit and 
a negative voltage limit may comprise using cyclic volta 
mmetry measurements. The step of determining a ?rst 
normalized sub-capacitance may comprise measuring the 
?rst normalized sub-capacitance of the ?rst sub-capacitor, 
and the step of determining a second normalized sub 
capacitance may comprise measuring the second normalized 
sub-capacitance of the second sub-capacitor. The step of 
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determining a ?rst normalized sub-capacitance may com 
prise applying an analytical capacitance model to physical 
properties of electrolyte of the double-layer capacitor and of 
material of the active electrode layers; and the step of 
determining a second normalized sub-capacitance may com 
prise applying the analytical capacitance model to the physi 
cal properties of electrolyte of the double-layer capacitor 
and of material of the active electrode layers. The physical 
properties used in the analytical model may comprise sizes 
of cations and anions of the electrolyte. The physical prop 
erties used in the analytical model may further comprise 
sizes of pores of the material of the active electrode layers. 
The electrolyte may comprise an aqueous electrolytic solu 
tion, and the physical properties used in the analytical model 
comprise sizes of cations and anions of the aqueous elec 
trolytic solution. 

[0023] In one embodiment, a double-layer capacitor may 
comprise an electrolyte; a positive electrode layer of a ?rst 
thickness, the positive electrode layer being immersed in the 
electrolyte; and a negative electrode layer of a second 
thickness, the negative electrode layer being immersed in 
the electrolyte; Wherein: a ?rst sub-capacitor is formed at an 
interface betWeen the positive electrode layer and, the elec 
trolyte; a second sub-capacitor is formed at an interface 
betWeen the negative electrode layer and the electrolyte; and 
the ?rst and second thicknesses are selected by: determining 
a positive voltage limit for the ?rst sub-capacitor and a 
negative voltage limit for the second sub-capacitor; dividing 
the positive voltage limit by the negative voltage limit to 
obtain a ?rst ratio of the second sub-capacitor to the ?rst 
sub-capacitor; and setting relative thicknesses of the positive 
electrode layer and the negative electrode layer so that 
capacitance of the second sub-capacitor is substantially 
equal to a product of the ?rst ratio and the capacitance of the 
?rst sub-capacitor. 
[0024] In one embodiment, the relative thicknesses may 
be set by: determining a ?rst normalized sub-capacitance of 
the ?rst sub-capacitor; determining a second normalized 
sub-capacitance of the second sub-capacitor; dividing the 
?rst normalized sub-capacitance by the second normalized 
sub-capacitance to obtain a speci?c proportionality constant; 
and choosing the relative thicknesses so that a ratio of 
thickness of the negative electrode layer to thickness of the 
positive electrode layer is substantially equal to a product of 
the ?rst ratio and the speci?c proportionality constant. The 
positive voltage limit and the negative voltage limit may be 
determined by using an equidistant selection method. The 
positive voltage limit and the negative voltage limit may be 
determined by using an equal reliability selection method. 
The positive voltage limit and the negative voltage limit may 
be determined by using cyclic voltammetry measurements. 
The ?rst and second normalized sub-capacitances may be 
determined by measuring. The ?rst and second normalized 
sub-capacitances may be determined by applying an ana 
lytical capacitance model to physical properties of the 
electrolyte and of material of the positive and negative 
electrode layers. The physical properties used in the ana 
lytical model may comprise sizes of cations and anions of 
the electrolyte. The physical properties used in the analytical 
model may further comprise sizes of pores of the material of 
the positive and negative electrode layers. The electrolyte 
may comprise an aqueous electrolytic solution, and the 
physical properties used in the analytical model may com 
prise sizes of cations and anions of the aqueous electrolytic 
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solution. In one embodiment, a double-layer capacitor may 
further comprise a positive current collector attached to the 
positive electrode layer, a negative current collector attached 
to the negative electrode layer, and a porous separator 
interposed betWeen the positive electrode layer and the 
negative electrode layer to, prevent direct electronic current 
?oW betWeen the positive electrode layer and the negative 
electrode layer, and to alloW ionic current ?oW betWeen the 
positive electrode layer and the negative electrode layer. The 
?rst ratio may be less than or equal to about 0.47. The ?rst 
ratio may be less than or equal to about 0.47 and more than 
or equal to about 0.35. The electrode layers may comprise 
dry ?brilliZed particles. The sum of the absolute values of 
the positive and the negative voltage limits may be equal to 
or greater than about 2.5 volts. 

[0025] In one embodiment, a double layer capacitor prod 
uct comprises a positive electrode ?lm of a ?rst thickness; 
and a negative electrode ?lm of a second thickness; Wherein 
the ?rst thickness is greater than the second thickness. In one 
embodiment, after 40,000 charge discharge cycles a degra 
dation in capacitance of the product is less than 30 percent. 
The ?rst electrode layer and the second electrode layer may 
comprise dry ?brilliZed particles. 

[0026] In one embodiment, an energy storage product 
comprises a positive electrode ?lm of a ?rst thickness; and 
a negative electrode ?lm of a second thickness; Wherein the 
?rst thickness is different than the second thickness and 
Wherein the positive electrode ?lm and the negative elec 
trode ?lm comprise dry ?brilliZed particles. 

[0027] These and other bene?ts, advantages, features, and 
aspects of the present invention Will be better understood 
With reference to the folloWing description, draWings, and 
appended claims. 

BRIEF DESCRIPTION OF THE FIGURES 

[0028] FIG. 1 is a high-level cross-sectional vieW of a 
double-layer capacitor, in accordance With an embodiment 
of the present invention. 

[0029] FIG. 2 illustrates a cyclic voltammetry curve for an 
idealiZed capacitor electrode, and for an electrode of a 
double-layer capacitor. 
[0030] FIG. 3 illustrates a simpli?ed electrical model of a 
double-layer capacitor of FIG. 1. 

[0031] FIG. 4a-4b illustrate electrodes and a jellyroll 
made therefrom. 

[0032] FIG. 5 illustrates a housing and jellyroll disposed 
therein. 

[0033] FIGS. 6a-c illustrate performance characteristics 
and comparisons. 

DETAILED DESCRIPTION 

[0034] Reference Will noW be made in detail to one or 
more embodiments of the invention that are illustrated in the 
accompanying draWings. Same or similar reference numer 
als may be used in the draWings and the description to refer 
to the same or like parts. The draWings are in a simpli?ed 
form and not to precise scale. For purposes of convenience 
and clarity only, directional terms, such as top, bottom, left, 
right, up, doWn, over, above, beloW, beneath, rear, and front 
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may be used With respect to the accompanying draWings. 
These and similar directional terms should not be construed 
to limit the scope of the invention in any manner. In addition, 
the Words couple, attach, connect, and similar expressions 
may be used interchangeably, unless the difference is noted 
or made otherWise clear from the context. 

[0035] Referring more particularly to the draWings, FIG. 1 
is a simpli?ed vieW of a cross-section of a portion of a 
double-layer capacitor 100 in accordance With the present 
invention. The double-layer capacitor 100 includes a posi 
tive electrode (anode) 110 and a negative electrode (cathode) 
120 kept apart by a porous separator 130. The positive 
electrode 110 includes a current collector 111 and an active 
electrode layer 112. Similarly, the negative electrode 120 
includes a current collector 121 and an active electrode layer 
122. The porous separator 130 and both electrodes 110 and 
120 are immersed in an electrolytic solution 140, shoWn in 
FIG. 1 as a plurality of dots. The electrolytic solution 140 
permeates and impregnates the porous separator 130 and the 
active electrode layers 112 and 122 of the electrodes 110 and 
120. 

[0036] In representative variants of the illustrated embodi 
ment, the active electrode layers 112 and 122 can be made 
from activated carbon, conductive carbon, and binder par 
ticles. In one embodiment the active electrode layers are 
manufactured Without the use of solvents or additives. In one 

embodiment, the active electrode layers are manufactured 
by a process that includes a dry ?brilliZation step, Wherein 
dry binder particles, for example PTFE, are dry ?brilliZed in 
a jet mill in a manner that enmeshes and entraps dry 
activated carbon and dry conductive carbon particles in a 
porous matrix comprised of the three types of dry particles. 
The resulting dry process based product may subsequently 
be calendared one or more times to form a self-supporting 
active electrode ?lm that may be used in the manufacture a 
double-layer capacitor product. As disclosed in further detail 
in copending and commonly assigned US. patent applica 
tion Ser. No. 10/ 817,701, ?led 2 Apr. 2004, Attorney Docket 
No. Ml09US-GEN3BAT, from Which priority is claimed 
and, Which is incorporated herein in its entirety, active 
electrode layers 112 and 122 made of dry particles and by a 
dry process enables that one or more, of the properties of the 
electrode layers can be substantially improved over that of 
prior art solvent and additive based processes. Because 
solvents, processing aids, and/or impurities need not neces 
sarily be added during manufacture of the active electrode 
layers 112 and 122, resulting interactions betWeen an 
impregnating electrolyte and the solvents, processing aids, 
and/or impurities may be reduced. In one embodiment, the 
current collectors 111 and 121 may be made from aluminum 
foil, the porous separator 130 may be made from paper, and 
the electrolytic solution 140 may include 1.5 M tetramethy 
lammonium or tetra?uroborate in Acetronitrile electrolyte. 
Although a dry processes are discussed a being Within the 
scope of the present invention, it is understood that the 
principles described herein may also be applied to active 
electrode layers 112 and 122 made by other knoWn pro 
cesses and other knoWn compositions, for example, solvent 
based electrode extrusion and electrode coating processes, 
as are knoWn to those skilled in the art, and for this reason, 
the invention and embodiments described herein should be 
limited by nothing other than the appended claims. 
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[0037] When a voltage source is applied between the 
current collectors 111 and 121, an electric, ?eld is created 
such that it spans the two layers. Note that the porous 
separator 130 prevents electronic current ?ow between the 
electrodes 110 and 120. At the same time, the porous 
separator 130 allows ionic current ?ow between these two 
electrodes. The electric ?eld thus drives the ions of the 
electrolytic solution 140 towards the electrodes 110 and 120. 
Cations (positively charged ions) are driven to the negative 
electrode 120, while anions (negatively charged ions) are 
driven to the positive electrode 110. As has already been 
discussed above, double-layers of charges are formed at the 
interfaces between the electrodes 110 and 120 and the 
electrolytic solution 140, with layers of oppositely-charged 
ions being created and maintained near the surface of each 
of these electrodes. Each set of the double-layer charges is 
in effect a capacitor. 

[0038] Thus, a single double-layer capacitor cell may be 
considered to comprise two separate double-layer sub-ca 
pacitors connected by ionic ?ow through the porous sepa 
rator 130. This model is illustrated in FIG. 3. Let us 
designate capacitance associated with the double-layers 
formed next to the positive electrode 110 as Cl, and capaci 
tance associated with the double-layers formed next to the 
negative electrode 120 as C2. The combined (total) capaci 
tance CT of the double-layer capacitor cell 100 is then 
determined from the following relationship of CT and the 
sub-capacitor capacitances Cl and C2: 

[0039] Each of the capacitances Cl and C2 is a function of 
the volume of its respective active electrode layer 111 or 
112, as the case may be, because the surface area exposed to 
the electrolytic solution 140 depends on these volumes. The 
capacitances Cl and C2 also depend on a number of other 
parameters. Some of the important parameters include 
porosity of the respective active electrode layers 112 and 
122, average pore siZe, pore siZe distributions, pore shapes, 
siZes of the positive and negative ions of the electrolyte, and 
other factors affecting interaction of the electrodes 110 and 
120 with the electrolyte 140 and formation of the double 
layers of charges. 

[0040] Because some of these parameters have disparate 
effects on C1 and C2, it is reasonable to expect that Cl may 
differ from C2 even when the volumes (thicknesses) and 
materials of the active electrode layers 112 and 122 are the 
same. For example, the siZes of the positive and negative 
ions may differ in a typical electrolytic solution 140. When 
the pores of the layers 112 and 122 include some that are 
smaller than the larger of these ions, the effective surface 
areas of the active electrode layers 112 and 122 may and 
often do dilfer. Capacitances per unit volume will then also 
differ. Thus, in general Cl#C2 for identically siZed active 
electrode layers 112 and 122 

[0041] Moreover, at each electrode-electrolyte interface, 
the breakdown voltages and cyclic voltammetry graphs also 
differ. FIG. 2 illustrates this phenomenon for one electrode. 
In FIG. 2, the rectangle 201 represents the cyclic voltam 
metry relationship of an idealiZed capacitor. As would be 
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expected, the rectangle 201 is a good approximation of the 
real-world performance of a conventional electrostatic 
capacitor, for example, of a ceramic dielectric capacitor. 
This is so at least where the voltages applied to the capacitor 
are below the breakdown voltage of the capacitor. Curve 202 
in FIG. 2 represents cyclic voltammetry data for active 
electrode material made with YP-17 activated carbon. 

[0042] When the voltage applied on the positive part of the 
cycle is increased, the slope of the curve 202 begins to 
increase more rapidly (top-right portion of curve 202). 
Similarly, the slope of the curve 202 increases as an applied 
negative voltage is increased (bottom left portion of curve 
202). Those skilled in the art will identify that both extremes 
on the graph, as well as non-?at portions of the graph may 
indicate redox (reduction/oxidation) chemical reactions that 
can occur, which may at above certain voltages cause 
potentially irreversible changes. It should also be understood 
that frequent operation near these limits would likely affect 
durability and reliability of an electrode and a double-layer 
capacitor that includes the electrode. Empirical observations 
have shown that prior art comparative double-layer capaci 
tors constructed with active electrode ?lms, which are 
typically of similar thickness, exhibit cyclic voltammetry 
data similar to that presented by FIG. 2, and the rated voltage 
of such prior art double-layer capacitors should typically not 
exceed about 2.7 volts. For high charge-discharge, duty 
and/or current applications, to ensure reliable operation, the 
empirical determination of the prior art double-layer capaci 
tor nominal operating voltage, in fact, indicates that derating 
is required to an operating voltage less than 2.7 volts, 
typically to on the order of about 2.5 volts. It is identi?ed 
that the nominal operating voltage range for the comparative 
double-layer capacitor can be correlated to points along a 
CV curve obtained for the capacitor, for example, by ?nding 
a rightmost point along an upper right portion that is along 
relatively ?at portion of the curve and, as well, by subtrac 
tion of the empirically determined nominal operating volt 
age to determine a point along the left lower portion of the 
curve. 

[0043] Thus, it is identi?ed that the voltage rating VI of a 
double-layer capacitor 100 should be set so that the maxi 
mum voltage on the sub-capacitor C1 of the positive elec 
trode 110 does not exceed a positive voltage limit, Vm+, and 
the voltage on the sub-capacitor C2 of the negative electrode 
120 does not exceed a negative voltage limit, Vnf. In this 
context, both Vm+ and Vnf are absolute values, i.e., positive 
quantities. 

[0044] In one embodiment, the absolute values Vm+ and 
Vnf may be selected so that the distances between each of 
these voltages and the nearest voltage corresponding to 
immediate or substantially immediate failure of a corre 
sponding sub-capacitor are, substantially equal, i.e., equal 
within reasonable engineering and manufacturing precision. 
For example, if it is assumed that failure occurs at about 1.5 
volts on the positive side and at about 2.0 volts on the 
negative side (as it appears from FIG. 2), we could set Vm+ 
and VI; at about 0.7 volts and 1.8 volts, respectively. We 
will refer to this method of selecting Vm+ and Vnf as the 
“equidistant” selection method. Alternatively, Vm+ and Vnf 
may be selected so that continuing or frequent operation at 
each extreme results in a substantially equal and small 
probability of failure for each sub-capacitor. For example, 
Vm+ and Vnf can be set so that mean time between failures 
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(MTBF) at rated voltage and highest rated temperature is 
equal to about one million hours for each sub-capacitor. We 
Will refer to this method of setting Vm+ and Vnf as the 
“equal reliability” selection method. Indeed, Vm+ and Vnf 
values set in accordance With either of these approaches may 
be quite close. Other methods of selecting Vm+ and Vnf may 
also be used. 

[0045] Intuition suggests that 

for an electrode having the cyclic voltammetry curve 202 
illustrated in FIG. 2. This is because the electrode can be 
driven to a much higher voltage on the negative side than on 
the positive side before the onset of the chemical reactions. 
Moreover, the slope of the curve 202 as the voltage 
approaches the positive (right) side is much higher than the 
slope as the voltage approaches the negative (left) side. 
Empirical results bear out the Vm_>Vm+ relationship. 

[0046] Let us noW determine voltages V+ and V“ that 
result across the sub-capacitors Cl and C2 associated With 
the positive and negative electrodes 110 and 120, respec 
tively, When a voltage Vimp is impressed across the capacitor 
100. Recall that the equivalent circuit of the capacitor 100 
can be approximated by the capacitances Cl and C2 con 
nected in series. Because the combined voltage across the 
tWo sub-capacitors is divided in inverse proportion to the 
capacitances, 

+ _ C2 * Vimp (5) 

(C1 + C2), 

and 

a C1* Vimp (6) 

_ (C1 + C2)‘ 

[0047] To build a double-layer capacitor in accordance 
With an embodiment of the present invention, We set relative 
sub-capacitances Cl and C2 (Which are generally propor 
tional to the thicknesses of their corresponding active elec 
trode layers 112 and 122) so that the folloWing relationship 
holds for properly selected Vm+ and Vnf When the 
impressed voltage is equal to the rated voltage (VimpzVr): 

v+=vm+, (7) 

v*=vm*, (8) 

and 

Vr=Vm*+Vmi (9) 

In this Way, the rated voltage Vr can be maximized. 

[0048] The discussion beloW illustrates hoW the relative 
capacitances Cl and C2, and the thicknesses of the active 
electrode layers 112 and 122 can be calculated. 

[0049] Initially, We de?ne the sub-capacitance proportion 
ality constant, K, by setting C2=K*Cl, to simplify the 
algebra of the derivations. Combining this de?nition With 
equations (5), (7), and (9), We obtain the folloWing relation 
ship: 
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[0050] Rearranging the last equation, We can express K in 
terms of Vm+ and Vm_: 

v; (11) 

[0051] The calculated sub-capacitances proportionality 
constant is thus simply the ratio of the voltage limits Vm+ 
and Vnf. 

[0052] As has already been mentioned, a variety of param 
eters a?fect speci?c capacitances that can be obtained at the 
positive and negative electrodes 110 and 120. We lump their 
combined effects into a speci?c capacitance proportionality 
constant, S, Which is de?ned as the ratio of normaliZed 
sub-capacitance at the positive electrode to the normaliZed 
sub-capacitance at the negative electrode, Where the nor 
maliZation is carried out over the volumes of the respective 
active electrode layers. In other Words, 

Where Volumel and Volume2 designate the respective vol 
umes of the active electrode layers at the positive and 
negative electrodes. The constant S can be estimated by 
plugging the various physical properties of the electrolyte 
and the electrode materials into an appropriate analytical 
model. Alternatively, the constant S can be measured for 
samples of different electrolytes and different active elec 
trode layer materials. 

[0053] Using the calculated value of K and the estimated 
or measured value of S, We can noW proceed to obtain a 

relationship expressing the relative thicknesses T 1 and T2 of 
the active electrode layers 112 and 122, respectively. Assum 
ing that the areas of the electrodes are substantially the same, 
equation (12) becomes: 

[0054] (If areas of the active electrode layers do differ, the 
difference in practice is likely to be relatively small, as in the 
case Where the porous separator is sandWiched betWeen the 
positive and negative electrodes, and the composite structure 
is formed into a jellyroll. In any event, We can lump the 
difference betWeen the areas of the active electrode layers 
112 and 122 into the constant S.) 
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[0055] Rearranging the terms of the equation (13) and 
substituting (K*Cl) for C2, We obtain: 

[0056] Referring again to FIG. 1, the relative thicknesses 
T1 and T2 of the active electrode layers 112 and 122 have 
been set using equation (14). Because equation (14) dictated 
that Tl be greater than T2 in this particular example, the 
resulting double-layer capacitor 100 is asymmetrical such 
that the positive electrode 110 is thicker than the negative 
electrode 120. This structure alloWs the rated voltage to be 
raised, While stressing both sub-capacitors of the capacitor 
100 in substantially equal degrees. Note that the relationship 
between T1 and T2 can be reversed in some embodiments, 
depending on the speci?c physical characteristics of the 
materials used. 

[0057] Electrodes fabricated in accordance With the 
present invention can be used in many different applications, 
including double-layer capacitors. 

[0058] Referring noW to FIGS. 4a and 4b, and preceding 
Figures as needed, there are seen not to scale vieWs of active 
electrode layers of a double-layer capacitor. In FIG. 4a, there 
are shoWn cross-sections of four active electrode ?lms 33 
bonded to a respective current collectors 68 to form top and 
bottom electrodes 54. In one embodiment, top and bottom 
electrodes 54 are separated by a separator 60. In one 
embodiment, separator 60 comprises a porous paper sheet of 
about 30 microns in thickness. In one embodiment, extend 
ing ends of respective current collectors 68 are used to 
provide a point at Which electrical contact may be e?fectu 
ated. In one embodiment, the electrodes 54 and separators 
70 are subsequently rolled together in an offset manner that 
alloWs an exposed end of a respective collector 68 of the top 
electrode 54 to extend in one direction and an exposed end 
of a collector 50 of the bottom electrode 54 to extend in a 
second direction. The resulting geometry is knoWn to those 
skilled in the art as a “jellyroll” and is illustrated in a top 
vieW by FIG. 4b. 

[0059] Referring noW to FIG. 4b, and preceding Figures as 
needed, ?rst and second electrodes 54, and separators 60, are 
rolled about a central axis to form a jellyroll. In one 
embodiment, active electrode ?lms 33 comprise a thickness, 
a Width, and a length. In one embodiment, a Width of the 
active electrode ?lms 33 comprises betWeen about 10 to 300 
mm. In one embodiment, a length is about 0.1 to 5000 
meters. In other embodiments, particular dimensions may be 
may be determined by particular requirements. In one 
embodiment, Wherein the electrodes are utiliZed in a double 
layer capacitor product, the storage capacitance may be 
betWeen 1 and 5000 Farads. With appropriate changes and 
adjustments, other electrode ?lm 33 dimensions and other 
capacitance are Within the scope of the invention. Those 
skilled in the art Will understand that o?fset exposed current 
collectors 68 extend from the jellyroll, such that one col 
lector extends from one end of the roll in one direction and 
another collector extends from an end of the roll in another 
direction. In one embodiment, the collectors 68 may be used 
to make electric contact With internal opposing ends of a 
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sealed housing, Which can include corresponding external 
terminals at each opposing end for completing an electrical 
contact. 

[0060] Referring noW to FIG. 5, and preceding Figures as 
needed, there is illustrated a jellyroll inserted into an open 
end of a housing. In one embodiment, an insulator/ seal 25 is 
placed along a top periphery of a housing 2000 at an open 
end, and a cover 2002 is placed on the insulator. During 
manufacture, the housing 2000, insulator, and cover 2002 
may be mechanically curled together to form a tight ?t 
around the periphery of the noW sealed end of the housing, 
Which after the curling process is electrically insulated from 
the cover by the insulator. When disposed in the housing 
2000, respective exposed collector extensions 1202 of a 
jellyroll 1200 make internal contact With the bottom end of 
the housing 2000 and the cover 2002. In one embodiment, 
external surfaces of the housing 2000 or cover 2002 may 
include or be coupled to standardized connections/connec 
tors/terminals to facilitate electrical connection to the col 
lectors of the jellyroll 1200 Within the housing 2000. Contact 
betWeen respective collector extensions 1202 and the inter 
nal surfaces of the housing 2000 and the cover 2002 may be 
enhanced by Welding, soldering, braZing, conductive adhe 
sive, or the like. In one embodiment, a Welding process may 
be applied to the housing and cover by an externally applied 
laser Welding process. In one embodiment, the housing 
2000, cover 2002, and collector extensions 1202 comprise 
substantially the same metal, for example, aluminum. An 
electrolyte can be added through a ?lling/ sealing port (not 
shoWn) to the sealed housing 2000. In one embodiment, the 
electrolyte is 1.5 M tetramethylammonium or, tetra?urobo 
rate in acetonitrile solvent. After impregnation and sealing, 
a ?nished energy storage product is thus made ready for 
commercial sale and/or subsequent use. 

[0061] Referring noW to FIGS. 611-0, and other Figures as 
needed, there are seen representative performance charac 
teristics of double-layer capacitors manufactured in accor 
dance With principles identi?ed and used by the present 
invention. Those skilled in the art Will identify that points 
along curve 202 (FIG. 2) betWeen points B and C are 
indicative of relatively loW reduction processes (i.e. as 
indicated by the relative ?atness of curve 202 betWeen these 
points). In accordance With inventive principles previously 
discussed, operation along curve 202 betWeen points B and 
C can be elfectuated and a double-capacitor can be manu 
factured to operate reliably and predictably at voltages as 
high as about 2.7 volts (i.e. absolute value of about 0.8 volts 
at point A +—1.9 volts at point C). Such 2.7 operation can be 
achieved Without, derating as is done With prior art capaci 
tors. Furthermore, With derating, an operating voltage can be 
achieved that is higher than 2.7 volts. Reduction and oxi 
dation processes that could occur in the prior art remain 
reduced because operation of the double-layer capacitor can 
remain constrained to occur at voltages that correspond to 
operation along relatively ?at portions of a curve 202, as can 
be obtained from the capacitor. Thus, When operated at the 
same or similar voltages as the prior art, for example 
betWeen about 2.5 and about 2.7 volts, improved perfor 
mance characteristics can be achieved over that of the prior 
art. 

[0062] In one embodiment, a positive voltage limit for a 
?rst sub-capacitor formed at a positive electrode of a double 
layer capacitor is selected using values corresponding to a 
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point A, Which can be determined by analysis of an empiri 
cally obtained curve 202 for evidence of a ?rst sign of 
appreciable oxidation processes, and a negative voltage limit 
of a second sub-capacitor formed at a negative electrode of 
the double-layer capacitor is selected to correspond to point 
C. In one embodiment, the negative voltage limit is selected 
to occur at a negative value that is more negative than a point 
B and along a relatively ?at portion of curve 202 (i.e. 
betWeen points B and C). In one embodiment, the positive 
voltage limit is divided by the negative voltage limit to 
obtain a ?rst ratio of the second sub-capacitor to the ?rst 
sub-capacitor. In one embodiment, the relative thicknesses 
of the active electrode layers at the positive electrode and 
active electrode layer at the negative electrode is set so that 
capacitance of the second sub-capacitor is substantially 
equal to a product of the ?rst ratio and the capacitance of the 
?rst sub-capacitor. 

[0063] In one embodiment, a ?rst ratio of the second 
sub-capacitor to the ?rst sub-capacitor Was calculated using 
curve 202 With 0.8 (point A) divided by about 1.9 (point C), 
or equivalently about 0.42. In this particular embodiment, a 
thickness of the active electrode layer at a positive electrode 
Was calculated to be 115 microns and a thickness of the 
active electrode layer at a negative electrode Was calculated 
to be 100 microns. For comparison, using points A and B, the 
?rst ratio of the second sub-capacitor to the ?rst sub 
capacitor Was calculated as about 0.8 divided by about 1.7, 
or equivalently about 0.47. Empirical observations and 
measurements Were made With a double-layer capacitor 
comprised of 115 micron and 100 micron active positive and 
negative electrode, layers and are illustrated by FIGS. 611-0. 

[0064] Referring to FIG. 6a, and other Figures as needed, 
there is illustrated that a capacitor comprising YP-17 acti 
vated carbon particles made in accordance With principles 
disclosed by the present invention may at a 2.5 volt oper 
ating voltage exhibit loWer leakage current than that of a 
comparative prior art capacitor comprising YP-17 based 
electrode ?lms of similar thickness (for example, positive 
and negative electrode ?lms of 100 micron thickness). In 
FIG. 6b there is illustrated that that capacitance and oper 
ating lifetime of a double-layer capacitor made in accor 
dance With principles described herein may at an operating 
voltage of about 2.7 volts be substantially improved over 
that of the comparative prior art double-layer capacitor, for 
example, the number of charge-discharge cycles is 
increased. In one embodiment of the present invention, after 
40,000 charge-discharge cycles, a double layer capacitor 
experiences a degradation in capacitance that is less than 30 
percent of its initial value. As Well, in FIG. 20 it is illustrated 
that an increase in resistance of a double-layer capacitor 
made over according to the present invention may, over a 
certain number of charge-discharge cycles and at an oper 
ating voltage of about 2.7 volts, be substantially reduced 
over that of the comparative prior art double-layer capacitor. 

[0065] Although the particular systems and methods 
shoWn and described herein in detail are fully capable of 
attaining the above described object of this invention, it is 
understood that the description and draWings presented 
herein represent some, but not all, embodiments of the 
invention and are therefore representative of the subject 
matter Which is broadly contemplated by the present inven 
tion. For example, although double-layer capacitor elec 
trodes are discussed herein in the context of energy storage 
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devices, those skilled in the art Will identify that aspects and 
advantages described herein may apply to electrodes used in 
other energy storage devices, for example, batteries, fuel 
cells, and the like. Further in example, although an embodi 
ment comprised of 100 micron and 115 micron active 
electrode ?lms is described herein, it is understood that 
principles of the present invention encompass a much Wider 
range of ?lm thickness, Which for purpose of minimizing 
duplicative disclosure have not been discussed in detail. 
Thus, in other embodiments, as found by points A and C on 
a CV curve, the above mentioned ?rst ratio may be different 
from, the particular ratios disclosed above. For example, in 
one embodiment, Wherein an S-19 type activated carbon 
available from TDA Research at 12345 52 Ave., Wheat 
Ridge, Colo., 80033 Was used, points A and C on a CV curve 
Were found to be at about 0.75 volts and about 2.1 volts, 
respectively (i.e. an operating voltage of about 2.85 volts ad 
a ?rst ratio of about 0.35). 

[0066] Therefore, this document describes in considerable 
detail the inventive methods for designing and fabricating 
electrodes and energy storage device using such electrodes. 
This has been done for illustration purposes only. Neither the 
speci?c embodiments of the invention as a Whole, nor those 
of its features limit the general principles underlying the 
invention. In particular, the invention is not limited to the 
speci?c materials used in the illustrated embodiments. The 
speci?c features described herein may be used in some 
embodiments, but not in others, Without departure from the 
spirit and scope of the invention as set forth. Many addi 
tional modi?cations are intended, in the foregoing disclo 
sure, and it Will be appreciated by those of ordinary skill in 
the art that in some instances some features of the invention 
Will be employed in the absence of a corresponding use of 
other features. The illustrative examples therefore do not 
de?ne the metes and bounds of the invention and the legal 
protection afforded the invention, Which function should be 
served by the claims presented herein and their equivalents. 

1. A method of selecting thicknesses of active electrode 
layers of a double-layer capacitor, the method comprising: 

determining a positive voltage limit for a ?rst sub-capaci 
tor formed at a positive electrode of the double-layer 
capacitor and a negative voltage limit for a second 
sub-capacitor formed at a negative electrode of the 
double-layer capacitor; 

dividing the positive voltage limit by the negative voltage 
limit to obtain a ?rst ratio of the second sub-capacitor 
to the ?rst sub-capacitor; 

setting relative thicknesses of active electrode layer at the 
positive electrode and active electrode layer at the 
negative electrode so that capacitance of the second 
sub-capacitor is substantially equal to a product of the 
?rst ratio and the capacitance of the ?rst sub-capacitor. 

2. A method of selecting thicknesses of active electrode 
layers in accordance With claim 1, Wherein the step of setting 
relative thicknesses comprises: 

determining a ?rst normaliZed sub-capacitance of the ?rst 
sub-capacitor; 

determining a second normaliZed sub-capacitance of the 
second sub-capacitor; 
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dividing the ?rst normalized sub-capacitance by the sec 
ond normalized sub-capacitance to obtain a speci?c 
proportionality constant; and 

choosing the relative thicknesses so that a ratio of thick 
ness of the active electrode layer at the negative elec 
trode to thickness of the active electrode layer at the 
positive electrode is substantially equal to a product of 
the ?rst ratio and the speci?c proportionality constant. 

3. A method of selecting thicknesses of active electrode 
layers in accordance With claim 2, Wherein the step of 
determining a positive voltage limit and a negative voltage 
limit comprises using an equidistant selection method. 

4. A method of selecting thicknesses of active electrode 
layers in accordance With claim 2, Wherein the step of 
determining a positive voltage limit and a negative voltage 
limit comprises using an equal reliability selection method. 

5. A method of selecting thicknesses of active electrode 
layers in accordance With claim 2, Wherein the step of 
determining a positive voltage limit and a negative voltage 
limit comprises using cyclic voltammetry measurements. 

6. A method of selecting thicknesses of active electrode 
layers in accordance With claim 2, Wherein the step of 
determining a ?rst normaliZed sub-capacitance comprises 
measuring the ?rst normaliZed sub-capacitance of the ?rst 
sub-capacitor, and the step of determining a second normal 
iZed sub-capacitance comprises measuring the second nor 
maliZed sub-capacitance of the second sub-capacitor. 

7. A method of selecting thicknesses of active electrode 
layers in accordance With claim 2, Wherein: 

the step of determining a ?rst normaliZed sub-capacitance 
comprises applying an analytical capacitance model to 
physical properties of electrolyte of the double-layer 
capacitor and of material of the active electrode layers; 
and 

the step of determining a second normaliZed sub-capaci 
tance comprises applying the analytical capacitance 
model to the physical properties of electrolyte of the 
double-layer capacitor and of material of the active 
electrode layers. 

8. A method of selecting thicknesses of active electrode 
layers in accordance With claim 7, Wherein the physical 
properties used in the analytical model comprise siZes of 
cations and anions of the electrolyte. 

9. A method of selecting thicknesses of active electrode 
layers in accordance With claim 8, Wherein the physical 
properties used in the analytical model further comprise 
siZes of pores of the material of the active electrode layers. 

10. A method of selecting thicknesses of active electrode 
layers in accordance With claim 7, Wherein the electrolyte 
comprises an aqueous electrolytic solution, and the physical 
properties used in the analytical model comprise siZes of 
cations and anions of the aqueous electrolytic solution. 

11. Amethod of constructing a double-layer capacitor, the 
method comprising: providing active electrode layers; 

providing an electrolyte; and 

immersing the active electrode layers in the electrolyte; 

Wherein the step of providing active electrode layers 
comprises: 

determining a positive voltage limit for a ?rst sub 
capacitor formed at a positive electrode of the 
double-layer capacitor and a negative voltage limit 
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for a second sub-capacitor formed at a negative 
electrode of the double-layer capacitor; 

dividing the positive voltage limit by the negative 
voltage limit to obtain a ?rst ratio of the second 
sub-capacitor to the ?rst sub-capacitor; and 

setting relative thicknesses of active electrode layer at 
the positive electrode and active electrode layer at 
the negative electrode so that capacitance of the 
second sub-capacitor is substantially equal to a prod 
uct of the ?rst ratio and the capacitance of the ?rst 
sub-capacitor. 

12. A method of constructing a double-layer capacitor in 
accordance With claim 11, Wherein the step of setting 
relative thicknesses comprises: 

determining a ?rst normaliZed sub-capacitance of the ?rst 
sub-capacitor; 

determining a second normaliZed sub-capacitance of the 
second sub-capacitor; 

dividing the ?rst normaliZed sub-capacitance by the sec 
ond normaliZed sub-capacitance to obtain a speci?c 
proportionality constant; and 

choosing the relative thicknesses so that a ratio of thick 
ness of the active electrode layer at the negative elec 
trode to thickness of the active electrode layer at the 
positive electrode is substantially equal to a product of 
the ?rst ratio and the speci?c proportionality constant. 

13. A method of constructing a double-layer capacitor in 
accordance With claim 12, Wherein the step of determining 
a positive voltage limit and a negative voltage limit com 
prises using an equidistant selection method. 

14. A method of constructing a double-layer capacitor in 
accordance With claim 12, Wherein the step of determining 
a positive voltage limit and a negative voltage limit com 
prises using an equal reliability selection method. 

15. A method of constructing a double-layer capacitor in 
accordance With claim 12, Wherein the step of determining 
a positive voltage limit and a negative voltage limit com 
prises using cyclic voltammetry measurements. 

16. A method of constructing a double-layer capacitor in 
accordance With claim 12, Wherein the step of determining 
a ?rst normaliZed sub-capacitance comprises measuring the 
?rst normaliZed sub-capacitance of the ?rst sub-capacitor, 
and the step of determining a second normaliZed sub 
capacitance comprises measuring the second normaliZed 
sub-capacitance of the second sub-capacitor. 

17. A method of constructing a double-layer capacitor in 
accordance With claim 12, Wherein: 

the step of determining a ?rst normaliZed sub-capacitance 
comprises applying an analytical capacitance model to 
physical properties of electrolyte of the double-layer 
capacitor and of material of the active electrode layers; 
and 

the step of determining a second normaliZed sub-capaci 
tance comprises applying the analytical capacitance 
model to the physical properties of electrolyte of the 
double-layer capacitor and of material of the active 
electrode layers. 

18. A method of constructing a double-layer capacitor in 
accordance With claim 17, Wherein the physical properties 
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used in the analytical model comprise sizes of cations and 20. A method of constructing a double-layer capacitor in 
anions of the electrolyte. accordance With claim 17, Wherein the electrolyte comprises 

an aqueous electrolytic solution, and the physical properties 
used in the analytical model comprise siZes of cations and 
anions of the aqueous electrolytic solution. 

19. A method of constructing a double-layer capacitor in 
accordance With claim 18, Wherein the physical properties 
used in the analytical model further comprise siZes of pores 
of the material of the active electrode layers. * * * * * 


