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(57) ABSTRACT 

The present invention is directed to a novel capacitor. The 
capacitor may be used in electric double layer capacitors. 
The capacitors include a polariZable electrode including 
activated carbon and a non-polariZable electrode including 
lead dioxide and lead sulfate. The capacitors of the present 
invention provide considerably higher electric capacity, 

(21) App1_ No; 09/848,724 higher durability, and loW resistance, While maintaining high 
conductivity. Additionally, the electrodes may be produced 

(22) Filed; May 3, 2001 more quickly and inexpensively. 
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ELECTRIC DOUBLE LAYER CAPACITOR 

TECHNICAL FIELD OF THE INVENTION 

[0001] This invention relates to electrical engineering and 
to capacitor engineering in particular, and can be used for 
manufacturing of high capacitance capacitors utiliZing the 
energy of the electric double layer (EDL). EDL capacitors 
have found their use as backup poWer sources in systems 
requiring uninterrupted electric poWer supply, such as com 
puters, communication devices, digital programmable 
lathes, continuous production cycles; for electric starting of 
internal combustion engines, poWering the engines of 
Wheelchairs, golf carts, etc. 

DESCRIPTION OF THE PRIOR ART 

[0002] Several electric poWer storage devices exist in the 
form of electric double layer (EDL) capacitors, for example, 
as described in US. Pat. Nos. 4,313,084 and 4,562,511. 
Such capacitors include tWo porous polariZable electrodes 
With a porous separator made of a dielectric material 
betWeen them and current collectors. A liquid electrolyte, 
Which can be either non-aqueous or aqueous, including an 
aqueous sulfuric acid solution, is retained in the pores of the 
electrodes and the separator and in the free volume inside the 
capacitor case. The electric charge is accumulated in the 
pores on the interface betWeen the electrode material and the 
electrolyte. Various porous carbon materials are normally 
used for manufacturing of polariZable electrodes. To 
increase the capacitance of the electric double layer capaci 
tor, these carbon materials are subjected to prior activation 
for the purpose of increasing their speci?c surface area up to 
300-3000 mZ/g. 

[0003] EDL capacitors have much higher capacitance than 
conventional electrostatic and electrolytic capacitors—up to 
tens or hundreds of farads per gram of active electrode 
material. HoWever, a disadvantage of these capacitors is 
their rather loW speci?c energy, not exceeding 3 Wh/l. This 
maximum value of speci?c energy for double-layer capaci 
tors is set With non-aqueous electrolytes, Where the maxi 
mum voltage values are in the range of 3 to 3.5 V. HoWever, 
such capacitors permit very loW discharge and charge cur 
rents due to the very loW conductivity of non-aqueous 
electrolytes. Still loWer speci?c energies, 0.5 to 2 Wh/l, have 
been achieved by double-layer capacitors using aqueous 
electrolytes With maximum voltage value of approximately 
0.9 V. When such double-layer capacitors remain under 
charge for a prolonged period of time (Which is often quite 
long) at voltages higher than 0.9 V, noticeable oxidation of 
the positive carbon electrode takes place. 

[0004] An electric double layer capacitor having only one 
polariZable electrode made of a carbon material, is described 
in Patent of Japan, Accepted Application No. 2-11008. The 
other electrode is a non-polariZable (i.e., storage) one, made 
of lithium or lithium alloy, the electrolyte being nonaqueous. 
Such a capacitor has higher speci?c energy compared to the 
conventional double-layer capacitor With tWo polariZable 
electrodes. HoWever, a draWback of this prototype is the 
very loW practical charge and discharge current (0.1 to 1 
mA/cm2) and, therefore, very loW poWer density as a result 
of using a non-aqueous electrolyte. Another essential disad 
vantage of all rechargeable lithium devices, including the 
one in question, is the very loW cyclability—about 100-200 
cycles. 
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[0005] An EDL capacitor With only one polariZable elec 
trode made of a ?brous carbon material is described in 
Patent WO 97/07518. The other electrode, made of nickel 
oxide, is non-polariZable. An aqueous solution of alkaline 
metal carbonate or hydroxide is used as electrolyte. Such a 
capacitor excels considerably the double-layer capacitors 
With tWo polariZed electrodes in both speci?c energy (up to 
12.5 Wh/l) and maximum voltage (1.4 V). 

[0006] HoWever, such a capacitor has a number of short 
comings: 1) Insuf?ciently high speci?c energy; and 2) High 
cost, due to the use of large amounts of nickel oxide. 

[0007] From technological point of vieW and as effect 
achieved, closest to the present invention are EDL capacitors 
employing lead compounds as active ingredients of the 
non-polariZable electrode, Which are disclosed in PCT/ 
RU97/00353 and PCT/RU97/00411. In particular, lead diox 
ide is used in the case of PCT/RU97/00353 and lead sulfate 
in the case of PCT/RU97/00411. The device disclosed in 
PCT/RU97/00353 is considered as a prototype of the inven 
tion herein. 

[0008] Still another draWback of the EDL capacitors is the 
gas generation on the electrodes at overcharge, eg of 
oxygen on the positive electrode and/or hydrogen on the 
negative electrode. This occurs When the evolution poten 
tials of these gases on the corresponding electrodes are 
reached at overcharge. As a result, the pressure Within the 
capacitor case increases, Which can lead to its decompres 
sion and even explosion, unless it is equipped With a special 
pressure relief valve. But even such valves often are not 
reliable enough to prevent decompression or explosion: they 
can, for instance, become clogged With dirt, etc. On account 
of all this, EDL capacitors have a fundamental disadvantage: 
the possibility of their decompression and even explosion 
and need of special maintenance. In order to prevent decom 
pression, the end-of-charge voltage is signi?cantly reduced 
for reinsurance, thus reducing the initial discharge voltage as 
Well. This, in its turn, leads to a considerable decrease in the 
EDL capacitor speci?c energy, Which is directly propor 
tional to the difference betWeen the squares of the initial and 
?nal discharge voltages. 

SUMMARY OF THE INVENTION 

[0009] The objects of the present invention are to increase 
the speci?c energy of the capacitor and to reduce its cost. 

[0010] Both of these objects are achieved by the invention 
described beloW. In accordance With the invention, a capaci 
tor is provided, Which comprises a polariZable electrode 
made of a porous carbon material, a non-polariZable elec 
trode made of a material including lead sulfate and lead 
dioxide as active components, and an aqueous solution of 
sulfuric acid as electrolyte. The polariZable carbon electrode 
is negative, and the PbOZ/PbSO4 electrode positive. 

[0011] The preferable mass ratio of the lead sulfate to the 
lead dioxide ranges from about 0.1 to 99% to about 99 to 
0.1%. 

[0012] The folloWing electrochemical reaction takes place 
during discharge and charge on the positive electrode: 

PbO2+HSO4’+3H*+2<—>PbSO4+2H2O (1) 
[0013] Under the Working conditions employed, the maxi 
mum equilibrium potential of this reversible reaction in the 
charged state is approximately 1.8 V. 
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[0014] During cycling, the EDL on the negative electrode 
is recharged. 

[0015] The charge-discharge process of the EDL can be 
described as follows: 

(H*)ad/e +HSO4’<—>H*+(HSO4’)ad/—e +2e’ (2). 
[0016] Here the designation (H+)ad/e refers to a proton 
adsorbed in the EDL on the negatively charged surface of the 
carbon electrode (for charged state of the capacitor), and 
(HSO4_)ad/—e to the bisulfate ion adsorbed in the EDL on the 
positively charged surface of the carbon electrode (for 
discharged state of the capacitor). In our experiments, the 
potential of said electrode changed in the range of —0.2 to 
1.0 V vs. normal hydrogen electrode in the same solution. 

[0017] Combining reactions (1) and (2) give the overall 
equation of the electrochemical reaction taking place in the 
electrical double layer capacitor, described herein: 

PbO2+2H2SO4+(H*)ad/e <—>PbSO4+2H2O+(HSO4’ 
ad/_e (3) 

[0018] It should be noted that the active mass of the 
positive electrode contains both lead dioxide and lead sulfate 
at any degree of discharge. This has been demonstrated by 
the results of the chemical analysis. As such, at fully charged 
state the actual mass ratio of PbSO4 to PbO2 is generally not 
loWer than about 0.1% PbSO4 to about 99% PbO2, While at 
fully discharged state it is generally not higher than about 
99% PbSO4 to about 0.1% PbO2. 

[0019] An essential characteristic of the capacitor in 
accordance With the present invention is the effect of the lead 
electrode on the surface condition and characteristics of the 
activated carbon electrode. It is caused by transfer of lead 
from the positive electrode to the negative one at 500 to 
2000 mg/cm2 (as determined the methods of inductively 
coupled plasma, atomic absorption and spectral analysis). As 
a result, the speci?c capacitance of the activated carbon 
electrodes increases by 150-300 F/g. 

[0020] In a preferred embodiment a capacitor cell or 
capacitor battery stack is compressed betWeen the poWer 
covers of the housing. This signi?cantly reduces the capaci 
tor internal resistance, especially When using negative elec 
trodes made of carbon fabric or felt, and prevents shedding 
of the active mass of the positive electrode, Which is one of 
the factors limiting the cycle life of EDL capacitors. 

[0021] The technological approaches described above pro 
vide signi?cant increase in the speci?c energy of the capaci 
tor, reducing its cost at the same time. Increase in speci?c 
energy is achieved by rise of the initial discharge voltage up 
to about 2.0-2.1 V, as Well as by a 50% increase in the 
conductivity of the sulfuric acid electrolyte in comparison 
With an alkaline one. The cost of the EDL capacitor manu 
factured according to the present invention is reduced due to 
use of lead sulfate and lead dioxide electrode, Which are 
considerably cheaper than nickel oxide. 

[0022] One of the goals of the present invention is to 
provide completely sealed and maintenance-free capacitor. 
This is achieved by establishing in the capacitor a system of 
interconnected gas pores in both electrodes and the separa 
tor. The folloWing technological approaches have been pro 
posed: 
[0023] The volume of the electrolyte in the capacitor is 
loWer than the total pore volume in the electrodes and the 
separator. 
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[0024] The electrolyte-free portion of pore volume in the 
electrodes and the separator is in the range of 10 to 50%. 

[0025] The internal space of the capacitor is under 
vacuum. 

[0026] The technological approaches described above 
alloW the oxygen evolved on the positive electrode at end of 
charge and overcharge to be fully consumed on the negative 
electrode. The ioniZation (electroreduction) reaction is 
favored by both its extremely high polariZation (Ep>1 V) and 
excellent catalytic ability of the activated carbon for this 
process. On the other hand, gaseous hydrogen, Which can be 
evolved on the negative (carbon) electrode at overcharge can 
also in principle be fully consumed on the positive electrode 
by ioniZation (electrooxidation) reaction as a result of the 
extremely high polariZation of this reaction (Ep>1 V). 

[0027] The gas pore system assures very fast transport of 
the gaseous oxygen and hydrogen generated at charge and 
overcharge to the opposite electrodes, Where their ioniZation 
takes place. This fast transport Within the gas pore system is 
guaranteed by gas diffusion coef?cient in gaseous phase, 
Which is by 3 to 4 orders of magnitude higher than the 
corresponding diffusion coef?cients for gases dissolved in a 
liquid electrolyte, and by ?ltration transport mechanism, 
Which is still much faster than the diffusion one. 

[0028] Thus, the invention presented herein provides a 
several-times increase in the speci?c capacitance and about 
10 times reduction of the cost in comparison to the EDL 
capacitor knoWn in WO 97/07518. The capacitor disclosed 
herein alloWs both series and parallel element connections 
and thus assembly of various capacitor batteries on its basis. 

[0029] Furthermore, using the invention described herein, 
a completely sealed and maintenance-free capacitor can be 
assembled. With the possibility of decompression excluded, 
the end-of-charge value, and by this means the speci?c 
energy, could raise. Sealed design also permits considerable 
increase of the charge current and, therefore, corresponding 
decrease in the charge time, Which is critical for many 
practical applications. Another bene?cial consequence of the 
technological approach proposed herein, namely, the elec 
trolyte being hold only in a part of the pore volume of the 
electrodes and the separator and absence of any free elec 
trolyte, is that performance and Working characteristics of 
EDL capacitor become independent of its position in space 
horiZontal, vertical, etc. By the same token, such a capacitor 
should function normally in objects moving at high accel 
erations, such as automobiles, aircraft, spacecraft, etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1 represents a version of a capacitor 
assembled in accordance With the present invention. 

[0031] FIG. 2 represents another version of capacitor 
assembly according to the present invention. 

[0032] FIG. 3 illustrates the dependence betWeen the 
voltage (U) on the capacitor terminals and the potentials of 
the negative (E_) and positive (E+) electrode of the discharge 
time. 

[0033] The numbers on the Figures designate the folloW 
ing features: 1 pressure cover of the capacitor case; 2—in 
sulator; 3—metal current collector; 4—the current collector 
protective layer made of graphite foil; 5—negative polariZ 
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able porous carbon electrode soaked With electrolyte; 
6—electron nonconductive separator soaked With electro 
lyte; 7—positive electrode made of lead sulfate and lead 
dioxide soaked With electrolyte; 8—acid-resistant sealant; 
9—pressure-resistant case. 

EXAMPLES 

Example 1 

[0034] An electric double layer capacitor (FIG. 1), com 
prising a negative electrode 5 in the form of 8 layers of 
activated carbon fabric of the TCA type having speci?c 
surface area of 1200 m2/g and thickness of 300 pm each; a 
1-mm-thick positive electrode 7, With active mass contain 
ing lead sulfate and lead dioxide, pressed into a grid made 
of an alloy containing 94% lead and 5% antimony; a 
Grace-type porous separator 6; a pressure cover of the case 
1; an insulator 2 preventing short-circuiting betWeen the 
capacitor electrodes; a current collectors 3 made of sheet 
steel; a current collectors protective corrosion-resistant layer 
4 made of graphite foil; an acid-resistant sealant 8; and a 
pressure-resistant case 9. 

[0035] According to the chemical analysis, the active mass 
of the positive electrode in discharged state contained 91.2% 
PbSO4 and 4.6% PbO2, While in the charged state it con 
tained 3.2% PbSO4 and 92.8% PbO2. Therefore, the mass 
ratio of the lead sulfate and lead dioxide Was in the range of 
95.2% to 3.3% (in these calculations, the total mass of 
PbSO4 and PbO2 Was taken as 100%). At 50%-discharge, the 
above ratio Was 45.95%. 

[0036] In discharged state, the porous electrodes and sepa 
rator are soaked With electrolyte, an aqueous solution of 
sulfuric acid having density of 1.1 g/cm3. Both electrodes 
are plate-shaped, With dimensions of 76x74 mm. The com 
pression pressure on the electrodes and the separator 
betWeen the case Walls is 10 kg/cm2. The electrolyte Was 
hold only in the pores of the electrodes and the separator. 
The values of the electrolyte-free portions of the pore 
volume, measured by Weighing, Were 36% for the negative 
electrode, 21% for the positive electrode, and 11.5% for the 
separator. 

[0037] During testing, the folloWing values Were obtained: 
maximum voltage 2.1 V; speci?c energy 56.2 Wh/l (for 0.5 
A discharge current); number of charge-discharge cycles 
6800 (the tests continued after this value Was reached); 
internal resistance 5.8 m9; charging time 16 min; maximum 
extra gas pressure Within the case 0.01 atm. 

Example 2 

[0038] An electric double layer capacitor (FIG. 2) differ 
ing from the capacitor described in Example 1 (FIG. 1) in 
that in this case, tWo negative electrodes Were employed 
made each of 4 layers of TCA-type activated carbon fabric 
(With speci?c surface 1200 m2/g and layer thickness 300 
pm), positioned on both sides of the positive electrode and 
interconnected. The positive non-polariZable electrode 7 
consisted of a grid made of an alloy containing 94% lead and 
5% antimony. A paste consisting of 83% active mass and 
17% polytetra?uorethylene Was applied into the grid open 
ings. According to the chemical analysis, the mass ratio of 
the lead sulfate and lead dioxide at assembly in discharged 
state Was 95.8%. At fully charged state, the same ratio Was 
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5.6%, and at 50% discharge—45 .1% (in these calculations, 
the total mass of the PbSO4 and PbO2 Was taken as 100%). 
A Grace-type separator 5 Was employed. Current collectors 
3 Were made of sheet stainless steel. The current collectors 
corrosion-resistant protective layer 4 Was made of non 
porous, 0.3-mm thick graphite-based carbon material. Both 
electrodes Were plate-shaped, With dimensions 76x74 mm. A 
sulfuric acid electrolyte With initial density 1.1 g/cm2 (at 
discharged state of the capacitor) Was used in this example. 
The compression pressure of 10 kg/cm2 Was employed on 
the electrodes. The electrolyte Was contained only in the 
pores of the electrodes and the separator. The values of the 
electrolyte-free portions of the pore volume, measured by 
Weighing, Were 29% for the negative electrode, 19% for the 
positive electrode, and 10.5% for the separator. 

[0039] FIG. 3 illustrates the dependence betWeen the 
voltage (U) on the capacitor terminals and the potentials of 
the negative (E_) and positive (E+) electrode (vs. normal 
hydrogen electrode in the same solution) of the discharge 
time. The discharge curves shoWn Were measured at tem 
perature of 20° C. and current of 0.5 A. 

[0040] FolloWing conclusions could be made from the 
draWing described: 1) the potential of the positive electrode 
exhibits but insigni?cant decrease during the discharge 
process; 2) the potential of the negative electrode increases 
almost linearly during the process; 3) as a result, the 
discharge curve in the voltage range beloW 1.8 V is almost 
linear, Which is characteristic of capacitors; 4) the maximum 
voltage (Umax) is approximately 2.1 V. 

[0041] Since the oxidation rate of the carbon electrodes is 
considerable at potentials higher than 1 V, the minimum 
discharge voltage Urnrn is achieved When (E_)maX=1.0 V. In 
FIG. 3, one can see that for the capacitor in question, 
Umin=0.7 V. 

[0042] The folloWing results Were obtained during testing: 
speci?c energy 58.9 W*hr/l (for 0.5 A discharge current); 
number of charge-discharge cycles 6800 (the tests continued 
after this value Was reached); internal resistance, 5.1 m9; 
charging time 15 min.; maximum extra gas pressure Within 
the case 0.008 atm. 

[0043] The capacitor according to the present invention 
has a number of essential advantages over the capacitor 
described in WO 97/07518 

[0044] A considerably higher value of the maximum dis 
charge voltage UmaX=2.1 V, as compared to 1.4 V for the 
prototype. Due to the squared dependence of the capacitor 
poWer from the voltage 

[0045] Where C is the capacitance, such a gain in voltage 
results in a substantially higher gain in speci?c energy. 

[0046] Since the conductivity of the sulfuric acid electro 
lyte is much higher than that of the alkaline one, this results 
in an additional gain in the speci?c properties in comparison 
to the prototype. 

[0047] The speci?c energy of the capacitor in accordance 
With the present invention as calculated from FIG. 3 is 58.9 
Wh/l. The speci?c energy of the electrodes described in US. 
Pat. Nos. 4,313,084 and 4,562,511 does not exceed 2 Wh/l. 
The comparison betWeen the tWo types of EDL capacitors 
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clearly reveals that the speci?c energy of the EDL capacitor 
according to the present invention is several times higher 
than that of a conventional EDL capacitor assembled accord 
ing to these prior art patents. This is due mainly to tWo 
reasons: 

[0048] A substantially higher maximum voltage value 
Umax for the capacitor according to the present invention as 
compared to the prior art electrodes; and 

[0049] The virtual independence of the positive electrode 
potential of the discharge time. 

[0050] When compared With electrode described in Patent 
of Japan, Accepted Application No. 2-11008, the capacitor 
according to the present invention exhibited charge-dis 
charge current as high as approximately 100 mA/cm2 at 
sufficiently high speci?c capacitance, While the cycle life 
already reached is 6800 cycles. These values are consider 
ably higher than the corresponding values for the capacitor 
according to the prior art. 54. The capacitor according to the 
present invention provides several advantages over the 
capacitors described in PCT/RU97/00353 and PCT/RU97/ 
00411: 

[0051] Addition of small amounts of lead to the polariZ 
able electrode considerably increases its capacity and spe 
ci?c energy as a result of increase in the Working surface of 
said electrode due to more pronounced hydrophiliZation of 
the carbon. 

[0052] The capacitor according to the present invention is 
substantially (approximately by 30-60%) cheaper. This can 
be easily explained, keeping in mind that extended time and 
therefore large energy consumption is needed to obtain pure 
active compounds (PbO2 or PbSO4, as required according to 
the inventions PCT/RU97/00353 and PCT/RU97/00411, 
respectively). The present invention provides PbO2, PbSO4, 
and PbO as active components of the nonpolariZable elec 
trode in its common case, Which causes no deterioration in 
performance of the capacitor. 

[0053] Addition of small amount of lead oxide (PbO) 
modi?es the structure of the positive electrode minimiZing 
the degradation of said electrode during cycling at moderate 
and high currents. Reversibility of both electrochemical 
reactions and changes in the pore structure are required for 
ideal performance of a capacitor during the charge-discharge 
process. In fact, the pore structure gradually degrades With 
the cycling. This leads to decrease in capacity of the elec 
trode and in capacity and speci?c energy of the capacitor as 
a Whole. Degradation processes are sloWed doWn at not very 
loW currents by addition of small amounts of PbO. As a 
result, the cycleability increases by 20-30%. At equal num 
ber of cycles, the speci?c energy rises. 

[0054] Addition of small amount of lead phosphate, 
Pb3(PO4)2, to the non-polariZable electrode active mass 
diminishes the sulfatation and the guttering of the latter, thus 
increasing the cycleability of the capacitor by 20-50%. 
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Industrial Applications 
[0055] A capacitor according to the present invention 
provides several times higher speci?c energy than the 
knoWn EDL capacitor according to WO 97/07518 (58.9 
Wh/l compared to 12.5 Wh/l) and costs approximately 10 
times less. The capacitor according to the present invention 
alloWs series and parallel connections of elements and 
assembling of different combinations of capacitor batteries. 
This capacitor has an important advantage of being sealed 
and maintenance-free. The performance and properties of 
the capacitor are not affected by its position in space, i.e. 
Whether it is positioned horiZontally, vertically, etc. The 
capacitor according to the present invention is also expected 
to function normally When moving at high acceleration, such 
as in automobiles, aircraft, spacecraft, etc. 
What is claimed is: 

1. An electric double layer capacitor comprising: a polar 
iZable electrode made of a carbon material, a non-polariZ 
able electrode including lead dioxide and lead sulfate, a 
separator betWeen the polariZable electrode and the non 
polariZable electrode, and an aqueous solution electrolyte 
containing sulfuric acid, 

Wherein the mass ratio of the lead sulfate to the lead 
dioxide ranges from about 0.1 to 99% to about 99 to 
0.1%, and 

Wherein the polariZable electrode also contains lead. 
2. The capacitor of claim 1, Wherein the portion of the lead 

in the polariZable electrode ranges from about 0.03 to about 
3% by Weight. 

3. The capacitor of claim 1, Wherein the non-polariZable 
electrode further contains lead monoxide in a mass amount 
of from about 0.2 to about 5% of the lead sulfate. 

4. The capacitor of claim 1, Wherein the non-polariZable 
electrode further contains lead phosphate in a mass amount 
of from about 0.1 to about 5% of the active mass of the 
electrode. 

5. The capacitor of claim 1, Wherein the polariZable 
electrode, the non-polariZable electrode, the separator and 
the aqueous solution electrolyte are enclosed in a case, 
Wherein the polariZable electrode, the non-polariZable elec 
trode and the separator are porous, and Wherein the volume 
of the electrolyte in the case is loWer than the total volume 
of the pores in the electrodes and the separator. 

6. The capacitor of claim 5, Wherein the electrolyte-free 
portion of pore volume in both electrodes and the separator 
is in from about 10% to about 50%. 

7. The capacitor of claim 5, Wherein the case has an 
internal space and the internal space is under vacuum. 

8. The capacitor of claim 1, Wherein the polariZable 
electrode, the non-polariZable electrode, the separator and 
the aqueous solution electrolyte comprise a single capacitor 
cell and at least one capacitor cell is compressed betWeen 
case pressure covers of a case enclosing the at least one 

capacitor cell. 


