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[57] ABSTRACT

A double layer electrolytic capacitor of two electrodes
each in contact with a common electrolyte. At least one
of the electrodes is comprised of a crystalline material
characterized by the presence of van der Waals chan-
nels in the material. These van der Waals channels are
adapted to accommodate the electrolyte within the
channels, such that a double layer of charge is formed at
interfaces of the van der Waals channels and the elec-
trolyte when a voltage is applied between the two elec-
trodes.

22 Claims, 3 Drawing Sheets
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1
ELECTROLYTIC DOUBLE LAYER CAPACITOR

This application is a continuation-in-part application
of copending U.S. patent application Ser. No.
07/960,251, filed Oct. 13, 1992, which is a continuation
of U.S. patent application Ser. No. 07/783,850, fled Oct.
29, 1991, now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to double layer capacitors, and
more particularly relates to high-energy, high-power
electrolytic capacitors.

Conventional electrolytic capacitors store energy by
accommodating a so-called double layer of charge at
the interface of each capacitor electrode surface and the
electrolytic solution between the electrodes. The elec-
trode surface area thus limits the energy storage capac-
ity of such capacitors; the larger the electrode surface
area, the larger the double layer of charge which may
be generated, and hence the greater the energy storage
of the capacitor. Typical applications restrict the practi-
cal limit of a capacitor’s physical size, however, and
thereby limit the achievable energy storage capacity
provided by the macroscopic surfaces of the capacitor.

One double layer capacitor design which overcomes
the macroscopic capacitor surface area limitation em-
ploys powdered electrode materials, e.g., high-area,
activated carbon particles, to microscopically increase
the surface area of the capacitor electrodes. In such a
capacitor, the carbon particles are bound together to
form a porous electrode structure in which the exposed
surfaces of the particles contribute to the overall elec-
trode surface area. The internal resistance and capaci-
tance of the porous electrode structure is a2 complicated
function of the carbon particles’ structure and configu-
ration.

SUMMARY OF THE INVENTION

In general, in one aspect, the invention provides a
double layer electrolytic capacitor of two electrodes
each in contact with a common liquid electrolyte. At
least one of the electrodes comprises a crystalline mate-
rial characterized by the presence of van der Waals
channels in the material. These van der Waals channels
are adapted to accommodate the electrolyte within the
channels, such that a double layer of charge is formed at
interfaces of the van der Waals channels and the elec-
trolyte when a voltage is applied between the two elec-
trodes. This ability to utilize the van der Waals channels
as extensions of the electrode’s macroscopic surface
provides a dramatic increase in capacitance over con-
ventional double layer capacitors. Further detailed de-
scriptions of compounds having van der Waals channels
and devices which utilize these compounds are pro-
vided in the following applications, all filed of equal
date as “Electrolytic Double Layer Capacitor”, and
hereby incorporated by reference: “Capacitive Ther-
moelectric Device” and “Energy Storage Device”.

In preferred embodiments, one of the electrodes com-
prises the crystalline material and the other electrode is
an electrically conducting container in which the elec-
trolyte and the crystalline electrode are positioned;
more preferably, both electrodes of the capacitor are
composed of the crystalline material. Preferably, the
electrodes are each composed of 2 monocrystal of the
crystalline material. In other preferred embodiments,
the two electrodes each are composed of monocrystal-
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2

line powder particles of the crystalline material, the
particles being approximately 70 microns in a longest
dimension. Preferably, the crystalline material is a bis-
muth chalcogenide, of BiyCh;, where Ch is selected
from the group consisting of Te and Se, y is 1 or 2, and
z is in the range of 1 to 3.

In one preferred embodiment, the electrolyte is a 1.0
M LiClO; solution in propylene carbonate; in other
embodiments, the electrolyte is a 1.2 M solution of or-
ganic cation of perchlorate in a2 mixture of propylene
carbonate which is dissolved in dimethoxyethane, or an
aqueous solution of potassium hydroxide.

Preferably, the electrodes’ van der Waals channels
are adapted to accommodate the electrolyte by a train-
ing process comprising intercalation of ions from the
electrolyte into the van der Vaals channels, the voltage
being sufficiently high to achieve electrolyte penetra-
tion of the channels. Preferably, the voltage is periodi-
cally reversed in polarity between the electrodes during
the intercalation process. Most preferably, the voltage
is applied to the electrodes for approximately 600 min-
utes, and the voltage polarity is reversed approximately
every 30 minutes. This training process allows the elec-
trolyte to penetrate the electrodes’ van der Waals chan-
nels and form a double layer of charge at the channel
surfaces, thereby dramatically increasing the total sur-
face area of the electrode. Other features and advan-
tages of the invention will be described in the following
description and in the claims.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1A is a schematic illustration of one embodi-
ment of the capacitor of the invention;

FIG. 1B is a schematic illustration of a second em-
bodiment of the capacitor of the invention;

FIG. 2A is a schematic illustration of the capacitor of
FIG. 1B at a first stage of training;

FIG. 2B is a schematic illustration of the capacitor of
FIG. 2A at a later stage of training;

FIG. 2C is a schematic illustration of the capacitor of
FIG. 2A at a final stage of training;

FIG. 2D is a schematic illustration of the capacitor of
FIG. 2A including the formation of a double layer of
charge; and

FIG. 3 is a diagram of an equivalent circuit for repre-
senting the capacitors of FIGS. 1A and 1B.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

As an example of limitation of capacitors, the capaci-
tance of a typical parallel plate capacitor is given by:

C=¢€peS/d,

where €pis the pemittivity in vacuum (a constant), € is
the dielectric constant of the medium between the ca-
pacitor electrodes, S is the surface area of the capacitor
electrodes, and d is the width of the medium separating
the electrodes. The capacitance, and correspondingly,
the energy storage, of a given capacitor are thus limited
by the geometry, i.c., the surface area, the electrode
spacing, the material properties of the electrodes, and
the medium separating them.

The definition of capacitance for a double layer ca-
pacitor is further specified by the structure of the
charged double layer and its geometry. This double
layer comprises charge accumulation on the electrode
surface and accumulation of ions at the electrode sur-
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face-electrolyte interface. Thus, for double layer elec-
trolytic capacitors, the width d in the capacitance equa-
tion is given by the distance between the centers of the
two regions constituting the double layer.

The capacitor of the invention provides a dramatic
increase in capacitance and energy storage by providing
a corresponding increase in surface area of the capacitor
electrodes and through proper selection of the elec-
trodes and the electrolyte. Most notable of the inven-
tion’s advantages is that the increased surface area does
not rely on increasing the macroscopic dimensions of
the electrodes, and further, does not rely on particle
surface areas, as in typical carbon electrodes. Rather,
the increased electrode surface area is obtained using a
particular class of materials, namely intercalation com-
pounds, which are characterized by a layered crystal-
line structure. The crystal layers of intercalation com-
pounds comprise planes of molecules or atoms which
are weakly bound together and separated from each
other by van der Waals regions. These van der Waals
regions form anisotropic channels in the crystal lattice
between the planes of molecules or atoms, resulting, in
effect, in a “two dimensional” crystal structure. Interca-
lation materials typically exhibit on the order of 106
-107 layers per millimeter of material thickness. Due to
the weak van der Waals force between the crystal lay-
ers, the lattice channels can accommodate the physical
introduction, or so-called intercalation, of a guest inter-
calant species into them.

In the capacitor electrodes of the invention, the van
der Waals regions of the electrode material are manipu-
lated such that the surfaces of the crystal lattice chan-
nels, although internal to the electrode material, con-
tribute to the overall electrode surface area, and thereby
increase the effective electrode surface area beyond that
of its macroscopic surface. As described in detail below,
surfaces of the van der Waals channels of the electrode
material are capable of foxing a double layer with an
electrolyte in exactly the same manner as the electrode
macroscopic surface forms a double layer. Recognition
and exploitation of this physical process has enabled the
inventors herein to achieve the dramatic energy storage
capability of the capacitor of the invention.

The inventors herein have recognized that a particu-
lar type of intercalation compound, namely bismuth
chalcongenides, including Bi;Te; and BizSes, are partic-
ularly well-suited for providing van der Waals channels
as an extension of electrode surface area. Electrodes
composed of these materials, when used in combination
with a suitable electrolyte, generate a highly uniform
double layer of a desirable structure. As is well-known
to those skilled in the art, bismuth chalcongenides ex-
hibit a layered crystalline lattice which is layered at the
molecular level, each layer being separated by a van der
Waals channel having a width on the order of 3-4 A.
Further material properties of bismuth chalcogenides
are given in the copending United States patent applica-
tion entitled “Layered Crystalline Material Capable of
High Guest Loading,” herein incorporated by refer-
ence, being filed on the same day as the present applica-
tion. Of the materials surveyed, the inventors have
found that of the bismuth chalcogenides, BizTe3 exhibits
the best electricai conductivity, and is thus most prefer-
able as an electrode material, while BisSe3 exhibits a
lower conductivity, and thus is less preferable as an
electrode material.

The ability to manipulate the bismuth chalcogenides,
and indeed any layered intercalation material, for em-
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4

ploying their van der Waals channels to increase elec-
trode surface area, is dramatically impacted by the pu-
rity and defect density of the chosen material. Impuri-
ties and crystal lattice defects distort the geometry of
the van der Waals channels, rendering them less accessi-
ble to intercalating species, degrading the channel sur-
face structure and thus degrading the electrical and
mechanical properties of the channels. Accordingly, it
is ideally preferred that the material chosen for the
capacitor elecirodes be prepared wsing unique pro-
cesses, developed by the inventors herein, yielding a
highly pure and as defect-free as possible monocrystal-
line material. To that end, the following single crystal
growth process is preferred for bismuth chalcogenide
materials. Alternative processes, providing less than
ideally pure and defect-free material, may nonetheless
be acceptable for particular capacitor applications.
Those skilled in the art will recognize critical material
parameters and corresponding performance results.

In the preferred intercalation compound preparation
process, stoichiometric quantities of highly purified
(99.9999% pure) bismuth and tellurium (or other se-
lected chalcogenide) are first charged into a quartz
ampoule. If necessary, the materials are zone refined
before use. Off-stoichiometry results in an n- or p-doped
material with the resultant degradation of the lattice
structure and the associated performance. The ampoule
is evacuated to 10—7 turning and backfilled to a pressure
of 10—3 mmHg with a small amount of inert gas, such as
argon, or a reducing gas, such as hydrogen (3-10 cy-
cles), and then sealed. Hydrogen is particularly pre-
ferred because it reacts with oxygen during processing
to prevent oxidation and decrease the segregation of
chalcogenide by reducing its vapor pressure.

A highly homogeneous polycrystalline material is
prepared in a first processing step. The sealed ampoule
is placed in a furnace at room temperature and heated to
a temperature 5°-10° C. above its melting point. The
ramp rate, temperature and reaction time are dependent
upon the final compound. The reaction conditions are
listed in Table I for the preparation of polycrystalline
Bi»S3, BixSes, and BiyTes. The temperature of the fur-
nace over the entire length of the ampoule is controlled
to within #0.5° C. Careful and accurate control of the
temperature is important because of the high volatility
of chalcogenides. Temperature variations along the
ampoule length causes segregation of chalcogenide
which leads to off-stoichiometry. To optimize the tem-
perature control along the length of the ampoule, a long
furnace can be used. Additional heating coils can be
used at furnace ends to reduce the temperature gradient
at the furnace exits.

TABLE 1
Processing conditions for polycrystalline materijal.
processing conditions BiyTe3 BizSes BisSes
heating rate to Ty, (°C./h) 30 20 15
exposure time (h) 10 15 20
at Ty + 10° C.
cooling rate (°C./h) 50 40 35

During the last hour of reaction time, the ampoule is
agitated or vibrated to insure complete mixing of the
ampoule components- The ampoule vibration is in the
range of 25-100 Hz and is accomplished by fixing one
end of the ampoule to an oscillation source. Any con-
ventional vibration means is contemplated by the pres-
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ent invention. Afar reaction is complete, the ampoule is
cooled at a slow controlled rate.

Once a homogeneous polycrystalline material is ob-
tained, it can be further processed into a highly defect-
free bismuth chalcogenide single crystal. Any known 5
method of growing single crystals can be used, such as
Bridgeman techniques, Czolchralski process and zone
refinement (recrystallization). In particular zone refine-
ment has proved to be highly effective in obtaining high

purity single crystals. 10

Zone refinement is preferably carried out in a quartz
boat containing a seed crystal of the desired lattice
structure, e.g., the hexagonal lattice structure.. It is
recommended that dean rooms levels of Class 100 be

maintained. The seed crystal is oriented in the boat such 15

that crystal layers are horizontal. The entire apparatus
should be shockmounted to insulate against environ-
mental vibrations. The boule of polycrystalline material
is positioned in surface contact with the seed crystal.

The furnace comprises two parts, an outer furnace for
maintaining an elevated temperature along the entire
boule length and a narrow zone movable in a direction
for heating a small portion of the polycrystalline mate-
rial. The outer furnace is maintained at 35° C. below the
melting point and the zone, which is 2-3 cm in length,
is held at 10° C. above the melting point of the polycrys-
talline material. Unlike for the preparation of the poly-
crystalline material, in the first processing step de-
scribed above, the boule can be rapidly heated to the
operating temperature. The zone is initially positioned
at the seed crystal/boule interface and this region is
heated to the melting point of the material. The zone is
moved slowly down the length of the boule. Zone
travel rate varies with composition, and exemplary rates
are shown, along with other processing parameters, in
Table II. Zone travel rate is an important processing
parameter. If it is too great, crystallization is incomplete
and defects are formed. If it is too slow, layer distortions
result. The lower portion of the heat-treated boule in
contact with the quartz boat is preferably removed
before use.

TABLE II

Processing conditions for hexagonal single crystal
growth.

processing
conditions

boule temperature
zone temperature
zone travel rate
cooling rate

BisSes

M, —-35°C.
M, + 10°C.
6 mm/hr
40° C./hr

BisTes

M, — 35° C.
M, + 10°C.
8§ mm/hr

50° C./hr

BizSes

Mp — 35°C.
M, + 10° C.
3 mm/hr
35° C./hr

The above process can be modified slightly to pro-
duce crystals of rhombohedral structure, in which case
a rhombohedral seed crystal is used in the zone refine-
ment process. In addition, to obtain rhombohedral crys-
tals, the furnace temperature is held at 30° C. below the
melting point and the zone is maintained at the melting
point of the polycrystalline material.

Preferably, a monocrystalline intercalation com-
pound, and most preferably, bismuth chalcogenide, is
grown using the process described above to produce
monocrystalline electrode structures. For example, as
one embodiment of the invention, monocrystalline bis-
muth chalcogenide electrodes are produced having a

rectangular geometry with sides of 4 millimeters-long 65

and 5 millimeters-long, and having a thickness of be-
tween 0.5-1 millimeters. It is preferable to metalize one
of the faces of the monocrystalline material which is
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perpendicular to the plane of the van der Waals chan-
nels within the crystal. This metalization may consist of,
for example, a nickel paste, which is spread on the crys-
tal to form a 10-20 micron-thick metal layer. The metal-
ization provides both a good electrical contact to the
crystalline piece and enhances the rigidity of the crys-
talline piece.

Alternatively, the monocrystalline bismuth chalco-
genide material may be ground into a powder for form-
ing the electrodes; such a powdered material is more
easily manipulated than the single crystal material. The
crystal grinding process may be carried out using, for
example, a ball milling device, or other grinding device,
to produce single crystal particles each having a diame-
ter of preferably approximately 70 microns. Other parti-
cle diameters may be more preferable in specific in-
stances. The crystal particles are then mixed with an
appropriate compound to bind them together. While
the binder acts, in effect, to “glue” the particles to-
gether, it must not completely electrically insulate the
particles from each other. The binder material is se-
lected according to the electrolyte. When an aprotic
electrolyte solvent is used, the binder preferably con-
sists of 2 3% aqueous solution of carboxymethylcellu-
lose, in which the particles are mixed; for other electro-
lytes, alternative binding agents, e.g,, a 5% polyethyl-
ene dispersion in normal hexane, may be used. The
resulting powder-binder mixture is placed into an elec-
trode mold and then drted at room temperature. The
electrode geometry, as determined by the mold, may be,
for example, disc-shaped, as is conventional for capaci-
tors, with an electrode thickness of between 0.3-1 milli-
meters. Alternative electrode geometries are also feasi-
bie.

The grinding process described above produces some
mount of crystal damage, and corresponding crystal
defects. However, because of the weakness of the van
der Waals attractive force between the crystal layers of
intercalation compounds, these compounds cleave
readily along the axis of the channels without much
danger of lattice damage or distortion.

Electrodes formed using the process described above
may be employed in any of a variety of capacitor con-
figurations. Referring to FIG. 1A (not shown to scale),
in one configuration, a capacitor 10 including a bismuth
chalcogenide electrode 20 is constructed as follows.
The capacitor electrode 20, whether consisting of a
monocrystalline piece or a molded crystal powder, is
located in contact with a selected electrolyte 30, sup-
ported by an electrically conducting container 35. Ide-
ally, this conducting container is composed of an ideally
nonpolarizable material. A power supply 40, such as a
battery, is electrically connected to the electrode 20 via
a conductor 45, such as a wire, and correspondingly is
connected to the conducting container 35 via a similar
conductor 50.

The electrolyte 30 suitably consists of an aqueous
solution of, e.g., alkali, or preferably, 1.0 M of LiClO4in
propylene carbonate. A separator, consisting of 2 layers
of non woven polypropylene, each layer 100 um thick,
and saturated with the electrolyte, provides mechanical
support of the electrolyte. Alternatively, for various
electrode materials, the electrolyte may comprises a 1.2
M solution of organic cation of perchlorate in a mixture
of propylene carbonate in dimethoxyethane, an aqueous
solution of potassium hydroxide, an aqueous solution of
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single valence metal sulphates, or other aqueous solu-
tion.

Referring also to FIG. 1B, in a second capacitor
configuration 60, two identical bismuth chalcogenide
electrodes 20 are separated by the electrolyte 30. Using
the LiClO4 propylene carbonate electrolyte discussed
above, a polypropylene separator is suitably impreg-
nated with the electrolyte solution and is positioned
between the electrodes 20. The electrodes, held apart
by the separator, are then inserted into a supporting
frame (not shown) and sealed in a pressing form. The
power supply 40 is electrically connected to each of the
electrodes 20 via similar conductors 45, e.g., good con-
ducting wires.

5

10

Before an electrolytic capacitor having electrodes of 15

an intercalation compound, preferably bismuth chalco-
genide, can provide increased surface area when oper-
ated as a capacitor, the bismuth chalcogenide van der
Waals channels must be manipulated, or “trained”, to
provide the extended surfaces. As explained in the dis-
cussion above, the van der Waals channel surfaces, after
being trained, can form a double layer with the electro-
lyte in a manner similar to that in which the electrode
macroscopic surface forms a double layer. Accord-
ingly, “training” is a process, described below, whereby
electrolyte (and ions) are driven within the van der
Waals channels to facilitate flow of electrolyte into and
out of the channels.

Referring to FIG. 2A, there is shown a capacitor 60
having two bismuth chalcogenide electrodes 20q, 205 at
the start of the training process. The dimensions of the
electrodes’ van der Waals channels 70a, 70b are greaily
exaggerated for clarity, and it must be recalled that each
electrode is comprised of on the order of 105-107 such
channels. Between the two electrodes is positioned a
LiClO4-based electrolyte 30. During the training pro-
cess, the power supply 40 is set to provide a voltage
which is greater than the faraday potential for cation
intercalation, and thus the voltage depends directly on
the particular combination of capacitor electrode mate-
rial and electrolyte employed. Given a particularly
chosen electrode-electrolyte combination, those skilled
in the art will recognize that the corresponding faraday
potential may be determined in a standard table of mate-
rial systems and faraday voltages.

At the start of the electrode training, when a voltage
above the faraday voltage is applied to the capacitor,
the electrode 205 connected to the positive terminal of
the power supply accumulates a positive surface
charge. The surfaces of the van der Waals channels 70
of the electrode likewise accumulate this positive sur-
face charge. Correspondingly, both the macroscopic
surface and the surfaces of the van der Waals channels
70a of the electrode 20a connected to the negative ter-
minal of the power sepply accumulate a negative sur-
face charge.

In response to this surface charge configuration, free
Li+ ions 72 readily intercalate the negatively charged
electrode 204, because of the favorable charge and en-
ergy configuration, and because their ionic radius is
relatively smaller than the width of the van der Waals
channels. In addition, solvated Li+ complexes 74 move
toward the negatively charged electrode surface and
solvated ClO4— complexes 76 move toward the posi-
tively charged electrode surface. The positively
charged electrode’s van der Walls channels 705, being
3-4 A-wide (as occurring before the training process)
are too small for the ClOs4— complexes to penetrate
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within them; the solvated Li+ complexes, however, do
to a small degree penetrate the 3—4 A-wide channels 70a
of the negatively charged electrode 20a, effectively
being transported along with the free Li+ ions to the
electrode surface and within the electrode channels. As
a result, the solvated Li+ complexes slightly widen the
channels that they partially enter in the negatively
charged electrode.

In order to cause the solvated Lit complexes to
penetrate the opposite electrode 205, the polarity of the
power supply is reversed. Then, the accumulated sur-
face charge distribution reverses; the previously posi-
tively charged electrode now accumulates negative
surface charge, and attracts the free Li+ ions 72 and
solvated complexes 74. The free Li+ ions 72 readily
intercalate the channels and the solvated complexes 74
again partially enter the corresponding van der Waals
channels, and thereby slightly widen the channels.

Referring to FIG. 2B, repetition of this process of
voltage polarity switching progressively widens the van
der Waals channels of each of the electrodes 20z, 205.
Throughout the process, the valtage may be increased,
depending on the initially applied voltage, to thereby
increase the attraction of the ions and electrolyte to the
van der Waals channels. At an intermediate point in the
training process, as depicted in the figure, the solvated
Li+ complexes 74, as well as the free Li+ ions, will be
able to completely penetrate the widened channels 705
of the electrode 700 which is currently negatively
charged. The solvated ClO4— complexes, being of a
larger size than the solvated Li+ complexes, will not
yet be able to completely penetrate the channels of the
currently positively charged electrode 70z, however.

At the end of the training process period, referring to
FIG. 2C, both the solvated ClOs— complexes 76 and
the solvated Li+ complexes 74 are able to completely
penetrate the van der Waals channels 70q, 705, of both
electrodes, 20q, 205. As shown in FIG. 2D, at this time,
electrically neutral electrolyte (including both ClO4—
complexes 76 and Li+ complexes 74) is thereby able to
completely penetrate the van der Waals channels and
create an electric double layer of charge 80, 82 and 84,
86 at the electrode-electrolyte interface throughout the
van der Waals channels of each electrode, in a manner
similar to that which occurs at the macroscopic surface
of the electrodes. This penetration of electrolyte
throughout the crystal channels forms the basis for
achieving the significant capacitance and energy stor-
age increases provided by the invention.

The extent of training required to achieve penetration
of the electrolyte and its solvated ionic species within
the electrodes’ van der Waals channels is critically de-
pendent on the particular combination of electrode
material and electrolyte employed. The width of the
electrode van der Waals channels before undergoing
any training process and the radius of the solvated com-
plexesin the electrolyte determine the training required;
the larger the radius of the complexes and the smaller
the van der Waals channels’ width, the longer the train-
ing time requirement. For the electrode material Bi;Te3
and an electrolyte based on LiClO4, the training prefer-
ably consists of about 20 training cycles of approxi-
mately 30 minutes each, where the polarity of the
power supply is reversed with each cycle. For specific
capacitance requirements, this training may be adjusted,
however. With less training, a lower degree of electro-
lyte penetration within the channels would be achieved,
and a correspondingly lower double layer capacitance
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would result. Thus, for achieving the maximum possible
capacitance of a given electrode, the training should be
maximized. Those skilled in the art will recognize that a
preferable training procedure may be empirically deter-
mined for a given electrode-electrolyte combination 5
and capacitance goal.

Alternative training processes are within the intended
scope of the invention. For example, the voltage polar-
ity may be maintained constant in the above process, or
a charge-discharge process may be employed to widen 10
the van der Waals channels. In such a process, a voltage
above the faraday potential is applied between the elec-
trodes, in the manner discussed above, for a period of
time, and then the capacitor is discharged across an
appropriate load. If the voltage polarity is maintained 15
constant during this process, or if the voltage polarity is
not switched during the training process first described,
one of the electrodes may not achieve widened chan-
nels, depending on the electrode material and electro-
lyte composition. For example, using BizTes electrodes 20
and a LiClOs-based electrolyte in a training procedure
in which the voltage polarity is constant, the electrode
having the negative polarity will be intercalated with
free and solvated Li+ ions (and thereby accommodate
electrolyte), but the electrode of positive polarity will 25
not have the benefit of free and solvated Li+ ions begin-
ning to open its lattice channels, and thus the solvated
ClO4— ions will not widen those channels to accommo-
date electrolyte; as a result, the electrode of positive
polarity will not provide the extended van der Waals 30
surfaces. It must be noted that a capacitor of the design
using a single intercalation compound-electrode (FIG.
1A) is also trained using the techmiques described
above. A process of voltage application and voltage
polarity reversal will intercalate free and solvated Li+ 35
ions and solvated ClO4— ions in the electrode, thereby
providing the ability to accommodate electrolyte
within the electrode and achieve the desired electrode
surface extension.

Of particular importance is the fact that the training 40
process does not deform or distort the crystal planes of
the layered crystalline electrode material to any signifi-
cant extent. The extent of crystal plane deformation is
related to the starting purity and defect density of the
electrode material, as well as other properties resulting 45
from the growth process; fewer initial defects in the
crystal result in fewer crystal plane deformation sites
caused by the training. With little or no crystalline plane
distortion at the end of training, the electrodes’ van der
‘Waals channels retain the ability to be easily penetrated 50
by the electrolyte ions, and can correspondingly de-
velop a double layer in a short time period. Also of
importance is the fact that the training process widens
the van der Waals channels beyond their elastic limit;
the channels thus do not later shrink to a smaller dimen- 55
sion.

Referring now to FIG. 3, the capacitors described
above are electrically modelled as a circuit 90 with the
applied voltage 40, including a first capacitor 92 and a
second capacitor 94, separated by a resistance 96. The 60
resistance 96 is that of the electrolyte, and is typically
about 0.003 Q. For the single intercalation compound-
electrode capacitor (FIG. 1A) the first capacitor 92
corresponds to the double layer capacitance of that
electrode 20, while the second capacitor 94 corresponds 65
to the capacitance of the electrically conducting con-
tainer 35. In practice, as a result of the container mate-
rial, this capacitance is many orders of magnitude lower

10 _

than that of the electrode 20. As a result, the series
capacitance of the two capacitors is swamped by the
smaller capacitor 94. Accordingly, the double intercala-
tion compound capacitor (FIG. 1B) is the more prefera-
ble scheme; here the two capacitors 92, 94 represent the
double layer capacitances of the two electrodes 20. If
each electrode is identically constructed, thereby exhib-
iting the same capacitance, the overall series capaci-
tance of the capacitor is maximized.

Double electrode capacitors of the design and materi-
als described above have been made and exhibit be-
tween 30-100 farads per cubic centimeter and an inter-
nal resistance of approximately 0.02 Q/cm2. This ex-
tremely low internal resistance provides the ability to
achieve high power in the capacitor discharge. Theo-
retically, a monocrystalline capacitor structure of pure
and defect-free bismuth chalcogenide would exhibit
1000 farads per cubic centimeter. Double layer capaci-
tors having Bi;Tes electrodes have been charged to 2.6
volts and observed to exhibit no specific energy degra-
dation for up to 1000 cycles. Table 3 below tabulates the
specific energy of this capacitor for corresponding elec-
trolytic solutions.

TABLE 3
Electrolyte Solution Concentration Specific Energy
Male Part J/cm?
0.5 M LiClO4 in PC 70
1 M LiClO4 in PC 105
1.5 M LiClO4 in PC 98

Other embodiments of capacitor materials and train-
ing schemes are intended as included within the spirit
and scope of the invention.

What is claimed is:

1. A double layer electrolytic capacitor comprising
two electrodes each in contact with a common liquid
electrolyte, at least one of said electrodes comprising a
crystalline material characterized by the presence of
van der Waals channels, the van der Waals channels
being adapted to accommodate the electrolyte within
the channels, whereby a double layer of charge is
formed at interfaces of the van der Waals channels and
the electrolyte when a voltage is applied between the
two electrodes.

2. The capacitor of claim I wherein both electrodes
comprise said crystalline material.

3. The capacitor of claim 2 wherein said two elec-
trodes each comprise a2 monocrystal of said crystalline
material.

4. The capacitor of claim 2 wherein said two elec-
trodes each comprise monocrystalline powder particles
of said crystalline material.

5. The capacitor of claim 2 wherein said crystalline
material is a bismuth chalcogenide.

6. The capacitor of claim 2 wherein said crystalline
material comprises a solid solution of BiJTes_,Sey),
where x is 1 or 2, and y is 0-3.

7. The capacitor of either of claims 2 or 5 wherein
said electrolyte comprises a 1.0 M LiClO4 solution in
propylene carbonate.

8. The capaciter of either of claims 2 or 5 wherein
said electrolyte comprises a 1.2 M solution of organic
cation of perchlorate in a mixture of propylene carbon-
ate in dimethoxyethane.

9. The capacitor of claim 2 wherein said electrolyte
comprises an aqueous solution of potassium hydroxide.
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10. The capacitor of claim 2 wherein said electrolyte
comprises an aqueous solution of single valence metal
sulphates.

11. The capacitor of claim I wherein one of said elec-
trodes comprises an electrically conducting container in
which said electrolyte and said other electrode are posi-
tioned.

12. The capacitor of claim 4 wherein said monocrys-

5

talline powder comprises monocrystalline particles of 10

approximately 70 microns in a largest dimension.

13. The capacitor of claim 12 further comprising a
binding agent for binding together said monocrystalline
powder particles.

14. The capacitor of claim 13 wherein said binding
agent comprises 5% polyethylene dispersed in acetone.

15. The capacitor of claim 13 wherein said binding
agent comprises a 3% carboxymethylcellulose solution
in water.

16. The capacitor of either of claims 2 or 5 wherein
said van der Waals channels are adapted to accommo-
date the electrolyte by a training process comprising

15
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12
intercalation of the electrolyte into the van der Waals
channels.

17. The capacitor of claim 16 wherein said intercala-
tion is produced by the application of a voltage between
said electrodes, said voltage being sufficiently high to
achieve solvated ionic complex penetration of said
channels.

18. The capacitor of claim 17 wherein said voltage is
periodically reversed in polarity between the elec-
trodes.

19. The capacitor of claim 18 wherein said voltage is
increased over time from a first voltage sufficient to
produce faradaic processes in the electrolyte to a sec-
ond voltage sufficient to achieve electrolyte penetration
of said channels.

20. The capacitor of claim 19 wherein said voltage is
applied to said electrodes for approximately 600 min-
utes.

21. The capacitor of claim 20 wherein said voltage is
reversed in polarity approximately every 30 minutes.

22. The capacitor of claim 18 wherein said capacitor

is periodically discharged across a resistive load.
* * * * *
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