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SELF-HEALING CAPACITOR AND METHODS OF PRODUCTION THEREOF

CLAIM OF PRIORITY
This application claims the priority benefit of U.S. Provisional Patent Application Number 62/121,328,
to Pavel 1. Lazarev, filed February 26, 2015, the entire contents of which are incorporated herein by

reference.

BACKGROUND
[0001] A capacitor is a passive electronic component that is used to store energy in the form of an
electrostatic field, and comprises a pair of electrodes separated by a dielectric layer. When a potential
difference exists between two electrodes, an electric field is present in the dielectric layer. An ideal
capacitor is characterized by a single constant value of capacitance which is a ratio of the electric charge
on each electrode to the potential difference between them. In practice, the dielectric layer located
between electrodes may pass a small amount of leakage current. Electrodes and leads introduce an
equivalent series resistance, and dielectric layer has limitation to an electric field strength which results

in a breakdown voltage.
[0002] A characteristic electric field known as the breakdown strength £3,4, is an electric field in which

the dielectric layer in a capacitor becomes conductive. Voltage at which this occurs is called the
breakdown voltage of the device, and is given by the product of dielectric strength and separation
(distance) d between the electrodes,

Voa = Evad (M
[0003] The maximal volumetric energy density stored in the capacitor is limited by the value
proportional to ~s<E2bd, where ¢ is dielectric permittivity of the dielectric layer and Epq is breakdown
dielectric strength. Thus, in order to increase the stored energy of the capacitor it is necessary to
increase dielectric permeability € and breakdown dielectric strength £y,4 of the dielectric.
[0004] For high voltage applications, much larger capacitors can be used. There are a number of factors
that can dramatically reduce the breakdown voltage. Geometry of the conductive electrodes is important
for capacitor applications. In particular, sharp edges or points hugely increase the electric field strength
locally and can lead to a local breakdown. Once a local breakdown starts at any point, the breakdown
permeates through the dielectric layer and reaches the opposite electrode. Breakdown trace (electrically

conductive channel) is conductive and causes a short circuit.
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[0005] Breakdown of the dielectric layer usually occurs because intensity of an electric field becomes
high enough to free electrons from atoms of the dielectric material and make them conduct an electric
current from one electrode to another. Presence of impurities in the dielectric or imperfections (electric
defects) of the crystal structure can result in an avalanche breakdown as observed in semiconductor
devices. Thus, electrically conductive channels are formed in the dielectric layer when breakdown

occurs. These channels have exit points on both surfaces of the dielectric layer.

[0006] Capacitors as energy storage device have well-known advantages versus electrochemical energy
storage, e.g. a battery. Compared to batteries, capacitors are able to store energy with very high power
density, i.e. charge/recharge rates, have long shelf life with little degradation, and can be charged and
discharged (cycled) hundreds of thousands or millions of times. However, capacitors often do not store
energy in small volume or weight as in case of a battery, or at low energy storage cost, which makes

capacitors impractical for some applications, for example electric vehicles.

SUMMARY
[0007] The present disclosure provides self-healing capacitor and methods of production thereof. A
self-healing capacitor of the present disclosure can solve a problem of increase of volumetric and mass
ww(yiwc;‘nsi‘ty of reserved energy associated with some energy storage devices, and at the same time reduce

cost of materials and manufacturing process.

[0007a] In an aspect, a self-healing capacitor comprises a first electrode, a second electrode, and a
dielectric layer disposed between said first and second electrodes and having first surface facing the first
electrode and a second surface facing the second electrode. At least one of the electrodes comprises a
metal foam, wherein the metal foam is configured to form contact breaker by way of metal evaporation
at an end of a conductive channel in the dielectric layer when current flows in the conductive channel as

aresult of application of a voltage between the first electrode and second electrode.

[0007b] In an aspect, a method of producing a self-healing capacitor, comprising: (a) applying an
electric voltage across a first electrode and a second electrode that are separated by a dielectric layer,
which applying comprises a gradual enhancement of the electric voltage to achieve electric breakdown,
wherein at least one of the first and second electrodes includes a metal foam; (b) applying an electric
field across the first electrode and the second electrode to form electrically conductive channels with
exit points on opposing surfaces of the dielectric layer; (c) applying a current through the first and
second electrodes to (i) induce Joule heating in at least one of the first and second electrodes and (ii)

form local contact breakers in at least one of the first and second electrodes, which local contact
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breakers are formed adjacent or in proximity to the exit points; and (d) terminating the application of the

current upon formation of the local contact breakers.

[0008] In an embodiment, a self-healing capacitor comprises a first electrode, a second electrode, and a
dielectric layer disposed between said first and second electrodes and having first surface facing the first
electrode and second surface facing the second electrode. At least one of the electrodes comprises metal
foam. Said dielectric layer has a plurality of electrically conductive channels each of them having one
exit point located on the first surface of the dielectric layer and another exit point located on the second
surface of the dielectric layer. Each of said first and second electrodes comprises at least one local
contact breaker adjacent to the dielectric layer and located opposite to at least one exit point that
interferes with passage of electric current through the conductive channels in the dielectric layer. The
electrodes are planar and can be nearly or substantially parallel to each other, though not necessarily flat.

The electrodes can be off-set from a parallel configuration.

[0009] In another embodiment, a method of producing a self-healing capacitor having at least one
electrode made of metal foam, which comprises a) application of an electric voltage to capacitor
electrodes and gradual enhancement of the magnitude of the voltage until electric breakdown of a

dielectric layer will occur, b) formation under influence of electric field of electrically conductive

"~ channels which have exit
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points on both surfaces of the dielectric layer, c¢) formation of local contact breakers (through holes and
dome structures) within electrode near these exit points due to the Joule heating of the metal by the
current induced by the breakdown, d) extinguishing of the current when enough metal of the electrodes

is evaporated around these exit points.

[0010] Additional aspects and advantages of the present disclosure will become readily apparent to
those skilled in this art from the following detailed description, wherein only illustrative embodiments of
the present disclosure are shown and described. As will be realized, the present disclosure is capable of
other and different embodiments, and its several details are capable of modifications in various obvious
respects, all without departing from the disclosure. Accordingly, the drawings and description are to be

regarded as illustrative in nature, and not as restrictive.

INCORPORATION BY REFERENCE
[0011] All publications, patents, and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication, patent, or patent

application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The novel features of the invention are set forth with particularity in the appended claims. A
better understanding of the features and advantages of the present invention will be obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which the

principles of the invention are utilized, and the accompanying drawings of which:

[0013] Figure 1 schematically shows a self-healing capacitor, in accordance with some embodiments of

the present disclosure.

DETAILED DESCRIPTION
[0014] While various embodiments of the invention have been shown and described herein, it will be
obvious to those skilled in the art that such embodiments are provided by way of example only.
Numerous variations, changes, and substitutions may occur to those skilled in the art without departing
from the invention. It should be understood that various alternatives to the embodiments of the
invention described herein may be employed. Capacitors made of metalized polypropylene films suffer
partial discharges due to weak electrical defects and have protective mechanism called self-healing.
Self-healing occurs when a dielectric breakdown causes a large current density to flow into a fault,

which heats a local electrode area and evaporates the metal. This event forms an electrical isolation at
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the breakdown site rather than forming a permanent short circuit, and allows the capacitor to continue
operating with only a small loss of active area. Those defects can be destroyed by an electrical arc that
extinguishes when enough metal of the electrodes is vaporized around this point. The volatilized area of
self-healing is can be due to the Joule heating of the metal by the current pulse induced by the local
breakdown, and the local discharge stops (arc extinction), although the voltage applied to the film

remains constant, when the power density becomes lower than some critical power density.

[0015] Other important characteristic of a dielectric material is dielectric permittivity. Different types of
dielectric materials are used for capacitors and include ceramics, polymer film such as polypropylene
and polyester, paper, and electrolytic capacitors of different kinds. Increase of dielectric permittivity

can provide an increase of volumetric energy density.

[0016] The present disclosure provides a self-healing capacitor. In one embodiment of the present
invention, the first electrode has local contact breakers (discontinuities, irregularities) which are located
within the first electrode on the border between the dielectric layer and the first electrode. These local
contact breakers are located opposite to all exit points which are located on the first surface of the
dielectric layer. The local contact breakers prevent an electric current through the conductive channels
in dielectric layer. The second electrode has the local contact breakers (discontinuities, irregularities)
which are located within the second electrode on the border between the dielectric layer and the second
electrode. These local contact breakers are located opposite to all exit points which are located on the
second surface of the dielectric layer. The local contact breakers prevent an electric current through the
conductive channels in dielectric layer. The local contact breakers may be formed during the capacitor
manufacturing process as part of a “burn-in” procedure or may be formed as a result of long term use of

the capacitor.

[0017] A form of the local contact breaker can be selected from the list comprising a) a reach-through
hole (gap, opening) which penetrate through whole thickness of the electrode and b) a dome structure

located inside (within) the electrode on border with the dielectric layer.

[0018] Conductive channels are formed in the course of electrical breakdown of the dielectric layer due
to an electric arc in the material of the dielectric layer. Formation of local contact breakers within
electrode near the exit points is carry out due to the Joule heating of the metal by the current induced by
the breakdown. In another embodiment of the present invention, the metal of the metal foam is
Aluminum (Al), Nickel (Ni), Iron (Fe), or Copper (Cu). Metal foam is a cellular structure consisting of
a solid metal as well as a large volume fraction of gas-filled pores (“bubbles”). The pores can be sealed

(closed-cell foam), or they can form an interconnected network (open-cell foam).
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[0019] A characteristic of metal foams is that a very high porosity, for example, 75-95% of the volume,
can consist of void spaces making these ultra-light materials. Metallic foams typically can some
physical properties of their base material. Foam made from non-flammable metal can remain non-
flammable and the foam can be recyclable back to its base material. Coefficient of thermal expansion

will also remain similar while thermal conductivity can be reduced.

[0020] In another embodiment of the self-healing capacitor, a melting temperature of the metal foam is
in the range about 400 °C — about 700 °C. In yet another embodiment of the self-healing capacitor,
metal content in the metal foam for electrode is in the range of about 5% to about 30% by volume. In
some implementations, the resistivity of the metal foam may be tuned such that the metal foam ablates
before the dielectric material when current flows in a conductive channel through the dielectric layer as
a result of application of a voltage between the first electrode and second electrode.. Tuning the
resistivity is largely a matter of choice of metal and adjustment of porosity of the foam.

[0021] In still another embodiment of the self-healing capacitor, the metal foam is of closed bubble type
with maximum conductance per metal content. The dome structure located inside (within) the metal
foam electrode on border with the dielectric layer is formed due to high temperature in the electric arc as
a result of fusion and/or evaporation of the metal partition walls (partitions, dividers) separating bubbles
in metal foam. Bubble coalescence is carried out due to high surface tension of liquid metal and high
content of gas bubbles. Thus, bubble coalescence forms local contact breakers of a dome structure
inside layer of foam electrode. The holes (gaps, openings) which penetrate through whole thickness of
the metal foam electrode are formed due to evaporation of metal as a result of high temperature in the
electric arc and due to high surface tension of liquid metal. In one embodiment of the present invention,

the size, or the mean particle size, of the bubbles is in the range of about 100 nm to about 100,000 nm.

[0022] In another embodiment of the self-healing capacitor, the first electrode and the second electrode
comprise metal foam. In another embodiment of the self-healing capacitor, the first electrode comprises
the metal foam and the second electrode comprises a foil. In yet another embodiment of the self-healing

capacitor, the metal of the foil is Al, Ni, Fe, or Cu.

[0023] In another embodiment of the self-healing capacitor, the first electrode comprises the metal foam
and the second electrode comprises a deposited thin film metal with thickness of the film in the range
from about 20 nanometers (nm) to about 2000 nm. In another embodiment of the self-healing capacitor,
the deposited thin film metal is Al, Ni, Fe, or Cu. The dome structures and holes (gaps, openings) in
foils and in deposited metal thin film are formed as a result of fusion and/or evaporation of metal due to
high temperature in the electric arc and due to high surface tension of liquid metal.
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[0024] In one embodiment of the present invention, the dielectric layer is crystalline. The dielectric
layer can be fabricated from any suitable crystalline material including a single crystal material, a batch

crystal material, or amorphous material.

[0025] The dielectric layer can possess a different structure in the range between an amorphous and
crystalline solid layer, depending on the material and manufacturing procedure used. In one
embodiment of the disclosed self-healing capacitor, the dielectric layer comprises a material selected
from oxides, nitrides, oxynitrides and fluorides. In another embodiment of the disclosed self-healing
capacitor, the dielectric layer comprises a material selected from SiO,, HfO,, Al,Os or SisN4. In one
embodiment of the disclosed self-healing capacitor, the dielectric layer comprises modified organic
compounds of the general structural formula I: {Cor}(M),, (I) where Cor is a polycyclic organic
compound with conjugated n-system, M a modifying functional group; and # is the number of the
modifying functional groups that is greater than or equal to zero. In another embodiment of the present
invention, the polycyclic organic compound is oligophenyl, imidazole, pyrazole, acenaphthene, triaizine,

or indanthrone. Non-limiting examples are given in Table 1.

Table 1. Examples of the polycyclic organic compound for the dielectric layer
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[0026] In another embodiment of the present invention, the polycyclic organic compound is an arylene

dye of the following formula:

i
N

WSS
C‘

2 2

‘ n
2 2
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N
I

1
R

&

wherein n is equal to 0, 1, 2, 3, 4, 5, or 6, R' is diisopropylphenyl, and R” is tert-octylphenyl. In another
embodiment of the present invention, the modifying functional groups are alkyl, aryl, substituted alkyl,

substituted aryl, or any combination thereof. The modifying functional groups provide solubility of
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organic compounds at the stage of manufacturing and additional insulating properties to the dielectric
layer of the self-healing capacitor. In another embodiment of the present invention, the dielectric layer
comprises a polymeric material such as fluorinated alkyl, polyethylene, Poly-paraphenyiene
terephthalamide, poly(vinylidene fluoride-hexafluoropropylene), polypropylene, fluorinated
polypropylene, or polydimethylsiloxane. In another embodiment of the present invention, the dielectric

layer comprises a polymeric material comprising a polymer having a repeat group of Table 2.

Table 2. Examples of the water-soluble polymers for the dielectric layer

B O S OsH ]
_ / H
I
O N—
| 42
— H HO,S —n

poly(2,2’-disulfo-4,4’-benzidine terephthalamide)

[O4pd

HOsS

poly(2,2’-disulfo-4,4’-benzidine isophthalamide)

— O O SO.H -

QQ .

HOs;S

poly(2,2’-disulfo-4,4’-benzidine 1,3-dioxo-isoindoline-5-carboxamide)
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SO;H
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poly(2,2’-disulfo-4,4’-benzidine 1H-benzimidazole-2,5-dicarboxamide)

- O\ 0 SO.H —_
oo
-0 \o HO;S -1

poly(2,2’-disulfo-4,4’-benzidine 3,3°,4,4’-biphenyl tetracarboxylic acid

diimide)
e 0 SO:H 7]
/
Leoetvaat
/) ’
-0 \O HO;S T n

poly(2,2'disulpho-4,4'benzidine 1,4,5,8-naphtalen tetracarboxylic acid
diimide)

[0027] In another embodiment of the present invention, the dielectric layer comprises a polymeric

material comprising a repeat group of Table 3.
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Table 3. Examples of the polymers soluble in organic solvents for the dielectric layer
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wherein the modifying functional groups R' and R” are independently alkyl, aryl, substituted alkyl,

substituted aryl, or any combination thereof.

[0028] In one embodiment of the present invention, the dielectric layer is at least partly, wholly or
substantially wholly crystalline. As an alternative, the dielectric layer is amorphous. In one
embodiment of the present invention, the dielectric layer comprises a colloidal composite with a micro-
dispersion of electro-conductive nano-particles in an insulator matrix. In another embodiment of the
present invention, the electro-conductive nano-particles comprise an electro-conductive oligomer. In yet
another embodiment of the present invention, the longitudinal axes of the electro-conductive oligomers
are directed predominantly perpendicularly in relation to the electrode surface. Non-limiting examples

of repeat groups for an electro-conductive oligomer are given in Table 4.

Table 4. Examples of the electro-conductive oligomers for the dielectric layer

LN

1 54
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—_ / 60

wherein X =2,3,4,5,6,7,8,9, 10, 11, or 12. In another embodiment of the disclosed self-healing
capacitor, the electroconductive oligomer further comprises substitute groups and is described by the
following general structural formula II:

(electroconductive oligomer )—ZR,, (10
wherein R, is a set of substitute groups, and q is a number of the substitute groups R in the set 2, and g
is a number that is greater than or equal to zero. In yet another embodiment of the self-healing
capacitor, the substitute groups R are independently alkyl, aryl, substituted alkyl, substituted aryl, or any
combination thereof. In another embodiment of the self-healing capacitor, a material of the insulator
matrix is poly (acrylic acid) (PAA), poly(N-vinylpyrrolidone) (PVP), poly(vinylidene fluoride-
hexafluoropropylene) [P(VDF-HFP)], ethylene propylene polymers, which include ethylene propylene
rubber (EPR) and ethylene propylene diene monomer (EPDM), and silicone rubber (PDMSO) such as
dimethyldicloro siloxane, dimethylsilane diol, or polydimethyl siloxane. These compounds can serve as

a stabilizer, protecting the electro-conductive nano-particles from macroscopic aggregation.

[0029] In another embodiment of the present invention, a dielectric layer comprises a surfactant such as
dodecylbenzene sulfonate (DBSA), polyoxyethylene glycol alkyl ethers, polyoxypropylene glycol alkyl
ethers, polyoxyethylene glycol octylphenol ethers, polyoxyethylene glycol sorbitan alkyl esters, sorbitan

alkyl esters, and dobecyldimethylamine oxide.

[0030] In one embodiment of the present invention, the electrically conductive channel is characterized

by electric defects united together due to breakdown of the dielectric layer. In another embodiment of
-18-
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the present invention, the electrode comprising metal foam serves as a carrying element of the capacitor

since the metal foam has a high stiffhess.

[0031] The present invention also provides a method of producing the self-healing capacitor as

disclosed hereinabove.

[0032] Figure 1 shows an embodiment of the disclosed self-healing capacitor that includes first
electrode 1, dielectric layer 2, second electrode 3, electrically conductive channel 4, an exit point 5,
another exit point 6, first surface of the dielectric layer 7, second surface of the dielectric layer 8,

through hole (opening) 9 and dome structure inside electrode 10.

Example 1

[0033] In this embodiment of the present invention, the dielectric layer comprises a composite of
polyaniline, PANI-DBSA/PAA, synthesized using in sifu polymerization of aniline in an aqueous
dispersion of poly-acrylic acid (PAA) in the presence of dodecylbenzene sulfonate (DBSA). The
thickness of the dielectric layer is equal to 50 pm. The composite of polyaniline, PANI-DBSA/PAA
has the dielectric permittivity equal to 100,000. The electrodes are made of metal foam comprising
aluminum (Al). The thickness of these electrodes is equal to 10 nm. Melting temperature of foam is
about 400 °C and metal content in the foam for these electrodes is about 30% by weight. The foam is of
closed bubble type with maximum conductance per metal content. The size of the bubbles is in the

range of about 100 nm to about 100,000 nm.

Example 2
[0034] In this embodiment of the present invention, the dielectric layer comprises a composite of
polyaniline, PANI-DBSA/PAA, synthesized using in sifu polymerization of aniline in an aqueous
dispersion of poly-acrylic acid (PAA) in the presence of dodecylbenzene sulfonate (DBSA). The
thickness of the dielectric layer is equal to 50 um. The composite of polyaniline, PANI-DBSA/PAA
has a dielectric permittivity equal to 100,000. The first electrode is made of metal foam comprising
aluminum (Al). The thickness of this electrode is equal to 10 nm. The second electrode is made of
metal foil comprising aluminum (Al). The thickness of this electrode is equal to 10 nm. Melting
temperature of foam is around 400 °C and metal content in the foam for these electrodes is about 30%
by weight. The foam is of closed bubble type with maximum conductance per metal content. The size

of the bubbles can be in the range of about 100 nanometers (nm) to 100,000 nm.
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Example 3

[0035] In this embodiment of the present invention, the dielectric layer comprises a composite of
polyaniline, PANI-DBSA/PAA, synthesized using in situ polymerization of aniline in an aqueous
dispersion of poly-acrylic acid (PAA) in the presence of dodecylbenzene sulfonate (DBSA). The
thickness of the dielectric layer is equal to 50 pm. The composite of polyaniline, PANI-DBSA/PAA
has the dielectric permittivity equal to 100,000. The first electrode is made of metal foam comprising
aluminum (Al). The thickness of this electrode is equal to 10 nm. The second electrode is made of
deposited thin film metal comprising aluminum (Al). The thickness of this electrode is equal to 10 nm.
Melting temperature of foam is around 400 °C and metal content in the foam for these electrodes is
about 30% by weight. The foam is of closed bubble type with maximum conductance per metal content.

The size of the bubbles is in the range of about 100 nm to about 100,000 nm.

[0036] While preferred embodiments of the present invention have been shown and described herein, it
will be obvious to those skilled in the art that such embodiments are provided by way of example only.
It is not intended that the invention be limited by the specific examples provided within the
specification. While the invention has been described with reference to the aforementioned
specification, the descriptions and illustrations of the embodiments herein are not meant to be construed
in a limiting sense. Numerous variations, changes, and substitutions will now occur to those skilled in
the art without departing from the invention. Furthermore, it shall be understood that all aspects of the
invention are not limited to the specific depictions, configurations or relative proportions set forth herein
which depend upon a variety of conditions and variables. It should be understood that various
alternatives to the embodiments of the invention described herein may be employed in practicing the
invention. It is therefore contemplated that the invention shall also cover any such alternatives,
modifications, variations or equivalents. It is intended that the following claims define the scope of the
invention and that methods and structures within the scope of these claims and their equivalents be

covered thereby.
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CLAIMS
WHAT IS CLAIMED IS:

1. A self-healing capacitor comprising

a first electrode,

a second electrode, and

a dielectric layer disposed between said first and second electrodes and having first
surface facing the first electrode and a second surface facing the second electrode,

wherein at least one of the electrodes comprises a metal foam, wherein the metal foam is
configured to form contact breaker by way of metal evaporation at an end of a conductive
channel in the dielectric layer when current flows in the conductive channel as a result of

application of a voltage between the first electrode and second electrode.

2. A self-healing capacitor according to claim 1, wherein said dielectric layer comprises a
plurality of electrically conductive channels, each of said channels having one exit point located
on the first surface of the dielectric layer and another exit point located on the second surface of
__the dielectric layer, and e

wherein each of said first and second electrodes comprises at least one local contact
breaker adjacent to the dielectric layer and located opposite to at Jeast one exit point that

interferes with passage of electric current through the conductive channels in the dielectric layer.

3. A self-healing capacitor according to claim 2, wherein the at least one local contact breaker is

a hole that penetrates an entire thickness of a respective one of the first and second electrodes.

4. A self-healing capacitor according to claim 2, wherein the at least one local contact breaker is

a dome structure.

5. A self-healing capacitor according to claim 2, wherein the electrically conductive channel

includes electric defects united together due to breakdown of the dielectric layer.

6. A self-healing capacitor according to claim 1, wherein the metal foam includes Aluminum

(AD).
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7. A self-healing capacitor according to claim 1, wherein the metal foam includes Nickel (Ni).
8. A self-healing capacitor according to claim 1, wherein the metal foam includes Iron (Fe).
9. A self-healing capacitor according to claim 1, wherein the metal foam includes Copper (Cu).

10. A self-healing capacitor according to claim 1, wherein a melting temperature of the metal

foam is from about 400°C. to about 700°C.

11. A self-healing capacitor according to claim 1, wherein a metal content in the metal foam is

from about 5% to about 30% by weight.

12. A self-healing capacitor according to claim 1, wherein the metal foam is of a closed bubble

type.

13. A self-healing capacitor according to claim 1, wherein the first electrode comprises the metal

foam and the second electrode comprises a foil.

14. A self-healing capacitor according to claim 13, wherein the foil includes Aluminum (Al).
15. A self-healing capacitor according to claim 13, wherein the foil includes Nickel (Ni).

16. A self-healing capacitor according to claim 13, wherein the foil includes Iron (Fe).

17. A self-healing capacitor accordibng to claim 13, whereih the foil includes Copper (Cu).

18. A self-healing capacitor according to claim 1, wherein the first electrode comprises the metal

foam and the second electrode comprises a deposited thin film metal.
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19. A self-healing capacitor according to claim 18, wherein the deposited thin film metal

includes Aluminum (Al).

20. A self-healing capacitor according to claim 18, wherein the deposited thin film metal

includes Nickel (Ni).

21. A self-healing capacitor according to claim 18, wherein the deposited thin film metal

includes Fe.

22. A self-healing capacitor according to claim 18, wherein the deposited thin film metal

includes Cu.

23. A self-healing capacitor according to claim 1, wherein the resistivity of the metal foam is
tuned such that the metal foam ablates before the dielectric layer when current flows in a
conductive channel through the dielectric layer as a result of application of a voltage between the

first electrode and second electrode. 7

24. A self-healing capacitor according to claim 1, wherein the dielectric layer comprises
modified organic compounds of the general structural formula I:

{Cor}(M)n, y
wherein Cor is a polycyclic organic compound with conjugated m-system, each M is a modifying
functional group; and n is a number of the modifying functional groups that is greater than or

equal to zero.

25. A self-healing capacitor according to claim 24 wherein the modifying functional groups are

selected from the group consisting of alkyl, aryl, substituted alkyl, and substituted aryl.
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26. A self-healing capacitor according to claim 24, wherein the polycyclic organic compound

includes a material with the following structure:
H

N

wherein n is a number ranging from 1-6, R!is diisopropylphenil, and R? is tert-octyphenil.

27. A self-healing capacitor according to claim 24, wherein the polycyclic organic compound is
selected from the group consisting of oligophenyl, imidazole, pyrazole, acenaphthene, triaizine,

indanthrone and structures 1-41:
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28, A self-healing capacitdr accordmg to claim 27 wherein the modifying functional groups are

selected from the group consisting of alkyl, aryl, substituted alkyl, and substituted aryl.

29. A self-healing capacitor according to claim 1, wherein the dielectric layer comprise a
compound selected from the group consisting of fluorinated alkyls, polyethylene, poly-
paraphenylene terephthalamide, poly(vinylidene fluoride-hexafluoropropylene), polypropylene,
fluorinated polypropylene, and polydimethylsiloxane.

30. A self-healing capacitor according to claim 1, wherein the dielectric layer comprises a

polymeric material formed on the basis of water-soluble polymers which are selected from

structures 42 to 47:
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poly(2,2'-disulfo-4,4'-benzidine terephthalamide)
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poly(2,2'-disulfo-4,4'-benzidine isophthalamide)
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44
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poly(2,2"-disulfo-4,4'-benzidine 1,3-dioxo-isoindoline-5-carboxamide)

poly(2,2"-disulfo-4 4'-benzidine 1H-benzimidazole-2,5-dicarboxamide)

46
0O O SO;H
I\ | / | |
4 \ .
0 0 HO;8
poly(2,2"-disulfo-4,4'-benzidine 3,3' 4.4 -biphenyl tetracarboxylic

acid diimide)
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poly(2,2'disulpho-4 4'benzidine 1,4,5,8-naphtalen tetracarboxylic
acid diimide)

31. A self-healing capacitor according to claim 1, wherein the dielectric layer comprises a
polymeric material formed on the basis of polymers soluble in organic solvents which are

selected from structures 48 to 53:
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wherein each wherein each R! and R* is independently selected from alkyl, aryl, substituted

alkyl, and substituted aryl.

32. A self-healing capacitor according to claim 1, wherein the dielectric layer is crystalline.

33. A self-healing capacitor according to claim 1, wherein the dielectric layer comprises a
colloidal composite with a micro-dispersion of electro-conductive nano-particles in an insulator

matrix.

34. A self-healing capacitor according to claim 33, wherein the electro-conductive nano-particles

comprise electro-conductive oligomers.

35. A self-healing capacitor according to claim 34, wherein a longitudinal axis of each of the

electro-conductive oligomers is directed perpendicularly in relation to an electrode surface.

36. A self-healing capacitor according to claim 34, wherein the electro-conductive oligomers are

selected from structures 54 to 60:
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wherein X=2, 3, 4,5,6,7,8,9,10, 11 or 12.

37. A self-healing capacitor according to claim 34, wherein each of the electroconductive
oligomers further comprises substitute groups and has the following general structural formula
II:

(electroconductive oligomer ) Rq an
wherein R is a substitute group, and q is a number that is greater than or equal to zero.

38. A self-healing capacitor according to claim 37, wherein each R is independently an alkyl,

aryl, substituted alkyl, or substituted aryl, and any combination thereof.

39. A self-healing capacitor according to claim 33, wherein a material of the insulator matrix is
selected from the group consisting of poly (acrylic acid) (PAA), poly(N-vinylpyrrolidone)
(PVP), poly(vinylidene fluoride-hexafluoropropylene) [P(VDF-HFP)], ethylene propylene
__polymers, which include ethylene propylene rubber (EPR) and ethylene propylene diene
monomer (EPDM), and silicone rubber (PDMSO) such as dimethyldicloro siloxane,

dimethylsilane diol, and polydimethyl siloxane.

40. A self-healing capacitor according to claim 1, wherein said dielectric layer comprises a
surfactant selected from: dodecylbenzene sulfonate (DBSA), polyoxyethylene glycol alkyl
ethers, polyoxypropylene glycol alkyl ethers, polyoxyethylene glycol octylphenol ethers,
polyoxyethylene glycol sorbitan alkyl esters, sorbitan alkyl esters, and dobecyldimethylamine

oxide.

41. A self-healing capacitor according to claim 1, wherein said dielectric layer comprises a

material selected from the group consisting of oxides, nitrides, oxynitrides and fluorides.

42. A self-healing capacitor according to claim 1, wherein said dielectric layer comprises a

material selected from the group consisting of SiO,, HfO,, Al,O3 and Si3Na.
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43. A self-healing capacitor according to claim 1, wherein the first electrode and the second

electrode comprise the metal foam.

44. A method of producing a self-healing capacitor, comprising:

(a) applying an electric voltage across a first electrode and a second electrode that are
separated by a dielectric layer, which applying comprises a gradual enhancement of the electric
voltage to achieve electric breakdown, wherein at least one of the first and second electrodes
includes a metal foam;

(b) applying an electric field across the first electrode and the second electrode to form
electrically conductive channels with exit points on opposing surfaces of the dielectric layer;

(c) applying a current through the first and second electrodes to (i) induce Joule heating
in at least one of the first and second electrodes and (ii) form local contact breakers in at least
one of the first and second electrodes, which local contact breakers are formed adjacent or in
proximity to the exit points; and

(d) terminating the application of the current upon formation of the local contact

. breakers.
45. The method of claim 44, wherein the application of the current is terminated upon when a

sufficient amount of metal has evaporated from at least one of the first and second electrodes to

form the local contact breakers.
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