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In the case of metal oxides, performance in terms of

specific capacitance, power and energy densities are used to
rank the suitability of various oxides. However, from a cost
point of view, the following guide using current price may
be used: 1532 Ru>21 W>12 V>_12 Co>ll Sn>8 Ni>4
Cu>3.6 Ti>3.0 Mn>1.5 Mg>1.2 Cr>1.0 Al>_1.0 Zn

where the number preceding each element symbol
denotes the ratio of the price of that particular metal element
to the price of Zn, which is approximately $0.94 per pound
at present time.

Carbon structures are typically used to construct EDLCs.
However, it should be noted that graphite, carbon nanotubes
and graphene can be mixed with any of the above oxides to
take advantage of the Faradaic reaction. This may increase
the specific capacitance, thus offering "hybrid supercapaci-
tors". Coating graphite, carbon nanotubes and graphene with
electrically conducting polymers can also be useful to con-
struct hybrid supercapacitors.
A series resistance in a supercapacitor is shown below:

R=R,+Rem+R,,,,+R,,+R;o +R, P (1)

where R is the total resistance, R, is the collector metal
resistance, Rem is the electrode material resistance, R,,, is the
interfacial resistance between the electrode material and the
collector metal, R, is the electrolyte resistance, R,o is the
resistance due to ion transport through the pores in the
electrode material, and RS P is the resistance of the separator
between the two electrodes. Interfacial resistance R,,, is a
dominant component among all the contributions in Equa-
tion (1). In the case of carbon nanotubes, direct growth of the
carbon nanotubes on metal substrates, such as a tower, may
reduce the interfacial resistance R,,,.

Conventional methods require the carbon nanotubes or
graphene to be mixed with a binding material to produce a
paste. The paste can be screen printed as electrodes on
collector metals. The fraction of binding material added
varies depending on the formulations. However, it should be
noted that binders do not contribute to the active function of
the supercapacitor. Instead, binders add to the resistance, and
also add to the dead weight. Furthermore, since all metrics
are reported based on weight in Kg, weight based perfor-
mance is generally lowered by adding binders.

Graphene has been used in the form above with a binder
to construct supercapacitors. However, the specific capaci-
tance reported has not been more than 350 F/g using
conventional aqueous and organic electrolytes. In most
cases, bulk-produced graphene (regardless of the method of
preparation) is mixed with a binder, and applied to the
collector metal to construct the electrode. In principle,
chemical vapor deposition (CVD) may be directly used on
a collector metal, such as copper, to grow graphene layer-
by-layer to the desired thickness. However, this will be
impractical when a thickness of the order of 0.5-1.0 µm is
needed.

It should be appreciated that graphene may be grown as
vertical graphene on a substrate using plasma enhanced
chemical vapor deposition (PECVD). Vertical graphene may
also be called carbon nanowall (CNW), because the vertical
graphene resembles a wall, but in nanodimensions. It should
also be appreciated that any type of plasma source may be
used to grow vertical graphene. For example, direct current
(DC), radiofrequency (RF) capacitively coupled, RE induc-
tively coupled, microwave, electron cyclotron resonance,
helicon, etc., may be used to grow vertical graphene. A
variety of substrates, such as Silicon (Si), Nickel (Ni),
Titanium (Ti), Copper (Cu), Germanium (Ge), Tungsten
(W), Tantalum (Ta), Molybdenum (Mo), Silicon Dioxide

4
(S'02), Aluminum Oxide (Al2O3), quartz, stainless steel,
may also be used for the growth of the vertical graphene.

Generally, there is no catalyst involved when growing the
vertical graphene. The height of the vertical graphene may

5 be as low as few tens of nanometers (nm) using very short
growth time, and as high as two to five microns by extending
the growth time. The growth characteristics, including the
growth rate, are controlled by numerous parameters. These
parameters may include type of substrate that is used,

io feedgas type (e.g., hydrocarbons such as methane, acetylene,
etc.), and hydrocarbon/H2 ratio when a diluting gas, such as
H21 is used. The parameters may also include Argon (Ar)
when any other inert carrier gas is used such as N21 total gas
flow rate, type of plasma source (e.g., DC, RE, inductive,

15 microwave, etc.), plasma power, pressure in the reactor,
growth temperature, etc.
FIG. 1 illustrates a substrate 100 with vertical graphene

105, according to an embodiment of the present invention.
In this embodiment, vertical graphene 105 is grown by

20 radiofrequency, and is capacitively coupled to plasma to
enhance CVD on copper substrate 100. FIG. 1 also shows
that vertical graphene 105 appears to be standing like a wall
on substrate 100. The scrolls typically include a few layers
of graphene, e.g., 2-10 layers. In some embodiments, a

25 single layer graphene may be grown vertically.
As shown in FIG. 1, graphene may be grown directly and

vertically on metal substrates, such as copper and stainless
steel. In a similar manner, graphene may be useful to carbon
nanotubes grown directly like towers on metal substrates.

3o The reason for this is the expected reduction in interfacial
resistance R,,, in Equation (1). However, the use of vertical
graphene in place of carbon nanotube towers may or may not
perform as well for the following reasons.

Typically, in carbon nanotubes, a wide variety of pore size
35 is found. For example, submicropores can be less 0.5 mu,

micropores can be less than <2 mu, mesopores range from
2 to 50 mu, and macropores are typically greater than 50 mu.
In this embodiment, mesopores are suitable for ion transport
in supercapacitor operation. Carbon nanotubes also have

40 large surface area. Thus, vertical graphene as shown in FIG.
1 may be used for the construction of electrical double layer
type supercapacitors. The expected performance relative to
carbon nanotube towers depends on the nature of mesopores
and surface area of the vertical graphene. For example, the

45 pore size on the top surface in FIG. 1 appears to be 10-20
mu. This size also should be controllable using the growth
rate parameters discussed above.

In addition to the above approach to construct EDLC,
vertical graphene directly grown on metal substrates may be

50 used for the construction of redox capacitors by filling the
pores with metal oxide. The combination of vertical gra-
phene and metal oxide directly on metal substrates may
create a hybrid supercapacitor with no catalysts for growth
and/or no binders to mix graphene and metal oxide.

55 FIG. 2 illustrates a supercapacitor 200, according to an
embodiment of the present invention. Supercapacitor 200
includes a first planar collector 210A and second planar
collector 210B. While collectors 210A, 210B are planar in
this embodiment, collectors 210A, 210B may include copper

60 foil or aluminum foil in other embodiments. For simplicity,
first planar collector 210A and second planar collector 210B
may be referred as collectors 210A, 210B. Collectors 210A,
210B are spaced apart and face each other.

First array 215A includes a vertical graphene, and second
65 array 215B also includes a vertical graphene. The vertical

graphenes serve as electrodes. The electrodes include area
A, and A2, and are spaced apart by a distance D. A porous
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electrode materials are soaked in an electrolyte to fill the
vertical graphene electrode materials with electrolytes. It
should be appreciated that the time period for soaking may
depend on the type of liquid that is being used. In some
embodiments, the soaking process is relatively quick. At
325, a packaging assembly is placed to enclose the first and
second collectors, the vertical graphene electrode materials,
and the separator, creating a supercapacitor.

FIG. 4 is a flow diagram 400 illustrating a process for
growing the vertical graphene electrode materials, according
to an embodiment of the present invention. The process
begins at 405 with directly growing a vertical graphene
electrode material on each of the first and second collectors.
At 410, the vertical graphene electrode materials are filled
with a metal oxide to provide a redox capacitance, thereby
constructing a hybrid supercapacitor. In an alternative
embodiment, the vertical graphene electrode materials are
covered with an electrically conducting polymer to provide
redox capacitance, thereby constructing a hybrid superca-
pacitor.

In summary, embodiments of the present invention per-
tain to a supercapacitor that includes a pair of collectors
facing each other. Vertical graphene electrode material is
grown on each collector without catalyst or binders, and a
separator is used to separate the vertical graphene electrode
materials.

The features, structures, or characteristics of the invention
described throughout this specification may be combined in
any suitable manner in one or more embodiments. For
example, reference throughout this specification to "certain
embodiments," "some embodiments," or similar language
means that a particular feature, structure, or characteristic
described in connection with the embodiment is included in
at least one embodiment of the present invention. Thus,
appearances of the phrases "in certain embodiments," "in
some embodiment," "in other embodiments," or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined in
any suitable manner in one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
imply that all of the features and advantages that may be
realized with the present invention should be or are in any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages is understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment is included in at least one
embodiment of the present invention. Thus, discussion of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the invention may be combined in any
suitable manner in one or more embodiments. One skilled in
the relevant art will recognize that the invention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized in
certain embodiments that may not be present in all embodi-
ments of the invention.

One having ordinary skill in the art will readily under-
stand that the invention as discussed above may be practiced
with steps in a different order, and/or with hardware ele-
ments in configurations which are different than those which
are disclosed. Therefore, although the invention has been
described based upon these preferred embodiments, it would

8
be apparent to those of skill in the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaining within the spirit and scope of the
invention. In order to determine the metes and bounds of the

5 invention, therefore, reference should be made to the
appended claims.

The invention claimed is:
1. A method for producing a hybrid supercapacitor, com-

prising:
10 orienting a first collector and a second collector so that the

first collector and the second collector are spaced apart
from and face each other;

growing a porous first vertical graphene electrode struc-
ture on a first collector and a porous second vertical

15 graphene electrode structure on a second collector, such
that at least one pore in each of the first and second
vertical graphene electrode structures is filled with a
metal oxide to provide a redox capacitance, wherein the
growing of the porous first vertical graphene electrode

20 structure and of the porous second vertical graphene
electrical structure comprises growing the porous first
vertical graphene electrode structure and the porous
second vertical graphene electrode structure by plasma
enhanced chemical vapor deposition (PECVD) to cre-

25 ate the hybrid supercapacitor with no catalyst for
growth, no binder to mix the first and second vertical
graphene electrode structures and the metal oxide, or
both; and

separating, the first vertical graphene structure and the
30 second vertical graphene structure from each other,

using a separator,
wherein the first vertical graphene structure is a carbon

nanowall and second vertical graphene structure is a
carbon nanowall.

35 2. The method of claim 1, wherein said growing of the
said first vertical graphene electrode structure and said
second vertical grapheme electrode structure comprises:

using at least one hydrocarbon source for said growth.
3. The method of claim 1, further comprising:

40 packaging said first collector, said second collector, said
first vertical graphene electrode structure, said second
vertical graphene electrode structure and said separator
into an assembly to form the hybrid supercapacitor.

4. The method of claim 1, further comprising choosing
45 said metal oxide to be an oxide comprising at least one of

Ru, W, V, Sn, Ni, Cu, Ti, Mn, Mg, Cr, Al and Zn.
5. An apparatus comprising:
a first collector and a second collector, configured to face

each other and separated by a selected non-zero dis-
50 tance;

a porous first vertical graphene electrode structure directly
grown on the first collector by plasma enhanced chemi-
cal vapor deposition (PECVD), and a porous second
vertical graphene electrode structure directly grown on

55 the second collector by the PECVD, to form a hybrid
supercapacitor with no catalyst for growth, no binder to
mix the first and second vertical graphene electrode
structures and metal oxide, or both, wherein
at least one pore in each of the first vertical graphene

60 electrode structure and the second vertical graphene
electrode structure is filled with the metal oxide, to
provide a redox capacitance;

a separator configured to separate the first vertical gra-
phene electrode material and the second vertical gra-

65 phene electrode material; and
a packaging assembly configured to enclose the first

collector, the second collector, the first vertical gra-
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phene electrode structure, the second vertical graphene
electrode structure, and the separator to form the hybrid
supercapacitor,

wherein the first vertical graphene structure is a carbon
nanowall and second vertical graphene structure is a
carbon nanowall.

6. An apparatus comprising
at least first and second collectors, spaced apart and

oriented to face each other;
first and second porous vertical graphene electrode struc-

tures grown on the first and second collectors, respec-
tively, wherein
the first and second porous vertical graphene electrode

structures are grown by plasma enhanced chemical
vapor disposition (PECVD) to form a hybrid super -
capacitor with no catalyst for growth, no binder to
mix the first and second vertical graphene electrode
structures and metal oxide, or both, and

at least one pore in each of the first and second vertical
electrode structures is filled with a metal oxide, to
provide a redox-type capacitance; and

a separator configured to separate the first and second
vertical graphene electrode structures on the first col-
lector and on the second collector from each other,

10
wherein the first vertical graphene structure is a carbon

nanowall and the second vertical graphene structure is
a carbon nanowall.

7. The apparatus of claim 6, wherein said vertical gra-
y phene electrode structures are grown using a plasma source.

8. The apparatus of claim 6, wherein said vertical gra-
phene electrode structures are grown using at least one
hydrocarbon source.

10 9. The apparatus of claim 6, further comprising:
a packaging assembly configured to enclose said first and

second collectors, said first and second vertical gra-
phene electrode structures and said separator to form
the hybrid supercapacitor.

15 10. The apparatus of claim 6, wherein said metal oxide is
an oxide comprising at least one of Ru, W, V, Sn, Ni, Cu, Ti,
Mn, Mg, Cr, Al and Zn.

11. The apparatus of claim 6, wherein said at least one
20 pore in each of said first and second porous vertical graphene

electrode structures has a pore diameter in a range of 2-50
run.
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phene electrode structure, the second vertical graphene
electrode structure, and the separator to form the hybrid
supercapacitor,

wherein the first vertical graphene structure is a carbon
nanowall and second vertical graphene structure is a
carbon nanowall.

6. An apparatus comprising
at least first and second collectors, spaced apart and

oriented to face each other;
first and second porous vertical graphene electrode struc-

tures grown on the first and second collectors, respec-
tively, wherein
the first and second porous vertical graphene electrode

structures are grown by plasma enhanced chemical
vapor disposition (PECVD) to form a hybrid super -
capacitor with no catalyst for growth, no binder to
mix the first and second vertical graphene electrode
structures and metal oxide, or both, and

at least one pore in each of the first and second vertical
electrode structures is filled with a metal oxide, to
provide a redox-type capacitance; and

a separator configured to separate the first and second
vertical graphene electrode structures on the first col-
lector and on the second collector from each other,

10
wherein the first vertical graphene structure is a carbon

nanowall and the second vertical graphene structure is
a carbon nanowall.

7. The apparatus of claim 6, wherein said vertical gra-
y phene electrode structures are grown using a plasma source.

8. The apparatus of claim 6, wherein said vertical gra-
phene electrode structures are grown using at least one
hydrocarbon source.

10 9. The apparatus of claim 6, further comprising:
a packaging assembly configured to enclose said first and

second collectors, said first and second vertical gra-
phene electrode structures and said separator to form
the hybrid supercapacitor.

15 10. The apparatus of claim 6, wherein said metal oxide is
an oxide comprising at least one of Ru, W, V, Sn, Ni, Cu, Ti,
Mn, Mg, Cr, Al and Zn.

11. The apparatus of claim 6, wherein said at least one
20 pore in each of said first and second porous vertical graphene

electrode structures has a pore diameter in a range of 2-50
run.
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