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separator 220 is placed between arrays 215A, 215B, essen-
tially separating the two electrodes. Collectors 210A, 210B,
arrays 215A, 215B, and separator 220 are packaged into a
gasket 225. The electrodes, i.e., the vertical graphene elec-
trode materials, are soaked with an electrolyte.

In this embodiment, collectors 210A, 210B are metals
with high conductivity, e.g., copper, stainless steel, and/or
nickel. The vertical graphene in the electrodes may be grown
directly on collectors 210A, 210B without any catalyst or
binding material. In one embodiment, the vertical graphene
is grown by PECVD using plasma sources such as DC, RF
capacitively or inductively coupled, microwave, electron
cyclotron resonance, or helicon.

The growth of the vertical graphene may require a hydro-
carbon source. The hydrocarbon source may be diluted with
hydrogen (H,), nitrogen (N,) or argon (Ar) in some embodi-
ments. The hydrocarbon source may also include one of, but
not limited to, methane, ethane, ethylene, and acetylene.

The growth process, and the rate of growth, are controlled
by the type of hydrocarbon, the type of diluting gas (e.g., H,,
Ar, N,) if any, total gas flow rate, pressure inside the PECVD
reactor during growth, growth temperature, power input,
type of metal for collectors 210A, 210B; type of the plasma
source, and if there is an additional voltage bias on the
collector metal substrate during growth.

For a given vertical graphene growth rate, the growth
period determines the net height of vertical graphene in
arrays 215A, 215B. When the height is smaller, the electrode
material resistance R, is reduced in Equation (1). This
height can be from 0.1 to couple of microns. Thinner
electrodes also speed up ion transport and reduce ion trans-
port resistance R,,,, in Equation (1). The direct growth of
vertical graphene reduces the interfacial resistance R, in
Equation (1). The height of arrays 215A, 215B together
determine the spacing distance D between the electrodes.

It should be noted that in some embodiments that capaci-
tance C is given by:

C=34/D )

where € is the electrode material dielectric constant, A is
the electrode area including all the pores, and D is the
spacing distance. It should be appreciated that capacitance C
may increase when spacing distance D is shorter.

The energy E and power P of the supercapacitor 200 are
given by

E=CV?2 3)

P=V%/4R )

where V is the cell voltage. Thus, increased capacitance
can help to increase the energy density according to Equa-
tion (3). Reducing total resistance R as much as possible by
systematically reducing each component in Equation (1)
helps to increase the power density according to Equation
.

The pore size distribution of vertical graphene in arrays
215A, 215B may be controlled by the list of parameters
above. Mesopores (2-50 nm) may be ideal for ion transport.
Vertical graphene has sufficient conductivity to reduce elec-
trode material resistance R, in Equation (1), especially
without any catalysts or binders. Vertical graphene is also
chemically inert.

The separator 220 may separate the electrodes in array
215A, 215B to prevent electrode shorting. Separator 220
may be thin and contribute very little resistance R, in
Equation (1). Conventional separators may include Celgard,
polypropylene, glass fiber, and cellulose fiber.
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The choice of electrolyte is important to determine elec-
trolyte resistance R, in Equation (1). A low electrolyte
resistance R, is desirable in some embodiments. The choice
of electrolyte also determines the operating voltage for
supercapacitor 200. Based on Equations (3) and (4), the
higher the voltage, higher the energy and power density.
Aqueous electrolytes, such as KOH or H,SO,, provide about
1 volt as they are not stable at higher voltages. Organic
electrolytes, such as propylene carbonate, can provide up to
3 volts. Room temperature ionic liquids can provide up to 5
volts.

In another embodiment, the pores in vertical graphene in
arrays 215A, 215B are filled with a metal oxide. Vertical
graphene alone in the cell acts as an EDLC. Adding a metal
oxide may enable redox capacitance, increasing the total
capacitance. This hybrid capacitor may be constructed with
oxide of any of the following metals: Ruthenium (Ru),
Tungsten (W), Vanadium (V), Carbon Monoxide (Co), Tin
(Sn), Nickel (Ni), Copper (Cu), Titanium (Ti), Manganese
(Mn), Magnesium (Mg), Chromium (Cr), Aluminum (Al),
and Zinc (Zn).

The metal oxide may be deposited by using a physical or
chemical approach. Furthermore, the metal oxide may be
deposited onto the graphene directly by redox reaction with
metal oxide negative ion. For example, if manganese oxide
is used, Potassium Permanganate (KMnQO,,) can be used with
diluted Hydrogen Chloride (HCI) to control the Phospho-
rous (pH). Alternatively, electrochemical deposition also can
be used to deposit the metal oxide using appropriate metal-
containing precursors and applying a potential.

However, for the vertical graphene grown directly on the
collector metal by PECVD, the following process may be
beneficial. For example, the most appropriate process to add
metal oxide for a good coverage of the porous structure may
be CVD, starting from the corresponding metal-containing
precursor gas or vapor mixed with oxygen. The growth
temperature, pressure, and the feedgas type and composition
can be used to control the deposition rate and the pore
coverage.

In yet another embodiment, instead of a metal oxide, the
vertical graphene in arrays 215A, 215B may be covered with
an electrically conducting polymer to construct of a hybrid
supercapacitor. Electrically conducting polymer may
include polypyrrole, polyaniline, or any conducting polymer
that would be appreciated by a person of ordinary skill in the
art.

There are many well-known methods to prepare conduct-
ing polymers. One method may include chemical polymer-
ization starting with the corresponding monomer and an
oxidant. Another method may include electrochemical
polymerization starting with the monomer in an aqueous
electrolyte and applying the appropriate oxidizing potential.

FIG. 3 is a flow diagram 300 illustrating a process for
manufacturing the supercapacitors, according to an embodi-
ment invention. The process may begin at 305 with orienting
a first collector and a second collector, such that the first
collector and the second collector face each other. In this
embodiment, the first collector and the second collector are
separated by a predetermined, or a selected, distance D. A
vertical graphene electrode material may be grown on each
of the first and second collectors at 310. The vertical
graphene electrode materials may be grown without catalyst
or binders, and the height of these materials may range from
0.1-5 pm with pore distribution dominantly mesopores (2-50
nm).

At 315, a separator is placed between the vertical gra-
phene electrode materials, and, at 320, the vertical graphene
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