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APPARATUS AND METHOD FOR TREATING
GRAPHENE USING PLASMA AND
APPLICATION THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION AND CLAIM OF PRIORITY

This application claims the benefit of Taiwan Patent
Application No. 103115622, filed on Apr. 30, 2014, at the
Taiwan Intellectual Property Office, the disclosures of which
are incorporated herein in their entirety by reference.

FIELD OF THE INVENTION

The present disclosure is directed to a method and appa-
ratus for treating an initial graphene material with plasma,
and the application thereof. After the treatment, the initial
graphene material will be transformed into a graphene film
with a special structure and characteristic.

BACKGROUND OF THE INVENTION

With the reserve of fossil fuel in the earth decreasing, the
use of solar power becomes an important trend in energy
technology development. Since 1954, the development of
solar cells has sustained several generations, where dye-
sensitized solar cells (DSSCs) belong to the third generation.
The power generating principle of the DSSCs is different
from that of conventional silicon-based solar cells using
contact of n-type and p-type semiconductors (pn junction).
A DSSC is a photoelectrochemical system that uses various
chemical reactions to transfer light energy to electrical
energy. Compared to other types of solar cells, the greatest
advantages of DSSCs are low cost and simply manufactur-
ing process. In addition, the substrate in the DSSC can be
made of soft materials so as to cause the DSSC flexible.

A DSSC is composed of a photoelectrode, a counter
electrode and electrolyte. Generally, the photoelectrode is
photosensitive dye-adsorbed mesoporous TiO, coated on a
fluorine-doped tin oxide (FTO) conductive glass, the counter
electrode is a conductive glass coated with a platinum film,
and the electrolyte is ionic liquid containing I7/I,” redox
couples. By light irradiation, the photosensitive dye on the
TiO, absorbs the light and is excited to inject electrons into
the conduction band of the TiO,. The electrons flow to the
external circuit from the TiO, through the FTO glass, and
arrive at the Pt electrode. On the Pt electrode, the I, ion in
the electrolyte gets the electrons and is reduced to an I” ion,
and the I~ ion is oxidized by the positively charged dye
molecule. Then, the positively charged dye molecule is
reduced to a natural molecule, and another I;~ ion is
generated to complete an electron conduction circuit. The
circuit is repeated continuously to convert the light energy to
the electrical energy.

Graphene is a kind of allotrope of carbon, can be consid-
ered as a single layer of graphite, and therefore has a unique
two-dimensional structure with the thickness of a single
atomic layer. In the two-dimensional plane of graphene,
carbon atoms are arranged in hexagonal honeycomb struc-
tures, where each carbon atom maintains sp> bond with its
three adjacent carbon atoms to produce excellent planar
conductivity. In 2004, the team of Novoselov and Geim
mechanically peeled out the graphene having the thickness
of several atomic layers from graphite. This method is
simply and cheap. In addition, the peeled graphene has a
carrier concentration up to 10'* ¢cm=2, and a carrier migra-
tion rate of 10000 cm®*V~'s™' at room temperature. In

20

40

45

2

addition to electrical properties, the graphene has good
optical and heat-transfer characteristics; therefore, it is
applicable to many fields or products, such as transistors,
photodetectors, transparent conductive films and energy
harvesting and/or storage devices.

The Taiwan Patent Application No. 099129474, entitled
“Graphene transparent electrode, graphene light emitting
diode, and method of fabricating the graphene light emitting
diode”, discloses a graphene transparent electrode compris-
ing at least one graphene sheet with a specific diameter.

The Taiwan Patent Application No. 100137740, entitled
“Electrode performance enhancement by composite forma-
tion with graphene oxide”, discloses an electrode compris-
ing an electronically active material (EAM) in a nanopar-
ticulate form and a matrix having a pyrolization product
incorporated with graphene flakes.

The Taiwan Patent Application No. 100146689, entitled
“Electrode material for chemical energy storage composed
of three phase composite of metal oxide, graphene, and
nano-carbon materials” discloses an electrode material
includes nano-graphene, a nano-carbon material, and tran-
sition metal oxide. The nano-graphene is separated by the
nano-carbon material, and the transition metal oxide is
deposited on the surfaces of the nano-graphene and the
nano-carbon material.

After substantial experiments and persistent research, the
applicant has finally conceived an apparatus and method for
treating graphene by plasma and the application thereof.

SUMMARY OF THE INVENTION

The present disclosure is directed to a method and appa-
ratus for treating an initial graphene material with plasma,
and the application thereof. After the treatment, the initial
graphene material will be transformed into a film form
graphene with a special structure and characteristic.

In another aspect, the present disclosure discloses a
method for manufacturing a graphene film, comprising steps
of providing a substrate; distributing graphene slurry on the
substrate; causing the graphene slurry to distribute on the
substrate; and treating the graphene slurry distributed on the
substrate with an atmospheric pressure plasma jet (APPJ) to
form the graphene film.

In another aspect, the present disclosure discloses a
method for manufacturing three-dimensional graphene
foam, comprising steps of providing graphene slurry; and
treating the graphene slurry with an atmospheric pressure
plasma jet (APPJ) to form the three-dimensional graphene
foam.

In another aspect, the present disclosure discloses a sys-
tem for manufacturing a graphene film, comprising a sub-
strate having graphene slurry disposed thereon; and an
atmospheric pressure plasma jet (APPJ) treating the gra-
phene slurry to form the graphene film on the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of voltage-current curves of DSSCs
using various kinds of graphene counter electrodes.

FIG. 2 is Nyquist plots of electrochemical impedance
spectroscopy (EIS) of DSSCs using furnace-calcined and
APPJ-treated graphene counter electrodes.

FIGS. 3A, 3B, 3C, 3D, 3E, 3F and 3G show the 1,000x
magnified scanning electrode micrographs of graphene
films.
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FIGS. 4A, 4B, 4C, 4D, 4E, 4F and 4G show the 10,000x
magnified scanning electrode micrographs of graphene
films.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The present disclosure can be fully understood and
accomplished by the skilled person according to the follow-
ing embodiments. However, the practice of present method
is not limited to the following embodiments.

In an embodiment, the APPJ is used to treat graphene.
Specifically, reduced graphene oxide (rGO) (60 mg) being
graphene initial material is homogeneously mixed with 2
ml of viscous solution, containing solvent of a-terpineol
and adhesive of ethyl cellulose (10 wt %), to form the
graphene slurry. Next, the graphene slurry is screen printed
on a cleaned fluorine-doped tin oxide (FTO) conductive
glass substrate and then undergoes a soft bake process (100°
C., 5 minutes) in an oven. The FTO substrate covered by the
baked graphene slurry is put on a movable carrier which
slowly moves under the APPJ. The operation parameters of
the APPJ are a nitrogen flow rate of 30 slm, operating
voltage of 275V and duty cycle of 7/33 microsecond. When
the substrate is exposed to the APPJ, the substrate and the
APPJ are 2 cm apart, and the opening of the quartz tube has
a radius of 1.7 cm. The carrier moves slowly so as to prevent
the FTO substrate from cracking due to drastic change of
temperature. When the graphene slurry is treated by the
APPJ according to the above-mentioned operation param-
eters, the working temperature of the FTO substrate is 450°
C. In various embodiments, the graphene slurry is then
treated by the APPJ for different durations, e.g. 1, 5, 9, 11,
13 and 17 seconds, once the FTO substrate reaches the
working temperature due to the jet heat. After the APPJ
treatment, the FTO substrate is slowly removed from the
underneath of the APPJ, and the graphene slurry becomes a
graphene film covers and is fixed on the FTO substrate. The
FTO substrate covered thereon the graphene film can be seen
as a graphene electrode.

A comparative embodiment that the FTO substrate cov-
ered thereon the soft-baked graphene slurry (having become
a graphene film) is made according to the procedure iden-
tical to that of the above-mentioned APPJ embodiments, but
it does not undergo any further heating treatment is provided
to be a first comparative graphene electrode. Another com-
parative embodiment that the FTO substrate covered thereon
the soft-baked graphene slurry is made according to the
procedure identical to that of the above-mentioned APPJ
embodiments, and then the graphene slurry is treated by
conventional furnace calcination process (450° C., 15 min-
utes) is provided to be a second comparative graphene
electrode. Each of the comparative graphene electrodes and
the graphene electrodes treated by various APPJ-treating
durations is used to be a counter electrode and assembled
with a dye-absorbed TiO, photoanode, having a dense and a
porous layers and treated by titanium tetrachloride, to form
a DSSC. The photoelectric characteristics, including open
circuit voltage (V,,, short circuit current density (J.), fill
factor (FF %) and photoelectric conversion efficiency ( %),

of the respective DSSCs are measured and shown in Table
1.
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4
TABLE 1

Graphene counter electrode in

DSSC V.. (V) I, (mAlem?) FF (%) m (%)
Without any further heating 0.71 1.88 14.29 0.19
treatment

Furnace-calcined for 15 min 0.73 11.50 62.25 5.19
APPJ treated for 1 sec 0.68 8.81 19.03 1.14
APPJ treated for 5 sec 0.72 10.29 57.36 428
APPJ treated for 9 sec 0.72 11.13 57.09 4.60
APPJ treated for 11 sec 0.73 11.11 63.82 5.19
APPJ treated for 13 sec 0.69 11.07 58.48 448
APPJ treated for 17 sec 0.66 8.76 39.95 3.01

As shown in Table 1, the photoelectric conversion effi-
ciency of the DSSC using the first comparative graphene
electrode (without treated by further heating treatment) is
very low because the organics block the contact between
electrolyte and reduced graphene oxide sheets and the
conduction of electrons. In addition, the 1 of the DSSC
using the graphene electrode treated by the conventional
furnace calcination process is 5.19%. Regarding the DSSCs
using the graphene electrodes treated by the APPJ, with the
treating time increasing, the respective is correspondingly
increase. The DSSC using the graphene electrode treated by
the APPJ for 11 seconds has the 1 comparable to that of the
DSSC using the graphene electrode treated by the conven-
tional furnace calcination process, but the treating duration
for the APPJ-treated graphene electrode decreases approxi-
mately 90% of that of the furnace-calcined graphene elec-
trode. The major factor influencing the 1 is FF. When the FF
is low, the n is poor. With the APPJ-treating duration
increasing, the respective FFs of the DSSCs correspondingly
increase.

The respective voltage-current curves of the DSSCs using
the two comparative and the APPJ-treated counter graphene
electrodes are shown in FIG. 1.

In addition, the respective Nyquist plots of EIS of the
DSSCs using the two comparative and the APPJ-treated
counter graphene electrodes are shown in FIG. 2. In FIG. 2,
the Nyquist plot of EIS of the DSSC using the graphene
electrode treated by APPJ for 1 second is not shown because
its range is much greater than the others. Moreover, via the
fitting of circuit model, the respective values of R, the
charge transfer resistance at the interface between the coun-
ter electrode and the electrolyte redox reaction, of the EISs
of'the DSSCs using the graphene electrodes treated by APPJ
for 1, 5, 9 and 11 seconds and the furnace calcination process
are obtained and shown in Table 2.

TABLE 2
Graphene counter electrode in DSSC Rez (R)
Furnace-calcined for 15 min 14.26
APPJ treated for 1 sec 112.9
APPJ treated for 5 sec 447
APPJ treated for 9 sec 13.49
APPJ treated for 11 sec 13.39

As shown in Table 2, with the APPJ-treating duration
increasing, the respective values of R of the DSSCs using
the APPJ-treated graphene electrodes correspondingly
decrease. Regarding the DSSC using the graphene electrode
treated by APPJ for 11 seconds, the value of R - is slightly
lower than that of the DSSC using the furnace-calcined
graphene electrode. Accordingly, that the catalytic ability
has positive correlation with the photoelectric conversion
efficiency should be a reason causing the change of effi-
ciency.
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FIGS. 3A, 3B, 3C, 3D, 3E, 3F and 3G show the images
of graphene films in the above-mentioned comparative and
APPJ-treated embodiments, which are observed by the
scanning electron microscopy (SEM) with 1,000x magnifi-
cation. FIGS. 4A, 4B, 4C, 4D, 4E, 4F and 4G show the
images of graphene films in the above-mentioned compara-
tive and APPJ-treated embodiments, which are observed by
the scanning electron microscopy (SEM) with 10,000x
magnification. Specifically, FIGS. 3A, 3B, 3C, 3D, 3E, 3F
and 3G respectively show the magnified appearances of
graphene films made without any further heating treatment
(FIG. 3A), by the conventional furnace calcination process
(FIG. 3B), and by the APPJ-treating process for 1, 5, 9, 11
and 13 seconds (FIGS. 3C, 3D, 3E, 3F and 3G). In addition,
FIGS. 4A, 4B, 4C, 4D, 4E, 4F and 4G respectively show the
magnified appearances of graphene films made without any
further heating treatment (FIG. 4A), by the conventional
furnace calcination process (FIG. 4B), and by the APPJ-
treating process for 1, 5, 9, 11 and 13 seconds (FIGS. 4C,
4D, 4E, 4F and 4G).

As shown in FIG. 3A, the surface of graphene film is
rough but there is no visibly flaky or scaly structure thereon.
In FIG. 3B, due to the removal of organics caused by furnace
calcination, the sheet structure of rGO and the gaps between
rGO sheets are revealed in the graphene film. As shown in
FIGS. 3C to 3G, with the APPJ-treating duration increasing,
in addition to the reveal of sheet structure of rGO and gaps
between rGO sheets, more apparent cracks and scaly struc-
tures appear on the rGO sheets in the graphene film.

The APPJ-treated graphene film has a bottom portion and
an upper portion disposed on the bottom portion, and
contains rGO sheets and gaps between the sheets. The rGO
sheets in the bottom portion of the APPJ-treated graphene
film are in contact with the substrate. Multiple scaly struc-
tures protrude from the relatively plane rGO sheets. These
scaly structures cause cracks on the rGO sheets in the
APPJ-treated graphene film.

As shown in FIGS. 4E and 4F, the cracks appear on the
surface of the plane graphene sheets, and plural scaly
structures 41 protrude from the plane graphene sheets,
which causes the graphene sheets not so plane like the
graphene sheets made according to the conventional furnace
calcination process. That is, when treating the baked gra-
phene slurry, the APPJ not only removes the organics but
also breaks the plane structure of graphene sheets. The
defect of the graphene sheet may decrease the conductivity,
but it can raise the catalytic ability. Based on the values of
RCE, it can be seen that the catalytic ability of the 11
seconds-APPJ-treated graphene electrode is slightly higher
that of the furnace-calcined graphene electrode. Accord-
ingly, the APPJ treatment can rapidly remove the organics
from the graphene initial material (slurry), and negative
influence of the broken plane structure is compensated by
the increased catalytic ability.

In an embodiment, each of the scaly structures of the
APPJ-treated graphene film on the substrate has a surface
opposite to the substrate. The surface of a scaly structure can
be observed from a top view of the APPJ-treated graphene
film as shown in any of FIGS. 3C to 3G and 4C to 4G. The
surface has an edge. When a plane substrate, having an
APPJ-treated graphene film thereon, is horizontally dis-
posed, and two different points on the edge of the surface of
a scaly structure of the graphene film are vertically projected
on a defined horizontal plane, a linear distance between the
two projected points is not longer than 10 um.

In an embodiment, the graphene slurry has a solvent, an
adhesive dissolved in the solvent and rGO powders/tflakes
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6

dispersed in the solvent, where the solvent includes but is
not limited to water, a-terpineol, p-terpineol, y-terpineol,
d-terpineol, methanol, ethanol, isopropanol, acetone, and
any combination thereof, and the adhesive includes but is
not limited to: ester derivative of cellulose (e.g. cellulose
nitrate and cellulose acetate), ether derivative of cellulose
(e.g. methyl cellulose, ethyl cellulose and carboxymethyl
cellulose), polyethylene glycol (PEG), polyethylene oxide
(PEO), polyvinylpyrrolidone (PVP) and any combination
thereof.

In an embodiment, plasma gas assorting with the APPJ
includes but not limited to nitrogen, hydrogen, oxygen,
argon, helium and air. In an embodiment, species of power
source used to drive the APPJ includes but not limited to DC,
AC, pulsed and RF. In an embodiment, species of plasma
used to treat the metal precursor solution includes but not
limited to plasma jet and dielectric barrier discharge plasma.
Specifically, the operation pressure of the plasma is 50
mTorr to 5 atm.

The energy consumption required for producing the gra-
phene film according to the conventional furnace calcination
process is estimated as 3 kJ per square centimeter. However,
for the production of the present graphene film treated by the
APPJ, for example, for 11 seconds, the required energy
consumption is estimated as 1.1 kJ per square centimeter. In
other words, through the APPJ treatment, one-third of the
energy consumption of the furnace calcination process is
enough to produce a graphene film having the same area and
photoelectric conversion efficiency.

In an embodiment, a method for manufacturing graphene
having specific structures is provided. Specifically, the
method uses an APPJ to treat slurry containing graphene
initial material and coated on a substrate for an appropriate
time until the slurry becomes a graphene film having plural
scaly structures. In addition, the graphene film has a three-
dimensional foam structure as a whole and can be seen as
three-dimensional graphene foam.

In an embodiment, a treatment to APPJ-treated graphene
film/foam is stopped when the graphene film/foam cures and
has plural rGO sheets and multiple scaly structures and
cracks on the rGO sheets.

Based on the above, it can be seen that the present
disclosure at least provides an apparatus and method for
manufacturing a graphene film having specific structures.
The present apparatus and method can shorten the manu-
facturing time of the graphene film from several hours,
usually required for a conventional furnace calcination pro-
cess including the heating and cooling times, to only 11
seconds. Specifically, the present disclosure at least provides
embodiments which use the APPJ to produce the graphene
film/electrode with low energy consumption and in short
time. Also, the DSSC using the present graphene electrode
indeed has excellent photoelectric characteristics. Accord-
ingly, regarding the production of the graphene film, the
APP]J treatment can substitute the conventional furnace
calcination process to provide a faster and more economical
improvement scheme.

Embodiments

Embodiment 1 is a method for manufacturing a graphene
film, comprising steps of providing a substrate, distributing
a graphene slurry on the substrate, causing the graphene
slurry to distribute on the substrate, and treating the gra-
phene slurry distributed on the substrate with an atmospheric
pressure plasma jet (APPJ) to form the graphene film.

Embodiment 2 is an embodiment described in Embodi-
ment 1, where the substrate is electrically conductive.
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Embodiment 3 is an embodiment described in Embodi-
ment 2, where the graphene film covers and is fixed on the
substrate, causing the substrate to form an electrode.

Embodiment 4 is an embodiment described in Embodi-
ment 1, further comprising a step of treating the graphene
slurry on the substrate with the APPJ within thirty seconds
once the substrate temperature reaches a certain working
temperature.

Embodiment 5 is an embodiment described in Embodi-
ment 1, where treating is stopped when the graphene film
cures, and the graphene film in contact with the substrate at
its bottom has plural reduced graphene oxide (rGO) sheets,
and multiple scaly structures and cracks on the rGO sheets.

Embodiment 6 is an embodiment described in Embodi-
ment 5, where each of the multiple scaly structures has a
surface opposite to the substrate, the surface has an edge,
and when two different points on the edge are vertically
projected on a defined horizontal plane, a linear distance
between the two projected points is not longer than 10 pm.

Embodiment 7 is an embodiment described in Embodi-
ment 1, where the graphene slurry has a solvent, an adhesive
dissolved in the solvent and rGO powders/flakes dispersed
in the solvent, the solvent is one selected from the group
consisting of water, a-terpineol, f-terpineol, y-terpineol,
d-terpineol, methanol, ethanol, isopropanol, acetone, and
any combination thereof, and the adhesive is one selected
from the group consisting of a cellulose ester derivative, a
cellulose ether derivative, polyethylene glycol (PEG), poly-
vinylpyrrolidone (PVP) and any combination thereof.

Embodiment 8 is a method for manufacturing a three-
dimensional graphene foam, comprising steps of providing
a graphene slurry, and treating the graphene slurry with an
atmospheric pressure plasma jet (APPJ) to form the three-
dimensional graphene foam.

Embodiment 9 is an embodiment described in Embodi-
ment 8, further comprising steps of providing a substrate,
and distributing the graphene slurry on the substrate.

Embodiment 10 is an embodiment described in Embodi-
ment 8, where treating is stopped when the graphene foam
cures, and the graphene foam in contact with the substrate at
its bottom has plural reduced graphene oxide (rGO) sheets,
and multiple scaly structures and cracks on the rGO sheets.

Embodiment 11 is an embodiment described in Embodi-
ment 10, where each of the multiple scaly structures has a
surface opposite to the substrate, the surface has an edge,
and when two different points on the edge are vertically
projected on a defined horizontal plane, a linear distance
between the two projected points is not longer than 10 pm.

Embodiment 12 is an embodiment described in Embodi-
ment 8, where the graphene slurry has a solvent, an adhesive
dissolved in the solvent and rGO powders/flakes dispersed
in the solvent, the solvent is one selected from the group
consisting of water, a-terpineol, f-terpineol, y-terpineol,
d-terpineol, methanol, ethanol, isopropanol, acetone, and
any combination thereof, and the adhesive is one selected
from the group consisting of a cellulose ester derivative, a
cellulose ether derivative, polyethylene glycol (PEG), poly-
vinylpyrrolidone (PVP) and any combination thereof.

Embodiment 13 is an embodiment described in Embodi-
ment 8, further comprising a step of treating the graphene
slurry on the substrate with the APPJ within thirty seconds
once the substrate temperature reaches a certain working
temperature.

Embodiment 14 is a system for manufacturing a graphene
film, comprising a substrate having a graphene slurry dis-
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posed thereon, and an atmospheric pressure plasma jet
(APPJ) treating the graphene slurry to form the graphene
film on the substrate.
Embodiment 15 is an embodiment described in Embodi-
ment 14, where the substrate is electrically conductive.
Embodiment 16 is an embodiment described in Embodi-
ment 15, where the graphene film covers and is fixed on the
substrate, causing the substrate to form an electrode.
Embodiment 17 is an embodiment described in Embodi-
ment 14, further comprising a supporting device bearing the
substrate, and a plasma generator generating the APPI,
where the APPJ treats the graphene slurry distributed on the
substrate.
Embodiment 18 is an embodiment described in Embodi-
ment 14, where treating is stopped when the graphene film
cures, and the graphene film is in contact with the substrate
at its bottom, and has plural reduced graphene oxide (rGO)
sheets, and multiple scaly structures and cracks on the rGO
sheets.
Embodiment 19 is an embodiment described in Embodi-
ment 18, where each the plural scaly structures has a surface
opposite to the substrate, the surface has an edge, and when
two different points on the edge are vertically projected on
a defined horizontal plane, a linear distance between the two
projected points is not longer than 10 pm.
Embodiment 20 is an embodiment described in Embodi-
ment 14, where the graphene slurry has a solvent, an
adhesive dissolved in the solvent and reduced graphene
oxide (rGO) powders/flakes dispersed in the solvent, the
solvent is one selected from the group consisting of water,
a-terpineol, B-terpineol, ¥-terpineol, d-terpineol, methanol,
ethanol, isopropanol, acetone, and any combination thereof,
and the adhesive is one selected from the group consisting
of a cellulose ester derivative, a cellulose ether derivative,
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) and
any combination thereof.
While this disclosure is described in terms of what is
presently considered to be the most practical and preferred
embodiments, it is to be understood that the disclosure is not
limited to the disclosed embodiments. Therefore, it is
intended to cover various modifications and similar arrange-
ments included within the spirit and scope of the appended
claims, which are to be accorded with the broadest inter-
pretation so as to encompass all such modifications and
similar structures.
What is claimed is:
1. A method for manufacturing a reduced graphene oxide
(rGO) film, comprising steps of:
providing a substrate;
distributing a reduced graphene oxide (rGO) slurry having
a solvent on the substrate;

evaporating the solvent in the rGO slurry to form a
reduced graphene oxide (rGO)-containing precursor
film on the substrate; and

treating the reduced graphene oxide (rGO)-containing

precursor film on the substrate with an atmospheric
pressure plasma jet (APPJ) to form the rGO film,
wherein the treating step is kept up for a period of not
more than thirteen seconds once the substrate tempera-
ture reaches 450° C.

2. The method as claimed in claim 1, wherein the sub-
strate is electrically conductive.

3. The method as claimed in claim 1, wherein the rGO
film forms an electrode on the substrate.

4. The method as claimed in claim 1, wherein the treating
step is stopped when the rGO-containing precursor film
becomes the rGO film, the rGO film contains plural reduced
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graphene oxide (rGO) sheets having flaky structures pro-
truded therefrom and cracks contained therein, each of the
flaky structures has a bottom portion and an upper portion
connected thereto, the bottom portion is directly in contact
with at least one of the plural rGO sheets; and the upper
portion is protruded from the at least one of the plural rGO
sheets.

5. The method as claimed in claim 4, wherein the flaky
structures include surfaces, wherein the surfaces of the flaky
structures have edges, and a linear distance between two
projection points vertically projected from any two different
points lying on any one of the edges onto a surface of the
substrate is not longer than 10 pm.

6. The method as claimed in claim 1, wherein the rGO
slurry has a solvent, an adhesive dissolved in the solvent and
reduced graphene oxides (rGOs) dispersed in the solvent,
the solvent is one selected from the group consisting of
water, co-terpineol, p-terpineol, y-terpineol, d-terpineol,
methanol, ethanol, isopropanol, acetone, and any combina-
tion thereof, and the adhesive is one selected from the group
consisting of a cellulose ester derivative, a cellulose ether
derivative, polyethylene glycol (PEG), polyvinylpyrroli-
done (PVP) and any combination thereof.
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