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Description

FIELD OF THE INVENTION

[0001] Example embodiments provide a method of
preparing graphene and a graphene particle manufac-
tured in accordance with this method.

BACKGROUND OF THE INVENTION

[0002] Graphene is a conductive material having a two-
dimensional honeycomb arrangement of carbon atoms
and a thickness of one atom layer.
[0003] The graphene forms graphite when three-di-
mensionally piled, carbon nanotubes when one-dimen-
sionally rolled, and fullerene when zero-dimensionally
shaped into a ball, and thus has been regarded as an
important model for researching various low-dimensional
nano-phenomena.
[0004] The graphene is predicted to not only be struc-
turally and chemically very stable but also so conductive
that it can transfer electrons 100 times as fast as silicon
and flow a current about 100 times as fast as copper.
[0005] These predicted characteristics of the graphene
have been experimentally proved, since a method of sep-
arating graphene from graphite was discovered in 2004,
which thrilled scientists all over the world for several
years.
[0006] The graphene is formed of a relatively light el-
ement, carbon, and is easily processed into a one- or
two-dimensional nanopattern, which may not only be
used to adjust semiconductor-conductor properties, but
also be vastly applied to functional devices (e.g., sensors
and/or memories) by using various chemical bonds of
the carbon.
[0007] Accordingly, a technology using the graphene
draws a lot of attention, but a method of massively pro-
ducing the graphene with a relatively low cost, a large
area, and reproducibility has not yet been developed.
[0008] In general, the graphene may be prepared in
five methods. A first method is mechanical or chemical
peeling or breaking large graphite into pieces and thus
forming a monolayer, but it is difficult to prepare graphene
having a large area.
[0009] A second method is epitaxy synthesis of raising
carbon adsorbed or included in a crystal at a relatively
high temperature into graphene on the surface thereof
to form graphene having a large area, but has a drawback
of needing an expensive substrate device and bringing
about relatively insufficient electrical characteristics.
[0010] In addition, an organic synthesis method may
use tetraphenyl benzene, but has drawbacks of being
difficult to produce graphene having a large area and it
is expensive.
[0011] Lastly, a chemical vapor deposition method
synthesizes graphene by depositing a transition metal
(Ni or Cu) catalyst layer on a substrate that adsorbs car-
bon well, reacting the substrate having the catalyst layer

with a mixed gas of CH4 and hydrogen at a relatively high
temperature (1000 °C) so that carbon in an appropriate
amount is melted or adsorbed in the catalyst layer, and
then cooling the carbon melted or adsorbed in the catalyst
layer on the substrate by using a melting temperature
difference between the catalyst and the carbon.
[0012] However, this method has a drawback of sep-
arating the catalyst layer and the graphene layer with a
relatively high cost at a relatively high reaction tempera-
ture.
[0013] In addition, the method has difficulties in regu-
lating reaction time of methane and hydrogen gas, a cool-
ing rate, concentration of a reaction gas, and/or thickness
of a catalyst layer, and continuously performing a proc-
ess.

SUMMARY OF THE INVENTION

[0014] Example embodiments provide a method of
preparing graphene with relatively high efficiency at a
relatively low reaction temperature.
[0015] Example embodiments provide a nanoparticle
including the graphene prepared according to the method
of example embodiments.
[0016] Example embodiments provide a patterned
graphene or graphene sheet prepared according to the
method of example embodiments.
[0017] According to example embodiments, a method
of preparing graphene includes supplying a gas to a metal
catalyst, the gas including CO2, CH4, and H2O, reacting
while heating, and cooling the resultant.
[0018] The metal catalyst may include at least one met-
al selected from Ni, Co, Cu, Fe, Rh, Ru, Pt, Au, Al, Cr,
Mg, Mn, Mo, Si, Sn Ta, Ti, W, U, V, Zr, brass, bronze,
stainless steel, and Ge, or an alloy including two or more
of the aforementioned metals.
[0019] The CH4:CO2:H2O gases may be mixed in a
mole ratio of about 1:0.20-0.50:0.01 - 1.45. The
CH4:CO2:H2O gases may be mixed in a mole ratio of
about 1:0.25 - 0.45:0.10 - 1.35. The CH4:CO2:H2O gases
may be mixed in a mole ratio of about 1:0.30 - 0.40:0.50
- 1.0.
[0020] The reacting may heat the resultant at about
400 to about 900 °C. The cooling may cool the resultant
at a given rate in the presence of an inert gas. The metal
catalyst may be supported by a porous carrier of one of
Al2O3, SiO2, zeolite, TiO2, and silicon.
[0021] The metal catalyst may be supported by the po-
rous carrier while being bonded thereto to form a metal
catalyst - porous carrier composite. The metal catalyst
may be in a form of a nanoparticle.
[0022] Alternatively, the metal catalyst may be in a form
of one of a film and a substrate, and a carrier supporting
the metal catalyst may be on at least one part of the metal
catalyst in the form of one of the film and the substrate.
The metal catalyst may be in the form of one of a Ni film
and the substrate. The carrier on at least one part of the
metal catalyst may be in an ionic form of one of Al, Si
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and Ti. The carrier on at least one part of the metal cat-
alyst may be provided in a patterned form.
[0023] According to example embodiments, a method
of manufacturing a semiconductor circuit may include the
method of example embodiments, wherein the carrier
may be provided in a patterned form on at least one part
of the metal catalyst in a form of one of the film and the
substrate.
[0024] According to example embodiments, a graph-
ene-encapsulated metal nanoparticle may be prepared
in accordance with the method of example embodiments.
[0025] The metal nanoparticle may include at least one
metal selected from Ni, Co, Cu, Fe, Rh, Ru, Pt, Au, Al,
Cr, Mg, Mn, Mo, Si, Sn, Ta, Ti, W, U, V, Zr, brass, bronze,
stainless steel, and Ge, or an alloy including two or more
the foregoing metals. The metal nanoparticle may have
a diameter of about 1 to about 50 nm. The graphene-
encapsulated metal nanoparticle may be used in one of
a light emitting material for a display, an electrode mate-
rial of a battery or a solar cell, and an in vivo drug delivery
material.
[0026] According to example embodiments, a hollow
graphene nanoparticle prepared by removing the metal
nanoparticle from the graphene-encapsulated metal na-
noparticle may be prepared according to the method of
example embodiments.
[0027] The graphene may be made up of one sheet to
five sheets.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028]

FIG. 1 is a schematic view showing a supported form
of a catalyst for graphene growth on a carrier, and
the left of which is a cross-sectional view showing
catalyst metal particles physically adsorbed on the
carrier, while the right thereof is a cross-sectional
view showing the carrier and a catalyst metal bonded
in a form of an alloy.
FIGS. 2(a) - (b) are exaggerated enlarged views of
each catalyst metal particle in a catalyst supported
by physically adsorbing a catalyst metal on a porous
carrier (FIG. 2(a)) and another catalyst supported by
alloying a catalyst metal and a carrier (FIG. 2(b)).
FIG. 3 is a schematic view showing different states
in which carbon atoms absorbed in a catalyst layer
move toward the surface of the catalyst layer de-
pending on the cooling rate, when graphene is pre-
pared in a conventional chemical vapor deposition
method.
FIG. 4 is a schematic view showing a process in
which carbon atom sources (CO2 and CH4) interact
with water on the surface of a catalyst, and extra
carbon atoms from the carbon atom sources and the
water are converted into CO and H2 gases and evap-
orated.
FIG. 5 is a schematic view showing a state in which

the extra carbon atoms are not accumulated on the
surface of a catalyst but are absorbed into a catalyst
layer and thus form a catalyst interstitial layer (FIG.
5 (a)), and in which the catalyst interstitial layer es-
capes onto the surface of the catalyst layer by cooling
to form graphene (FIG. 5 (b)).
FIG. 6 is a schematic view showing a process in
which graphene is formed according to the Al ion
pattern on a Ni film according to example embodi-
ments.
The Ni film may be removed from the patterned
graphene on the Ni film, obtaining the patterned
graphene.
FIG. 7 is a 3D TEM image showing a metal catalyst
for graphene growth supported on a porous carrier
according to Preparation Example 1.
FIG. 8 is a 3D TEM image showing a metal catalyst
for graphene growth supported on a porous carrier
according to Preparation Example 2.
FIG. 9 is a TEM photograph showing the metal cat-
alyst for graphene growth according to Preparation
Example 1 after a reaction of forming graphene on
the catalyst.
FIG. 10 is a TEM photograph showing the catalyst
for graphene growth according to Preparation Ex-
ample 2 after a reaction forming graphene on the
catalyst.
FIG. 11 is a Raman graph showing that graphene is
formed after the reactions of forming graphene on a
catalyst for graphene growth according to Prepara-
tion Examples 1 and 2.
FIG. 12 is an XPS graph showing that graphene is
formed after the reactions of forming graphene on a
catalyst for graphene growth according to Prepara-
tion Examples 1 and 2.
FIG. 13 is a SEM photograph showing that graphene
is formed on an Al ion-coated catalyst on a Ni film
according to Preparation Example 3.
FIG. 14 is a Raman graph showing that graphene is
formed on a part where Al ions are coated out of the
Al ion-coated catalyst on a Ni film according to Prep-
aration Example 3.
FIG. 15 is an XPS graph showing that graphene is
formed on a part where Al ions are coated out of the
Al ion-coated catalyst on a Ni film according to Prep-
aration Example 3.
FIG. 16 is a Raman graph showing that graphene is
formed on a Ni catalyst deposited on a semiconduc-
tor wafer according to Preparation Example 4.
FIG. 17 (a) is a SEM photograph showing that the
graphene is formed on a Ni catalyst deposited on a
semiconductor wafer according to Preparation Ex-
ample 4, and FIG. 17 (b) is an enlargement of FIG.
17 (a).

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0029] The inventive concepts will now be described
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more fully with reference to the accompanying drawings,
in which example embodiments are shown. In the draw-
ings, the same reference numerals denote the same el-
ements, and sizes or thicknesses of elements may be
exaggerated for clarity.
[0030] It will be understood that when an element is
referred to as being "connected" or "coupled" to another
element, it can be directly connected or coupled to the
other element or intervening elements may be present.
In contrast, when an element is referred to as being "di-
rectly connected" or "directly coupled" to another ele-
ment, there are no intervening elements present. As used
herein the term "and/or" includes any and all combina-
tions of one or more of the associated listed items.
[0031] It will be understood that, although the terms
"first", "second", etc. may be used herein to describe var-
ious elements, components, regions, layers and/or sec-
tions, these elements, components, regions, layers
and/or sections should not be limited by these terms.
These terms are only used to distinguish one element,
component, region, layer or section from another ele-
ment, component, region, layer or section. Thus, a first
element, component, region, layer or section discussed
below could be termed a second element, component,
region, layer or section without departing from the teach-
ings of example embodiments.
[0032] Spatially relative terms, such as "beneath," "be-
low," "lower," "above," "upper" and the like, may be used
herein for ease of description to describe one element or
feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. It will be understood that the
spatially relative terms are intended to encompass dif-
ferent orientations of the device in use or operation in
addition to the orientation depicted in the figures. For
example, if the device in the figures is turned over, ele-
ments described as "below" or "beneath" other elements
or features would then be oriented "above" the other el-
ements or features. Thus, the exemplary term "below"
can encompass both an orientation of above and below.
The device may be otherwise oriented (rotated 90 de-
grees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.
[0033] The terminology used herein is for the purpose
of describing exemplary embodiments only and is not
intended to be limiting of example embodiments. As used
herein, the singular forms "a," "an" and "the" are intended
to include the plural forms as well, unless the context
clearly indicates otherwise. It will be further understood
that the terms "comprises" and/or "comprising," when
used in this specification, specify the presence of stated
features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addi-
tion of one or more other features, integers, steps, oper-
ations, elements, components, and/or groups thereof.
[0034] Example embodiments are described herein
with reference to cross-sectional illustrations that are
schematic illustrations of idealized embodiments (and in-
termediate structures) of example embodiments. As

such, variations from the shapes of the illustrations as a
result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, example embodi-
ments should not be construed as limited to the particular
shapes of regions illustrated herein but are to include
deviations in shapes that result, for example, from man-
ufacturing. For example, an implanted region illustrated
as a rectangle will, typically, have rounded or curved fea-
tures and/or a gradient of implant concentration at its
edges rather than a binary change from implanted to non-
implanted region. Likewise, a buried region formed by
implantation may result in some implantation in the region
between the buried region and the surface through which
the implantation takes place. Thus, the regions illustrated
in the figures are schematic in nature and their shapes
are not intended to illustrate the actual shape of a region
of a device and are not intended to limit the scope of
example embodiments.
[0035] Unless otherwise defined, all terms (including
technical and scientific terms) used herein have the same
meaning as commonly understood by one of ordinary
skill in the art to which example embodiments belong. It
will be further understood that terms, such as those de-
fined in commonly-used dictionaries, should be interpret-
ed as having a meaning that is consistent with their mean-
ing in the context of the relevant art and will not be inter-
preted in an idealized or overly formal sense unless ex-
pressly so defined herein.
[0036] Example embodiments provide a method of
preparing graphene that includes supplying a gas includ-
ing CO2, CH4, and H2O to a metal catalyst for graphene
growth and reacting them by heating, and cooling the
resultant.
[0037] The metal catalyst may be a transition metal
catalyst having relatively high adsorbability for carbon,
specifically, at least one metal selected from Ni, Co, Fe,
Pt, Au, Al, Cr, Cu, Mg, Mn, Mo, Rh, Si, Sn, Ta, Ti, W, U,
V, Zr, brass, bronze, stainless steel, and Ge, or an alloy
catalyst, more specifically an alloy catalyst including Ni,
Co, Cu, Fe, or two or more of the aforementioned metals,
and still more specifically, the metal catalyst may be a Ni
catalyst.
[0038] The CH4:CO2:H2O gases may be used in a
mole ratio of about 1:0.20-0.50:0.01 - 1.45, specifically,
about 1:0.25 - 0.45:0.10 - 1.35, and more specifically,
about 1:0.30 - 0.40:0.50 - 1.0.
[0039] As shown in the reaction ratio, water is required
to be included in an amount of at least greater than or
equal to about 0.01, but when the water is included in an
amount of greater than or equal to about 1.45, carbon is
not accumulated on the catalyst but is all converted into
CO2, and in addition, the Ni catalyst is completely oxi-
dized, lowering reactivity and thus making it difficult to
form graphene.
[0040] The heating may be performed at about 400 to
about 900 °C, specifically, about 500 to about 850 °C,
and more specifically, about 600 to about 800 °C.
[0041] The cooling may be performed at a given rate
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in the presence of an inert gas, for example, nitrogen
(N2), argon (Ar2), or helium (He2) gas.
[0042] In example embodiments, the metal catalyst
may be supported on a carrier, for example, a porous
carrier or silicon.
[0043] The porous carrier may be an oxide carrier, e.g.,
Al2O3, SiO2, zeolite, or TiO2, for example, Al2O3.
[0044] The silicon may be amorphous silicon, and spe-
cifically, a semiconductor wafer.
[0045] The metal catalyst may be supported on the car-
rier in a form that the metal catalyst is adsorbed as spher-
ical nanoparticles on the porous carrier or bonded as
ovals, or as asymmetric hexagonal prismatic nanoparti-
cles on the porous carrier in a form of an alloy.
[0046] Otherwise, the metal catalyst may be supported
on a semiconductor wafer by depositing a metal using a
CVD (chemical vapor deposition) method.
[0047] As described below in detail, the "composite" of
the catalyst metal particles with the porous carrier indi-
cates that each catalyst particle is adhered to a carrier
and forms a strong bond therewith through strong inter-
action between catalyst particles and the carrier and has
a circular or oval cross-section when the alloy is vertically
cut, as shown in the exaggerated view of FIG. 2 (b).
[0048] On the other hand, a method of supporting a
metal catalyst on a porous carrier is well-known in a re-
lated art.
[0049] For example, the method of supporting a metal
catalyst on a porous carrier may include depositing at
least one metal or an alloy selected from Ni, Co, Fe, Pt,
Au, Al, Cr, Cu, Mg, Mn, Mo, Rh, Si, Sn, Ta, Ti, W, U, V,
Zr, brass, bronze, stainless steel, and Ge as a catalyst
for graphene growth on a carrier, specifically, a porous
carrier by using a thermal evaporator, an e-beam evap-
orator, a sputterer, or through electro-plating, or physi-
cally adsorbing the metal catalyst particles for graphene
growth on the carrier in a wet method.
[0050] For example, the deposition of the metal cata-
lyst particles on a porous carrier using a wet method in-
cludes impregnating a porous carrier in an aqueous so-
lution in which a metal catalyst is dissolved, heating the
carrier-coated catalyst in an oven, and drying it, and then
firing the resultant at a relatively high temperature, re-
ducing the fired catalyst under an inert gas atmosphere
while heating at a predetermined or given rate, and then
maintaining the reduced catalyst at a relatively high tem-
perature under a hydrogen atmosphere to prepare a cat-
alyst.
[0051] FIG. 1 (left) shows that the spherical metal cat-
alyst particles are physically adsorbed on the porous car-
rier in the prepared catalyst.
[0052] On the other hand, the metal catalyst particles
may be strongly bonded with the carrier in a form of an
alloy as shown in FIG. 1 (right), rather than physically
adsorbed on the porous carrier, while still maintaining a
spherical shape.
[0053] In other words, as shown in FIG. 1 (right), when
the metal catalyst particles are more strongly bonded with

the porous carrier in a form of an alloy than physically
and chemically bonded therewith, the metal catalyst par-
ticles have a hemispherical, oval, or upside down boat
shape rather than the spherical shape, and thus more
widely contact the surface of the porous carrier and have
a stronger bond.
[0054] FIGS. 2(a) - 2(b) are exaggerated enlarged
views of each catalyst particle to show a bonding form
of the metal catalyst with the porous carrier.
[0055] As shown in FIG. 2 (a), when the catalyst metal
particles are physically adsorbed on the porous carrier,
the catalyst metal particles have a spherical shape and
a relatively smaller contact area with the porous carrier.
[0056] On the other hand, as shown in FIG. 2 (b), when
the catalyst metal particles are bonded with the porous
carrier in a form of an composite, each catalyst metal
particle has a semi-oval or upside down boat shape and
a relatively much larger contact area with the porous car-
rier compared with the contact area shown in FIG. 2 (a).
[0057] As shown in the FIG. 2 (b), the method of fusing
the catalyst metal particles with the porous carrier in a
form of a metal particle - carrier composite may include
a process of cooling down a reactor having the catalyst
to room temperature and adding a small amount of water
thereto before heating under a hydrogen atmosphere as
the last step for preparing the catalyst.
[0058] In other words, when the catalyst is adsorbed
on the porous carrier according to the aforementioned
wet method, and water in a small amount is added to the
catalyst metal particles, the catalyst metal particles are
pushed and crushed down by the water and thus have
an oval shape and are more strongly bonded on the sur-
face of the porous carrier.
[0059] In this way, when the catalyst metal particles
are bonded with the porous carrier in a form of a com-
posite, the catalyst particles have a larger contact area
with the carrier and become more stable at a relatively
high temperature. In addition, as described below in de-
tail, carbon atoms are more easily adsorbed into a larger
contact interface between the catalyst and carrier, and
accordingly, extra carbon atoms are not be accumulated
on the surface of the catalyst but react with water and
produce CO and H2 gas and thus prevent or reduce de-
terioration of the catalyst by coking of the catalyst.
[0060] Furthermore, as the carrier/catalyst has a larger
interface area, a CO2 modifying reaction has higher ef-
ficiency on the interface.
[0061] FIG. 5 schematically shows this mechanism.
[0062] As shown in FIG. 5, when the catalyst metal
particles are bonded with the porous carrier in a form of
a composite according to example embodiments, this
catalyst more effectively has a CO2 modify reaction
through the larger interface between the carrier/catalyst,
but further decreases coking and deterioration of the cat-
alyst as a side reaction due to accumulation of carbon
on the surface of the catalyst particles.
[0063] Accordingly, a composite catalyst of a catalyst/
a carrier forms graphene at a higher rate than a non-
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composite catalyst of a catalyst/ a carrier.
[0064] Specifically, the non-composite catalyst has
several-layered graphene on the surface of catalyst par-
ticles, while the composite catalyst has single layered or
2- or 3-layered graphene on the surface of the catalyst
particles.
[0065] As aforementioned, the catalyst particles may
be bonded with the porous carrier to form of a composite
according to example embodiments, but are not limited
thereto, and may be variously supported on the carrier
to form graphene.
[0066] The metal catalyst may be supported in an
amount of about 1 to about 50 wt%, specifically, about 3
to about 20 wt%, and more specifically, about 5 to about
12 wt% on the oxide carrier.
[0067] As aforementioned, the conventional chemical
vapor deposition forms graphene on the surface of a cat-
alyst layer due to a melting temperature difference be-
tween the catalyst and carbon by reacting a mixed gas
of CH4 and hydrogen at a relatively high temperature
(about 1000 °C) so that carbon may be adsorbed in a
transition metal (Ni or Cu) catalyst layer deposited on a
substrate and then cooling down the resultant, but this
requires a relatively difficult process of adjusting the con-
centration of the mixed gas so that an appropriate amount
of carbon flows in the catalyst layer, a cooling rate for
taking out the carbon from the surface of the catalyst
layer and forming graphene thereon, and a thickness of
the catalyst layer.
[0068] For example, as shown in FIG. 3, the cooling
rate may bring about a substantial yield difference in that
carbon comes out of the catalyst layer and forms graph-
ene.
[0069] Specifically, when the cooling rate is too fast,
the cooling may be complete before carbon atoms come
out of the surface of the catalyst layer, while when the
cooling is too slow, carbon atoms may not form graphene
but fly away.
[0070] Accordingly, a medium cooling rate is appropri-
ate for forming graphene, but is hard to control.
[0071] According to example embodiments, carbon di-
oxide (CO2) and methane (CH4) gases are used as a
carbon source and water (H2O) is used as a necessary
reactant to prevent or reduce a coking phenomenon, as
extra carbon atoms forming no graphene out of the mol-
ten carbon or escaping the catalyst layer react with oxy-
gen (O) atoms in the water and produce CO and H2 gas-
es, otherwise the extra carbon atoms will be accumulated
on the surface of the catalyst layer with a whisker shape.
[0072] Accordingly, the catalyst is used for a continu-
ous process for forming graphene.
[0073] FIG. 4 schematically shows interaction of the
carbon atom source (CO2 and CH4) with the water on
the surface of the catalyst, and then conversion of extra
carbon atoms therefrom and the water into CO and H2
gases and evaporation thereof from the catalyst.
[0074] On the other hand, the extra carbon atoms are
melted into the catalyst layer rather than coking on the

surface of the catalyst layer and thus form a catalyst in-
terstitial layer in the catalyst layer, and the catalyst inter-
stitial layer comes out of the surface of the catalyst layer
by cooling after the reaction and forms graphene.
[0075] The graphene formation is schematically shown
in FIG. 5.
[0076] The reaction between the water and the carbon
atom source may be appropriately performed in the
above mole ratio of the CH4:CO2:H2O gases, but is not
limited thereto, and the CH4, CO2, and H2O gases may
be appropriately provided within the ratio range to pre-
vent or reduce the extra carbon atoms from coking on
the catalyst layer.
[0077] On the other hand, the coking prevention or re-
duction effect may be accomplished by directly injecting
water (H2O) along with CH4 and CO2 gases according
to example embodiments, or by adding a material pro-
ducing water during the reaction without directly injecting
the water (H2O).
[0078] In other words, when alcohol in an appropriate
amount is added with the CH4 and CO2 gases, these
additives may be heated to decompose the alcohol and
produce water, bringing about the same effect.
[0079] Accordingly, the reaction may be performed by
using a compound represented by CxHyOz capable of
being converted into water during the heating in the same
ratio as water in the reactant, instead of water.
[0080] As described above, the metal catalyst may be
supported in a form of metal nanoparticles, specifically
with a spherical, hemispherical, oval, or asymmetric hex-
agonal prismatic shape, on the carrier.
[0081] As described above, when the metal catalyst
particles are bonded on the carrier to form a composite,
the metal catalyst particles have a larger bonding area
with the porous carrier and higher efficiency of producing
graphene on the surface of the metal catalyst particles
having the larger bonding area with the carrier.
[0082] Without being bound to a specific theory, graph-
ene is formed by carbon melted into a catalyst layer
through an interface between the catalyst and carrier.
[0083] Accordingly, as shown in FIG. 2 (a), since the
metal catalyst particles are not just adsorbed on the car-
rier while maintaining a spherical shape themselves but
are strongly bonded with the carrier in a form of a com-
posite, the composite catalyst having a larger interface
area between the catalyst and carrier may more efficient-
ly form graphene on the surface of the catalyst.
[0084] In addition, since CO and H2 gases are pro-
duced and evaporated by a reaction of extra carbon with
water on the interface, a coking phenomenon in which
carbon atoms are accumulated on the surface of the cat-
alyst and coke the catalyst may be more effectively pre-
vented or reduced in the catalyst as shown in FIG. 2 (b).
[0085] In example embodiments, the catalyst may be
provided in a form of a film or substrate, and a carrier
supporting the catalyst may be provided on at least one
part of the catalyst in the form of the film or substrate.
[0086] The carrier provided on the catalyst may be pro-
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vided in a form of Al, Si, or Ti ions, and graphene may
be produced where the carrier is provided on the catalyst
substrate or film by providing CO2, CH4, and H2O gases.
[0087] The carrier ions may be provided on the catalyst
substrate or film in a method of sputtering a gas including
Al, Si, or Ti ions on the catalyst substrate or film or coating
an aqueous solution including the carrier ions on the cat-
alyst substrate or film.
[0088] Specifically, a compound including the carrier
ions is dissolved in water to prepare an aqueous solution,
and then the aqueous solution is spin-coated on a sub-
strate. As described above, graphene is formed from car-
bon that is melted down into a catalyst layer through the
interface between the catalyst and carrier and thus the
graphene is formed only where the carrier, e.g., Al, Si,
or Ti ions, is present on the catalyst substrate or film.
[0089] According to example embodiments, when the
carrier ions are provided on a part of the catalyst sub-
strate or film, graphene is produced only on the part of
the substrate or film provided with the carrier ions.
[0090] If the carrier is provided with a pattern on the
catalyst substrate or film, graphene is produced with the
pattern on the substrate or film.
[0091] According to example embodiments, when the
carrier is provided over the entire surface of the catalyst
substrate or film, graphene is produced as a sheet on
the entire surface of the substrate or film.
[0092] Accordingly, nanoparticles including the graph-
ene, and a patterned graphene or a graphene sheet on
a metal catalyst substrate or film prepared according to
the method of preparing graphene, are provided.
[0093] Specifically, the nanoparticles including graph-
ene may be metal nanoparticles encapsulated by graph-
ene. For example, the metal nanoparticles encapsulated
by graphene may be partially or entirely encapsulated by
graphene.
[0094] The metal nanoparticles partially or entirely en-
capsulated by graphene may be prepared by preparing
graphene on a surface of a metal nanoparticle supported
on a porous carrier by using the method according to an
embodiment. The obtained metal nanoparticle partially
or entirely encapsulated by graphene on the porous car-
rier may be released from the porous carrier by removal
of the porous carrier with a well-known method in the art,
for instance, etching.
[0095] The metal nanoparticles may include at least
one metal selected from Ni, Co, Cu, Fe, Rh, Ru, Pt, Au,
Al, Cr, Mg, Mn, Mo, Si, Sn, Ta, Ti, W, U, V, Zr, brass,
bronze, stainless steel, and Ge, or alloy nanoparticles
including two or more of the foregoing metals, specifically
Ni, Co, Cu, Fe, or two or more of the foregoing metals.
[0096] The metal nanoparticles may have a spherical
shape, hemispherical shape, oval shape, or asymmetric
hexagonal prism shape, and specifically, the metal nan-
oparticles may have an asymmetric hexagonal prismatic
shape.
[0097] In addition, the metal nanoparticles may have
a diameter ranging from about 10 to about 50 nm, and

specifically, from about 20 to about 40 nm, and when the
metal nanoparticles have an oval or asymmetric hexag-
onal prismatic shape, the diameter is measured with ref-
erence to the longest diameter in the cross-section of the
nanoparticles.
[0098] The metal nanoparticles partially or entirely en-
capsulated by graphene may be used as various elec-
tronic materials, e.g., a light emitting material for a dis-
play, an electrode material of a battery or a solar cell, or
a bio medicine material, e.g., drug delivery material in
vivo.
[0099] Herein, the metal nanoparticles may particularly
include magnetic metal nanoparticles, e.g., Fe, Co, Ni,
or an alloy thereof.
[0100] On the other hand, when the metal nanoparti-
cles encapsulated by graphene are heated to melt out
the metal nanoparticles, a hollow graphene nanoparticle
is obtained.
[0101] Only the metal nanoparticles may be etched by
using an oxidation etchant, for example, an iron (III) chlo-
ride (FeCl3) aqueous solution (1 M) in order to remove
the metal nanoparticles and provide a hollow graphene
nanoparticle.
[0102] However, the etchant solution is not limited
thereto.
[0103] The graphene or graphene sheet is patterned
on the metal catalyst substrate or film by providing at
least a part of the substrate or film with Al, Si, or Ti ions
and with CO2, CH4, and H2O gases, heating and reacting
them, and cooling the resultant to form graphene only
where the part of the substrate or film is provided with
the Al, Si, or Ti ions.
[0104] Specifically, when the metal catalyst substrate
or film is provided with the carrier ions, graphene is pro-
duced only on a part of the catalyst substrate or film where
the carrier ions are provided.
[0105] Accordingly, when a carrier is provided with a
pattern on a part of the metal catalyst substrate or film,
graphene is formed with the pattern where the carrier is
provided.
[0106] FIG. 6 shows the graphene pattern formation.
[0107] Referring to FIG. 6, when Al ions are coated
along letters of "SAIT" on a Ni film as a metal catalyst,
provided with CO2, CH4, and H2O gases, and then heat-
ed for a reaction and cooled down, a graphene film is
formed in the letters "SAIT" provided with the Al ions.
[0108] Herein, the Ni film is etched using an etchant
solution, leaving the letters "SAIT" formed of graphene.
[0109] The patterned graphene according to example
embodiments may be used as a circuit or a semiconduc-
tor material.
[0110] In addition, a Ni film or substrate as a metal
catalyst is provided overall with a carrier, e.g., Al ions,
and with CO2, CH4, and H2O gases and heated for a
reaction and cooled down to form a graphene film all over
the Ni film or substrate, and the Ni film or substrate is
removed to obtain the graphene sheet.
[0111] The method may more easily provide a graph-
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ene sheet having a large two-dimensional area.
[0112] The patterned graphene or graphene sheet
may be easily regulated regarding thickness and shape
by adjusting concentration of the carrier provided on the
metal catalyst substrate or film.
[0113] Hereinafter, the present disclosure is illustrated
in more detail with reference to examples and compara-
tive examples.
[0114] However, these examples and comparative ex-
amples are examples, and the present disclosure is not
limited thereto.

(Example)

Preparation Example 1: Preparation of Catalyst for 
Graphene Growth (7 wt% Ni/γ-Al2O3

[0115] A catalyst for graphene growth is prepared by
supporting 7 wt% of a Ni metal catalyst on γ-Al2O3.
[0116] Specifically, alumina (150 m2/g, the diameter of
an alumina granule: about 3 mm ϕ, Alfa) is impregnated
in a Ni(NO3)2·H2O (Samchun Chemical) aqueous solu-
tion, dried in a 120 °C oven for 24 hours, and fired at 500
°C under an air atmosphere for 5 hours.
[0117] The fired catalyst is heated at a speed of 10
°C/min and reduced under a nitrogen atmosphere, and
then maintained at 850 °C under a hydrogen atmosphere,
preparing a 7 wt% Ni/γ-Al2O3 catalyst.
[0118] The catalyst is cooled down to 30 °C, and 5 ml
of distilled water is added thereto.
[0119] Then, the mixture is heated (at 10 °C/min) to
evaporate the water therein under a hydrogen atmos-
phere and maintained at 850 °C for 1 hour.
[0120] A 3D TEM image of the catalyst is taken to ex-
amine the shape of the supported catalyst metal, and the
cross-section of the supported catalyst metal is analyzed
to evaluate the catalyst metal supported on the carrier.
[0121] FIG. 7 shows the cross-section of the 3D TEM
image.
[0122] The catalyst metal has a bonding cross-section
of a spherical or oval shape, which shows that catalyst
particles have an interaction with the carrier and thus
form a composite bonding therewith.

Preparation Example 2: Preparation of Catalyst for 
Graphene Growth (7 wt% Ni/γ-Al2O3

[0123] A 7 wt% Ni/γ-Al2O3 catalyst is prepared in an
initial wet method.
[0124] Alumina (150 m2/g, the diameter of an alumina
granule: about 3 mm ϕ, Alfa) is impregnated in a
Ni(NO3)2·H2O (Samchun Chemical) aqueous solution,
dried in an oven at 120 °C for 24 hours, and fired at 500
°C under an air atmosphere for 5 hours.
[0125] The fired catalyst is heated (at 10 °C/min) and
reduced under a nitrogen atmosphere and then main-
tained at 850 °C under a hydrogen atmosphere for one
hour, preparing a 7 wt% Ni/γ-Al2O3 catalyst.

[0126] A 3D TEM image photograph of the catalyst is
taken to examine the shape of the supported catalyst
metal, and the cross-section of the supported catalyst
metal is analyzed to evaluate the metal catalyst support-
ed on the carrier.
[0127] FIG. 8 shows the cross-section of the 3D TEM
image.
[0128] The 3D TEM image shows that the catalyst met-
al has a spherical shape.

Preparation Example 3: Preparation of Catalyst for 
Graphene Growth (Al ion-coated catalyst on Ni film)

[0129] 0.1 g of an Al(NO3)3·9H2O compound is dis-
solved in 3 ml of water, and the aqueous solution is spin-
coated on a Ni film at a speed of 300 rpm and fired in an
80 °C oven for 600 minutes, preparing a catalyst coated
with Al ions on the Ni film.

Preparation Example 4: Preparation of Catalyst for 
Graphene Growth (Ni-deposited Catalyst on Silicon Wa-
fer)

[0130] A catalyst for graphene growth is prepared by
depositing Ni to be 300 nm thick on a semiconductor
silicon wafer in a CVD method.

Example 1: Preparation of Graphene-encapsulated Ni 
Nanoparticles

[0131] While CH4, CO2, and water (H2O) in a ratio of
about 1:0.38:0.81 are put in 0.45 g of the 7 wt% Ni metal
catalysts supported on γ-Al2O3 according to Preparation
Examples 1 and 2 at 700 °C at 1 atm under a nitrogen
(N2) condition at 200 sccm (standard cubic centimeters
per minute), a reaction is performed for about 10 hours
(gas hourly space velocity (GHSV)=50,666 k cc/g·hr).
[0132] FIG. 9 is a TEM photograph showing the cata-
lyst according to Preparation Example 1 after the reac-
tion, and FIG. 10 is a TEM photograph showing the cat-
alyst according to Preparation Example 2 after the reac-
tion.
[0133] As shown in the photograph of FIG. 9, the Ni
metal catalyst has a hexagonal cross-section, and graph-
ene is formed as a white monolayer or double layer along
the external circumferential edge of the hexagonal cross-
section.
[0134] The Ni particles have a diameter of about 35 to
40 nm.
[0135] FIG. 10 shows that a multiple layer graphene
layer is formed on the Ni nanoparticles.
[0136] In addition, a Raman peak in FIG. 11 and an
XPS peak in FIG. 12 show that graphene was formed on
the catalysts.
[0137] Referring to FIG. 11, the catalyst according to
Preparation Example 1 has a smaller D/G peak surface
area and a higher crystalline graphene layer than the
catalyst according to Preparation Example 2.
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[0138] Referring to FIG. 12, the catalyst according to
Preparation Example 1 has a clearer C-C or C=C peak
showing the graphene characteristic than the catalyst ac-
cording to Preparation Example 2, and the catalyst ac-
cording to Preparation Example 2 has a metal carbide
peak due to the whisker-shaped carbon.

Example 2: Preparation of Patterned Graphene

[0139] While CH4, CO2, and water (H2O) in a ratio of
about 1:0.38:0.81 are put in the Ni film coated with Al
ions according to Preparation Example 3 at 700 °C at 1
atm under a nitrogen (N2) condition for 2 hours at a speed
of 200 sccm (standard cubic centimeters per minute), a
reaction is performed for about 2 hours (gas hourly space
velocity (GHSV)=50,666k cc/g·hr).
[0140] FIG. 13 is a SEM (scanning electron micro-
scope) photograph showing a graphene layer on the Ni
film after the reaction.
[0141] Based on the SEM photograph, graphene is
found to be formed on an Al ion-coated part of the Ni film.
[0142] FIG. 14 shows a Raman peak exhibiting that
graphene is formed on an Al ion-coated part of the Ni film.
[0143] Referring to FIG. 14, graphene has higher crys-
talline on the Al ion-coated part of the Ni film than the
non-coated part of the Ni film.
[0144] FIG. 15 is an XPS graph showing that graphene
is formed on the Al ion-coated part of the Ni film.
[0145] The XPS graph shows that graphene is formed
as one layer, 2-3 layers, or a several layers depending
on the concentration of Al.

Example 3: Preparation of Patterned Graphene

[0146] The specimen deposited to be 300 nm thick on
a semiconductor wafer in a CVD method according to
Preparation Example 4 is used as a catalyst for graphene
growth to form graphene by injecting CH4 and H2 therein
at respective speeds of 100 sccm and 200 sccm (stand-
ard cubic centimeters per minute), which is a convention-
al condition for producing graphene, and performing a
reaction at 700 °C at 1 atm under a nitrogen (N2) condition
for 30 minutes, cooling down the graphene under an N2
atmosphere, and after the graphene layer is reacted with
the gases of CH4:CO2:H2O in a ratio of 100 sccm:100
sccm:10 sccm, the surface of the graphene layer is Ra-
man-analyzed.
[0147] As a result of the analysis, as shown in FIG. 16,
highly crystalline but less defective graphene is formed
by adding CO2 and H2O.
[0148] In addition, FIG. 17 is a SEM (scanning electron
microscope) photograph showing graphene produced on
the Ni catalyst deposited on the semiconductor wafer,
and FIG. 17 (b) is an enlargement of FIG. 17 (a).
[0149] While this disclosure has been described in con-
nection with what is presently considered to be practical
example embodiments, it is to be understood that the
inventive concepts are not limited to the disclosed em-

bodiments, but, on the contrary, is intended to cover var-
ious modifications and equivalent arrangements includ-
ed within the scope of the appended claims.

Claims

1. A method of preparing graphene, the method com-
prising:

supplying a gas on a metal catalyst, the gas in-
cluding CO2, CH4, and H2O; and
reacting and cooling the resultant.

2. The method of claim 1, wherein the supplying sup-
plies the gas on at least one metal selected from Ni,
Co, Cu, Fe, Rh, Ru, Pt, Au, Al, Cr, Mg, Mn, Mo, Si,
Sn, Ta, Ti, W, U, V, Zr, brass, bronze, stainless steel,
and Ge, or an alloy catalyst including two or more of
the aforementioned metals.

3. The method of claim 1 or 2, wherein the supplying
supplies the gas in a mole ratio of the CH4, CO2, and
H2O gases of 1:0.20 - 0.50:0.01 - 1.45, preferably of
1:0.25 - 0.45:0.10 - 1.35, more preferably of 1:0.30
- 0.40:0.50 - 1.0.

4. The method of any of claims 1-3, wherein the react-
ing heats the resultant at 400 to 900 °C.

5. The method of any of claims 1-4, wherein the cooling
cools the resultant at a given rate in the presence of
an inert gas.

6. The method of any of claims 1-5, wherein the sup-
plying supplies the gas on the metal catalyst sup-
ported by a porous carrier of one of Al2O3, SiO2,
zeolite, TiO2, and silicon.

7. The method of claim 6, wherein the supplying sup-
plies the gas on the metal catalyst supported by the
porous carrier while being bonded thereto to form a
metal catalyst - porous carrier composite.

8. The method of any of claims 1-7, wherein the metal
catalyst is in a form of one of a film and a substrate,
and a carrier supporting the metal catalyst is on at
least one part of the metal catalyst in the form of one
of the film and the substrate.

9. The method of claim 8, wherein the metal catalyst is
in the form of one of a Ni film and the substrate,
and/or wherein the carrier on at least one part of the
metal catalyst in the form of one of the film and the
substrate is an ionic form of one of Al, Si and Ti.

10. The method of claim 9, wherein the carrier on at least
one part of the metal catalyst in a form of one of a
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film and a substrate is provided in a patterned form.

11. A method of manufacturing a semiconductor circuit
comprising the method of claim 10.

12. A graphene-encapsulated metal nanoparticle pre-
pared according to the method of any of claims 1-10.

13. The graphene-encapsulated metal nanoparticle of
claim 12, wherein the metal nanoparticle includes at
least one metal selected from Ni, Co, Cu, Fe, Rh,
Ru, Pt, Au, Al, Cr, Mg, Mn, Mo, Si, Sn, Ta, Ti, W, U,
V, Zr, brass, bronze, stainless steel, and Ge, or an
alloy including two or more the foregoing metals.

14. The graphene-encapsulated metal nanoparticle of
claim 12 or 13, wherein the graphene-encapsulated
metal nanoparticle is used in one of a light emitting
material for a display, an electrode material of a bat-
tery or a solar cell, and an in vivo drug delivery ma-
terial.

15. A hollow graphene nanoparticle prepared by remov-
ing the metal nanoparticle from the graphene-encap-
sulated metal nanoparticle of any of claims 12-14.
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