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Description
Title of Invention: THE METHOD FOR PRODUCING

GRAPHENE BY CHEMICAL EXFOLIATION
Technical Field

The present invention relates to a method for preparing pure graphene using chemical
bonding between graphite oxide and a metal oxide nanoparticle, graphene prepared

thereby, and a nanoparticle having a quasi metal oxide-graphene core-shell structure.

Background Art

Graphene, which has a single-atom-thick planar sheet structure and is called the next-
generation dream material, is highly esteemed for its characteristic advantages,
including excellent thermal conductivity, electron mobility and flexibility in spite of
shorter research period than other nanocarbon materials such as carbon nanotube
(CNT), fullerene, graphite, etc. The representative potential applications of graphene
include the followings.

I) Graphene can replace the ITO oxide used in the transparent electrode of LEDs,
solar cells, etc. With superior flexibility, it can be used in flexible electronic devices to
provide flexibility and greatly improve the lifetime and durability of the devices
without significantly affecting their performance. Also, graphene can be used as an
electrode material of secondary batteries, supercapacitors, or the like.

II) With high thermal conductivity, graphene is also seen as a new heat-sink material
capable of solving the heating problem in the manufacture of high-efficiency, high-
luminance III-V GaN LEDs.

IIT) With better dispersibility than CNT and high strength in the 2-dimensional planar
structure, it can be used as a new material for high-strength carbon composite
materials.

IV) Since the energy of electrons in graphene show a linear relationship with respect
to wavenumber in the energy-wavenumber (E-k) curve, the electrons behave with zero

(0) effective mass (m.*= a2 E). That is to say, since they move at fast speed like

9’k
massless photons, graphene allows the fabrication of ultrahigh-fast electronic devices
and is highly valued as the next-generation transistor material.
V) Besides, with very low water vapor transmission rate, graphene can be used as a
barrier film material for flexible electronic devices and packaging and medical ap-
plications.

Researches are continuously carried out for methods of preparing pure graphene. The
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existing methods of preparing graphene include, in addition to preparation of graphene
by physical exfoliation of graphite using Scotch tape, preparation of graphene using
CNTs [M. Terrones, Materials science: Nanotubes unzipped, Nature 458, 845 (2009)],
growth of graphene by chemical vapor deposition (CVD) [K. S. Kim et al, Large-scale
pattern growth of graphene films for stretchable transparent electrodes, Nature 457,
706 (2009); D.H. Lee et al, Versatile carbon hybrid films composed of vertical carbon
nanotubes grown on mechanically compliant graphene films, Adv. Mater. 22, 1247
(2010)], chemical exfoliation in liquid phase [A. A. Green et al, Solution phase
production of graphene with controlled thickness via density differentiation, Nano

Letters 9, 4031 (2009)], or the like.
However, since the known methods are expensive or have difficulty in producing

pure graphene, a simple process allowing the production of pure graphene is required.
Summary of Invention
Technical Problem

The inventors of the present invention have studied for a method for easily preparing
pure graphene. As a result, they have found out that when graphite oxide is mixed with
a metal oxide nanoparticle and treated with an acid, graphene is exfoliated from the
surface of a particle having a quasi metal oxide-graphene core-shell structure and is
obtained as a sheet.

The present invention is directed to providing a method for preparing graphene,
including mixing graphite oxide with a metal oxide nanoparticle and then treating with
an acid.

The present invention is also directed to providing a nanoparticle having a metal
oxide-graphene core-shell structure, with a metal oxide nanoparticle enclosed by

graphene, which is obtained by mixing graphite oxide with a metal oxide nanoparticle.

Solution to Problem

In one general aspect, the present invention provides a method for preparing
graphene using a metal oxide, including: 1) treating the surface of graphite with an
acid to prepare graphite oxide; 2) mixing the graphite oxide with a metal oxide
nanoparticle to prepare a particle in which carbon is bound to the metal oxide; and 3)
separating graphene from the prepared particle by treating with an acid.

In another general aspect, the present invention provides graphene prepared by the
preparation method.

In another general aspect, the present invention provides a nanoparticle having a
metal oxide-graphene core-shell structure prepared from a reaction of graphite oxide

with a metal oxide nanoparticle, wherein graphene encloses the metal oxide
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nanoparticle.

[0018]

Advantageous Effects of Invention

[0019]  The method for preparing graphene according to the present invention is ad-
vantageous in that the source materials are inexpensive, chemical bonding and
separation can be achieved through the simple acid treatment process, and the
processing facility does not require high cost since the reaction can be performed at
low temperature. Furthermore, pure graphene with less defect can be produced quickly
in large quantities because the processing time is short.

[0020]  In addition, since the particle having a quasi metal oxide-graphene core-shell
structure obtained as an intermediate is enclosed by graphene with a very high electron
mobility, it exhibits very fast electron transfer rate and response speed as well as
superior optical characteristics. Accordingly, it can replace TiO, in the electron
transport layer of metal oxide quantum dot-based UV sensors, LEDs and dye-
sensitized solar cells (DSSC).

[0021]

Brief Description of Drawings

[0022]  FIG. 1 schematically shows exfoliation of the surface of a graphite oxide layer from a
zinc oxide nanoparticle.

[0023]  FIG. 2 schematically shows chemical bonding between the functional groups
(carboxyl, hydroxy and epoxy groups) of an exfoliated carbon single layer and zinc
oxide nanoparticles.

[0024]  FIG. 3 schematically shows a particle having a quasi metal oxide-graphene core-shell
structure wherein graphene encloses a zinc oxide nanoparticle.

[0025]  FIG. 4 schematically shows graphene prepared by removing zinc oxide from a
particle having a quasi zinc oxide-graphene core-shell structure.

[0026]  FIG. 5 shows transmission electron microscopic images of a particle having a quasi
zinc oxide-graphene core-shell structure prepared in Example 1.

[0027]  FIG. 6 shows a transmission electron microscopic image and scanning electron mi-
croscopic images (top left and right) of graphene prepared in Example 1.

[0028]  FIG. 7 shows X-ray diffraction patterns of a particle having a quasi zinc oxide-
graphene core-shell structure and graphene (top right) prepared in Example 1.

[0029]  FIG. 8 shows a Raman spectrum of a particle having a quasi zinc oxide-graphene
core-shell structure prepared in Example 1.

[0030]  FIG. 9 shows a Raman spectrum of graphene prepared in Example 1.

[0031]  FIG. 10 shows an analysis result of graphene prepared in Example 1 by electron
energy loss spectroscopy (EELS).
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FIG. 11 shows an analysis result of graphene prepared in Example 1 by energy-

dispersive X-ray spectroscopy (EDX).
FIG. 12 shows an analysis result of graphene prepared in Example 1 by X-ray photo-

electron spectroscopy (XPS).

FIG. 13 shows a transmission electron microscopic image of a particle having a quasi
copper oxide-graphene core-shell structure prepared in Example 2.

FIG. 14 shows an X-ray diffraction pattern of a particle having a quasi copper oxide-

graphene core-shell structure prepared in Example 2.

Best Mode for Carrying out the Invention

Hereinafter, the embodiments of the present invention will be described in detail with
reference to accompanying drawings.

The present invention provides a method for preparing pure graphene using chemical
bonding between graphite oxide and a metal oxide nanoparticle.

The method for preparing graphene according to the present invention comprises: 1)
treating the surface of graphite with an acid to prepare graphite oxide; 2) mixing the
graphite oxide with a metal oxide nanoparticle to prepare a particle in which carbon is
bound to the metal oxide; and 3) separating graphene from the prepared particle by
treating with an acid.

First, the surface of graphite is treated with an acid to form graphite oxide having a
functional group on the graphite surface. The acid treatment can be performed by
adding graphite in powder form to an acid and carrying out reaction. As a result,
functional groups such as carboxyl (-COOH), hydroxy (-OH) or epoxy groups may be
formed on the graphite surface. The acid may be one or more selected from sulfuric
acid, nitric acid and hydrochloric acid. Specifically, a mixture of sulfuric acid and
nitric acid may be used.

The acid-treated graphite turns dark gray, which is washed and dried to obtain
graphite oxide.

Then, the prepared graphite oxide is mixed with a metal oxide nanoparticle to
prepare a particle wherein carbon is bound to the metal oxide. When the graphite oxide
is mixed with the metal oxide nanoparticle, a solid component is formed in solution,
which is dried to obtain the particle wherein carbon is bound to the metal oxide.

Although the metal oxide is not particularly limited, it may be selected from,
specifically, ZnO, CuQO, BaCQO;, Bi,0;, B,O;, CaCO;, CeO,, CrO,, Cr,0;, FeO, CoO,
NiO, GeO, Y,0;, ZrO,, MoO, Ru0O,, PdO, AgO, CdO, SnO, HfO,, Ta,0s, Fe,0s, Ga,0;
, )O3, L1,CO;, LiCo0O,, MgO, IrO,, AlLOs, Si0,, P,Os, PO,, Ca0, Sc,0;, Mn,0s,
MnCO;, MnQO,, Mn;0,, Nb,Os, PbO, Sb,0;, SnO,, SrCO;, Ta,Os, TiO,, BaTiO;, VO,,
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V5,05, WO;, B1,05 and ZrO,. More specifically, ZnO or CuO may be used.

The metal oxide nanoparticle may be prepared by dissolving a precursor of the metal
oxide in a solvent. The metal oxide precursor is not particularly limited. Any
compound that can be dissolved in a reaction solvent to give the metal oxide
nanoparticle can be used, such as acetate, acetate monohydrate, acetate dihydrate,
nitrate tetrahydrate or nitrate hexahydrate of the metal.

Specifically, the graphite oxide and the metal oxide nanoparticle may be mixed in a
reaction solvent. The reaction solvent may be N,N-dimethylformamide or
N,N-diethylformamide, specifically N,N-dimethylformamide.

Specifically, the precursor of the metal oxide may be dissolved in the solvent at a
concentration of 0.0001-0.1 M. A uniform distribution of the metal oxide nanoparticle
may be attained with the aforesaid range.

Although the mixing of the graphite oxide with the metal oxide nanoparticle may be
achieved in a single reaction solution, they may also be dispersed in different solvents
to prepare a graphite oxide solution and a metal oxide solution and then mixed. In this
case the mixing ration of the two solutions may be from 1 : 1 to 1 : 10 based on
volume.

As the graphite oxide is mixed with the metal oxide nanoparticle, through chemical
bonding between the functional groups (carboxyl, hydroxy and epoxy groups) formed
on the surface of graphite consisting of multiple layers of carbon and the metal oxide
nanoparticle, the carbon layer is exfoliated and encloses the circumference of the metal
oxide nanoparticle as it bends to form a particle having a quasi metal oxide-graphene
core-shell structure.

Then, acid treatment is carried out to dissolve the metal oxide located at the core
portion of the particle having a quasi metal oxide-graphene core-shell structure. As the
metal oxide is dissolved by the acid, the bent graphene is spread to give a single-layer
sheet.

Specifically, the acid used for the acid treatment may be a strong acid of pH 5 or
lower. More specifically, one or more selected from hydrochloric acid, nitric acid and
sulfuric acid may be used to dissolve the metal oxide.

The process by which the particle having a quasi metal oxide-graphene core-shell
structure is prepared is schematically shown in FIGS. 1 to 4.

The present invention also provides graphene prepared by the above-described
process. The graphene may have a multi-layer structure of 1-10 layers, specifically 1-5
layers, of carbon atoms and may have a thickness of 0.34-3.4 nm.

The present invention further provides a nanoparticle having a metal oxide-graphene
core-shell structure prepared from a reaction of graphite oxide with a metal oxide

nanoparticle, wherein graphene encloses the metal oxide nanoparticle. The
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nanoparticle has a structure consisting of a metal oxide core and a single-layer

graphene shell exfoliated from graphite oxide and bent to enclose the core.

Mode for the Invention

The examples and experiments will now be described.

The following examples and experiments are for illustrative purposes only and not
intended to limit the scope of the present invention.

Preparation Example: Preparation of graphite oxide

First, 30 mg of graphite powder (Alfa Aesar) was added to a 3 : 1 (v/v) mixture of 18
M sulfuric acid (H,SO,) and 17 M nitric acid (HNQO;) and sonicated for 2 hours at 45
°C, at 200 W.

The sonicated dispersion was kept at room temperature for about 4 days until the
color of the dispersion turned dark gray. The dispersion was centrifuged and gradient
separated repeatedly, washed with ethanol and dried in an oven of 55 °C for 12 hours
to obtain gray graphite oxide.

Example 1: Preparation of ZnO-graphene nanoparticle

40 mg of graphite oxide obtained in Preparation Example was added to 40 mL of
N,N-dimethylformamide and sonicated for 10 minutes to obtain a graphite oxide
dispersion.

Meanwhile, 0.93 g of zinc acetate dehydrate ([Zn(CH;COO),-H,0O]) was added to
200 mL of N,N-dimethylformamide to obtain a zinc precursor solution.

The zinc acetate dehydrate can be converted to zinc oxide in
N,N-dimethylformamide according to Scheme 1.

[Scheme 1]

Zn(CH5COO0),-H,0 + (CH3)2NC(O)H — ZnO + (CH;COO),CHN(CHs), + H,O

Then, the graphite oxide dispersion was added to the zinc precursor solution and
stirred at 95 °C at a speed of 150 rpm. The mixture solution, which was initially black,
turned transparent 30 minutes later. After 1 hour, the solution became hazy and turned
white gradually. After 5 hours, gray solid was formed out of the transparent solution.

The solid was separated, washed with ethanol and distilled water and dried in an
oven at 55 °C for 12 hours to obtain nanoparticles having a quasi zinc oxide-graphene
core-shell structure as powder.

The powder was added to 100 mL of 0.1 M nitric acid and sonicated for 20 minutes.
The resulting dispersion was diluted by continuously adding water.

Lastly, the diluted solution was filtered to separate the product. After washing with
ethanol and distilled water, followed by vacuum concentration, graphene was obtained

as the final product.
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High-resolution transmission electron microscopic (TEM) images of the nanoparticle
powders having a quasi zinc oxide-graphene core-shell structure are shown in FIG. 5.

Also, a high-resolution TEM image and scanning electron microscopic images
(SEM) of the finally produced graphene are shown in FIG. 6. As seen from the TEM
image, graphene was formed up to five layers. And, the SEM images showed that the
graphene was thinly dispersed on the whole.

X-ray diffraction patterns (Rigaku ATX-G, Cu K, = 0.154 nm) of the nanoparticle
powders having a quasi zinc oxide-graphene core-shell structure and the finally
produced graphene are shown in FIG. 7. As seen from FIG. 7, zinc oxide nuclei grown
in the (100), (002) and (101) directions and the graphene shell formed along the (002)
and (100) directions were observed for the nanoparticle powder. Also, the X-ray
diffraction pattern of the graphene shows that graphene was grown only in the (002)
and (100) directions.

Raman spectra of the nanoparticle powders having a quasi zinc oxide-graphene core-
shell structure and the finally produced graphene are shown in FIGS. 8 and 9.

As seen from FIG. 8, it was confirmed that single-layer graphene encloses the
particle via chemical bonding as a shell.

Also, as seen from FIG. 9, the I/l ratio of D band and G band was very small as
0.05, suggesting low defect rate of the prepared graphene.

An electron energy loss spectroscopy (EELS) spectrum of the prepared graphene is
shown in FIG. 10. As seen from FIG. 10, the - and o-bonding peaks confirmed that
the graphene was prepared. The intensity of the o-bonding peak was considerably
lower than that of the graphene prepared according to the existing methods, suggesting
that the graphene produced according to the present invention has very high purity.

Analysis results of the prepared graphene by energy-dispersive X-ray spectroscopy
(EDX) and X-ray photoelectron spectroscopy (XPS) are shown in FIGS. 11 and 12. It
was confirmed that the graphene consist only of carbon, without any impurities.

Example 2: Preparation of CuO-graphene nanoparticle

40 mg of graphite oxide obtained in Preparation Example was added to 40 mL of
N,N-dimethylformamide and sonicated for 10 minutes to obtain a graphite oxide
dispersion.

Meanwhile, 0.93 g of copper(Il) acetate monohydrate ([Cu(CH,COO),-H,O]) was
added to 200 mL of N,N-dimethylformamide to obtain a copper precursor solution.
Then, the graphite oxide dispersion was added to the copper precursor solution and
stirred at 95 °C at a speed of 150 rpm. The mixture solution, which was initially black,
turned transparent 30 minutes later. After 1 hour, the solution became hazy and turned
white gradually. After 5 hours, khaki solid was formed out of the transparent solution.

The solid was separated, washed with ethanol and distilled water and dried in an
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oven at 55 °C for 12 hours to obtain nanoparticles having a quasi copper oxide-
graphene core-shell structure as powder.

The powder was added to 100 mL of 0.1 M hydrochloric acid and sonicated for 20
minutes. The resulting dispersion was diluted by continuously adding water.

Lastly, the diluted solution was filtered to separate the product. After washing with
ethanol and distilled water, followed by vacuum concentration, graphene was obtained
as the final product.

High-resolution TEM images of the nanoparticle powders having a quasi copper
oxide-graphene core-shell structure are shown in FIG. 13.

Also, X-ray diffraction patterns of the nanoparticle powders having a quasi copper
oxide-graphene core-shell structure and the finally produced graphene are shown in
FIG. 14. As seen from FIG. 14, copper oxide (CuQ, Cu?*) nuclei grown in the (100),
(002), (111) and (210) directions were observed for the nanoparticle powder. Cu,O (Cu
+) peak was not observed. Also, the X-ray diffraction pattern of the graphene shows
that graphene was grown in the (002) and (100) directions.

The present application contains subject matter related to Korean Patent Application
No. 10-2011-0051557, filed in the Korean Intellectual Property Office on May 30,
2011, the entire contents of which is incorporated herein by reference.

Those skilled in the art will appreciate that the conceptions and specific embodiments
disclosed in the foregoing description may be readily utilized as a basis for modifying
or designing other embodiments for carrying out the same purposes of the present
invention. Those skilled in the art will also appreciate that such equivalent em-
bodiments do not depart from the spirit and scope of the invention as set forth in the

appended claims.
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[Claim 1]

[Claim 2]

[Claim 3]

[Claim 4]

[Claim 5]

[Claim 6]

[Claim 7]

[Claim 8]

[Claim 9]

PCT/KR2012/001433

Claims

A method for preparing graphene using a metal oxide, comprising:
treating the surface of graphite with an acid to prepare graphite oxide;
mixing the graphite oxide with a metal oxide nanoparticle to prepare a
particle in which carbon is bound to the metal oxide; and

separating graphene from the prepared particle by treating with an acid.
The method for preparing graphene according to Claim 1, wherein the
particle in which carbon is bound to the metal oxide has a quasi metal
oxide-graphene core-shell structure with the metal oxide nanoparticle
enclosed by graphene.

The method for preparing graphene according to Claim 1, wherein the
metal oxide is selected from ZnO, CuO, BaCO;, Bi,O;, B,O,, CaCOs,
CeO,, Cr0O,, Cr,0;, FeO, Co0, NiO, GeO, Y,0,, ZrO,, MoO, RuO,,
PdO, AgO, CdO, SnO, HIO,, Ta,0s, Fe,05, Ga,0s, In,0,, Li,CO;,
LiCo0,, MgO, Ir0O,, Al,Os, Si0,, P,Os, PO,, Ca0, Sc,0;, Mn,0s,
MnCO;, MnO,, Mn;0,4, Nb,Os, PbO, Sb,0;, SnO,, SrCO;, Ta,0s, TiO,,
BaTiO;, VO,, V,0s5, WO, Bi,0; and ZrO,.

The method for preparing graphene according to Claim 1, wherein the
acid used in said treating of the surface of graphite is one or more
selected from sulfuric acid, nitric acid and hydrochloric acid.

The method for preparing graphene according to Claim 1, wherein the
acid used in said treating of the prepared particle is one or more
selected from sulfuric acid, nitric acid and hydrochloric acid.

Graphene prepared by the preparation method according to any one of
Claims 1 to 5.

The graphene according to Claim 6, which comprises 1-5 layers of
carbon atoms.

A nanoparticle having a metal oxide-graphene core-shell structure
prepared from a reaction of graphite oxide with a metal oxide
nanoparticle, wherein graphene encloses the metal oxide nanoparticle.
The nanoparticle having a metal oxide-graphene core-shell structure
according to Claim 8, wherein the metal oxide is selected from ZnQO,
CuO, BaCQO;, B1,0s;, B,0;, CaCO;, CeO,, CrO,, Cr,05, FeO, CoO, NiO,
GeO, Y,0;, ZrO,, MoO, RuO,, PdO, AgO, CdO, SnO, HfO,, Ta,0s, Fe,
0;, Ga,05, In, O, Li,CO5, LiCo0,, MgO, IrO,, Al,O,, Si0,, P,Os, PO,,
CaO, Sc,0;, Mn,05, MnCOs, MnO,, Mn;0,4, Nb,Os, PbO, Sb,0Os, SnO,,
SrCO;, TayOs, TiO,, BaTiOs, VO,, V,0s, WO;, Bi,0; and ZrO,.
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[Fig. 1]

[Fig. 2]

GO+ ZnO QD/Zn* Synthesis from
functional group
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[Fig. 3]

[Fig. 4]
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[Fig. 8]
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[Fig. 10]
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[Fig. 12]
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[Fig. 14]
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