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Hall effect measurement (semiconductor characteristics): temperature dependence
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(Figure 9]

Hall etfect measurement (semiconductor characteristics): temperature dependence
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(Figure 10]

Hall effect measurement (semiconductor characteristics): temperature dependence
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HETEROELEMENT-CONTAINING
GRAPHENE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s the United States national phase of
International Application No. PCT/JP2018/036399 filed
Sep. 28, 2018, and claims priority to Japanese Patent Appli-
cation No. 2017-190683 filed Sep. 29, 2017, the disclosures
of which are hereby incorporated by reference in their
entirety.

TECHNICAL FIELD

The present mnvention relates to a heteroelement-contain-
ing graphene having a tlat shape and exhibiting properties as

a transparent P-type semiconductor.

BACKGROUND ART

Heteroelement-containing graphene i which heteroge-
neous elements other than carbon are introduced into the
carbon six-membered ring structure of graphene has
attracted attention. In the heteroelement-containing gra-
phene, for example, when a heterogeneous element such as
nitrogen 1s 1mtroduced into the valley portion of the zigzag
edge of the graphene, the heterogeneous element acts physi-
cally and chemically on the adjacent carbon atoms. It 1s
known that the adjacent carbon atoms develop oxygen
reduction properties as a result. Therefore, utilization of
heteroelement-containing graphene as a catalyst material
has been studied (see, for example, Japanese Patent Laid-
Open No. 2013-232409, Japanese Patent Laid-Open No.
2012-1353555, and International Publication No. WO 2014/
0982531).

Japanese Patent Laid-Open No. 2013-232409 discloses an
clectrode catalyst support in which nitrogen-containing
graphite 1s formed on a surface of a carbon support. The
nitrogen-containing graphite of Japanese Patent Laid-Open
No. 2013-232409 1s formed on a surface of a carbon support
which has n electron donor properties. Japanese Patent
Laid-Open No. 2013-232409 further discloses that when the
crystallinity of the nitrogen-containing graphite i1s evaluated
by the ID/1G value based on the Raman spectrum, the ID/1G
value 1s allowed to be 0.8 to 1.2.

Japanese Patent Laid-Open No. 2012-133555 discloses a
heteroatom-containing graphene containing a heteroatom
such as nitrogen, which can be synthesized by a solvother-
mal reaction. In the Examples of Japanese Patent Laid-Open
No. 2012-153555, 1t 1s described that the heteroatom-con-
taining graphene 1s doped with nitrogen atoms 1n a ratio of
14.8 atomic %. However, Japanese Patent Laid-Open No.
2012-153555 does not disclose anything about the crystal-
linity of the heteroatom-containing graphene.

International Publication No. WO 2014/098251 discloses
graphite-like carbon mitride (g-C;N_,) having a stoichiomet-
ric ratio. The graphite-like carbon nitride disclosed in Inter-
national Publication No. WO 2014/098251 has a structure in
which melon ((C.N,H;)X), which has a triangular crystal
structure 1n which three 6-membered rings formed by nitro-
gen and carbon and sharing C—N bonds with each other, 1s
polymerized through nitrogen atoms at 1ts apexes.

In Japanese Patent Laid-Open No. 2014-100617, the
present inventors provide a method for producing a heteroa-
tom-containing carbon catalyst containing a large amount of
nitrogen of 10 atomic % or more as a heterogeneous
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clement. According to these methods, heteroatom-contain-
ing graphene containing no support can be produced.

Furthermore, Japanese Patent Laid-Open No. 2016-
209798 discloses that a redox-active carbon catalyst 1is
formed on an electrode.

In the heteroatom-containing graphene obtained in Japa-
nese Patent Laid-Open No. 2012-1353555 and Japanese

Patent Laid-Open No. 2014-1006174, actually, the doping
position of the heteroatoms on the graphene sheet tends to be
biased toward the sheet edge (edge). Also, there 1s a problem
in that even when the doping inside (in-plane) of the
graphene sheet 1s allowed to be performed, the bonding
angle between carbon and heteroatoms 1s disordered as the
amount of nitrogen to be doped increases, so that the flatness
of the graphene sheet 1s unable to be maintained. In other
words, the graphene sheet doped with nitrogen atoms 1s not
returned to the flat shape staying curved at the atomic level,
so that a nitrogen-containing carbon catalyst having good
crystallinity in terms of crystallography cannot be obtained.
In view of the above problems, an object of the present
invention 1s to provide a transparent and highly crystalline
heteroelement-containing graphene that maintains the flat-
ness of a graphene sheet even when the amount of nitrogen
to be doped 1s 1ncreased.

SUMMARY OF INVENTION

Crystalline graphite and graphene belong to the hexagonal
system and may have a flat crystal structure formed by a
six-membered ring structure. However, 1n the heteroele-
ment-containing graphene 1n which a heteroelement is intro-
duced into graphene, distortion may occur at the bonding
site between carbon and heteroelement 1n the crystal struc-
ture. As a result, even 1f the heteroelement-containing gra-
phene appears to have a sheet-like form, the crystal structure
may have reduced symmetry, or the heteroelement-contain-
ing graphene may be in an amorphous form instead of
crystal. In other words, 1n the conventional heteroelement-
containing graphene, no long-range order 1s observed in the
crystal structure. This tendency becomes more prominent as
the amount of the heteroelement 1introduced increases. As a
result, 1n the conventional heteroelement-containing gra-
phene, for example, spots having the symmetry of a single
crystal are not observed 1n selected area electron difiraction.
On the contrary, when the heteroeclement-containing gra-
phene disclosed herein 1s subjected to the selected area
clectron diffraction, spots having the symmetry of a single
crystal belonging to either the orthorhombic system or the
hexagonal system are observed, for example. In other words,
the present iventors have succeeded for the first time in
creating heteroelement-containing graphene having high
crystallinity in terms of crystallography (hereinafter some-
times simply referred to as “highly crystalline heteroele-
ment-containing graphene”). Thereby, highly crystalline
heteroelement-containing graphene 1s provided.

In the prior art, when the amount of nitrogen to be doped
1s increased, highly crystalline hetero-containing graphene
in which the flatness of the graphene sheet 1s maintained
cannot be obtained. The present inventors have produced a
heteroelement-containing graphene using a specific produc-
ing method and have found that a heteroelement-containing
graphene 1n which nitrogen having four valence electrons
(cationic nitrogen) 1s doped on the basal plane 1s allowed to
be produced and the heteroelement-containing graphene
thus produced has high crystallinity i terms of crystallog-
raphy, and 1s transparent and has flatness, thereby complet-
ing the present invention. That 1s, the present inventors have
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succeeded for the first time 1n creating a heteroclement-
containing graphene having high crystallinity in terms of
crystallography (hereinafter sometimes simply referred to as
“highly crystalline heteroelement-containing graphene™).

The present invention 1s, for example, as shown in the
tollowing (1) to (13):

(1) A heteroelement-contaiming graphene comprising car-
bon (C) and, as a heteroelement (X), at least one
clement selected from the group consisting of nitrogen
(N), phosphorus (P), arsenic (As), sulfur (S), boron (B),
and silicon (S1), wherein spots belonging to either an
orthorhombic system or a hexagonal system and having
a symmetry of a single crystal are observed 1n selected
area electron diffraction.

The heteroelement (X) 1s more preferably at least one

clement selected from N and B.

(2) The heteroelement-containing graphene according to
(1), in which the spots form an electron diffraction
image belonging to the orthorhombic system with an
incident direction of [101], the spots including an array
of reciprocal lattice pomnts 11-1, —-111, -202, 1-1-1,
20-2, and -1-11.

(3) The heteroelement-containing graphene according to
(1) or (2), in which a half width of a diffraction peak
from (002) planes 1s 3 degrees or less 1n X-ray diflrac-
tion.

(4) The heteroelement-containing graphene according to
any one of (1) to (3), in which a ratio (I(101)/1{002)) of
a diffraction peak intensity I(101) from (101) planes to
a diffraction peak intensity 1(002) from (002) planes 1s
0.1 or more in X-ray diffraction.

(5) The heteroelement-containing graphene according to
(3) or (4), 1n which an interplanar spacing between the
(002) planes is 3.5 A or less in X-ray diffraction.

(6) The heteroelement-containing graphene according to
any one of (1) to (35), in which an atomic ratio (X/C) of
the heteroelement (X) to carbon (C), calculated based
on X-ray photoelectron spectroscopy, 1s 0.1 or more.

(7) The heteroelement-containing graphene according to
any one of (1) to (6), n which a possibility of a
chemical bonding state of nitrogen doped to a basal
plane being a chemical bonding state of cationic nitro-
gen can be indicated based on X-ray photoelectron
spectroscopy, and it 1s determined by Hall eflect mea-
surement that a carrier type of the heteroelement-
containing graphene 1s p-type.

(8) The heteroelement-containing graphene according to
any one of (1) to (7), in which a ratio (I{D)/I{G)) of an
intensity I(D) of a D band seen 1n the vicinity of 1350
cm™' to an intensity I(G) of a G band appearing in the
vicinity of 1580 ¢cm™' is 1 or less and a half width of the
G band is 50 cm™' or less in Raman spectroscopic
analysis with an excitation wavelength of 532 nm.

(9) The heteroelement-containing graphene according to
any one of (1) to (8), 1n which a ratio (I(2D)/1(G)) of an
intensity I(2D) of a 2D band seen in the vicinity of 2700
cm™" to the intensity I(G) of the G band is 0.5 or more
in the Raman spectroscopic analysis.

(10) The heteroelement-containing graphene according to
any one of (1) to (9), in which a half width of the 2D
band seen in the vicinity of 2700 cm™"is 80 cm™" or less
in the Raman spectroscopic analysis.

(11) The heteroelement-containing graphene according to
any one of (1) to (10), which does not include a base
material that supports the heteroelement-containing
graphene.
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(12) The heteroelement-containing graphene according to
any one of (1) to (11), comprising a graphene sheet
configured such that atoms of the carbon (C) are
chemically bonded to atoms of the heteroelement (X)
and atoms of the carbon (C) are principally sp*-bonded
to each other,

wherein the graphene sheet has a single-layer structure
formed by one layer or a stacked structure of two or
more and five or less layers.

(13) The heteroelement-containing graphene according to
any one of (1) to (12), which 1s a powder having an
average particle size of 1 nm or more and 10 um or less.

(14) A method for producing a heteroelement-containing
graphene comprising carbon (C) and, as a heteroele-
ment (X), at least one element selected from the group
consisting of nitrogen (N), phosphorus (P), arsenic
(As), sulfur (S), boron (B), and silicon (S1), wherein
spots belonging to either an orthorhombic system or a
hexagonal system and having a symmetry of a single
crystal are observed 1n selected area electron difirac-
tion, the method comprising:

dissolving a hetero 5-membered ring compound having,
at least partially, a S-membered ring structure in a polar
aprotic solvent to prepare a raw material-containing
liguid, wherein the 35-membered ring 1s formed by
carbon (C) and the heteroelement (X) which 1s at least
one selected from the group consisting of nitrogen (N),
phosphorus (P), arsenic (As), sultur (S), boron (B), and
silicon (S1); and

generating plasma in the raw material-containing liquid to
polymerize the hetero 3-membered ring compound,
thereby obtaining the heteroelement-containing gra-
phene.

The present application provides a heteroelement-con-
taining graphene as a solution to the above problems. This
heteroelement-containing graphene comprises carbon (C)
and, as a heteroeclement (X), at least one element selected
from the group consisting of mitrogen (IN), phosphorus (P),
arsenic (As), sulfur (S), boron (B), and silicon (S1). Also,
spots belonging to either the orthorhombic system or the
hexagonal system and having the symmetry of a single
crystal are observed 1n the selected area electron diffraction.

As described above, the conventional heteroelement-con-
taining graphene has no long-range order in the crystal
structure and no spots having the symmetry of a single
crystal have been observed 1n selected area electron difirac-
tion. On the contrary, when the heteroelement-containing
graphene disclosed herein 1s subjected to the selected area
clectron diffraction, spots having the symmetry of a single
crystal belonging to either the orthorhombic system or the
hexagonal system are observed, for example. Thereby,
highly crystalline heteroelement-containing graphene is pro-
vided.

In a preferred aspect of the heteroclement-containing
graphene disclosed herein, the spots include an array of
reciprocal lattice points 11-1, =111, =202, 1-1-1, 20-2, and
—1-11 1n an electron diffraction 1mage belonging to the
orthorhombic system with an incident direction of [101].
The heteroelement-containing graphene having the above
configuration 1s preferable because the heteroelement-con-
taining graphene can stably maintain high crystallinity by
having a crystal structure of the orthorhombic system
slightly deformed from a graphene structure of the hexago-
nal system.

The high crystallinity of the heteroelement-containing,
graphene disclosed herein can be confirmed by various
indices. From another viewpoint, 1n a preferred aspect, the
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heteroelement-containing  graphene  disclosed  herein
includes carbon (C) and the at least one heteroelement (X),
and the half width of the diffraction peak from the (002)
planes 1n X-ray diffraction (XRD) 1s 3 degrees or less.

In the present description, “half width” means full width
at half maximum (FWHM). The half width can be measured
according to JIS R7651:2007, JIS K0131:1996, or the like.
More specifically, for example, as illustrated in FIG. 5, the
half width may be obtained by creating a baseline for a
predetermined peak of the spectrum and measuring the
width of the peak at (4*h), which 1s a height of 2 of the
height (h) from the baseline of the peak.

In a preferred aspect of the heteroelement-containing
graphene disclosed herein, a ratio (I(002)/I(101)) of a dii-
fraction peak intensity 1{002) from the (002) planes to a
diffraction peak intensity I(101) from the (101) planes 1n
X-ray diffraction (XRD) 1s 0.1 or more.

The high crystallinity of the heteroelement-containing
graphene may also be specified by the XRD characteristics
as described above. For example, the conventional hetero-
clement-containing graphene has a broad halo pattern by
XRD. On the contrary, in the heteroelement-containing,
graphene disclosed herein, a peak mdicating crystallinity 1s
clearly observed in XRD. This makes it possible to clearly
distinguish the heteroelement-containing graphene provided
by the technique disclosed herein from the low crystallinity
heteroelement-containing graphene that has been frequently
observed.

In a preferred aspect of the heteroelement-containing,
graphene disclosed herein, the interplanar spacing between
the (002) planes calculated by the X-ray diflraction analysis
is 3.5 A or less. Such a configuration provides heteroele-
ment-containing graphene with better crystallinity.

In a preferred aspect of the heteroelement-containing
graphene disclosed herein, an atomic ratio (X/C) of the at
least one heteroelement (X) to carbon (C), calculated based
on X-ray photoelectron spectroscopy (XPS), 1s 0.1 or more.
In other words, there 1s provided a heteroelement-containing
graphene having high crystallinity which contains a hetero-
clement at a high ratio of 10 atomic % or more. Such a
material 1s provided for the first time by the present inven-
tion.

In a preferred aspect of the heteroelement-containing,
graphene disclosed herein, there 1s provided a heteroele-
ment-containing graphene in which from the nitrogen N1s
spectrum of XPS, the chemical bonding state of mitrogen
doped to the basal plane 1s imndicated to be that of cationic
nitrogen, and from the Hall eflect measurement, 1t can be
determined that its carrier type 1s p-type.

The high crystallinity of the heteroelement-containing
graphene disclosed herein can also be confirmed by other
indices. In a preferred aspect of the heteroelement-contain-
ing graphene disclosed herein, the heteroelement-containing
graphene includes carbon (C) and the at least one hetero-
clement (X), and 1n Raman spectroscopic analysis with an
excitation wavelength of 532 nm, a ratio (I{(D)/1{(G)) of an
intensity I(D) of a D band seen in the vicinity of 1350 cm™
to an 1ntensity I(G) of a G band appearing in the vicinity of
1580 cm™" is 1 or less and the half width of the G band is
50 cm™" or less.

The high crystallinity of the heteroelement-containing
graphene can also be specified by the Raman characteristics
as described above. For example, the peak of the D band 1n
the Raman spectrum of the conventional heteroeclement-
containing graphene 1s rounded in the first place, and does
not appear as a steep peak (in other words, a peak that 1s not
broad). On the contrary, the peak indicating the G band of
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the Raman spectrum of the heteroelement-containing gra-
phene disclosed herein has a small half width, for example.
Moreover, the peak of the G band can be higher in peak
intensity than the peak indicating the D band. This also
coniirms the high crystallinity of the heteroelement-contain-
ing graphene disclosed herein.

In a preferred aspect of the heteroelement-containing
graphene disclosed herein, a ratio (I(2D)/I{(G)) of an inten-
sity 1(2D) of a 2D band seen in the vicinity of 2700 cm™' to
the intensity I(G) of the G band 1s 0.5 or more 1n the Raman
spectrum. Although the 2D band 1s a spectrum derived from
defects 1n the crystal structure, the 2D band does not appear
in the Raman spectrum of amorphous or poorly crystalline
heteroelement-containing graphene. There can also be pro-
vided a heteroeclement-containing graphene having high
crystallinity that has not been seen by this.

In a preferred aspect of the heteroelement-containing
graphene disclosed herein, the haltf width of the 2D band
seen in the vicinity of 2700 cm™" is 80 cm™' or less in the
Raman spectrum. The peak appearing in the Raman spec-
trum can be considered to be sharp based on the small half
width. Therefore, a heteroelement-containing graphene with
higher crystallinity can also be provided by the above
configuration.

In a preferred aspect of the heteroelement-containing
graphene disclosed herein, a base material that supports the
heteroelement-containing graphene 1s not included. That 1s,
the heteroelement-containing graphene disclosed herein can
maintain its crystal structure tlat, even when a heteroelement
1s 1troduced into graphene 1n the absence of a flat support
base material. Thereby, the degradation of the function by
the base material, the reduction of efliciency or the like can
be suppressed when using the heteroelement-contaiming
graphene as various functional materials, for example. As a
result, for example, when the heteroelement-containing gra-
phene 1s used as a catalyst or the like, the specific surface
area 1s increased and the eflects such as catalytic activity per
unit weight are increased, which 1s preferable.

In a preferred aspect of the heteroelement-containing
graphene disclosed herein, the heteroelement-containing
graphene disclosed herein comprises a graphene sheet con-
figured such that atoms of the carbon (C) are chemically
bonded to atoms of the heteroelement (X) and atoms of the
carbon (C) are principally sp>-bonded to each other, and the
graphene sheet has a single-layer structure formed by one
layer or a stacked structure of two or more and five or less
layers. Thereby, a heteroelement-contaiming graphene hav-
ing excellent electrical, mechanical, and thermal properties
resulting from the unique two-dimensional structure of the
homographene sheet 1s provided, which 1s preferable.

In a preferred aspect, the heteroelement-containing gra-
phene disclosed herein 1s a powder having an average
particle size of 1 nm or more and 10 um or less. In the case
of such a powder having an average particle size of 1 nm or
more and 10 um or less, a heteroelement-containing gra-
phene 1n a form that can be easily prepared and used for, for
example, powder maternials or pastes for various applications
1s provided, which 1s preferable.

In still another aspect, a techmque to be disclosed herein
provides a method for producing a heteroelement-containing
graphene. This producing method includes the following
steps:

(1) dissolving a hetero 5-membered ring compound hav-
ing, at least partially, a 5-membered ring structure 1n a
polar aprotic solvent to prepare a raw material-contain-
ing liquid, wherein the 5-membered ring 1s formed by
the at least one heteroelement (X) and carbon (C); and
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(2) generating plasma in the raw material-containing
liquid to polymerize the hetero S-membered ring com-
pound, thereby obtaining the heteroelement-containing
graphene.

This method allows to simply and suitably obtain a highly
crystalline heteroelement-containing graphene comprising
carbon (C) and, as a heteroclement, at least one element
selected from the group consisting of nitrogen (N), phos-
phorus (P), arsenic (As), sultur (S), boron (B), and silicon
(S1), wherein spots belonging to either the orthorhombic
system or the hexagonal system and having the symmetry of
a single crystal are observed in selected area electron dii-
fraction.

The heteroelement-containing graphene of the present
invention can maintain the flatness of the graphene sheet and
has high crystallinity even with a large amount of nitrogen
to be doped. Thus, the heteroelement-containing graphene of
the present mvention 1s expected to exhibit good semicon-
ductor characteristics and catalytic characteristics. The
method for producing a heteroelement-containing graphene
of the present invention allows to efliciently produce the
heteroelement-containing graphene.

BRIEF DESCRIPTION OF DRAWINGS

FI1G. 1 1s a schematic diagram showing a configuration of
an m-liquid plasma generator.

FIG. 2 shows TEM images and selected area electron
diffraction patterns of powders (a) to (d).

FIG. 3 1s a graph illustrating X-ray diflraction patterns of
the powders (a) to (d).

FIG. 4A 1s a graph 1llustrating XPS analysis results of the
powders (a) to (d) by wide scanning.

FI1G. 4B 1s a graph 1llustrating XPS analysis results of the
powders (a) and (b) by narrow scanning.

FIG. 5§ 1s a graph illustrating Raman spectra of the
powders (a) to (d).

FIG. 6 1s a view 1illustrating a result of a crystal structure
analysis simulation of the powder (a).

FIGS. 7(a) to 7(c) are views describing a method for
calculating a flatness ratio of a crystal structure of the
powder (a).

FIG. 8 1s a graph showing Hall effect measurement
(semiconductor characteristics): the relationship between
Hall mobility and temperature dependence.

FIG. 9 1s a graph showing Hall eflect measurement
(semiconductor characteristics): the relationship between
carrier concentration and temperature dependence.

FIG. 10 1s a graph showing Hall effect measurement
(semiconductor characteristics): the relationship between
resistivity and temperature dependence.

FI1G. 11 1s a graph representing transparency of a thin film
containing the nitrogen-containing graphene powder (a).

DETAILED DESCRIPTION OF THE
EMBODIMENTS OF THE INVENTION

Hereinafter, the heteroelement-containing graphene of the
present invention will be described. It should be noted that
matters other than matters specifically mentioned in the
present description (configuration of heteroelement-contain-
ing graphene) and matters necessary for the implementation
of the present mvention (for example, various analyses) are
matters that can be implemented by those skilled 1n the art
by grasping their contents based on the contents disclosed in
the present description and drawings and the techmnical
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common sense 1n the field. In the present description, the
notation “M to N”” indicating the numerical range means M
or more and N or less.

A heteroelement-containing graphene disclosed herein
includes carbon (C) and, as a heteroelement, at least one
clement (X) selected from the group consisting of nitrogen
(N), phosphorus (P), arsenic (As), sulfur (S), boron (B), and
silicon (S1). As will be described later, the heteroelement-
containing graphene generally has a graphene sheet as a
main structure. The heteroelement 1s chemically bonded to
carbon to form this graphene sheet. Based on this, the
heteroelement-containing graphene disclosed herein 1s char-
acterized as having crystallinity and particularly exhibiting
high crystallinity that has not been seen. The heteroelement
ol graphene characterized as described above 1s preferably
selected from the group consisting of nitrogen (IN) and boron
(B).

First, the configuration of the heteroelement-containing
graphene will be described, and then the crystallinity will be
described in detail.

The heteroelement-containing graphene of the present

invention has a structure 1n which heteroelements are intro-
duced 1n place of carbon atoms in a sheet-like graphene
structure (carbon six-membered ring structure) composed
mainly of carbon atoms, as exemplified by the following
chemical structural formula 1, and does not have a structure
in which heterographene 1s disposed at the edge. Here, 1n

Formula 1, white circles indicate carbon and black circles
indicate heteroelement. The carbon atoms are principally
sp”-bonded to form the graphene sheet. As shown in For-
mula 1, the position of the heteroelement 1s not an edge and
1s not strictly limited, but 1s disposed inside the planar
structure of graphene. The position of the heteroelement
may be changed depending on the raw material used for
producing the heterographene and the production method.
The position of the nitrogen atom aflects the crystallinity,
transparency, and flatness of the heterographene.

Considering the raw matenal, the production process, and
that the product has high crystallinity, the heterographene of

the present imnvention 1s considered to have a structure in
which the heteroelement 1s not concentrated on the edges
and 1s included 1n two opposing positions (para positions) of

carbon six-membered rings. For example, when the hetero-
clement 1s nitrogen, the heterographene 1s as illustrated 1n
the following chemical structural formula 2. In the het-
crographene of the present invention, it 1s preferable to
introduce cationic nitrogen having the same number of
valence electrons as carbon as 4. In the heterographene of
the present invention, 1t 1s also preferable to introduce
anionic boron. The reason why these heterographenes have
a planar structure 1s considered to be because the same
electron arrangement as the sp” structure is realized in the
heteroatoms as in the carbon atoms constituting the gra-
phene. Further, when the heteroatom 1s mitrogen, nitrogen
with four valence electrons 1s involved in the nitrogen-
carbon bond, so that nitrogen becomes a positive 1on. As will

be described later, the mitrogen-containing heterographene
of the present invention becomes a semiconductor using the
movement of holes, that 1s, a so-called P-type semiconduc-
tor.
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As can be understood from the above description, in the
present description, the term “graphene sheet” 1s not limited
to sheet-like graphene formed strictly only by carbon atoms,
and includes graphene sheets 1n aspects 1n which the carbon
atoms of the graphene sheets are replaced by the heteroele-
ments. The “graphene sheet” referred to for the heteroele-
ment-containing graphene (highly crystalline heteroele-
ment-containing graphene) disclosed herein may be a
graphene sheet 1n an aspect in which a heteroelement 1s
included.

Further, the “heteroelement-contaiming graphene” in the
present description may be composed of one graphene sheet,
or may be composed of two, three, four, five, or more
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graphene sheets stacked. Further, graphene sheets having
different numbers of layers may be mixed. From the view-
point of obtaining highly crystalline heteroelement-contain-
ing graphene in which the properties resulting from the
unique two-dimensional structure of the graphene sheet are
more strongly reflected, the average number of layers of the
graphene sheet 1s preferably about five or less, and may be
four sheets or less, three sheets or less, two sheets or less, or
one sheet. The heterographene of the present invention may
be produced by a reaction using plasma described later. The
number of layers stacked may be adjusted by changing the
plasma conditions. That 1s, when the amount of energy per
unit time 1s icreased, the average total number of graphene
sheets can be 1increased, and when the amount of energy per
unit time 1s decreased, the average total number of graphene
sheets can be reduced to, for example, an average of five or
less.

When the number of conventional graphene sheets
stacked 1s reduced to about several or less, the flatness of the
graphene sheets 1s impaired. For example, it 1s known even
homographene sheets composed of only carbon atoms are
difficult to maintain the flatness of the sheets alone. Further,
when a heteroelement 1s introduced even a little (for
example, about several atomic %) instead of the carbon
atoms 1n the graphene sheet, the flatness of the graphene
sheet 1s Turther impaired. For example, good crystallimity has
not been obtained even with heteroelement-contaiming gra-
phene mto which nitrogen 1s imntroduced at several atomic %
or less. As a result, the conventional graphene sheets are
curved or the crystal lattice 1s deformed, for example.

On the contrary, the heteroelement-containing graphene
disclosed herein has a heteroelement introduced into the
graphene sheet, while maintamning high crystallinity.
Although the amount of heteroelement introduced 1s not
strictly limited, the heteroelement may be introduced 1n an
atomic ratio (X/C) of the heteroelement (X) to carbon (C) of,
for example, 0.1 or more, that 1s, may be introduced in a ratio
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of 10 atomic % or more, preferably 12 atomic % or more,
more preferably 13 atomic % or more, and further preferably
15 atomic % or more. In addition, the heteroelement-
containing graphene of the present invention has higher
crystallimity than conventional heteroelement-containing
graphene, despite the large amount of the heteroelement
introduced. It can be said that the heteroelement-containing
graphene disclosed herein 1s a completely new material that
has not been known. The upper limit of the amount of the
heteroelement introduced 1s not particularly limited. Nitro-
gen atoms exist as 10ns 1n a state where the planar structure
of graphene 1s maintained, and serve as hole-conducting
carriers. Therefore, 1t 1s possible to increase the carrier
density if a large amount of nitrogen atoms can be 1ntro-
duced. However, from the viewpoint of stably introducing
heteroelements so that the essential physical and chemical
properties of graphene are maintained and the planarity of
the graphene sheet 1s not impaired, 1n a suitable example, the
amount ol the heteroelements introduced 1s approximately
30 atomic % or less. In the heteroelement-containing gra-
phene, the amount of each heteroelement mtroduced relative
to the carbon atom may be calculated based on, for example,
the X-ray photoelectron spectroscopy (XPS). For example,
it can be suitably calculated according to the method of an
Example described later. The amount of mitrogen introduced
may be adjusted by the mitrogen content ratio of the raw
material molecules, the reaction temperature, the reaction
time, and the discharge voltage. In order to increase the
nitrogen content ratio, the amount of mitrogen introduced
should be increased. However, increasing the reaction tem-
perature, increasing the discharge voltage, or lengthening
the reaction time likely leads to a decrease 1n the amount of
nitrogen introduced.

Coronene 1s a kind of polycyclic aromatic hydrocarbon
and has a structure 1n which six benzene rings are connected
in a ring shape and i1s known to be a planar molecule.
However, the chemical formula of coronene 1s C,,H,,, and
it cannot be said that the crystal structure has long-range
order. Therefore, when 1t 1s necessary to distinguish from a
hydrocarbon such as coronene, the number of carbon atoms
of the highly crystalline heteroelement-containing graphene
disclosed herein can be defined as 30 or more, for example,
appropriately 50 or more, preferably 100 or more, more
preferably 500 or more, and particularly preterably 1000 or
more. The number of carbon atoms of graphene may be
adjusted by controlling the conditions at the time of pro-
duction using plasma described later. When the amount of
energy per unit time at the time of production 1s reduced, the
number of constituent carbon atoms can be increased while
maintaining the crystal structure having long-range order.
Furthermore, it 1s preferable that graphene can be produced
in a state where a homogeneous reaction phase 1s ensured.

In the present description, “highly crystalline” (high crys-
tallinity) means that the crystal structure has long-range
order. In the heterographene of the present invention, long-
range order means being a two-dimensional crystal. The
long-range order of the heterographene of the present inven-
tion 1s relatively high 1n the long-range order of the crystal
structure as compared with a conventional material having
the same composition. Whether or not any material has high
crystallinity may be appropriately determined by using, for
example, any one or more of the following analysis meth-

ods. Heremafiter, determination of the high crystallinity of
the heteroelement-containing graphene by each method wall

be described.
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(1) Evaluation by electron difiraction pattern
(2) Half width of diflraction peak of XRD pattern
(3) Half width of Raman spectrum

(1) B

Electron Diflraction Pattern

Crystallographic information of various materials may be
obtained using electron diffraction. For example, whether
the material 1s monocrystalline, polycrystalline, or amor-
phous can be determined by observing the electron diffrac-
tion pattern. Here, many materials are polycrystalline except
for specific materials. Also, even 1f the material 1s close to
a single crystal, when there 1s a precipitation phase, domain
structure, or disorder in the crystal structure 1n the material,
complex spot arrays or excessive spot arrays may appear in
the electron difiraction pattern. However, even a polycrys-
talline material may be regarded as a collection of single
crystal regions when viewed microscopically. The highly
crystalline heteroelement-contaiming graphene disclosed
herein 1s considered heteroelement-containing graphene in
which spots having the symmetry of a single crystal belong-
ing to either one of the orthorhombic system and the
hexagonal system are observed in the selected area electron
diffraction pattern.

The heteroelement-containing graphene may belong to
the same hexagonal system as homographene formed only
by carbon, or may belong to a crystal system in which the
crystal lattice 1s deformed from the hexagonal system by
introducing a heteroelement. One such crystal system 1s the
orthorhombic system. As the amount of the heteroelement
introduced increases, the amount of deformation of the unit
lattice 1increases. Therefore, highly crystalline heteroele-
ment-containing graphene typically belongs to the ortho-
rhombic system. The present mventor believes that since
such deformation of the umit lattice has long-range order, the
flatness of the crystal of the highly crystalline heteroele-
ment-containing graphene can be maintained well.

In the electron diffraction pattern of a single-crystal
material, an array of diffraction spots according to the
symmetry of a single crystal can be obtained. For example,
taking the case where the heteroelement-containing gra-
phene 1s the orthorhombic system as an example, when the
incident direction 1s the [101] orientation, an electron dii-
fraction pattern characteristic of the crystal structure is
obtained. When the long-range order 1n the crystal structure
of the heteroelement-containing graphene 1s high, the elec-
tron diffraction pattern thereof includes an array of electron
diffraction spots corresponding to reciprocal lattice points
11-1, -111, =202, 1-1-1, 20-2, and -1-11. The electron
diffraction pattern ol polycrystalline material formed by
overlapping electron diflraction patterns obtained from a
plurality of single crystals. Accordingly, the electron dif-
fraction pattern of a single-crystal maternial 1s obtained only
as an electron diffraction pattern according to the symmetry
of one kind of crystal.

In the case of an electron dififraction pattern using a
transmission electron microscope, regularly arranged dif-
fraction spots (spots) are obtained for a single crystal. The
clectron beam diffraction pattern of a single-crystal material
may include, for example, clear spots without overlap. For
polycrystals, concentric rings are obtained. When amor-
phous,

a broad annular electron diffraction pattern 1s
obtained. Whether or not the electron diffraction pattern
shows the symmetry of a single crystal can be appropnately
determined by those skilled in the art based on whether or
not diffraction spots are obtained. For example, in the
heteroelement-containing graphene of the present invention,
the electron diffraction pattern preferably includes the spot
array of the reciprocal lattice points 1n an electron difiraction
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pattern when the incident direction 1s the [101] ornientation.
Further, it 1s more preferable that the spot array of the
reciprocal lattice points 1s included and no other spot array
exhibiting crystal ordering 1s included.

The unit cell of the highly crystalline heteroclement-
contaiming graphene of the present invention may have a
form 1n which the unit cell of graphene is slightly deformed.
The degree of deformation of the unit cell may be, for
example, within a few percent (for example, within 3%).
Such a umit cell of highly crystalline heteroelement-contain-
ing graphene may satisly, for example, the following lattice
conditions.

a=b
a=4.000 to 4.300 A

b=2.300 to 2.500 A

c=6.600 to 7.200 A

a=p=y=90°
(2) XRD Method

Evaluation of crystallinity by the XRD method has been
widely performed. It 1s known that the smaller the half width
of the XRD peak attributed to the crystalline compound 1n
the XRD pattern obtained by the powder XRD analysis, the
higher the crystallinity of the compound 1n general. There-
tore, this haltf width 1s preferably small from the viewpoint
of high crystallinity. In the XRD pattern obtained by the
XRD method, the half width of the XRD peak attributed to
the compound of the highly crystalline heteroelement-con-
taining graphene disclosed herein 1s generally smaller than
the halt width of the XRD peak obtained for the heteroele-
ment-containing graphene containing nitrogen, sulfur, oxy-
gen, boron, or the like that has been known. In the XRD
pattern obtained by powder XRD analysis of the highly
crystalline heteroelement-containing graphene of the present
invention, the half width of the XRD peak from the (002)
planes attributed to the carbon six-membered ring structure
1s preferably 3 degrees)(®° or less, more preferably 2.8
degrees or less, further preferably 2.6 degrees or less, or may
be, for example, 2.5 degrees or less.

The XRD peak for a typical crystalline compound can be
suiliciently small such that the half width 1s 1 degree or less,
or 1s, for example, 0.5 degree or less. Examples of crystalline
carbon materials include graphite with improved crystallin-
ity and diamond. However, there are many carbon matenals
with low crystallinity called formless carbon, amorphous
carbon, or the like. Regarding the heteroelement-containing
graphene of the present invention, determination can be
made that relatively high and suflicient crystallinity 1s exhib-
ited when the half width of the XRD peak from the (002)
planes 1s 3 degrees or less.

Here, when the XRD peak from the (002) planes 1s
extremely small, the half width of 3 degrees or less can be
casily satisfied. The lower the crystallinity of the heteroele-
ment-containing graphene, the smaller the XRD peak from
the (002) planes. Therefore, when determining that the
heteroelement-containing graphene 1s highly crystalline in
the present invention, 1t 1s preferable that a ratio (I(101)/1
(002)) of a diffraction peak intensity 1{101) from the (101)
planes to a diffraction peak intensity 1{002) from the (002)
planes be 0.1 or more. With high XRD peak intensity from
the (002) planes, the peak intensity ratio (I(101)/1(002)) of
0.1 or more 1s easily achieved. As such, determination can
be made that the crystallinity of heteroelement-containing,
graphene 1s high when the XRD peak intensity from the
(002) planes 1s high and the half width 1s low.

Since there 1s a small number of graphene sheets in the
highly crystalline heteroelement-containing graphene of the
present invention, the stacking regularity in the crystal
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structure 1s low. Therefore, there 1s a possibility that no peak
corresponding to the hkl diffraction line seen in the XRD
pattern of natural graphite in the strict sense 1s observed, and
only the 001 diffraction line and the hk diffraction line is
observed. In such a case, in the present description, the
expression “(101) plane” may be read as “(10) plane”.

(3) Raman Spectrum

The single-layer graphene sheet (monographene) has a
Raman activity in the double-degenerate Eg mode as 1n the
case of graphite, and 1n the Raman spectrum, first, a first-
order Eg band, that 1s, a G band 1s observed 1n the vicinity
of 1580 cm™'. When the G band in the Raman spectrum 1is
observed, 1t can be confirmed that highly crystalline hetero-
clement-containing graphene includes a graphene sheet
made of sp” carbon. In addition to this, it is known that the
Raman spectrum of the graphene sheet has some character-
1stic peaks. For example, when a disorder or defect occurs 1n
the graphite structure, 1n addition to the D band, an origi-
nally mactive band appears as peaks called the D band and
the D' band in the vicinity of 1350 cm™"' and 1620 cm™,
respectively. In the case of the heteroelement-containing
graphene, when a heteroelement 1s introduced into the
graphene structure, the graphite structure may be disordered.
As a result, there are cases that the D band, the D' band, or
the like appear 1n the Raman spectrum of the heteroelement-
containing graphene, and these peaks including the G band
may be broadened.

Here, with respect to the highly crystalline heteroelement-
containing graphene disclosed herein, 1t 1s observed that the
half width of the G band 1s small from the viewpoint of high
crystallinity. In the Raman spectrum obtained by Raman
spectroscopic analysis, the half width of the G band of the
highly crystalline heteroelement-containing graphene of the
present invention 1s generally smaller than that of the G band
of a Raman shiit obtained for the conventionally known
heteroelement-containing graphene. For example, in the
Raman spectrum obtained for highly crystalline heteroele-
ment-containing graphene in which the excitation wave-
length 1s 532 nm, the half width of the peak attributed to the
G band may be 50 cm™" or less (for example, less than 50
cm™"). The half width of the peak attributed to the G band
is more preferably 45 cm™ or less, further preferably 40
cm™" or less, and may be, for example, 35 cm™" or less.

There are cases where a peak derived from the 2D band,
which 1s said to be related to the number of layers of the
graphene sheets, is observed in the vicinity of 2700 cm™
(2nd harmonic of D band) in the Raman spectrum of the
highly crystalline heteroelement-containing graphene of the
present invention. In general, it 1s said that the peak of the
2D band 1s sharp for monographene, but broadens as the
number of layers of graphene sheets increases and the 2D
band peak of the graphene sheet of five or more layers
almost matches that 1n the spectrum of bulk HOPG. Further,
it 1s said that although the 2D band of monographene
exhibits higher intensity than the G band, the intensity of the
G band with respect to the 2D band increases as the number
of layers increases up to about five layers. However, the 2D
band 1s unlikely to appear in the Raman spectrum of
amorphous or poorly crystalline heteroelement-containing
graphene. In the Raman spectrum of the highly crystalline
heteroelement-containing graphene of the present invention,
a ratio 1(2D)/1((G)) of an itensity I(2D) of the 2D band seen
in the vicinity of 2700 cm™' to the intensity 1(G) of the G
band 1s usually 0.5 or more, and the ratio (I(2D)/1(G)) 1s
more preferably 0.6 or more, further preferably 0.7 or more,
and particularly preterably 0.8 or more. Meanwhile, reduc-
ing the number of layers of graphene sheets 1n the highly
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crystalline heteroelement-containing graphene relatively
small 1s possible. In that case, although there 1s no particular
limitation on the upper limit of I(2D)/I((), the ratio (I(2D)/
I(G)) may be set to approximately S or less, for example, 1
or less (for example, less than 1).
Further, the highly crystalline heteroelement-containing
graphene of the present invention preferably has a narrow
half width of the 2D band of the Raman spectrum. The half
width of the peak attributed to the 2D band 1s usually 80
cm™' or less (for example, less than 80 cm™), more prefer-
ably 75 cm™" or less, further preferably 70 cm™", and may be,
for example, 65 cm™" or less.
Although the specific shape of the highly crystalline
heteroelement-containing graphene of the present mnvention
1s not particularly limited, the heteroelement-containing
graphene may be provided as a powder having an average
particle size of 1 nm or more and 10 um or less, for example.
The average particle size of the highly crystalline hetero-
clement-containing graphene may be 5 nm or more, may be
10 nm or more, and may be 100 nm or more. The average
particle size of the highly crystalline heteroelement-contain-
ing graphene may be 5 um or less, may be 3 um or less, and
may be 1 um or less. From the viewpoint that the hetero-
containing graphene of the present mvention 1s a two-
dimensional crystal, it 1s preferable that the average particle
s1ze be large. The average particle size may be adjusted by
controlling the conditions at the time of production using
plasma described later. The particle size does not increase
when the reaction temperature 1s low. From the viewpoint of
the particle size, the smaller the energy of the plasma per
unit time, the better.
Further, the highly crystalline heteroelement-containing
graphene does not include a base material that supports
itself. Thereby, there 1s provided a maternial that 1s light-
welght and excellent 1n functionality per unit weight (for
example, semiconductor characteristics, catalytic activity,
etc.).
|[Method for Producing Highly Crystalline Heteroelement-
Containing Graphene]
The highly crystalline heteroelement-containing graphene
may be suitably produced by the following steps.
<1> A hetero 5-membered ring compound having, at least
partially, a 5-membered ring structure in which the
S-membered ring 1s formed by a heteroelement (X) and
carbon (C) 1s prepared as a raw material compound.
Here, the heteroelement 1s at least one selected from the
group consisting of mtrogen (N), phosphorus (P), arse-
nic (As), sulfur (S), and boron (B).

<2> Next, the prepared raw material compound 1s dis-
solved 1 a polar aprotic solvent to prepare a raw
material-containing liquid.

<3> Then, by generating plasma i1n the raw material-

containing liqud, the hetero 5-membered ring com-
pound 1s opened and polymerized.

Here, as will be shown in Examples described later, a
combination of a raw material compound and a polar aprotic
solvent 1s suitably used for obtaining the highly crystalline
heteroelement-containing graphene of the present invention.
When the combination 1s not suitable, poorly crystalline
heteroelement-containing graphene 1s synthesized as 1n the
prior art. Moreover, when deviated from a suitable combi-
nation, the incorporation of the heteroelement into the
graphene 1s relatively suppressed, and heteroelement-con-
taining graphene that does not have high crystallinity (for
example, amorphous) 1s obtained.

The hetero S-membered ring compound as a raw material
compound 1s preferably, for example, a heteroaromatic
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compound containing a heteroelement at positions 1 and 3 of
the 5S-membered ring, although 1t cannot be unconditionally
determined because it also depends on the kind of the
heteroelement. The heteroelement at the 1-position may be
the same as or different from that at the 3-position. The
heteroelements are preferably the same element. The hetero
S-membered ring compound 1s preferably a compound con-
taining nitrogen as a heteroelement. The hetero S-membered
ring compound 1s preferably, for example, an amine con-
taining nitrogen at the 1-, 3-positions of the S-membered
ring, and for example, an 1midazole compound may be
preferably used. The hetero S-membered ring compound 1s
also preferably an 1onic compound. As such an 10nic com-
pound, for example, a salt that dissolves 1n water and has, as
the anion, an 10n containing the same heteroelement as that
contained 1n the hetero 5-membered ring compound and
carbon 1s preferable. Examples of such 1onic compounds
include cyanate, thiocyanate, and cyanamide. Suitable
examples of the hetero 5-membered ring compound 1nclude
imidazolium salts such as 1-ethyl-3-methylimidazolium
dicyanamide and 1-butyl-3-methylimidazolium thiocyanate.

As the polar aprotic solvent, a solvent that easily dissolves
the raw material compound and does not have proton donor
ability may be preferably used. Examples of such polar
aprotic solvents include dimethylsulfoxide and dimethylior-
mamide. The raw material-containing liquid may be pre-
pared by dissolving the hetero S-membered ring compound
in a polar aprotic solvent.

Next, an imn-liquid plasma 1s generated in the raw material-
containing liquid as a reaction field for polymerization and
carbonization of the raw material compound. As will be
described later 1n Examples, a non-equilibrium solution
plasma 4 1s formed between electrodes 6 by applying a pulse
voltage between the electrodes 6 1n a liquid 2 by an 1mn-liquid
plasma generator 10 of FIG. 1. The solution plasma (plasma
phase) 4 1s formed 1 a gas phase formed between the
clectrodes 6. Such a plasma reaction field 1s constantly
maintained between the electrodes 6. In the plasma reaction
field, active species such as electrons having high energy,
ions, and radicals are supplied from the plasma phase to the
liquid phase. Meanwhile, the raw material compound con-
tained 1n the liquid phase 1s supplied from the liquid phase
to the gas phase and the plasma phase. Then, these contact
(collide) mainly at the interface between the liquid phase
and the gas phase. Thereby, the raw material compound 1s
polymerized and carbomized to produce highly crystalline
heteroelement-containing graphene.

Since the generated plasma interacts with the wall of the
container, 1t 1s necessary to keep the distance from the wall
appropriate from the viewpoint of plasma stability. Further,
the yield of hetero-containing graphene increases as the
clectrode 6 moves away from the liquid surface. Therefore,
in order to increase the yield according to the size of the
reaction apparatus used, the raw materials, the solvent, or the
like, 1t 1s necessary to adjust their arrangement. By adjusting
the arrangement of the electrodes 6 or the like as such, the
yield of the heterographene of the present invention can be
set to 1 to 30%, preferably 10 to 30%, and more preferably
20 to 30%.

Conditions for generating in-liquid plasma may be set to,
for example, a voltage (secondary voltage): about 1 kV to 2
kV, a frequency: about 10 kHz to 30 kHz, and a pulse width:
about 0.5 us to 3 us. Further, in order to enable stable
generation ol solution plasma, the electric conductivity of
the raw material-containing liquid 1s preferably in the range
of about 300 uS-cm™" to 3000 nS-cm™". Since the disclosure
of Patent Japanese Patent Laid-Open No. 2012-1533555 can
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be referred to for more detailed conditions for generating
in-liquid plasma, their repeated description will be omitted.

As described above, the highly crystalline heteroelement-
containing graphene and the production method thereof have
been described based on the preferred embodiment, but the
present mvention 1s not limited to these examples, and can
be performed by appropriately changing the aspect. For
example, the liguid containing the raw material compound
may contain a compound other than the raw material com-
pound as long as the object of the present invention 1s not
impaired. In generating solution plasma, 1t 1s not always
necessary to use a needle-like electrode made of tungsten,
and an electrode having any shape formed by other conduc-
tive materials may be used. Further, the solution plasma may
also be generated with an induction coil having a low
inductance without using an electrode. The mn-liquid plasma
1s not limited to solution plasma (glow discharge plasma),
and may be implemented using, for example, arc discharge
plasma in the liquid.

The highly crystalline heteroelement-containing graphene
provided by the present invention has improved crystallinity.
This can improve various characteristics of the highly crys-
talline heteroelement-containing graphene including electri-
cal conductivity and catalytic activity. As a result, 1t 1s
allowed to separately produce, for example, highly crystal-
line heteroeclement-containing graphene exhibiting elec-
tronic conductivity and highly crystalline heteroelement-
containing graphene having n-type or p-type semiconductor
characteristics. Thereby, a lightweight and flexible semicon-
ductor chip can be developed, for example. In addition,
various semiconductor chips can be developed, which can
help to realize tlexible semiconductor devices.

Non-Limiting Examples

Next, although Examples related to the present invention
are shown, 1t 1s not ntended that the present invention is
limited by those shown in such Examples.
|Production of Heteroelement-Containing Graphene]

As a raw material compound, 1-ethyl-3-methylimidazo-
lium dicyanade (EMIM-DCA, C8H11N35, CAS registration
number: 370865-89-7), which 1s a nitrogen-containing
S-membered ring organic molecule, was prepared. The fol-
lowing four organic solvents (a) to (d) were prepared as the
solvents. Then, the raw material compound and the solvents
were mixed at a mass ratio of 1:9, and the raw material
compound was dissolved to prepare the raw material com-
pound-containing liquids (a) to (d).

Organic Solvents

(a) N,N-dimethylformamide (DMF, (CH,),NCHO)

(b) Acetonitrile (CH,CN)

(c) benzene (C Hy)

(d) Toluene (C.H.CH;)

Next, the solution plasma 4 was generated in each raw
material compound-containing liquid using the in-liquid
plasma generator 10 shown in FIG. 1. The in-liqud plasma
generator 10 includes a container S including a glass beaker
for accommodating the raw material compound-containing
liquid 2, a pair of plasma generating electrodes 6 fixed to the
container 5, and a power supply 8 for applying a voltage to
the electrode 6. The electrode 6 1s formed by a tungsten wire
having a diameter of 1.0 mm (manufactured by The Nilaco
Corporation), and the distance between the electrodes 1s set
to 0.3 mm. The wire had an exposed tip portion, and the
other portions were covered with an insulating member 9
made of fluororesin. As the power supply 8, a bipolar DC
power supply was used.
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The raw material compound-containing liquid 2 selected
from the raw material compound-containing liquds (a) to
(d) prepared above was put into the container 5 and stirred
by a stirring device 7 including a magnetic stirrer. The
amount ol the raw material compound-containing liquid 2
was adjusted so that the counter electrode 6 portion was
immersed i the middle of the raw material compound-
containing liquid 2. Thereafter, a predetermined pulse volt-
age was applied between the electrodes 6 (electrodes 0.1
mm) from the external power supply 8 (bipolar pulse DC
power supply) to generate plasma between the electrodes 6
in the liquid. The pulse voltage conditions were: inter-
terminal voltage: +1500V—=0V—=1300V—=0V—=+1500V,
repetition frequency: 200 kHz, and pulse width: 1 us, and
plasma was generated in the raw material compound-con-
taining liquid 2 for 5 minutes.

All of the raw material compound-containing liquids (a)
to (d) were colorless and transparent, but turned to be
yellowish immediately after the generation of plasma, and
changed to a brown or black opaque liqmd after about 5
minutes. This discoloration 1s considered to be because the
raw material compound was polymerized to form a graphite
skeleton. Then, the raw material compound-containing lig-
uid after the plasma treatment was dried to obtain a black
powder. Hereinaiter, the nitrogen-containing graphene pow-
ders (a) to (d) respectively obtained from the raw material
compound-containing liquids (a) to (d) were subjected to the
tollowing analyses, and their crystal structures and the like
were examined.
|Selected Area Electron Diflraction Analysis]

The nitrogen-containing graphene powders (a) to (d) were
subjected to selected area electron diffraction analysis to
examine the crystal structure of each powder. Electron
diffraction patterns were obtained and TEM observations
were performed using the high-resolution transmission elec-
tron microscope (TEM) JEM-2500SE manufactured by
JEOL Ltd. as the analyzer. The conditions for obtaining the
selected area diffraction 1mage were an electron beam accel-
eration voltage of 200 kV, a field area of about 350 nm, and
a camera length of 300 cm. In this apparatus, the difiraction
pattern 1s captured as a digital signal by a slow scan CCD
camera and displayed on a liquid crystal display. The
resolution of the CCD chip 1s 3413 pixels/mx3413 pixels/m,
and the frame size of the camera 1s 640 pixelsx336 pixels.
When observing, one particle 1n the powder was selected by
the TEM function, first, and the crystal orientation was
adjusted by controlling the tilt of the X axis and the Y axis
of the sample while observing the electron diflraction pat-
tern, and the TEM 1mage was acquired at the position where
the clearest electron diflraction pattern was obtained. The
above results are shown 1n FIG. 2.
| X-Ray Diffraction Analysis]

The nitrogen-containing graphene powders (a) to (d) were
subjected to powder X-ray diflraction to examine the crystal
structure of each powder. The analysis was carried out under
the following analysis conditions using SmartLab (9 kW)
manufactured by Rigaku Corporation as the X-ray diflrac-
tion analyzer. The X-ray patterns are shown in FIG. 3.

X-ray source: Cu-Ka ray

X-ray generation current: 200 mA

X-ray generation voltage: 45 kV
Slit angle: 0.5°

Slit width: 1.0 mm

20=10 to 80°
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Step interval: 0.02°

Step measurement time: 3s
| X-Ray Photoelectron Spectroscopy Analysis]

The nitrogen-containing graphene powders (a) to (d) were
subjected to X-ray photoelectron spectroscopy (XPS) analy-
s1s, and the elements constituting each powder were 1den-
tified and their chemical states were examined. Specifically,
a sample was scanned in the entire energy range (0 to 1100
eV), and a wide scan analysis for qualitative analysis with
high sensitivity was performed, and then a narrow scan
analysis for scanning a narrow energy range of 394 to 406
eV was performed to thereby examine the bonding state of
nitrogen atoms 1n the powder. Analysis was performed under
the following analysis conditions using VersaProbe 11 manu-
tactured by ULVAC-PHI, Inc. as the XPS analyzer.

X-ray source: Mg-Kao ray

X-ray generation current: 1.7 mA

X-ray generation voltage: 25 kV
[Raman Spectroscopic Analysis]

The nitrogen-containing graphene powders (a) to (d) were
subjected to Raman spectroscopic analysis, and the types
and states of the substances constituting the powders were
examined. The analysis was carried out under the following
analysis conditions using NRS-100 manufactured by
JASCO Corporation as Raman spectroscopic analyzer.

Excitation wavelength: 532 nm

Output: 2 mW

Exposure time: 10 seconds

Average frequency: 5
[Evaluation]

[Selected Area Flectron Diffraction Analysis]

FIGS. 2(a) to 2(d) show TEM i1mages of the nitrogen-
contaiming graphene powders (a) to (d) and the electron
diffraction patterns obtained by selected area electron dii-
fraction analysis. Each TEM image 1s at an appropnately
selected magnification.

The nitrogen-containing graphene powders (a) to (d) are
samples obtained from the same raw material compound
EMIM-DCA, but differ in the type of solvent in which the
raw material compound is dissolved. As shown 1n FIG. 2(a),
it was confirmed that in the electron diflraction pattern of the
nitrogen-containing graphene powder (a) obtained by using
DMF as a solvent, spots showing the symmetry of a single
crystal in which the regular hexagon 1s slightly distorted
were obtained. From this, 1t was found that the nitrogen-
containing graphene powder (a) was formed by a single
crystal. Further, as shown in FIG. 2(5), 1t was confirmed that
the electron diffraction pattern of the powder (b) obtained
using acetonitrile as the solvent formed concentric Debye
rings and crystals were present at various angles in the
measurement region. That 1s, 1t was found that the powder
(b) contained polycrystal. On the other hand, as shown 1n
FIGS. 2(c) and 2(d), the electron diffraction patterns of the
powder (c) obtained using benzene as the solvent and the
powder (d) obtained using toluene all formed concentric
halo patterns and no clear diffraction spots were observed.
From this, 1t was found that the powders (c¢) and (d) were
amorphous without crystal structure. Further, in the produc-
tion of the heteroelement-contaiming carbonaceous material
using solution plasma, the crystallinity of the compound to
be generated varies depending on the type of organic solvent
in which the raw material compound 1s dissolved.

[ XRD Analysis]

FIG. 3 shows X-ray diffraction patterns of the obtained
nitrogen-containing graphene powders (a) to (d). Regarding,
the nmitrogen-containing graphene powder (a), 1t was con-
firmed that a diffraction peak from the (002) planes was
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observed 1n the vicimity of 20=26°, and a diffraction peak
from the (10) plane was observed 1n the vicinity of 20=42 to

50°. However, the powders (b) to (d) showed only a slight

broad peak, indicating that the powders (b) to (d) had no
crystal structure, or 1f had, amorphous with almost no

long-range order. This result 1s supported by the results of
clectron diffraction analysis.
| XPS Analysis]

Next, FIG. 4A shows the results of wide scan analysis of

the obtained nitrogen-containing graphene powders (a) to
(d) by XPS analysis. As shown in FIG. 4A, 1n all the XPS

spectra of the nitrogen-containing graphene powders (a) to
(d), 1t was confirmed that a Cls peak was observed at a
binding energy in the vicinity of 285 eV, an Nls peak 1n the
vicinity o1 398 eV, and an Ol s peak 1n the vicinity of 531 V.
It was confirmed that all the nitrogen-containing graphene
powders (a) to (d) were matenals contaiming carbon (C),
nitrogen (N), and oxygen (O). However, although the Cls
peaks of the nitrogen-containing graphene powders (a) to (d)
were sharp and large, the Nls peaks and the Ols peaks
became smaller 1n the order of the nitrogen-contaiming
graphene powders (a) to (d). Table 1 below shows the ratio
of each element when the total amount of carbon (C),
nitrogen (N), and oxygen (O) i each powder was 100
atomic %.

TABLE 1
Powder
Cls Ols Nls
Powder [atmic %] [atmic %] [atmic %]
(a) 81.4 5.2 13.4
(b) 80.1 12.7 7.1
(¢) 91.9 6.1 2.0
(d) 91.7 6.6 1.8

As shown 1n Table 1, 1t was found that the oxygen content
of the mitrogen-containing graphene powders (a), (¢), and (d)
was slightly lower at 5 to 7 atomic %, but the powder (b)
obtained using acetonitrile as the solvent had a high oxygen
content of more than 10 atomic %. Regarding the nitrogen
content, the powders (¢) and (d) were as small as 2 atomic
% or less, whereas the nitrogen-containing graphene pow-
ders (a) and (b) were relatively high at 13.4 atomic % and
7.1 atomic %, respectively. From this, it was found that 1n
the production of the heteroeclement-containing carbona-
ceous material using solution plasma, the compositions of
the compounds to be generated may difler depending on the
type of organic solvent in which the raw material compound
1s dissolved. For example, regarding the nitrogen-containing
graphene powder (a), 1t was found that the mitrogen content
was as high as over 10 atomic % and the oxygen content was
as low as less than 5.5%.

Next, FIG. 4B shows a result obtained by performing
narrow scan analysis on the nitrogen-contaiming graphene
powders (a) and (b) having a relatively high nitrogen con-
tent. In the region where the binding energy 1s 395 to 405 eV,
nitrogen atom spectrum indicating various bonding states
can be observed by scanning with high resolution. There-
fore, the narrow scan spectrum of the N1s peak based on the
XPS analysis 1s shown as being separated into peaks indi-
cating four types of bonding states of nitrogen atoms. That
1s, the Nls peak was separated into (1) a pyndine-type
binding peak 1n the vicinity of 398.5 eV, (2) a pyrrole-type
(N3) peak 1n the vicinity o 400.5+£0.2 €V, (3) a cationic (N+)
peak 1n the vicinity of 401.2+0.2 eV, and (4) a pyridone-type
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(NOX) peak 1n the viciity of 402.9+0.2 eV. It was con-
firmed that the mitrogen-containing graphene powders (a)
and (b) contained nitrogen atoms in all the four bonding
states. Although not specifically shown, as can be seen from

22

clearly reflected the crystallimity and I{D)/I(G) was less than
1 ({or example, 0.8 or less). In other words, 1t can be said that

I{D)/I{G) can indicate a low number of defects present 1n the
graphene structure and, consequently, the high degree of

FIG. 4B, the nitrogen-containing graphene powders (a) and 5 crystallinity.

(b) contain a relatively large amount of pyridine-type nitro-
gen and cationic mitrogen. However, since pyridine-type
nitrogen can be itroduced only to the edge, the predominant
nitrogen introduced in the plane 1s cationic nitrogen. It can
be said that including a large amount of cationic nitrogen
indicates that nitrogen atoms are introduced inside the
graphene sheet 1nstead of the edges thereof.

|[Raman Spectroscopic Analysis

FIG. 5 shows Raman spectra of the obtained nitrogen-
containing graphene powders (a) to (d). For all the nitrogen-
containing graphene powders (a) to (d), it was confirmed
that the G band, which 1s one of the characteristic peaks of
graphene and derived from the graphite structure (carbon
six-membered ring structure), appeared in the vicinity of
1580 cm™" and the D band resulting from structural disorder
and defects in the vicinity of 1350 cm™". The G band and the
D band of the nitrogen-contaiming graphene powder (a) form
relatively steep peaks, and the Raman spectrum indicates the
high crystallinity of the nitrogen-containing graphene pow-
der (a). Within the present inventor’s knowledge, 1t has not
been reported that the G band appears as a sharp peak with
respect to graphene into which a heteroelement has been
introduced (in particular, free-standing graphene not formed
on a base material). The half width (FWHM) of the G band
of the nitrogen-containing graphene powder (a) was 34.0
cm™'. However, it was found that the peak becomes broader
as the crystallimty of the powdered nitrogen-containing
graphene powders (b), (c¢), and (d) decreases. It can be
roughly said that the powders (¢) and (d) are amorphous, and
this matches with the results of electron diffraction analysis
and the like.

In the nitrogen-containing graphene powder (a), a sec-
ondary Raman scattering band (2D band) involving two
phonons was clearly observed in the vicinity of 2700 cm™'.
The halt width (FWHM) of the 2D band of the powder (a)
was 68.2 cm™'. This 2D band was slightly observed in the
powder (b), but could not be observed for the nitrogen-
containing graphene powders (¢) and (d). The powder (a)
has the D' band resulting from defects was observed 1n the
vicinity of 1620 c¢cm™', the D+D" coupling mode in the
vicinity of 2446 cm™', and the D+D' coupling mode in the
vicinity of 2950 cm™, and thus 1s expected to have a more
complex crystal structure than graphene.

Table 2 below shows the mtensity ratio (I{(D)/I((G)) of the
D band to the G band in each Raman spectrum of the
nitrogen-contaiming graphene powders (a) to (d), and the
intensity ratio (I(2D)/1(G)) of the 2D band to the G band 1n
the Raman spectrum of the powder (a). Each I{D)/I{G) of the
amorphous powders (¢) and (d) was from 0.86 to 0.87. Each
I(DYI(G) of the powders (a) and (b) considered to have
higher crystallinity than the powdered nitrogen-containing
graphene powders (¢) and (d) was 0.74 and 0.99. In general,
I(D)I(G) 1s also called an R value, and 1s an index used for
cvaluating the degree of graphitization of carbonaceous
material. However, recent studies have shown that the R
value 1s not versatile for all carbon materials because of its
complex behavior depending on various factors. In this
example, 1t was confirmed that for a sample 1n which the
crystallinity 1s greatly low and clear D band and G band
cannot be obtained, the I(D)/I{(G) does not function as the
index of crystallinity. On the other hand, 1n the powder (a)
having relatively high crystallinity, the Raman spectrum
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TABLE 2

I (D) /I (G)
[—]

0.74
0.99
0.87
0.86

I (2D) /1 (G)
[—]I

0.82

Powder

(a)
(b)
(c)
(d)

[Crystal Structure Analysis]

From the above, it was found that heteroelement-contain-
ing graphene having excellent crystallinity can be obtained
by using EMIM-DCA as a raw material compound and DMF
as a solvent. Therefore, a more detailed crystal structure
analysis was performed from the electron diffraction pattern
and the XRD pattern of the nitrogen-containing graphene
powder (a). FIG. 6 shows the result of the simulation of the
crystal structure analysis. Spots indicated by arrows in the
figure are actually obtained electron diffraction spots (see
FIG. 2(a)). The spots (black circles) not indicated by arrows
in the figure are diffraction spots theoretically obtained from
the graphene (graphite) crystal structure. Table 3 below
shows the lattice conditions of the unit cell used to create the
diffraction spots of graphene (graphite) and the results of the
crystal structure analysis based on the electron difiraction
pattern of the nitrogen-containing graphene powder (a).

TABLE 3
Graphene
(Graphite) Powder (a)
Space P 63mc Cmmm
group
Point Cﬁf (hexagonal system) Dzhlg (orthorhombic system)
group
Two- /\
di-
mensional |
lattice / /
i1
b
Lattice a=b a=b
conditions a =24700 A a=4.01602 A
¢ = 6.7900 A c =6.89 A
a =P = 90.00° ¢ =6.80 A
y = 120.00 a=p=y=90°

As shown 1n FIG. 6, the electron difiraction pattern of the
nitrogen-containing graphene powder (a) forms a spot that 1s
roughly similar to the electron diffraction pattern of graphite,
but its form 1s slightly flattened. As a result of the structure
analysis, 1t was found that the electron diffraction pattern
shown 1 FIG. 6 1s a diffraction image from the [101]
orientation, which 1s a feature of the orthorhombic system.
From the amount of spot deviation, the unit cell in the crystal
structure of the nitrogen-contaiming graphene powder (a)
was deformed such that the ideal six-membered ring struc-
ture of graphene 1n the planar lattice collapsed in the a-axis
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direction 1n the orthorhombic system, as shown in Table 3.
At the same time, the lattice constant of the a-axis of the unit
cell determined according to the symmetry of the ortho-
rhombic system was extended to about 4 A. Due to the
enlargement of the size of the planar lattice of the nitrogen-
contaiming graphene powder (a), the interplanar spacing
d002 between the (002) planes became 3.428 A and the
interplanar spacing d101 between the (101) planes became
2.097 A. This is consistent with the fact that the half width
of the diflraction peak from the (002) planes of 2.59° in the
vicinity of 26° 1n the XRD diflraction pattern shown in FIG.
3 1s larger than the half width that would have been obtained
for the diffraction peak from the (002) planes of graphene.
Thus, the flatness ratio of the umit cell 1in the crystal
structure of the nitrogen-containing graphene powder (a)
was calculated. FIGS. 7(a) to 7(¢) show electron difiraction
patterns for explaining the method of calculating the flatness
ratio of a unit cell. FIG. 7(a) 1s a view 1n which reciprocal
lattice points are marked on diffraction spots obtained by
clectron beam diffraction analysis. FIG. 7(b) 1s a view 1n
which reciprocal lattice vectors A to D extending from the
origin of the unit cell are overlapped on the diffraction spots
(reciprocal lattice points) of FIG. 7(a). FIG. 7(c) 1s a view
in which the reciprocal lattice vectors A to D are overlapped
on the theoretically obtained electron diffraction pattern of
graphene shown 1n FIG. 6. This FIG. 7(¢) corresponds to the
reciprocal lattice vectors of graphene before a heteroelement
1s introduced. The reciprocal lattice vectors A to D in FIGS.
7(b) and 7(c) are vectors connecting the origin and recip-
rocal lattice points (-=111), (020), (11-1), and (20-2), respec-
tively. Table 4 below shows the lengths of the reciprocal
lattice vectors A, C, and D of the nitrogen-containing
graphene powder (a) and the graphene as relative lengths
with respect to the lengths of the respective reciprocal lattice
vectors. Further, the degree of deformation of the reciprocal
lattice vector 1n the nitrogen-containing graphene powder (a)
with respect to the graphene before the introduction of the
heteroelement was calculated as the flatness ratio in the
direction of the vector by the following equation.

Flatness ratio=(length of reciprocal lattice vector of
nitrogen-containing graphene powder (a))/
(simulated length of reciprocal lattice vector of

graphite)x 100
TABLE 4
Reciprocal lattice vectors
Relative length A C D
Reciprocal Powder (a) A 1 0.9830 1.069
lattice vectors C 1.017 1 1.115
D 0.9122 0.8967 1
Graphene A 1 1 1.123
C 1 1 1.123
D 0.8904 0.8904 ]
Flatness ratio (%) (20-2) direction: 102.4
(11-1) direction: 98.3

The flatness ratio of the unit cell of the mitrogen-contain-
ing graphene powder (a) was 102.4% 1n the (20-2) direction

Hall mobility
Carrier type
Carrier concentration
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and was 98.3% 1n the (11-1) direction, and thereby con-
firmed to be obliquely deformed. However, the flatness ratio
1s within about 3% 1n all the directions, and thus 1t was found
that the highly crystalline heteroelement-containing gra-
phene disclosed herein can maintain the high crystallinity
well, even if the heteroelement 1s introduced 1n a large
amount, with only a slight change 1n the crystal structure of

the graphene.
[Hall Effect]

The semiconductor characteristics of the nitrogen-con-

taining graphene powder (a) were measured. As a measuring
device, Toyo Corporation 8400ACLR/OW type was used.

A powder sample was placed 1n a mold of a predetermined
s1ze, and a molded product obtained by pressing at 50 MPa
was used as a measurement sample. Thereafter, the film
thickness of the measurement sample was measured using a
micrometer.

The measurement sample was pretreated at 280° C. in an
argon atmosphere.

The measurement conditions are as tollows.

Measurement Conditions (Room Temperature Measure-
ment)

H3

Size: 4 mmx4 mmx118 um
Temperature: 290.2K
Current: 7 mA

Magnetic field: 0.3744T (AC 250 mHz)
H4

Size: 5 mmxS mmx117 um
Temperature: 290.5K
Current: 7 mA

Magnetic field: 0.5T (DC)
HS5

Size: 5 mmxS mmx185 um
Temperature: 287.8K
Current: 7 mA

Magnetic field: 0.3744T (AC 250 mHz)

Further, for H4, a vanable-temperature measurement was
performed as follows. The results are shown 1n Table 5.

Variable-Temperature Measurement
H4
Sample size: 5 mmx5 mmx117 um (thickness)

Current: 7 mA

Magnetic field: 0.5T (AC, frequency 250 mHz)

Temperature range (290K-20K, 10 points, equidistant
measurement at 1/1)

The measurement results are shown 1n FIG. 8 to FIG. 10.

Regarding the temperature dependence of the semicon-
ductor characteristics, the Hall mobility and the carrier
density increased as the temperature increased. On the other
hand, the sheet resistance decreased. This temperature
dependence matches with the temperature dependence of the
conventional semiconductor characteristics. No phase tran-
sition was observed in the temperature range from room
temperature to the helium temperature range. In a wide
temperature range, cationic nitrogen was stable as a carrier.

TABLE 5

H3 H4 H5

3.37[cm?/V - 5]

P-type
9.02e18[1/cm”]

3.23[cm?/V - s]

P-type
9.46e18[1/cm”]

2.50[cm?/V - §]

P-type
8.59¢18[1/cm”]
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TABLE 5-continued
H3 H4
Sheet resistance 17.37[Q/0J] 17.44[Q/07)

Sample size

(thickness)
290.2 K.

(thickness)

Temperature 290.5 K.

From the Hall effect measurement results, it can be seen
that the carrier type of the highly crystalline heterographene
of the present invention 1s p-type and that 1ts carrier density
is 10'® cm™ or more. It is indicated that as a result of doping
with cationic nitrogen, the planarity 1s able to be maintained,
and holes, not electrons, are doped. The fact that the con-
ventional nitrogen-doped graphene 1s n-type indicates that
the proportion of cationic nitrogen 1s small in the conven-
tional doped nitrogen and the planarity cannot be main-
tained. In addition, the fact that the Hall mobaility, the carrier
concentration, and the sheet resistance monotonously
change from the helium temperature to the normal tempera-
ture 1ndicates that the structural phase transition does not
occur and the structure 1s stable in this temperature range.
[ Visible UV Spectrum]

The visible UV spectrum of the thin film of the cast film
obtained by dispersing the nitrogen-containing graphene
powder (a) with a solvent on quartz and drying was mea-
sured. The results are shown n FIG. 11. This thin film
exhibited the properties of a semiconductor containing nitro-
gen, and exhibited a transmittance of 80% or more 1n the
visible region of 400 nm or more.

In the above, specific examples of the present invention
were described 1n detail, but these are only 1llustrations and
do not limait the scope of the claims. The invention disclosed
herein may include various modifications and alterations of
the specific examples described above.

REFERENCE SIGNS LIST

2 liquid (liquid phase)

4 solution plasma

5 container

6 clectrode

7 stirring device

8 external power supply

9 insulating member

10 in-liquid plasma generator

The 1nvention claimed 1s:

1. A heteroelement-containing graphene comprising car-
bon (C) and, as a heteroelement (X), nitrogen (N), having a
structure 1n which heteroelements are itroduced in place of
carbon atoms in a sheet-like graphene structure composed
mainly of carbon atoms and having a structure as 1llustrated
in the following chemical structural Formula 2, and being a
powder having an average particle size of 1 nm or more and
10 um or less,
wherein the amount of the heteroelement (X) 1s 10 atomic
% or more and 30 atomic % or less,

wherein spots belonging to either an orthorhombic system
or a hexagonal system and having a symmetry of a
single crystal are observed in selected area electron
diffraction, and

wherein the position of the heteroelement 1s disposed

inside a planar structure of graphene,
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H5

15.73[Q/O)

4dmmx4mmx 118 um >Smm x> mm x 117 ym 5 mm x 5 mm x 185 um

(thickness)
287.8 K.

Formula 2

Z

%
\

2. The heteroelement-containing graphene according to
claim 1,

wherein the spots form an electron diffraction image

belonging to the orthorhombic system with an incident
direction of [101], the spots including an array of
reciprocal lattice points 11-1, =111, -202, 1-1-1, 20-2,
and —1-11.

3. The heteroelement-containing graphene according to
claam 1, wheremn a half width of a diffraction peak from
(002) planes 1s 3 degrees or less 1n X-ray diffraction.

4. The heteroelement-containing graphene according to
claim 3, wherein a ratio (I(101)/1(002)) of a diffraction peak
intensity 1(101) from (101) planes to a diffraction peak
intensity 1(002) from (002) planes 1s 0.1 or more 1n X-ray
diffraction.

5. The heteroelement-containing graphene according to
claim 3, wherein an interplanar spacing between the (002)
planes is 3.5 A or less in X-ray diffraction.

6. The heteroelement-containing graphene according to
claim 1, wherein an atomic ratio (X/C) of the heteroelement
(X) to carbon (C), calculated based on X-ray photoelectron
spectroscopy, 1s 0.1 or more.

7. The heteroelement-containing graphene according to
claim 1, wherein a chemical bonding state of mitrogen doped
to a basal plane 1s cationic nitrogen, and a carrier type of the
heteroelement-containing graphene 1s p-type.

8. The heteroelement-containing graphene according to
claim 1, wherein a ratio (I(D)/1(G)) of an intensity I(D) of a
D band seen in the vicinity of 1350 cm™" to an intensity 1(G)
of a G band appearing in the vicinity of 1580 cm™ is 1 or
less and a half width of the G band is 50 cm™' or less in
Raman spectroscopic analysis with an excitation wavelength
of 532 nm.

9. The heteroelement-containing graphene according to
claim 1, wherein a ratio (I(2D)/1(()) of an intensity I1{(2D) of
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a 2D band seen in the vicinity of 2700 cm™" to the intensity
I(G) of the G band 1s 0.5 or more 1n the Raman spectroscopic
analysis.

10. The heteroelement-containing graphene according to
claim 1, wherein a halt width of the 2D band seen 1n the
vicinity of 2700 cm™" is 80 cm™" or less in the Raman
spectroscopic analysis.

11. The heteroelement-containing graphene according to
claim 1, which does not include a base material that supports
the heteroelement-containing graphene.

12. The heteroelement-containing graphene according to
claim 1, comprising a graphene sheet configured such that
atoms of the carbon (C) are chemically bonded to atoms of
the heteroelement (X) and atoms of the carbon (C) are
principally sp>-bonded to each other,

wherein the graphene sheet has a single-layer structure

formed by one layer or a stacked structure of two or
more and five or less layers.

13. The heteroelement-containing graphene according to
claiam 2, wheremn a half width of a diffraction peak from
(002) planes 1s 3 degrees or less 1n X-ray diflraction.

14. The heteroelement-containing graphene according to
claim 4, wherein an interplanar spacing between the (002)
planes is 3.5 A or less in X-ray diffraction.

15. The heteroelement-containing graphene according to
claim 7, wherein the chemical bonding state of mitrogen
being cationic nitrogen 1s indicated based on X-ray photo-
clectron spectroscopy, and the carrier type of the heteroele-
ment-containing graphene being p-type 1s determined by
Hall eflect measurement.

% x *H % o
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