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A Method for Synthesis of Nitrogen-Doped Graphene
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Abstract—A method for synthesis of nitrogen-doped graphene (N-graphene) with high specific surface area
has been developed. In this method, magnesium oxide is used as a template where a carbon layer modified
with nitrogen atoms is deposited. Nitrogen—carbon—mineral composites (N—C/MgO) containing from 5 to
27 wt % of nitrogen-doped carbon have been synthesized. After dissolving magnesium oxide, N-graphene
with a specific surface area of 1300—1400 m?2 g~! has been synthesized for the first time. The synthesis of
N-graphene has been characterized by electron microscopy, X-ray diffraction, and X-ray photoelectron

spectroscopy.
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Graphene is a two-dimensional crystal composed
of hexagonally bonded carbon atoms [1]. Graphene
possesses unique electrical conductivity and mechan-
ical properties. The development of such materials and
methods for their preparation is very important
because of the great potential of their use in electro-
chemical processes and catalysis [2, 3]. The applica-
tion of graphene can be extended by modifying it with
nitrogen atoms. Compared to carbon atoms, nitrogen
atoms embedded in the carbon network of graphene
are able to form stronger bonds with the atoms of the
supported metals (Pd, Pt, Ni). This feature of N-
graphene opens up possibilities for the synthesis of
highly dispersed, up to atomic, metal particles [4, 5].

In principle, oxides SiO,, y-Al,O;, and MgO can be
used as the starting oxide on which N-graphene is
formed. However, silica gel (SiO,) has narrow pores,
and it is very difficult to cover these pores uniformly
with a thin layer of modified carbon. Using y-Al,O; as
a template, we managed to uniformly carbonize the
inner surface of the oxide pores with a thin layer of car-
bon. However, it was not possible to etch alumina from
such a synthesized carbon—mineral composite [6].

It has been shown [7] that the use of magnesium
oxide as a substrate makes it possible to obtain a uni-
form distribution of graphene layers.
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Graphene modified with nitrogen can be fabri-
cated by two methods. The first method is the direct
synthesis of N-graphene from a mixture of methane
and ammonia [8, 9]. The synthesis of N-graphene was
carried out on a fine crystalline metal (nickel or cop-
per) foil by the chemical vapor deposition (CVD)
method.

The second method consists of postsynthesis treat-
ment of graphene samples using plasma [10, 11] or
chemical reactions [12, 13].

In [14], graphene, both undoped and nitrogen-
doped, was grown on a polished MgO (100) single
crystalline substrate. The crystal was 10 X 5 X 0.5 mm
in size. Benzene and pyridine were used as precursors.
The synthesized doped graphene had a small number
of monolayers (from two to five) and a high nitrogen
content. Apparently, this method can find application
in microelectronics.

A method has been proposed for producing
graphene from acetonitrile as a nitrogen-containing
precursor on MgO micrograins [16, 17]. The nitrogen
content in the synthesized graphene has not been
specified. The synthesized carbon material has a low
specific surface area, 175 m? g~ !; therefore, it should be
multilayer (10—15 layers). Such a carbon material can
be attributed rather to graphite. Analysis of the litera-
ture data shows that the available methods [8§—17] do
not allow obtaining N-graphene with a high specific
surface area and a small number of graphene layers
(from two to five).
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The purpose of this work is to develop a method for
the synthesis of nitrogen-doped graphene with a high
specific surface area.

EXPERIMENTAL

As a substrate onto which graphene was deposited,
magnesium oxide with a specific surface area of
70 m? g~! (analytical grade, GOST 4526-75, Vekton,
Russia) was used; a 40% NH;—1% C,H,—C,H, gas
mixture was chosen as the source of catalytic carbon.

The structure and microstructure of the samples
were studied by high-resolution transmission electron
microscopy (HRTEM) on a Thermo Fisher Scientific
ThemisZ electron microscope with an accelerating
voltage of 200 kV and a limiting lattice resolution of
0.07 nm. Images were recorded using a Thermo Fisher
Scientific Ceta 16 CCD matrix.

The specific surface area and porosity of the sam-
ples were investigated by the Barrett—Joyner—Halenda
method [19, 20] using a Micromeritics ASAP-2400 spe-
cific surface analyzer.

A technique for studying samples by X-ray photo-
electron spectroscopy (XPS) has been described else-
where [21]. To determine the qualitative chemical
composition and the presence of impurities, survey
spectra were recorded in the binding energy range 0—
1200 eV and with a step of 1 eV. The quantitative chem-
ical composition and the state of individual elements
were determined from the XPS spectra of the elements
recorded with a binding energy step of 0.1 eV. The
residual gas pressure in the camera during the record-
ing did not exceed 1 X 10~7 Torr. The major back-
ground gases were CO, CO,, and H,. The ratio of the
concentrations of the individual components in the
sample was determined from the corresponding peak
areas in the XPS spectra of elements using empirical
atomic sensitivity factors (ASF) after recording narrow
regions of the corresponding atomic levels [22].

Magnesium oxide was heated in an argon flow to a
specified temperature of 650—700°C; then, the argon
flow was stopped, and the reaction mixture was sup-
plied. Magnesium oxide was carbonized with a mix-
ture of 40 vol % ammonia, 1 vol % acetylene, and 59
vol % ethylene (40% NH;—1% C,H,—C,H,) in a
flow-type quartz reactor with a McBain balance,
which made it possible to control the change in the
sample wight directly during the experiment. Addi-
tionally, the amount of deposited carbon modified by
nitrogen atoms was controlled by monitoring its
amount remaining after etching of magnesium oxide
in a hydrochloric acid solution.

The method for removing magnesium oxide from
the N—C/MgO composite using a hydrochloric acid
solution is similar to that previously used in [7].

After etching, the obtained sample of N-graphene
was filtered off and washed on the filter with distilled
water to a neutral pH of the washings. The synthesized

DOKLADY PHYSICAL CHEMISTRY  Vol. 495

CHESNOKOV et al.

sample of N-graphene was dried in a muffle furnace at
150°C for 1 h.

RESULTS AND DISCUSSION

A nitrogen-containing precursor (a 40% NH;—
1% C,H,—C,H, mixture) was chosen as a source of
catalytic carbon, since the components of this mixture
are prone to the formation of carbon deposits by a
consecutive mechanism [18], i.e., through polymer-
ization and condensation reactions. When a gaseous
40% NH;—1% C,H,—C,H, mixture is used, ammonia
can be incorporated in the form of nitrogen-contain-
ing groups into the carbon chains of intermediate
products during the formation of carbon deposits.
Thus, the forming carbon material is modified by
nitrogen atoms.

The results of studying the effect of the carboniza-
tion reaction time on the amount of nitrogen-modi-
fied carbon deposited on magnesium oxide, the spe-
cific surface area, and the total pore volume at 650°C
are presented in Table 1. As can be seen from Table 1,
an increase in the reaction time of the carbonization of
magnesium oxide leads to an increase in the amount of
deposited carbon modified with nitrogen, which in
turn leads to a decrease in the specific surface area of
N-graphene samples from 1400 to 1200 m2 g~

The porous structure of the initial MgO and the
N—-C/MgO composite has been studied, and Fig. 1
shows the pore size distributions.

It follows from Fig. 1 that after the deposition of
nitrogen-modified carbon on magnesium oxide, the
pore size distribution changes insignificantly; the peak
height only slightly decreases. The data obtained indi-
cate the absence of pore blocking by carbon and its
uniform distribution over the magnesium oxide sur-
face. Figure 2 shows the pore size distribution for
N-graphene.

It is seen that N-graphene contains micropores
with a size of 2—3 nm and mesopores with a size of
20—50 nm. An estimate of the number of micropores
demonstrates that their contribution to the specific
surface area of N-graphene can be as large as 25%.

Table 1. Characteristics of N-graphene as a function of the
magnesium oxide carbonization time at 650°C

N-Graphene | Reaction Content of carbon Seps
sample | time. min modified by nitrogen, s

P ’ wt % m-g
650-60 60 5.0 1400
650-90 90 6.2 1300
650-120 120 9.6 1200
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Fig. 1. Pore size distribution for initial MgO and for the
N—-C/MgO composite.

Since the specific surface area of an ideal monolayer of
carbon atoms can reach 2675 m? g~! [23], the specific
surface area without micropores is at most 975 and
1050 m? g~! for N-graphene 650-90 and N-graphene
650-60 samples, respectively; the thickness of N-
graphene is about three monolayers.

An increase in the carbonization reaction tempera-
ture to 700°C leads to an increase in the deposition
rate of nitrogen-modified carbon on magnesium
oxide from a 40% NH;—1% C,H,—C,H, mixture. At
this temperature, a second series of N—C/MgO mate-
rials was obtained. Varying the reaction time from 30
to 120 min afforded the following samples: N—
C/MgO 700-30, N—-C/MgO 700-60, N—-C/MgO
700-90, and N—C/MgO 700-120. After removing
magnesium oxide from the above composite N—
C/MgO materials, a series of N-graphene 700 samples
was obtained.

It was found that an increase in the reaction tem-
perature leads to a decrease in the specific surface area
of N-graphene (Table 2), which is probably due to a
less uniform deposition of nitrogen-modified carbon
on the surface of magnesium oxide.

Phase Composition of N—C/MgO
Composites and N-Graphene

The X-ray diffraction pattern of a N—C/MgO
composite sample is shown in Fig. 3. The X-ray dif-
fraction pattern shows peaks corresponding to magne-
sium oxide (no. ICSD 26958, cubic system, a = 4.22 A).
The size of the coherent scattering region (CSR) of
magnesium oxide is 30—50 nm in different directions.
The magnified X-ray diffraction pattern (see the inset
in Fig. 3) shows a broad maximum at 20 = 25°, which
most likely belongs to turbostratic carbon.

After the removal of magnesium oxide from the
N—C/MgO composite, the remaining carbon material
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Fig. 2. Pore volume distribution determined by the Bar-
rett—Joyner—Halenda method (adsorption curve).

modified with nitrogen was also studied by X-ray dif-
fraction (Fig. 4).

The graphite-like phase in the etched sample is
represented by wide halos in the 20 ranges 15°—30°
and 40°—48°. The degree of disorder of N-graphene
650-90 is high. The CSR size of turbostratic carbon in
the N-graphene 650-90 sample is 1.4 nm (Fig. 4).

XPS Study of N-Graphene Samples

The XPS method was used to study two series of
N-graphene samples obtained after treatment in a
40% NH;—1% C,H,—C,H, mixture at 650 and 700°C.
For all synthesized N-graphene samples, survey spec-
tra were recorded. An analysis of the lines in the survey
spectra made it possible to establish the presence of
carbon (Cls), oxygen (Ols), nitrogen (Nls), and
chlorine (Cl2p) on the surface of all samples. The
presence of chlorine in the composition of all samples
can be explained by the residual amounts after etching
in a hydrochloric acid solution.

A quantitative analysis of the elements found on the
surface of synthesized N-graphene is presented in
Tables 3 and 4. Note that the nitrogen concentration
on the surface was higher for the samples obtained at

Table 2. Characteristics of N-graphene as a function of the
magnesium oxide carbonization time at 700°C

N-Graphene | Reaction Co.n‘Fent of c'arbon S,
sample time. min modified by nitrogen, o
P ’ wt % m-g
700-30 30 5.8 1300
700-60 60 13 900
700-90 90 20 650
700-120 120 27 550
2020
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Fig. 3. X-ray diffraction pattern of the N—C/MgO com- Fig. 4. X-ray diffraction pattern of the N-graphene 650-90
posite. Inset: am magnified fragment of the pattern with a sample.
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Fig. 5. Normalized spectral regions (a) Cls and (b) N1s N-graphene samples.

650°C as compared to the growth temperature 700°C.  284.6 eV, which was additionally confirmed by a char-
The maximum nitrogen concentration was found on  acteristic satellite in the region of ~291 eV caused by
the surface of the N-graphene 650-90 sample. The the ® — ©* transition. On the whole, the N1s spectral
same dependences were observed for oxygen. line shapes for all samples were similar, which indi-

The normalized spectral Cls and Nls regions for cates a close set of nitrogen states on their surface.

the studied carbon samples are shown in Fig. 5. Figure 6 shows the Nls spectra curve-fitted into

The major Cls peak for all samples is characterized  components for all studied N-graphene samples. For
by a typical position for sp>-hybridized carbon at the curve-fitting of these spectral regions, five compo-
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Fig. 6. N 1s spectra decomposed into components for all N-graphene samples.

nents with peak binding energies of ~398.4 (N1),
~400.2 (N2), ~401.1 (N3), ~402.2—402.7 (N4), and
403.7—404.5 (N5) eV were used.

In accordance with the literature data [21, 24], the
N1 and N3 components can be assigned to pyridinic
and graphitic nitrogen forms. The N2 component,
which is characterized by a binding energy intermedi-
ate between N1 and N3, is assigned to pyrrole or
amino groups on the surface of carbon materials.
Component N4 typically refers to weakly oxidized
nitrogen forms, for example, pyridine oxide. Deeply
oxidized NO, forms (for example, nitrites) can be
attributed to the N5 component with a binding energy
>403 eV. Quantitative data on the distribution of vari-
ous forms of nitrogen on the surface of all samples are
presented in Table 5.

It should be noted that the major forms of nitrogen
in N—C/MgO carbon materials are the N1—N4 com-
ponents, while the N5 component with a concentra-
tion of no higher than 4% is an impurity.

TEM Study of N-Graphene

The structure of the synthesized N-graphene sam-
ples was studied using electron microscopy. Figure 7
shows a TEM image of N-graphene produced at
650°C.

DOKLADY PHYSICAL CHEMISTRY Vol.495 Part 1

It is seen that the N-graphene 650-90 particles are
spherical. The sphere size of 20—100 nm corresponds
to the size of magnesium oxide crystals in the N—
C/MgO composite. The resulting structure reflects
the template method for the synthesis of N-graphene.
Figure 8 shows an TEM image of N-graphene 650-90,
obtained with a higher magnification.

Table 3. Percentage of elements on the surface of N-graphene
samples determined from XPS data depending on the synthe-
sis time. Temperature 650°C

N-Graphene C,% | N,% | 0,% | Cl,%
sample
650-60 88.2 4.1 7.0 0.70
650-90 88.5 5.0 6.0 0.50
650-120 89.2 3.6 6.5 0.70

Table 4. Percentage of elements on the surface of N-graphene
samples determined from XPS data depending on the synthe-
sis time. Temperature 700°C

N-Graphene | o | o | 0,% | a1, %
sample
700-30 91.1 34 5.1 0.40
700-60 91.0 2.9 5.8 0.30
700-90 92.1 2.3 5.3 0.30
700-120 92.2 1.9 5.6 0.30
2020
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Fig. 7. TEM image of N-graphene 650-90. Magnification
44 000x.

20 nm

Fig. 8. TEM image of N-graphene 650-90. Magnification
230000x%.

In Fig. 8, separate layers of N-graphene are visible.
The wall thickness of N-graphene spheres is 2—
4 monolayers, which is in agreement with the
graphene thickness estimate obtained on the basis of
measuring the specific surface area and porosity.

Table 5. Content of different nitrogen forms on the N-
graphene surface

N'siﬁf,f“e NI, % | N2, % | N3, % | N4, % | N5, %
650-60 24 | 40 25 8 3
650-90 23 34 32 8 3
650-120 21 33 34 9 3
700-30 24 37 24 1 4
700-60 25 31 33 9 2
700-90 25 37 27 10 1
700-120 24 | 30 | 34 8 4
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CONCLUSIONS

A method for producing graphene modified with
nitrogen atoms has been developed. The method con-
sists of the synthesis of an N—C/MgO composite by
treating magnesium oxide in a 40% NH;—1% C,H,—
C,H, mixture at 650 and 700°C. The amount of
deposited carbon and, accordingly, the thickness of
the N-graphene layer can be controlled by the time of
magnesium oxide carbonization. Magnesium oxide
was removed from the N—C/MgO composite by treat-
ment with a hydrochloric acid solution.

For the first time, N-graphene with a specific sur-
face area of 1400 m? g~! and a thickness of 2—4 mono-
layers has been obtained. The maximum content of
atomic nitrogen in N-graphene was 5 wt %. An
increase in the treatment temperature of magnesium
oxide in a 40% NH;—1% C,H,—C,H, mixture from
650 to 700°C leads to a decrease in both the specific
surface area of N-graphene and the nitrogen content
in it.

An increase in the nitrogen content and a high spe-
cific surface area of the N-graphene material will
make it possible to increase the number of metal cen-
ters (Pt, Pd) on the graphene surface, which in turn
should lead to an increase in the activity of catalysts in
the reactions of selective hydrogenation of organic
compounds with a triple bond.

Thus, the N-graphene synthesized in this work is
significantly superior in quality to the available mate-
rials [8—15].
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