JIRAN CHEM SOC (2015) 12:807-814
DOI 10.1007/s13738-014-0543-2

ORIGINAL PAPER

Synthesis of graphene with both high nitrogen content and high
surface area by annealing composite of graphene oxide

and g-C;N,

Yurong Deng - Kewei Liu - Hongmei Cao -
Mingliang Luo - Hongjian Yan

Received: 8 June 2014 / Accepted: 29 September 2014 / Published online: 11 October 2014

© Iranian Chemical Society 2014

Abstract In this paper, we propose a facile, catalyst-
free thermal annealing approach for synthesis of N-doping
graphene (NG) using graphitic carbon nitride (g-C;N,) as
the nitrogen source. Graphene with nitrogen content up to
13.9 % (atom %) and Brunauer—Emmett-Teller (BET) sur-
face area of 419.6 m%/g can be achieved via thermal anneal-
ing composite of graphene oxide (GO) and g-C;N,. The
transmission electron microscopy indicates that the NG
synthesized by annealing GO/g-C;N, composite is compact
and stacked with large sheets. The atomic force microscopy
reveals that the NG was less than three single graphene lay-
ers nanosheets with an apparent thickness of about 1.0 nm.
This improved synthesis method for producing high nitro-
gen content and high BET surface area can be extended to
prepare multi-element (such as B and N) doping graphene
nanosheets.

Keywords Carbon nitride - Graphite - Graphene -
Graphene oxide - Nanomaterials

Introduction

Graphene, a novel nanomaterial of single-layer carbon
atoms packed in a two-dimensional honeycomb lattice,
has recently attracted wide-ranging interests because of
its potential applications in nanoelectronics, energy con-
version and storage materials, polymer composite materi-
als, sensors, and catalysis [1-7]. Graphene has fascinat-
ing properties, such as high surface area, high thermal
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conductivity, fast charged carrier mobility and strong
Young’s modulus [8—10]. However, the application of the
pristine graphene is limited by its gapless electronic struc-
ture. It is reported that the electron-donor properties of
graphene can be tuned by controlling its morphology or
chemical doping with foreign atoms, such as N, B, P, I and
S, into the carbon lattice of graphene [11-14]. Both theo-
retical calculations and detailed experiments have proved
that nitrogen doping has been an effective way to tailor the
electronic properties and chemical reactivity of graphene
[15-17].

To date, the NG can be obtained through direct syn-
thesis way (such as chemical vapor deposition (CVD),
segregation growth, solvothermal, or arc discharge
approaches) [18-20] or post-treatment graphene oxide
(GO) in the presence of appropriate nitrogen source (such
as NH;, N,H,, or nitrogen plasma) [21-24]. Compared
with the direct synthesis way, the post-treatment method
can avoid the metal catalysts remaining (such as nickel
and copper) or using special instruments. Generally,
the nitrogen content in the NG synthesized by the post-
treatment way is relatively low. It was reported recently
that NG with up to 10.1 % N content can be obtained
via thermal annealing the mixture of GO and melamine
[25]. However, the Brunauer-Emmett-Teller (BET) sur-
face area of the NG synthesized by this method is as
low as 6 m?*/g, much lower than that of pristine graphene
(281 m?%/g) synthesized by annealing the GO alone. The
low surface area may limit the catalytic application of
the NG synthesized by this method because a low surface
area provides less active sites for adsorption and catalytic
reaction.

Herein, we report a facile approach for the synthesis
of NG with both high nitrogen content and high surface
area by thermal annealing composite of GO and g-C;N,.
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Fig. 1 The structure of g-C;N,

GO .

g-C;N,

Fig. 2 Illustration of the nitrogen doping process by annealing the
GO/g-C5N, composite a sonication and mixed; b calcination at high
temperature

The g-C;N, has graphitic planes constructed from tri-s-
triazine units connected by planar amino groups (Fig. 1)
[26-32]. Furthermore, there are NH, groups still exist
in the g-C;N, [33, 34], which was confirmed by experi-
mental IR and elemental analysis (EA) results. Thus,
the g-C;N, are favorable to be adsorbed on the surface
of GO via hydrogen bonding force between terminal
amino groups or bridging nitrogen atoms of g-C;N, and
OH, C-O—C or COOH groups of GO. During annealing,
g2-C;N, decomposes into various nitrogen containing spe-
cies, such as C,N,, C;N," and C;N;*, at temperatures
over 600 °C [35]. These nitrogen containing species are
nitrogen sources for synthesis of NG. Furthermore, the
g-C;N,, absorbed on the surface of GO, can inhibit the
restack of graphene sheets at high temperature. Thus,
the high BET NG was obtained. The possible process
is illustrated in Fig. 2. The EA and N, adsorption were
employed to evaluate the nitrogen-doping degree and
BET surface area of the NG sheets, respectively. It is
found that graphene with nitrogen content up to 13.9 %
(atom %) and BET surface area of 419.6 m?/g can be
obtained. To the best of our knowledge, this is the first
time to report such phenomenon. The meaning of this
work is not only to synthesize highly N-content gra-
phene, but also provide a new idea for preparing high
BET NG through catalyst-free route.
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Experimental
Materials

Melamine, sulfuric acid (H,SO,) and triethanolamine were
purchased from Chengdu Kelong Chemical Reagent Fac-
tory. Graphite flake was purchased from Sigma. Pluronic
P123 was purchased from Aldrich. All reagents were used
as received without further treatment.

Synthesis of GO

GO was prepared from graphite powder using an improved
Hummers’ method [36]. Typically, graphite flake (2.0 g)
was added into a 9:1 mixture of concentrated H,SO,/H;PO,
(240:26 mL). Then, KMnO, (12.0 g) was added gradually
under stirring. The mixture was then heated to 50 °C and
stirred for 12 h. After cooled down to room temperature,
the mixture was poured onto ice (300 mL) with 30 % H,0,
(3 mL). Then the mixture was centrifuged and washed
with water (200 mL), HCI (30 % 200 mL) and ethanol
(200 mL), successively. The obtained solid was vacuum-
dried overnight at 45 °C.

Synthesis of g-C3N,

1. g-C;N, with BET surface area of 8.6 m?/g was synthe-
sized by heating melamine at 600 °C for 4 h under a
flow of Ar gas [37].

2. g-C;N, with BET surface area of 15.6 m%/g was syn-
thesized by heating sulfuric acid-treated melamine at
600 °C for 4 h under a flow of Ar gas [38].

3. g-C;N, with BET surface area of 90.3 m%/g was syn-
thesized via soft-templating method [39]. Typically,
melamine (5.0 g) and Pluronic P123 (1.0 g) were dis-
persed in distilled water (100 mL) by heating at 100 °C
for 1 h under reflux. White precipitate was produced by
adding sulfuric acid solution (3 mL, H,SO,:H,0 = 1:1
in volume) to the solution. After cooling down to room
temperature, the precipitate was collected by filtration,
and then dried in an oven at 80 °C for overnight. The
precipitate (3.0 g) was heated at 600 °C for 4 h under
a flow of Ar gas. Finally, the product was then calcined
at 500 °C for 2 h in air.

Synthesis of NG

GO and g-C;N, were dispersed in ethanol separately for
1 h by sonication and then mixed together. After mixed,
hybrid GO/g-C;N, complex was obtained because of
the low interface adhesion energy. Then the ethanol was
removed by evaporation on water bath at 80 °C. After etha-
nol evaporation, the mixture was put into a quartz boat and
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Fig. 5 BET surface area of NG synthesized by annealing the mixture
. of GO and melamine (a), the mixture of GO and melamine with soni-
Fig.4 The XRD patterns of GO (a), g-C3Ny (b), GO/g-C3N, com- ¢ation treatment (b), and the GO/g-C5N, composite (c)

posite (¢) and NG synthesized by annealing GO/g-C5N, composite

C))
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heated to 700 °C for 1 h in Ar flow. Then the furnace was
cooled down to room temperature slowly. The final product
was collected from the quartz boat directly.

Table 1 Elemental and BET results of NGs

Entry Starting materials  C (atom %) N (atom %) BET (mZ/g)

1 GO and melamine  82.5 10.7 13.1
2 GO and melamine® 81.7 124 50.0
3 GO and g-C;N% 77.2 13.9 419.6
4 GO and g-C;Ng 80.3 13.1 369.1
5 GO and g-C;N§ 79.7 12.8 285.5

? GO and melamine was sonication for 1 h in ethanol (50 mL) before
mixture, respectively

® ¢.C;N, was synthesized via soft-templating method. The BET of
2-C;N, is 90.3 m%/g

¢ g-C;3N, was synthesized by heating sulfuric acid-treated melamine.
The BET of g-C;N,, is 15.6 m%/g

4 ¢-C;N, was synthesized by heating melamine. The BET of g-C;N,
is 8.6 m%/g

The adsorption of methylene blue (MB) dye

The NGs (1.2 mg) were dispersed in 5 mL methylene blue
(MB) solution (1.2 x 107> M). The samples were kept in
the dark for 10 min. Then the samples were centrifuged to
remove the NG. To study the change in absorbance maxima
of the dye, the specific characteristic absorbance was meas-
ured by UV-vis absorbance spectroscopy (UV-vis 759,
APL).

Characterization

EA was performed on a Euro EA3000 elemental analyser
(Euro Vector S.P.A., Italy). X-ray diffraction (XRD) pat-
terns were recorded on a X-Pert Pro diffractionmeter with
Cu Ka radiation (A = 1.5406 A) at a scanning speed of
4° min~!. The BET-specific surface areas were meas-
ured by N, adsorption at 77 K on a Quantachrome Instru-
ments (Autosorb 1-C). The morphology of the composite

*
0.0 1: Height 5.0 pm

Fig. 6 a Typical AFM image of NG synthesized by annealing GO/g-
C;N, composite. b low-resolution TEM image of graphene synthe-
sized by annealing GO without melamine or g-C;N,. ¢ low-resolution

@ Springer

TEM image of NG synthesized by annealing GO/g-C;N, composite.
d low-resolution TEM image NG synthesized by annealing the mix-
ture of GO and melamine
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materials was characterized using Tecnai G* F20 S-TWIN
microscope.

Results and discussion

Transmission electron microscopy (TEM) was used to
study the morphology and microstructures of g-C;N,, GO,
and composite of g-C;N, and GO. Figure 3a shows a typi-
cal TEM image of g-C;N,, which demonstrates that the
g-C;N, is layered and platelet like. As shown in Fig. 3b,
GO has a two-dimensional structure consisting of compact
and stacked sheets with micrometer-long wrinkles. It can
be clearly observed from the TEM of the composite that
some g-C;N, are adsorbed on the surface of GO (Fig. 3c).
The HRTEM image of the composite (Fig. 3d) exhibits
fringes spacing of ca 0.32 nm, which correspond to the
(002) plane of g-C;N,,.

XRD patterns from the samples shown in Fig. 4 indi-
cate that the composite presents a two-phase composition
of g-C;N, and GO. The GO’s diffraction peak slightly
shifts from 9.7° to 10.1°, due to the interaction of GO and
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g-C;N,. After annealing, the diffraction peak of g-C;N, at
27.8° disappears, and a broad peak at 26.4° corresponding
to graphene appears. This result reveals that the g-C;N,
is decomposed and GO is reduced to graphene during
annealing.

The BET-specific surface area of the as-synthesized
NG was investigated by nitrogen adsorption. The BET of
graphene, which was synthesized by thermal annealing
GO without melamine or g-C;N,, is about 282.5 m%g. As
shown in Fig. 5, the BET of NG obtained by annealing the
mixture of GO and melamine, which were mixed by grind-
ing, is 13.1 m%/g, slightly higher than that of reported previ-
ously [25]. Sonication treatment of melamine before mixed
with GO can increase the BET of NG about four times.
However, the BET of NG obtained by annealing GO/g-
C;N, composite is 419.6 m%g, which is 31 times higher
than that of NG obtained by annealing the mixture of GO
and melamine. The resultants suggest that it is g-C3N,,
not the sonication treatment before mixing, is responsible
for the remarkable increase of NG’s BET. It is believed
that the nitrogen doping was accompanied by the elimi-
nation of epoxy and carboxyl groups. During the process
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Fig. 7 The Raman spectra of GO (a), NG synthesized by annealing GO/g-C;N, composite (b), and NG synthesized by annealing mixture of GO

and melamine (c¢)
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of thermal annealing, nitrogen atoms decomposed from
melamine (or carbon nitride) attack the active sites which
were released from the removal of oxygen groups linked to
graphene nanosheets in GO to form NGs. However, within
the temperature range from 180 to 600 °C, the interlayers
for GO are contracted with the removal of the main car-
boxyl groups [40]. Meanwhile, melamine exhibits a strong
tendency toward sublimation above 290 °C, which peaks
around 345 °C [41]. Compared to melamine, however,
g-C;N, is thermally stable up to 600 °C [42], and therefore
restrain the contraction of GO. Apart from the specific sur-
face area being enhanced significantly, the nitrogen doping
level of NG synthesized by annealing the GO/g-C;N, com-
posite increases slightly from 10.7 to 13.9 % (Table 1).
Figure 6a shows the typical AFM image of the exfoli-
ated NG synthesized by annealing the GO/g-C;N, com-
posite. The NG is a nanosheet with an apparent thickness
about 1.0 nm. The results reveal that the as-synthesized
NG is less than three single graphene layers (considering
that the theoretical thickness of a single-layer graphene is
~0.34 nm). As shown in Fig. 3b, GO is a two-dimensional
nano sheet with micrometer-long wrinkles. The TEM indi-
cate that the NGs synthesized by annealing GO without

Nis
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melamine or g-C;N,, composite of GO and g-C;N,, and
composite of GO and melamine are compact and stacked
with large sheets (Fig. 6 b, ¢ and d, respectively). More car-
bon particles (dark spot) exist on the surface of NG syn-
thesized by annealing GO/g-C;N,. The similar morphol-
ogy suggests that using g-C;N, instead of melamine as
N-source does not significantly change the morphology and
texture of NG.

It was reported that the BET of g-C;N, can be tuned by
changing the synthesis method [37-39]. To investigate the
influence of surface area of g-C;N, on the NG’s BET, three
g-C;N, with different BET surface area (8.6, 15.6, and
90.3 m*/g) were mixed with GO, respectively. The results
shown in Table 1 indicate that the BET of NG increases
with the BET of g-C;N,. The higher BET of NG obtained
using g-C;N, with higher surface area may be ascribed to
the fact that g-C;N, with higher BET can well dispersed on
the surface of GO.

For nitrogen doping, the substitution of nitrogen atoms
is usually accompanied with the introduction of defects
into the graphene surface. Therefore, Raman spectroscopy
was used to characterize the structure and quality of NGs,
including the defects. As shown in Fig. 7, two remarkable

Intensity (cps)

Intensity (cps)
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Fig. 8 XPS of NG from GO/g-C;N, (up) and NG from GO/melamine (down). a wide scan, bN 1 s,andcC 1s
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Fig. 9 The UV-vis spectra of MB solution (1.2 x 107> M) before
adsorption (a), and after adsorption by NGs. The BET surface area of
sample b, ¢, d, e, and fis 13.1, 282.5, 285.5, 369.1, and 419.6 mzlg,
respectively

peaks at ~1,345 and ~1,590 cm™! attributing to the well-
defined D band and G band, respectively, can be observed.
The I/l values for GO is ~1.02. The Ip/I; values for NG
synthesized by annealing GO/g-C;N, (ca 1.12) are the
same as that of NG synthesized by annealing GO/melamine
(1.14). This indicates that using g-C;N, as N-source does
not significantly change the defects of NG.

X-ray photoelectron spectroscopy (XPS) was performed
to detect the elemental composition and nitrogen bonding
configurations in NGs as shown in Fig. 8. The XPS spectra
for NG (Fig. 8a) clearly show the incorporation of nitro-
gen atoms within the graphene sheets. The high-resolution
N1 s spectrum can be deconvoluted to four individual
peaks located at 398.0, 399.4, 400.9, 402.9 eV, which were
assigned to pyridinic N, pyrrolic N, quaternary N (graphitic
N) and oxidized N [25], respectively. The dominant com-
ponent of N1 s spectra-pyridinic N is sp® hybridized. The
pyrrolic N is sp* hybridized, often occurring and being
located in the defect or the boundary of the graphene. Qua-
ternary N refers to nitrogen incorporated into the graphene
network as graphitic N by substitution for carbon atoms
in the hexagonal ring. As shown by the N1 s spectra, the
intensity of pyridinic N is much higher than those of other
nitrogen types. Pyrrolic N and graphitic N are the second-
ary main components of N1 s, their intensities are almost
the half that of pyridinic N. XPS spectra are very similar
with each other for the two NGs from the mixture of GO
and melamine and GO and g-C;N,

To evaluate the performance of NGs, the adsorption of
MB dye was carried out. As shown in Fig. 9, all the samples
show the property for the adsorption of MB. The adsorption
amount of MB on NGs increases with the increase of BET
surface area of NGs. The adsorption amount of MB on NG
with BET of 13.1 m%g, which was synthesized by thermal
annealing GO and melamine, is about 2.3 %. However, the

adsorption amount of MB on NG with BET of 419.6 m%/g,
which was synthesized by thermal annealing GO and g-C;N,,,
achieves 56.8 %. These results indicate that the NG with
high BET surface area synthesized by annealing the compos-
ite of GO and g-C;N, is a promising material for pollutant
adsorption.

Conclusions

N-doped graphene has been synthesized via a facile, cata-
lyst-free thermal annealing approach using g-C;N, as the
nitrogen source. The resultant NG has high nitrogen con-
tent up to 13.9 %, as well as much higher surface area up
to 419.6 m*/g than those of reported. The NG was less than
three single graphene layers nanosheets with an apparent
thickness about 1.0 nm. This improved synthesis method
for producing high nitrogen content and high BET surface
area can be extended to prepare multi-element (such as B
and N) doping graphene nanosheets.
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