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Nitrogen-carbon nanosheets (NCNS), composed of multi-layer
graphene with turbostratic stacking, were successfully synthesized
through a solution plasma processing (SPP) at room temperature
and an atmospheric pressure. The plasma was generated in 200
mL of N-methyl-2-pyrrolidone (NMP), which was applied as the
carbon and nitrogen precursors. The NCNS presented an electrical
resistivity of 0.065 Q cm, which is comparable with that of N-
doped carbon nanofibers (CNFs) and N-doped carbon nanotubes
(CNTs). The synthesis rate of NCNS was 20 mg min—. From the
characteristics analyses, NCNS showed the surface area of 277 m?
g'l, a pore volume of 0.95 cm® g'1 and a moderate nitrogen
content of 1.3 at%. The synthesized NCNS also exhibited catalytic
activity towards oxygen reduction reaction (ORR). This unique
synthesis method can be applicable to synthesize multiple types of
heteroatom-carbon nanosheets.

Introduction

Two-dimensional (2D) carbon nanosheets (CNS), which is
composed of few- to multi-layer graphene,l'2 are being
extensively explored in many fields, such as in lithium-ion
batteries,3 supercapacitors (SCs),4 organic solar ceIIs,5 sensitive
gas-detection materials,6 field emission (FE),7 carbon dioxide
(CO,) adsorption,8 and fuel ceIIs,9 Recently, CNS shows high
popularity because of their many edges, chemical stability,
high surface area and height-to-thickness ratio and their novel
physical and chemical properties inherited from graphene.l’z' 10

Conventionally, CNS have been synthesized by the diverse
chemical vapor deposition (CVD) of bottom-up synthesis
methods, such as in microwave plasma-enhanced CVD,11 hot-
filament CVD,12 direct-current (DC) discharge plasma CVD,13
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etc. However, these synthesis methods have complications.
They inevitably require high processing temperatures and
complicated instruments, impurities caused by metal catalyst,
low production vyield and high cost in operation.”‘15 In
particular, only a few routes for the synthesis of CNS doped
with heteroatom, which have been reported to tailor its
electronic property and chemical reactivity,ls'17 have been
reported. Yang et al'® reported that graphene doped with
nitrogen and sulfur for oxygen reduction reaction can be
obtained by high temperature thermal annealing. Shao et al®®
obtained nitrogen-doped graphene by exposing graphene to
nitrogen plasma. Wei et al. 20 produced the nitrogen-doped
carbon nanosheets with combination method of hydrolysis
and pyrolysis. Qu et al?' also reported the synthesis of
nitrogen-doped graphene by CVD method with NH;, for
oxygen reduction reaction. They exhibited the enhanced
physical and chemical properties for its electrochemical
application. However, these methods consisted of multi-step
treatments and required long treatment times.
Recently, solution plasma processing (SPP), a
equilibrium liquid-phase plasma at atmospheric pressures,22

has attracted a wide range of applications because of its
23-25

non-

versatility in nanoparticle synthesis, the surface
modification  of metals,26 water purifit:ation,27 the
depolymerization of natural biopolymers,28 and the

functionalization of multi-walled carbon nanotubes (CNTs).29 In
SPP, carbon materials can be synthesized through complex
reactions; this includes C—H abstraction and C—C bonding as
precursors in the non-thermal plasma discharge of organic
solutions.*>™
In this
conventional

study,
methods

we acknowledge the difficulties of
and applied SPP to synthesize
heteroatom-doped CNS as bottom-up synthesis method for
the first time. The nitrogen-carbon nanosheets (NCNS),
composed of multi-layer graphene with turbostratic stacking,
were successfully synthesized with SPP using N-methyl-2-
pyrrolidone (NMP) as a simple single-source precursor at room
temperature and an atmospheric pressure. Compared with

conventional methods, SPP has several advantages, such as a

J. Name., 2013, 00,1-3 | 1



RSC Advances

high vyield, a short synthesis time, a simple experimental
apparatus, no impurity issues and the ability to operate at
room temperature. The synthesis rate of NCNS was found to
be about 20 mg min_l, which was about 285 times greater
than that of conventional CVD methods (0.07 mg min_l).34
These advantages have facilitated the potential extension of
SPP to material processing for industrial applications.
Furthermore, nitrogen atoms within carbon matrix have been
reported to improve the electrocatalytic performance of
carbon electrode materials.>>*>3® |n this study, electrochemical
analysis was also conducted for the synthesized NCNS and the
result demonstrated that the NCNS could be applicable as an
electrocatalyst for ORR. This study shed light on a new strategy
for the feasible synthesis of NCNS for use as cathode catalysts
in a fuel cell application.

Experimental methods

Synthesis of nitrogen-carbon nanosheets (NCNS) by solution
plasma processing (SPP)

Fig. 1 illustrates a schematic illustration of the solution plasma
system for the synthesis of NCNS. The discharge was
generated at the gap between a pair of tungsten electrode (1
mm in diameter, 99.9% purity, Nilaco) that were placed at the
center of a glass reactor. A gap distance between two
electrodes was fixed at 1.5 mm. A bipolar high voltage pulse of
2.0 kV was applied to the tungsten electrodes using a bipolar
pulsed power supply (Kurita, Japan) with a repetition
frequency of 25-200 kHz and a pulse width of 1.0 ps. An
organic solution, N-methyl-2-pyrrolidone (NMP) (CsHoNO
99.0%, Kanto Chemical), was used as the precursor of NCNS.
High-repetition frequency discharges were generated and
maintained in 200 mL of the chemicals under vigorous stirring
for 5 min. After the synthesis, the black powder was separated
by vacuum filtration through a polytetrafluoroethylene (PTFE)
membrane filter with a pore size of 100 nm. The synthesized
NCNS were then dried in oven at 200 °C for 1 h. We could then
get the black powder of 100 + 4 mg after the process was
completed. This synthetic method showed reproducibility
through 5 times preparation. In this study, NCNS was achieved
only at a high frequency of 200 kHz, whereas NCNS could not
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Fig. 1 Schematic diagram of solution plasma processing (SPP).
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be formed at low frequency region (25 and 100 kHz), as shown
in Fig. S11 and S2t. Therefore, the NCNS synthesized at 200
kHz was selected to investigate throughout this study.

Characterization

The morphology of the synthesized NCNS was investigated by
transmission electron microscopy (TEM, JEM-2500SE; JEOL)
with an accelerating voltage of 200 kV. The X-ray diffraction
(XRD) patterns of the products were recorded on Rigaku
Smartlab with Cu Ka radiation (A = 0.154 nm). Raman spectra
were collected using Raman spectroscopy (NRS-100, JASCO)
with an excitation laser wavelength of 532.5 nm. The surface
area, pore volume and average pore size of the synthesized
sample were measured with a Belsorp mini-Il analyzer at liquid
nitrogen temperature (77 K), following the Brunauer-Emmett-
Teller (BET) theory. X-ray photoelectron spectroscopy (XPS,
PHI 5000 VersaProbe II; ULVAC-PHI) measurements were
performed using an Mg Ka X-ray sources. Elemental analysis of
C, H and N was performed using an elemental analyzer (Perkin
Elmer 2400 Series).

Electrical resistivity test

The electrical resistivity was measured with a device consisting
of two probes: resistivity meter (2001 multimeter, TFF Corp.,
Keithley Instruments) and DC constant power supply (model
692A, Metronix Corp.). Each sample was inserted in a hollow
Teflon cylinder (inner diameter: 0.5 cm). They were then
compressed to 0.6 MPa in air between the two brass pistons of
the electrodes. The electrical resistivity was measured while
the samples were being pressed.37_39

Electrochemical measurements

Electrochemical analysis of NCNS was carried out with a
conventional three-electrode cell system (Hokuto Denko Inc.
HZ5000) using a glassy carbon (GC) disk (diameter: 3 mm) as
the working electrode, a platinum wire as the counter
electrode and Ag/AgCl in saturated KCl as the reference
electrode. Then, 5.0 mg of NCNS was dispersed in 500 plL of
ethanol and 20 uL of Nafion (5 wt%, Aldrich). The mixture for
catalyst ink was ultrasonicated until a homogeneous
suspension was formed. For preparing the working electrode,
the suspension was dropped on the GC electrode and dried at
room temperature. The cyclic voltammetry (CV) was measured
in 0.1 M KOH (Kanto Chemical) and saturated in O, and N, with
a scan rate of 50 mV s*. The linear sweep voltammetry (LSV)
was conducted in O,-saturated 0.1 M KOH with a scan rate of
10 mV s at 1600 rpm using a rotating disk electrode (RDE).
The durability of NCNS was perfromed by the measurement of
current—time chrono-amperometric response at a constant
potential of —0.4 V in O,-saturated 0.1M KOH solution for 20
000 s at a rotating speed of 1600 rpm. The tolerance to the
methanol crossover effect was also evaluated.

Results and discussion

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Transmission electron microscopy (TEM) images of nitrogen-
carbon nanosheets (NCNS), (b) X-ray diffraction (XRD) patterns and (c) N,
adsorption-desorption plots with inset showing pore diameter distribution
curves of NCNS.

The morphology and structure of NCNS was investigated using
TEM. Fig. 2a reveals the wrinkled 2D nanosheet-like
morphology of the as-synthesized NCNS on a carbon TEM grid.

Multiple TEM images were observed from various locations of
the NCNS sample and other nanostructures were not
discovered. Fig. 2b shows a typical powder XRD pattern of the
as-synthesized NCNS. The NCNS exhibited two sharp peaks, a
characteristic of a disordered turbostratic phase, at around 26
of 25.8° and 43.1°, corresponding to the (002) and (100/101)
graphite planes, respectively.‘m The interlayer spacing was
calculated to be approximately 0.346 nm from the position of
the (002) diffraction peak, which is slightly larger than that of
bulk graphite (0.335 nm). The larger interlayer distance can be
ascribed to turbostratic disorder.?’ Fig. 2c displays the N,
adsorption—desorption isotherm of NCNS. The specific surface
area and pore structure properties were determined by using
BET theory. The N, adsorption isotherm curve of NCNS showed
a typical IV profile with an H1 hysteresis loop, in accordance
with the International Union of Pure and Applied Chemistry’s
(IUPAC'’s) classification.”" The NCNS possesses a total pore
volume of 0.95 cm® g'l, a mean pore size of 14 nm and a BET
surface area of 277 m?’ g'l. Moreover, using the Barrett—
Joyner—Halenda (BJH) method, the pore size distribution plot
revealed a sharp peak at 18.9 nm, as shown in the inset of Fig.
2c. Thus, NCNS contained highly mesoporous structures. It is

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 High-magnification transmission electron microscopy images of
nitrogen-carbon nanosheets (NCNS) with (a) two graphene layers, (b) three
graphene layers, (c) five graphene layers and (d) multiple graphene layers.
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suspected that each carbon sheet would agglomerate due to
their small grain size, which causes a relatively low surface
area. Consequently, it is possible that mesoporous structures
are formed by the space between agglomerated carbon
nanosheets.

High-magnification TEM images in Fig. 3a—d display the
graphene layer number within NCNS. Fig. 3a reveals a single
nanosheet consisting of two parallel fringes. The fringes were
defined as the cross section of the planar nanosheet’s folded
edge, indicating two atom-thick layer sheets. Three to five
graphene layers were also observed, as displayed in Fig. 3b
and 3c. However, the morphology of NCNS was mainly
composed of multi-layered graphene, as indicated in Fig. 3(d).

Fig. 4a shows the Raman spectrum of NCNS, of which
containing three main features of D, G and 2D-bands. The D-
band represents the disorder-induced band at 1338 cm™ that
depends on the presence of structural defects and disorder in
the lattice.””*® The G-band at 1575 cm™ is attributed to the
vibrations of the in-plane sp2 phonon of carbon atoms in a 2D
hexagonal lattice.***® The intensity ratio of the D-band and G-
band (Ip/lg) is typically related to the disorder degree, the
degree of graphitization and the in-plane crystalline size L,.
42,4396 The intensity ratio of /Ip/lg was about 0.6, suggesting that
the carbon nanosheets are long-range ordered graphitized
carbon.”” The crystalline size L, of NCNS was calculated by an
equation which is given by

Lo = (24 % 1072 (Ip /1) ", (1)

where 1;is the laser line wavelength in nm.*® The laser line was
shown to be 32.2 nm of the crystalline size. The 2D-band at
2675 cm™ is associated to the second-order of the D-band.
Furthermore, the position and intensity of the 2D-band, which
is a characteristic peak in the higher-order carbon structure,
can be employed to identify the number of layers in graphene-
related materials.*® The full width at half maximum (FWHM) of
the 2D peak was approximately 70 cm™ and the single
Lorentzian line shape of the 2D peak, as shown in Fig. 4b, looks
similar to monolayer graphene. These results suggest that
NCNS should be constructed by multi-layer graphene with
turbostratic stacking.w—51

As shown in Fig. 5a, the XPS survey spectra of NCNS show a
narrow C 1s peak at 284.5 eV, a weak O 1s peak at 532.5 eV
and a much weaker N 1s peak at 399.5 eV. XPS measurement
provided the surface elemental composition of NCNS. The
contents of C, N and O elements were 96.2, 1.3 and 2.5 at%, as
shown in Table 1. From the elemental analysis (EA) results, the
carbon, nitrogen and hydrogen content in the NCNS were 92.3,
1.3 and 0.7 wt%, which were similar with that of the XPS
measurement. It can be assumed that the nitrogen atoms
existed in NCNS, homogeneously. The high-resolution C 1s
peak of the NCNS revealed the one main peak at 284.5 eV (C-
1) corresponding to sp2 hybridized graphitic carbon, as shown
in Fig 5b, which indicated that NCNS was mostly composed of
a conjugated honeycomb lattice. And small signals at 285.6 (C-
2) and 286.5 eV (C-3) could be assigned to C—O/C=N and C—
N/C=0 species, respectively.52 Fig. 5c shows the high-
resolution N 1s peak which was composed with several types
of N coordination such as pyridinic N (N-1, 398.5 eV), pyrrolic
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Fig. 4 (a) Raman spectroscopy of nitrogen-carbon nanosheets (NCNS)
obtained with laser at 532.5 nm and (b) two-dimensional (2D) peaks in
Raman spectrum fitted by a single Lorentzian function.
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Fig. 5 Survey X-ray photoelectron spectroscopy (XPS) spectra (a); C 1s
spectra of NCNS (b); N 1s spectra of NCNS (c) ; O 1s spectra of NCNS (d).

Table 1 Summary of surface and bulk elemental compositions of NCNS.

C N (0] H
Surface elemental
96.2 13 2.5 -
composition XPS (at%)
Bulk elemental 923 13 ) 07

composition EA (wt%)

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Electrical resistivity and nitrogen content of NCNS compared to (@)
nitrogen-doped carbon nanofibers (CNFs) and carbon nanotubes (CNTs) 106 93 %]
as references. o
S 80 E
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g (b) Chronoamperometric response (1600 rpm) with the introduction of 3 M
:>:> 2 methanol at 2000 s. The arrow indicated the injection of 3 M methanol.
Z
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5 ulk graphite . .
Q ——  NCNS and was in the same order of magnitude compared to that of
St 20w U CNFs and CNTs. We believe that the nanosheet structural
0.8 -0.6 0.4 0.2 0.0 0.2 feature of the multi-layer graphene, which has a high electron
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Fig. 6 (a) Cyclic voltammetry (CV) and (b) linear sweep voltammetry (LSV) of
nitrogen-carbon nanosheets (NCNS) in 0.1 M KOH electrolyte at scan rate of
50mVstand 10 mvs?, respectively.

N (N-2, 400 eV), graphitic N (N-3, 401.2 eV) and oxidized N (N-
4, 403.7 eV).3O'53 The content of N coordination type revealed
28.9, 49.8, 19.4 and 1.9 %, corresponding to pyridinic N,
pyrrolic N, graphitic N and oxidized N, respectively. Among the
type, the pyridinic N and graphitic N play a leading part in the
oxygen reduction reaction.>® The 48.3 % of nitrogen atoms in
NCNS are anticipated to appear the positive effects for
electrocatalytic activity. Fig. 5d shows the high-resolution O 1s
peak which was composed with several types of O
coordination such as O-1 (C=0, 531.3 eV), 0-2 (C-0, 532.1 eV),
0-3 (0O—C=0, 533.4 eV), O-4 (adsorbed oxygen or water, 536.4
eV).55

Table 2 shows the electrical resistivity of NCNS compared
to that of carbon nanofibers (CNFs) and carbon nanotubes
(CNTs) for reference. The resistivity was 0.065 and 0.04 Qcm

This journal is © The Royal Society of Chemistry 20xx

mobility with abundant m conjugation system, was the main
reason of low resistivity.58 Also, the high crystallinity and few
defect of the physically bonded networks, as shown in Raman
spectroscopy, could be assumed it as the one of the reason.”®
Fig. 6a shows the CV curve of NCNS. It was measured in an
aqueous 0.1 M KOH electrolyte under O, and N, saturated
condition in the potential range of —1.0 to 0.3 V and a scan
rate of 50 mV s*. No obvious redox peaks appeared under N,-
saturated 0.1 M KOH electrolyte. In contrast, the CV curve
under O,-saturated 0.1 M KOH electrolyte revealed a
prominent and well-defined cathodic peak at -0.25 V,
corresponding to the occurrence of oxygen reduction reaction
(ORR) of the electrodes in O, ambience. The onset potential
was observed at -0.17 V. In the results of LSV, shown in Fig.
6b, the ORR activity of the NCNS revealed a significantly higher
onset potential than that of bulk graphite. It can be assumed
that the existence of nitrogen within the carbon matrix
provided a superior electrocatalytic activity.60 However, the
ORR activity of NCNS was still much inferior to that of the
commercial 20 wt% Pt on Vulcan XC-72. The ORR activity in

J. Name., 2013, 00, 1-3 | 5
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terms of onset potential of NCNS in our study was compared
with that of N-doped graphene reported in several previous
works (see Table SlT).m*63 It was found that the ORR activity of
NCNS was much inferior to N-doped graphene. The weak ORR
activity of NCNS may possibly be due to a relatively low N
doping content, especially pyridinic N and graphitic N bonding
states. It has been known that pyridinic N and graphitic N
species are the important factors in significantly enhancing
ORR activity, whereas pyrrolic N had a little effect on the ORR
activity. The synthesis of NCNS with controllable N bonding
sates (i.e., high content of pyridinic N and graphitic N) are still
underway in our laboratory.

As shown in Fig. 7a, the relative current (I//l;) of NCNS
revealed a slow attenuation than that of commercial 20 wt%
Pt/C. After 20 000s, the high I/l of NCNS was maintained with
approximately 93 %, whereas the Pt/C exhibited the low I/l, of
78 %. Furthermore, in the tolerance to the methanol crossover
effect, the NCNS was quite stable as shown in Fig. 7b, which 3
M methanol was injected into O,-saturated 0.1 M KOH
solution during the measurement of the chronoamperometric
response at a rotation rate of 1600 rpm for 2000 s. On the
other hand, the 20 wt% Pt/C showed the sharp decrease of the
I/, after the addition of methanol. These results presented
that the NCNS had the better electrochemical stability and
excellent methanol tolerance than that of the 20 wt% Pt/C.

Conclusions

We have successfully synthesized NCNS through a specific type
of plasma discharge in liquid, named solution plasma
processing (SPP), under room temperature and atmospheric
pressure. The organic solution, N-methyl-2-pyrrolidone (NMP),
was applied as a single precursor where nitrogen atoms were
simultaneously embedded within the carbon matrix through
one-pot synthesis. From elemental analysis, the carbon,
hydrogen and nitrogen contents were, respectively, 92.3, 0.7
and 1.3 wt%. Detailed investigations of the properties of NCNS
revealed that the samples consisted of multi-layer graphene
with turbostratic stacking. NCNS demonstrated a low resistivity
of 0.065 Q cm, of which is in the same order of magnitude of
N-doped CNFs and N-doped CNTs. The surface area and pore
volume of NCNS were 277 ng_l and 0.95 cmgg_l, respectively,
which indicated the material were mesoporous structures and
composed of agglomerated nanosheets. Although NCNS
exhibited an insufficiently low catalytic activity toward ORR, its
stability and methanol tolerance were better than those of 20
wt% Pt/C. This demonstrates the capability as an ORR
electrocatalyst. Therefore, this study may offer a new strategy
for the feasible synthesis of CNS in the fuel cell application.
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Heteroatom-carbon nanosheets, composed of multi-layer graphene with turbostratic stacking, were
successfully synthesized through a solution plasma processing (SPP) with N-methyl-2-pyrrolidone at

room temperature and an atmospheric pressure.



