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ABSTRACT: Using simple microwave irradiation under the pres- Craphlee i

ence of sodium amide as a nitrogen source, preparation of i oxidation
nitrogen-doped graphene nanosheets has been successfully “ > 4
demonstrated. It is notable that exfoliation and nitrogen doping Solvothermal
of graphite to nitrogen-doped graphene simultaneously occurred Tt
during the microwave irradiation within a minute, and nitrogen 1‘:-:;:::;; °
content of the doped graphene could reach up to 8.1%. It was also P a—
found that the binding configuration of nitrogen atom on graphitic
layer consisted of various nitrogen-containing moieties such as
pyridine-N, pyrrolic-N, and quaternary-N, and their composition was changed as a function of irradiation power. Although
formation of undoped reduced graphene oxide by microwave irradiation resulted in slight increase of electrical conductivity
because of the reductive recovery of oxidized graphite to graphene, nitrogen doping involved during irradiation induced much
more notable increase of electrical conductivity more than 300 S cm™". Furthermore, nitrogen-doped graphene showed highly
enhanced capacitive performance than that of undoped reduced graphene oxide, the specific capacitance of 200 F/g (current
density of 0.5 A/g), which ascribes the pseudocapacitive effect from the incorporation of nitrogen atom on graphitic layer.
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1. INTRODUCTION

Graphene as a new two-dimensional (2D) macromolecule is of
great interest because of the exceptionally high electron mobility
and electrical conductivity, uniquely high thermal conductivity in
atomic scale, very stiff mechanical properties and gas barrier
properties. Thus, the graphene has been widely studied for
prospective applications in many fields, including nanoscale-
electronics,1 biosensors,2 transistors,” energy storage materials,4
and catalysts.” However, the lack of electronic bandgap of
pristine graphene has been a big hurdle in direct usage for the
nanoscale-electronics as a high electronic mobility channel, such
as low on/off ratio phenomena of pristine graphene based
transistors. To tailor the electronic, chemical and magnetic
properties of graphene, especially to open the bandgap of
graphene, chemical doping has been considered to be one of the
most efficient approaches.’”® For the chemical doping of carbon-
based materials, nitrogen and boron are general candidates due
to the atomic size similarity and valence electrons available to
form stable covalent bonds with adjacent carbon atoms, which
are both similar to those characteristics of carbon atom and thus,
easy to substitute with carbon atoms.”'® Especially, nitrogen
doping (N-doping) is one of the most effective methods for
increasing the chemical reactivity of graphene and tailoring
transport behaviors of electron and phonon within graphitic
sheet that are correlated with the stronger electronegativity of
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nitrogen relative to that of carbon, and the conjugation between
the lone pair electrons of nitrogen and 7-electrons of graphene.

Nitrogen-doped graphene (N-graphene) has been reported to
expand widely the explored potential applications, such as higher
electrocatalytic activity for the reduction of hydrogen peroxide
and oxygen'" and oxidation of methanol' than pristine graphene
and better performance in Li ion battery applications.'?
More importantly, incorporating different types of nitrogen
into the carbon network would provide the N-doped graphene
with more functional groups for property design.'*”'® Thus,
many researchers have suggested several methods to produce
N-graphene; chemical vapor deposition (CVD) method,"
arc-discharge method,"” nitrogen plasma process,"®
annealing with nitrogen source,"”?° and so on. Nevertheless,
most of the methods to prepare doped graphene have exhibited
unavoidable disadvantages such as yield of limited scale, long
preparation time, and complex procedure coupled with
expensive equipment.

This paper includes a novel microwave irradiation approach to
produce N-doped few layer graphene from bulk graphite. The
microwave irradiation offers great advantages such as simple and
fast procedure because selective dielectric heating imparted by
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Figure 1. Schematics of microwave-assisted graphene exfoliation and doping process from bulk graphite.

the difference between dielectric constants of solvent and
reactant can provide significant enhancement in reaction rates.
Furthermore, the microwave irradiation method is unique in
providing scaled-up processes without suffering thermal gradient
effects,”'~** thus leading to industrially meaningful advancement
in the large-scale synthesis of nanoscale materials.”*** The use of
microwave irradiation have been demonstrated for the synthesis
of functionalized graphene oxide (GO),***” the restoration of
graphene from GO***” and the exfoliation of graphite-
intercalation compounds (GICs).*>*! At this point, it can be
proposed that high energy state induced by dielectric heating
under microwave irradiation would impart a graphitic basal plane
to afford dopant molecules, yielding a direct conversion of
graphite to N-graphene which has not been reported yet by
microwave irradiation. We successfully achieved the N-doping of
graphitic layer through the microwave irradiation and thoroughly
investigated the dependencies of structural and electrical
properties of N-graphene according to the microwave irradiation
power.

2. EXPERIMENTAL SECTION

2.1. Materials. Graphite flakes (+100 mesh, Aldrich), sulfuric acid
(95—97%, Aldrich), fuming nitric acid (>90%, Yakuri Chemical), and
NaNH, (95%, Aldrich) were obtained from commercial sources and
used as received.

2.2. Synthesis of N-Graphene. Graphite-intercalation compounds
(GICs) were prepared from §raphjte according to a modification of the
Hummers-Offeman method.”® A mixture of 5g of graphite flakes and
150 mL of sulfuric acid were gently stirred in a round-bottom flask, and
50 mL of fuming nitric acid was added into the mixture. The mixture was
vigorously stirred at room temperature for 24 h. Deionized water was
then poured slowly into the mixture. The resulting mixture was washed
using distilled water several times, followed by centrifugation and drying
at 60 °C for 24 h to obtain GICs.

The resulting GICs (0.5 g) was added to NaNH, (2 g), and the
resulting mixture was transferred to a Teflon-lined autoclave (50 mL)
filled with benzene up to 90% of the total volume, which was then sealed
and maintained at 180 °C for 12 h. After natural cooling to room
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temperature, the as-synthesized products were washed thoroughly with
distilled water several times, and centrifuged with ethanol and acetone,
yielding nitrogen-containing GICs (N-GICs). To prepare N-graphene
from N-GICs by irradiation, 0.5 g of N-GICs was sealed in a quartz
vessel, which was fitted with a pressure and temperature probe. The
quartz vessel was then placed on a turntable for uniform heating in
microwave irradiation equipment (Anton Paar, Synthos-3000) at a
frequency of 2.45 GHz. Irradiation power and exposure time were
controlled, and temperature was monitored. The power was applied for
30 s, which was repeated for 2 times in the whole process.

For comparison, undoped graphene was prepared from the GICs by
microwave irradiation. Overall reaction scheme and condition of
N-graphene were applied except to remove mixing GICs with NaNH,.

2.4. Characterization. The morphologies of undoped graphene and
N-graphene samples were characterized by transmission electron
microscopy (TEM) using a Hitachi-2100 TEM facility with accelerating
voltage of 200 kV. TEM samples were prepared by drying a droplet of
the graphene or N-graphene suspensions on a Cu grid with carbon film.
Additionally, Atomic force microscopy (AFM) images were obtained to
examine topology and thickness changes during irradiation, using
MFP3D microscope (Asylum Research). The field emission scanning
electron microscopy (FE-SEM) measurements were performed by using
a JEOL JSM-6701F facility. An X-ray powder diffractometer (XRD,
Shimadzu, X-6000, Cu Ka radiation) was used to determine the phase
purity and crystallization degree. Room-temperature Raman spectra
were recorded using a Renishaw InVia micro-Raman system with an
excitation wavelength of 514 nm. X-ray photoelectron spectroscopy
(XPS) analyses were carried out on a Thermo Fisher X-ray
photoelectron spectrometer system. All spectra were taken using an
Al K microfocused monochromatized source (1486.6 eV) with
resolution of 0.6 eV. Electrical conductivity was measured by a four-
point-probe measurement system (Napson, CRESBOX).

2.5. Electrode Preparation and Electrochemical Experiment.
For three-electrode systems, the test electrode was prepared by loading
slurry consisting of 95 wt % active materials, and S wt % polyvinylidene
fluoride (PVDF) binder was fabricated using N-methyl pyrolidone
(NMP) as a solvent. The slurry of the above mixture was subsequently
pressed onto nickel foam, serving as the current collector. The prepared
electrode was placed in a vacuum drying oven at 120 °C for 24 h. In the
three-electrode system, the sample was used as the test electrode, coiled
platinum as the counter electrode, Hg/HgO electrode (in 6 M KOH) or
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Figure 2. FE-SEM images of N-GICs (a) before and (b) after microwave irradiation. (c) TEM image of the highly exfoliated N-graphene and (d) AFM
image of N-graphene after extreme delamination.

a saturated calomel electrode (SCE) (in 1 M H,SO,) as reference ments of the samples were examined by cyclic voltammetry (CV) and
electrode. The electrochemical properties and capacitance measure- galvanostatic charge/discharge (chronopotentiometry) on an Autolab
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PGSTAT-128N potentiostat/galvanostat. Galvanostatic cycling of
supercapacitor electrodes was performed at a constant current of
0.5 A/g. The gravimetric specific capacitance, Cy, (F/ g) was calculated
from galvanostatic discharge curve as seen in eq 1

C,, = IAt/mAV (1)
where I (A) is applied constant current density, At is the discharge time
(s), m (g) is the mass of carbon in each electrode, and AV (V) is the
potential window. The geometric surface area of the electrodes was kept
close to 1.0 cm® The active materials in the electrodes had a mass range
of 1-3 mg/cmz.

3. RESULTS AND DISCUSSION

The preparation of N-graphene was performed under micro-
wave irradiation, as schematically illustrated in Figure 1. First,
intercalation of graphite by a mixture of sulfuric and nitric acid
produced GICs, which transformed to N-GICs by the
solvothermal reaction with NaNH, in benzene. N-graphene
was then prepared by microwave-heating of N-GICs under N,
atmosphere. It was demonstrated that graphene can absorb
microwave easily and reach to very high temperature in few
seconds, quickly incorporating nitrogen atoms. NaNH, was
chosen as a nitrogen source for doping as well as expansion—
reducing agent because of the abundance of nitrogen and lower
melting point of alkali amides. Thermal degradation of sodium
amide at high temperature results in evolution of substantial
quantities of gaseous nitrogen such as sodium nitride and ammonia,
resulting in promotion of expansion along the c-axis direction.>**
Sonication further resulted in fragmentation of the already loose
graphite layers to graphene nanosheets of mono- and few layers.
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Figure 3. (a) XRD patterns and (b) Raman spectra of pristine graphite,
N-GICs, and N-graphene.
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Figure 4. (a) XPS spectra of N-GICs, undoped graphene, and
N-graphene obtained at various microwave power, and (b) contents
of nitrogen and oxygen atoms of the respective N-graphene.

The average particle size and morphology of the N-GICs and
N-graphene were observed by FE-SEM. The N-GICs before
microwave irradiation has a relatively smooth surface and some
small flakes were observed on the surface of the GICs as shown in
Figure 2a. The flake shape of the GICs was irregular, similar to
that of natural graphite. The mean diameter and thickness of the
GICs before expansion were about 250 and 3 pm, respectively.
After microwave irradiation, the accordion-like expanded
structure of graphite was observed (Figure 2b). The FE-SEM
image at high magnification shows layered structures with
thicknesses ranging from a few nanometers to a few micrometers.
To further characterize the graphene sheets, TEM analysis was
conducted. As shown in Figure 2¢ the TEM images indicate that
those nanosheets mainly consist of single to few layers. With
small quantity of monolayer graphene nanosheets, a larger
proportion of flakes were few-layer graphene, including some
bilayers and trilayers. Furthermore, AFM analysis in Figure 2d
shows that the minimum thickness is about 1.2 nm for N-
graphene sheets, and most of nanosheets have a thickness of 1—
3.5 nm (see Figure SI in the Supporting Information), further
confirming the formation of few-layer graphene structure.'®?3°
The thickness is somewhat larger than that of flat defect-free
graphene due to the presence of oxygen-containing functional
groups and structural defects which impart topological roughness
to N-graphene sheets. The lateral dimension is in the range of
several hundred nanometers to several micrometers.

The XRD patterns of graphite, N-GICs and N-graphene are
shown in Figure 3a. The patterns of N-GICs seems to be similar
to that of the bulk graphite (d-spacing of 0.335 nm at 26 =
26.41°), but additional peaks appear at 25.12° and graphite peak
was shifted to lower angle, 25.92°. These two peaks evolution
coupled with peak shift indicate successful intercalation to GICs

dx.doi.org/10.1021/am405735c | ACS Appl. Mater. Interfaces 2014, 6, 6361—6368
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Figure S. N1s XPS spectra of N-graphene at (a) 450, (b) 600, (c) 750,
and (d) 900 W of microwave irradiation power. (e) Schematic of
postulated nitrogenation on a graphitic layer.

from densely stacked graphitic layers of bulk graphite. After
microwave irradiation, the sharp peak near 26.41° for graphite
and N-GICs completely disappeared, whereas a weak and broad
diffraction peak around 25° was observed, which is a typical
evidence for the exfoliation of graphite to few-layer graphene.
The microwave-assisted N-graphene formation could be also
supported by Raman analysis, as can be seen in Figure 3b. While
graphite and N-GICs showed less intensive D peak at 1350 cm™"
and higher intensity of G peak at 1580 cm™,>” N-graphene
presented relatively high intensity of D peak, lower intensity of G
peak converged with newly observed D’ peak, which located at
the 1620 cm™, which ori%inate from a double resonance (DR)
Raman scattering process. 839 Also, it is notable that there is an
abrupt broadening and decrease of 2D band imparted by
microwave irradiation under NaNH, for N-doping, indicating
that the disorder increases***" with the microwave treatment. As
reported previously,*”** the evolution of Raman spectra of
graphene layer in this manner can be interpreted that there is a
distortion of graphitic crystal structure, which is correlated with
the incorporation of heterogeneous nitrogen atom into the
graphene layers.

The bonding configuration of doped nitrogen and the surface
composition of corresponding nitrogen-containing chemical
structures were examined using XPS. Figure 4 shows that the
overall nitrogen content in N-graphene changes with microwave
irradiation power. The peaks at about 284, 401, and 534 eV can
be assigned to the binding energy of Cls, Nls, and Ols,
respectively. The XPS spectra of N-GICs as well as undoped
graphene indicate that the nanosheets contain ca. 20.8% of
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oxygen and no signal concerning nitrogen could be detected, and
the presence of nitrogen was detected only when irradiation was
given with NaNH, intercalated. As shown in Figure 4 (see
Table S1 in the Supporting Information), N-doping occurred at
irradiation power as low as 450 W for N-GICs, with ~4.5% of
nitrogen detected in the sample. When irradiation power was
varied from 450 to 900 W, atomic content of nitrogen in
N-graphene was found in a range of 4—8%, with 750 W
irradiation power affording the highest N-doping level of ~8.1%,
which is a notable result when compared with the reported value
in the literature (see Table S2 in the Supporting Information).
Moreover, it is notable that the atomic content of oxygen was
dropped from 20.8% for N-GICs to 4.8% for NG-900 (the
N-graphene prepared at 900 W of irradiation power), indicating
that oxygen-containing functional groups were effectively
removed during microwave irradiation. This is due to the
formation of C—N bonds and the recovery to sp” graphitic lattice
of defected GICs by microwave irradiation with NaNH,. Along
with simple and fast process, the microwave-assisted N-doping
process has the additional advantage capable of direct conversion
of graphite to N-doped graphene with much lower defect and
oxygen content compared to other methods reported to date.
To evaluate the bonding configuration and chemical states of
doped nitrogen atoms, we examined the high-resolution N1s
XPS spectra of N-graphene; the results are shown in Figure 5.
Generally, there are several N-containing functional groups in
N-doped graphene, which can be identified by the bonding
configurations of nitrogen atom. These groups include pyridinic
N at 398.5 eV(peak A), nitrile N at 399.3 eV(peak B), pyrrolic N
at 400.1 eV(peak C), and quaternary N at 401.3 eV(peak D).">**
As can be seen in Figure Se, pyridinic N refers to N atoms at the
edges of graphene planes, where each N atom is bonded to two
carbon atoms and donates one p-electron to the aromatic 7
system and nitrile N atoms are C triple bonded to N with a lone
pair on the N. Pyrrolic N atoms are incorporated into five
membered heterocyclic rings, which are bonded to two carbon
atoms and contribute two p-electrons to the 7z system and
quaternary N, which is also called “graphitic N” or “substituted
N”, is incorporated into the graphene layer and substitute carbon
atoms within the graphene plane. Based on the XPS results in
Figure 4a—d, the change of content of the N species with
different microwave power can be traced as follows; as the
microwave power increases, the intensities of the pyridinic N and
pyrrolic N peaks increase, while the intensity of nitrile N peak
decreases. This phenomenon can be interpreted that when the
radiation power increases, the intramolecular dehydration or
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Figure 6. Electrical conductivity changes of N-graphene and undoped
graphene by control of microwave irradiation power.
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Figure 7. Electrochemical performances of undoped graphene and N-graphene (NG-900) when used as an electrode in 1 M H,SO, solution: (a) CV
diagrams obtained at scan rate of 50 mV/s, (b) galvanostatic charge/discharge curves at a current density of 0.5 A/g.
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Figure 8. Electrochemical performances of undoped graphene and N-graphene (NG-900) when used as an electrode in 6 M KOH solution: (a) CV
diagrams obtained at scan rate of 50 mV/s, (b) galvanostatic charge/discharge curves at a current density of 0.5 A/g.

decarbonylation take place to generate thermally stable
heterocyclic aromatic moieties such as pyridine, pyrrole and
quaternary type N sites. It is noteworthy that N-doping takes
place at basal planes and edges simultaneously, which is
different from previous reports”** that N-doping would take
place mainly at edges because of the higher reactivity. The
result indicates that higher microwave power would favor the
formation of pyridinic N in the graphene sheets, whereas the
lower microwave power would lead to more incorporation of
N in terms of nitrile N, and larger portion of pyrrolic N,
regardless of microwave power.

To evaluate the property change of graphene imparted by
microwave irradiation assisted N-doping, the electrical con-
ductivities of N-graphene as well as undoped graphene (obtained
from the microwave treatment of the GIC without nitrogen
source) were examined. As can be seen in Figure 6, N-graphene
shows notable enhancement of electrical conductivity compared
with undoped graphene. The NG-900 showed the highest
conductivity among all the N-graphene species, approximately
305 S cm™!, because of the increasing sp® carbon networks,
decreasing oxygen content, as well as defects associated with
incorporation of nitrogen atom. On the other hand, when the
irradiation power was not so high, such as the case of NG-450,
very low conductivity was found, possibly because of the
incomplete restoration of sp> carbon networks from oxidized
graphitic layer formed during the harsh oxidative expansion
process of graphite. The conductivity data, in conjunction with
XPS result, reveal that conductivity of N-graphene increased with
increasing C/O ratio, which could be attributed to the degree of
restoring the sp” carbon networks in N-GICs during the
microwave irradiation processes.

In the case of graphene-based supercapacitor application,
many researchers recently focused on the effect of doping
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materials on the electrochemical properties of graphene-based
electrodes. Thus, we investigated the electrochemical properties
of N-graphene by microwave irradiation using cyclic voltamme-
try (CV) and galvanostatic charge/discharge in acidic (1 M
H,S0,) and basic (6 M KOH) media with three-electrode
system.

As shown in Figures 7 and 8, the NG-900 electrode exhibits a
much higher current density than that of undoped graphene,
indicating a greatly increased capacitance due to the N-doping
and efficient exfoliation from nitrogen-containing intercalants.
As confirmed by XPS, NG-900 includes large amount of pyridinic
and pyrrolic N moieties, which provides a pair of electrons
introducing electron donor properties to the layer.*® These
nitrogen species are located at the easily accessible edges of
graphene layers, and therefore they can easily contribute to the
total capacitance with the pseudocapacitive effect.*”*® Further-
more, quaternary nitrogen groups have enhancing effects on the
capacitance due to their positive charge and thus an improved
electron transfer through the carbon surface.*” Large surface area
(~240 m*/g) from N-doped graphene could additionally result
in high capacitances compared with that of undoped graphene
sample (~125 m?*/g). (Figure S2 and Table S3 in Supporting
Information) The specific capacitance, C, of the electrode
material was calculated from galvanostatic discharge curves. It
was obtained that Cg, for NG-900 is 200 F/g in 1 M H,SO,, and
130 F/gin 6 M KOH at a current density of 0.5 A/g, which is
significantly larger than that of undoped graphene, 87 F/gin 1 M
H,SO,, and 70 F/g in 6 M KOH at 0.5 A/g. The supercapacitive
performances in acidic electrolyte (Figure 7) are better than in
basic electrolyte (Figure 8), which is related that pseudocapa-
citive properties of pyridinic and pyrrolic N moieties more
activates in acidic conditions.®

dx.doi.org/10.1021/am405735c | ACS Appl. Mater. Interfaces 2014, 6, 6361—6368
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4. CONCLUSION

We have demonstrated a facile microwave irradiation approach
to prepare nitrogen-doped graphene from bulk graphite. The
control of irradiation power and addition of nitrogen source are
capable of changing the atomic contents of nitrogen in graphene
layers up to 8.1%, resulting in notable enhancement of electrical
conductivity upon nitrogen doping. It is also noted that the
nitrogen-doped graphene shows higher specific capacitance than
that of undoped graphene, the maximum specific capacitance of
200 F/g can be obtained. The enhancement of capacitive
performance can attribute to the pseudocapacitive effect based
on the nitrogen doping for graphene. It was proved that the
microwave irradiation-assisted doping method for graphene
significantly reduces the doping reaction time, cost, and energy
required, compared to the conventional solution-based methods,
and it would be highly beneficial to the preparation of
heteroatom-doped graphene, especially in large scale.
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AFM images analysis and surface area measurements of the
N-doped graphene. This material is available free of charge via
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