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ABSTRACT: Highly monodispersed nitrogen-doped carbon nanospheres are
prepared by the pyrolytic carbonization of emulsion-polymerized polystyrene-
based colloidal spheres in the presence of a nitrogen-enriched molecule,
melamine (1,3,5-triazine-2,4,6-triamine). The nitrogen-doped carbon spheres
are successfully tested for use as electrode materials in supercapacitors. The
nitrogen content incorporated into the carbon sphere is controlled by
changing the weight ratio of melamine to the polymer spheres. The nitrogen
doping concentration is proportional to the mixing weight ratio. The nitrogen
doping produces relatively abundant pyridinic and pyrrolic configurations, and
these configurations are observed to be more abundant for carbon spheres
with high nitrogen doping. The nitrogen doping enhances the pseudocapa-
citance and the electrical conductivity of carbon, thereby enhancing the
specific capacitance. We obtain a specific capacitance of up to 191.9 F g~ with
20% nitrogen doped carbon nanospheres, which is 14 times higher than that of

the undoped carbon nanospheres. Moreover, the capacitance retention remains up to 10 000 cycles, which clearly displays a good

cycling stability the nitrogen-doped carbon nanospheres as the supercapacitve electrode materials.
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B INTRODUCTION

Electrochemical capacitors or supercapacitors present an
attractive new technology, specifically for high power
applications such as hybrid electric vehicles or portable
devices."”? A supercapacitor stores electric energy by the
physical adsorption of electrolyte ions onto a charged electrode
by electrostatic attraction, resulting in the formation of a so-
called electrochemical double layer (EDL).> Thus, to obtain
high capacitance, large specific area materials such as porous
materials have traditionally been preferred. Along with
commercial activated carbon, synthetic porous carbons such
as templated mesoporous carbons as well as various carbon
allotropes such as carbon nanotubes (CNTs) and graphenes
have been previously studied.*”®

This method of increasing the electric capacitance by
increasing the surface area, that is, porosity, has a limitation,
as this approach concurrently increases the material’s electrical
resistance, which lowers its potential to capture electrolyte
ions.” Moreover, an increase in porosity increases the pore
tortuosity, which impairs electrolyte ion transport.® There have
thus been several experimental attempts to introduce metal
oxides (e.g, RuO, MnO,, and Ni(OH),) or conducting
polymers (e.g., polyaniline, polypyrrole, and polythio-
phene).””" In these cases, the electric charges could be stored
by a direct charge transferred across the surface (i.e., Faradaic
reaction), which is known as pseudocapacitance. More recently,
as an alternative method, the introduction of heteroatoms (e.g,
B, N, P and S) into carbon materials has been demonstrated as
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a facile and effective approach to enhance the capacitance.®'>
Besides affecting the pseudocapacitance, the doping controls
the semiconductor properties of carbon materials as well as
their surface adsorption properties. Among these heteroatoms,
nitrogen incorporation has received much attention. This may
be because the doping can be achieved by either gas or solid
precursors, and synergistic effects can be induced by the
nitrogen doping. Nitrogen doping has been found to cause an
increase in electric conductivity, and concurrently ameliorate
surface wettability as well as adsorption properties that facilitate
an electrochemical reaction on the carbon surface."*™** Various
carbon morphologies including mesoporous carbons, CNTs,
carbon nanofibers, and recently graphenes have been treated
with nitrogen doping and tested as supercapacitors.>'>'¢72°
In this paper, we have, for the first time, prepared highly
monodispersed, nitrogen-doped carbon nanospheres for super-
capacitor application. First, when compared to the various
carbon morphologies mentioned earlier, carbon spheres can be
obtained simply by direct carbon conversion of polymer
spheres made of phenolic resins or polystyrene.”"”* The
porosity of carbon spheres can be controlled by incorporating
soft templates into the polymer spheres.*' Moreover, control of
the intracross-linking of polymer spheres provides a template-
free approach to forming secondary pores around the carbon
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Scheme 1. (a) Procedure for the Synthesis of Nitrogen-Doped Carbon Nanospheres; (b) Cross-Linking Reaction of Styrenes via

Friedel—Crafts Alkylation
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spheres.””> However, few researchers have studied their
performance in electrochemical applications and, to the best
of our knowledge, there has been no report on doped carbon
spheres for supercapacitors. In this study, pyrolytic carbon-
ization with a nitrogen-enriched molecule, melamine (1,3,5-
triazine-2,4,6-triamine), was utilized to obtain carbon spheres
and simultaneous nitrogen doping. The doping content was
controlled by the weight ratio of melamine to polymer spheres
in the pyrolysis. The morphology of the nitrogen-doped carbon
nanospheres, configuration of doped nitrogen, as well as carbon
crystallinity was investigated. Our N-doped carbon sphere was
also applied as an electrode material in supercapacitors. The
remarkable capacitance of 192 F g~' was obtained for 20% N-
doped carbon nanospheres. Moreover, the capacitance
retention remains up to 10000 cycles, which clearly displays
a good stability for the N-doped carbon nanospheres as
supercapacitve electrode materials.

B EXPERIMENTAL SECTION

Synthesis of Polystyrene-Based Spheres and Their Hyper-
Cross-Linking. Monodispersed polystyrene-based polymer spheres
(PS) were synthesized by emulsifier-free emulsion polymerization of
styrene (99.9%, Aldrich) in deionized water. Methyl methacrylate
monomer of 5 wt % (MMA, 98.5%, Aldrich) was added to control the
size of the spheres. Briefly, the polymerization was carried out as
follows: the styrene and the MMA in water were vigorously mixed
along with S wt % (over the monomer weight) potassium persulfate
(Aldrich). Then, 40 wt % (over the monomer weight) divinylbenzene
(Aldrich) was added as a cross-linker. After the overnight polymer-
ization, the polymer colloids were purified several times by centrifugal
sedimentation and redispersion in deionized water. The hyper-cross-
linking of the PS styrenes was achieved via Friedel—Crafts alkylation
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(see Figure S1 in the Supporting Information). The PS was dispersed
in chloroform where 8 wt % of anhydrous aluminum chloride was
dissolved, and the reaction was carried out at 60 °C for 8 h. The
resulting hyper-cross-linked PS (hc-PS) was purified by washing with
ethanol.

Carbonization and Nitrogen Doping. 1,3,5-Triazine-2,4,6-
triamine, that is, melamine powder (99%, Aldrich) was used as a
nitrogen source. The melamine powder was mixed with the dried hc-
PS, and placed in a tube furnace. The sample was first heated to 300
°C for 20 min under an argon atmosphere, and the temperature was
then increased to 700 °C for 80 min.

Characterization. The surface morphologies were determined by
a field emission scanning electron microscope (FESEM, Hitachi, S-
4700) and an energy-filtering transmission electron microscope
(EFTEM, Carl Zeiss, LIBRA 120, 80 kV). Energy dispersive
spectroscopy (EDS) elemental mapping was performed with high-
resolution transmission electron microscopes (HRTEM, JEOL, JEM-
2100F, 200 kV). X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientificc, ESCALAB 250 XPS System) analysis using a
monochromated Al Ka X-ray source (hv = 1486.6 eV) at a chamber
pressure of 1 X 107'° Torr was performed for elemental analysis.
Raman spectra were recorded using micro Raman spectroscopy
(Tokyo instrument, Nanofinder) with an excitation wavelength of
487.5S nm.

Electrochemical Measurements. A beaker-type three-electrode
system was used to measure the electrochemical properties of the
sample. To prepare the CS and N-CS working electrodes, CS and N-
CS were dispersed in a mixture of Nafion solution (Aldrich) and
anhydrous ethanol (Daejung) by sonication. This solution was
transferred onto a GCE and dried at 60 °C, and used as a working
electrode. A platinum wire and a Ag/AgCl (3 M NaCl) electrode was
used as a counter and reference electrode. A 1 M H,SO, (Aldrich)
solution was prepared as electrolyte. Cyclic voltammetry (CV) and
galvanostatic charge—discharge cycles were measured with a
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Figure 1. SEM images of (a) PS, (b) hc-PS, (c) low-N-CS, and (d) high-N-CS. The inset shows the TEM image of each sample.

VersaSTAT 3 (AMETEK) instrument. CV was performed with a
potential window of 0—1 V versus a Ag/AgCl (3 M NaCl) electrode
with a range of scan rates (from S to 200 mV s™"). In the galvanostatic
charge—discharge measurements, the cell was prepared with a voltage
window of 0—1 V by applying a constant current of 0.1—1 A g™*. The
measurement was repeated at least three times and averaged to obtain

the result.

B RESULTS AND DISCUSSION

The preparation of size-monodispersed N-doped carbon
nanospheres is illustrated in Scheme la. Briefly, a cross-linked
polystyrene-based sphere was prepared, where the styrenes
were further cross-linked via Friedel—Crafts alkylation as shown
in Scheme 1b,>® resulting in hyper-cross-linked polystyrene-
based polymer spheres (hc-PS). The pyrolitic carbonization
induced the reduction of hc-PS to carbon spheres. Here, the
high-temperature pyrolysis of the hc-PS spheres with melamine
(1,3,5-triazine-2,4,6-triamine) powder carbonized the hc-PS
spheres, and simultaneously doped the nitrogen into the
carbonized hc-PS.

Figure la and b shows the SEM images of monodispersed PS
and hc-PS, respectively. The hyper-cross-linking is required to
enhance polymer-to-carbon conversion.”* Briefly, as described
in Scheme 1b, the hyper-cross-linking of styrene groups was
initiated by the formation of benzyl carbocation in the presence
of a Friedel—Craft catalyst, AICl;, and proceeded by linking the
benzyl chloromethyl carbocation with polystyrenes. The
diameter of the PS and hc-PS spheres was 350 and 380 nm,
respectively. We found that the particle size increased during
the hyper-cross-linking, which may be attributed to the increase
in free volume of polymer networks in the cross-linking
reaction.”> Meanwhile, Figure 1c and d shows SEM images of

the PS-carbonized carbon sphere (CS) at 700 °C, in the
presence of melamine during the carbonization. Previously,
nitrogen doping has been achieved by chemical vapor
deposition using ammonia and a pyridine precursor,*® thermal
treatment in an ammonia gas environment,”" or using a
nitrogen-enriched solid precursor such as melamine.”®* In
comparison, the use of melamine was cost-effective and
achieved a relatively high doping concentration. The following
doping mechanism has been reported: in the temperature range
of 300—600 °C, melamine is decomposed into carbon
nitrides®® (see Figure S2), and at a higher temperature nitrogen
is released, which diffuses into the carbon matrix. Here, the
doping concentration was controlled by setting the mixing
weight ratio of hc-PS to melamine at 1:S (Figure 1c) and 1:50
(Figure 1d). We designated the CS prepared with the 1:5
carbon/melamine weight ratio as low-N-CS, and the CS
prepared with the 1:50 carbon/melamine weight ratio as high-
N-CS. Figure 1c and d clearly show that the spherical shape was
maintained during the pyrolytic carbonization. The diameters
of the low-N-CS and high-N-CS were shrunk to be 310 and
355 nm, respectively; the size shrinkage was 18.5% and 6.6%,
respectively. On the other hand, in the case of the undoped CS,
the diameter was measured to be around 270 nm (i.e., 29.0%
shrinkage), as shown Figure S3. Thus, we clearly observed that
the extent of size shrinkage during carbonization was more
greatly reduced by increasing the amount of N doping. This
may be explained by the fact that nitrogen doping “swells” the
CS, induces a loose packing of graphitic carbon crystallites.
Pore characterization was achieved by Brunauer—Emmett—
Teller (BET) adsorption/desorption measurements as shown
in Figure S4 and Table S1. The results showed that the BET
area of undoped CS, low-N-CS, and high-N-CS was 41.2, 93.7,
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Figure 2. Scanning TEM (STEM) image of (a) high-N-CS and the elemental mapping images of (b) carbon, (c) nitrogen, and the (d) overlay of the

STEM image and the elemental mapping images.

and 145.5 m* g7/, respectively. The increase in specific surface
area with increasing nitrogen doping was attributed to the
increase in micropores observed at a low relative pressure
range. This result also corresponds to the morphology change
caused by the nitrogen doping.

Scanning TEM with elemental mapping was carried out to
confirm the nitrogen doping in the carbon sphere and to
characterize the doping uniformity. Figure 2a—c shows TEM
images of a high-N-CS and its elemental mapping of carbon
and nitrogen elements, respectively. Figure 2d is an overlay
image of these images, and clearly shows that nitrogen is
uniformly distributed in a spherical particle. The elemental
composition and nitrogen bonding configurations of N-doped
CS were further quantified by XPS measurements. The XPS
survey spectrum is shown in Figure 3a, and a summary is listed
in Table S2. The XPS results of undoped CS were also listed
for comparison. The low-N-doped CS and high-N-doped CS
showed a 2.50% and 21.6% nitrogen doping concentration,
respectively, while the undoped CS showed no nitrogen
content. The doping concentration was proportional to the
mixing weight ratio. As for oxygen content, the concentration
decreased with increasing nitrogen doping as shown in Table
S2. The oxygenated group on the carbon surface has been
known to mediate nitrogen doping; the nitrogen was thus
preferably introduced at highly active sites in the carbon lattice
e.g, dangling bonds produced by the oxygen detachment.”®*'
Thus, the high level of nitrogen doping accompanied by the
low oxygen content in the N-CS implies that the oxygen groups
incorporated into the CS were involved in the nitrogen doping.

The bonding configurations of the nitrogen atoms were
characterized by high resolution N 1s spectra. Figure 3b and ¢

shows N 1s spectra for low-N-CS and high-N-CS, respectively.
The spectra were deconvoluted by four peaks at 398.2—398.6,
399.5—399.7, 400.7—400.8, and 402.5—402.6 eV. The peaks
with low binding energy were attributed to pyridinic nitrogen,
where the N atom has a sp” hybridization with two C atoms
(N-6), and to pyrrolic nitrogen, where the N atom is
incorporated into a five-membered ring of C atoms (N-
5).*>*> The peak at 400.7—400.8 eV designates quaternary
nitrogen (N-Q), which substitutes carbon atoms in a graphene
layer and is therefore sp> hybridized with three C atoms.>**®
The peak at 402.5—402.6 eV was attributed to pyridine oxide or
the oxidized nitrogen (N-X) group.*® In Figure 3d, the relative
content of these nitrogen configurations in low-N-CS and high-
N-CS was compared. The N-doped CS possesses a relatively
high portion of the N-6 and N-5 configurations, and a low
content of the N-Q_configuration. With high N doping, the N-
Q configuration is reduced, while the N-6 and N-§
configurations are increased. Previous studies investigating the
effect of annealing temperature or time on the configuration of
doped nitrogen have revealed that a higher temperature or a
longer period of treatment favored the N-Q configuration over
the others.'”**” The theoretical analysis also confirmed that
higher energy is required to form the N-Q configuration.”®
Thus, it is reasonable to observe that nitrogen configurations
other than N-Q were produced in greater extent when the
nitrogen doping content was increased. Meanwhile, it has been
reported that the N-5 and N-6 configurations induced the
pseudocapacitance enhancement while the N-Q configuration
improves the conductivity of carbon materials.'”*°

The effect of nitrogen doping on the carbon micro-
crystallinity of CS was investigated by Raman spectroscopy.
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Figure 3. XPS survey spectrum of (a) undoped CS, low-N-CS, and high-N-CS. High resolution N 1s XPS spectra of (b) low-N-CS, (c) high-N-CS,

and (d) their corresponding nitrogen configuration ratio.

—cs
—— LowN<CS
—— High-N-CS

Intensity (arb. unit)

1200 1400 1600 1800

Raman shift cm™)

800 1000 2000

Figure 4. Raman spectra of the undoped CS, low-N-CS, and high-N-
CS.

Figure 4 shows the Raman spectra of undoped CS, low-N-CS,
and high-N-CS. In the figure, peaks centered at around 1347
and 1585 cm™! were observed, which correspond, respectively,
to the D-band caused by structural defects and the partially
disordered structure of sp> domains, and the G-band associated
with the first-order scattering of the E,, vibrations observed for
sp’ domains.®® The Raman spectra of the undoped CS
displayed a D band at 1347 cm™ and a G-band at 1581
cm™". The low-N-CS and high-N-CS displayed D and G bands
at 1347 cm™" and around 1590 cm™, respectively. The G-band
of N-doped CS shifts toward a higher wavenumber.*’
Moreover, by increasing the nitrogen doping concentration,
an increase in the D band is observed. This implies that
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structural defects and edge plane exposure were increased by
increasing the nitrogen incorporation. Qualitatively, the peak
intensity ratio between the D and G bands (Ip/I;) inversely
depends on the in-plane crystallite size L, which can be
described by the Tuinstra—Koenig relationship:

L, = (24 x 102" (1p/15)™"

where 1 is the excitation wavelength. The Ip/I of the undoped
CS, low-N-CS, and high-N-CS was 0.8080, 0.8737, and 1.1251,
respectively.*' The corresponding L, values of the undoped CS,
low-N-CS, and high-N-CS from the above equation were 16.78,
15.52, and 12.05 nm, respectively, which confirms an increase
in disorder in the microcrystalline carbon due to the N
doping.*” This result may support the swelling of CS by the
nitrogen doping as mentioned above.

We then prepared an electrode film by assembling the as-
synthesized undoped CS or N-doped CS. The undoped CS and
N-doped CS were dispersed in an ethanol solution and casted
to be used as a working electrode. First, we investigated the
effect of nitrogen doping on the electrochemical properties
using cyclic voltammetry (CV) measurements. The CV was
measured in a 1 M H,SO, electrolyte solution. Figure Sa—c
shows the CV curves measured at various scan rates for the
undoped CS, low-N-CS, and high-N-CS, respectively. The
undoped CS sample showed a redox peak, which is the result of
the quinone/hydroquinone reaction of surface oxygenated
groups.” On increasing the nitrogen doping concentration, the
redox peak in the CV curve became less pronounced, while a
redox hump was observed at a higher potential. Previously, the
nitrogen-doped carbon had often shown no prominent redox
peak in the CV curve, but had instead shown a redox hump,
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Figure 5. CV curves for the (a) undoped CS, (b) low-N-CS, and (c) high-N-CS at different scan rates. (d) CV curves for the undoped CS, low-N-
CS, and high-N-CS at a scan rate of 10 mV s™'. A 1 M H,SO, solution was used as the electrolyte solution.

which corresponds to redox reactions at different sites,
including doped nitrogen or the carbon adjacent to the
nitrogen atom.** Figure 5d compares the CV curves of these
samples at a scan rate of 10 mV s™". Due to the higher nitrogen
doping, the area under the CV curve was larger, which indicates
a higher electrochemical capacitive property in the N-doped CS
sample. The enhancement of the electrochemical capacitive
properties of N-doped CS may be attributed to pseudocapa-
citance by the nitrogen functionalities. This also indicates a
lesser effect arising from the increase in specific surface area
caused by nitrogen doping. Meanwhile, the enhancement of
pseudocapacitance may be supported by the presence of the N-
6 and N-$S doping of N-doped CS sample in the XPS analysis.

The galvanostatic charge/discharge measurement was taken
and analyzed to characterize C, performance (i.e., the specific
capacitance) as applied in supercapacitors. It is reported that
the galvanostatic charge/discharge measurement predict the
pseudocapacitance more accurately. Figure 6a—c shows the
galvanostatic charge/discharge curve at various current
densities (0.1-1 A g™') for undoped CS, low-N-CS, and
high-N-CS, respectively. First, in the discharge curve, the ohmic
voltage drop was observed, which corresponds to the resistance
of the electrode; the voltage drops for undoped CS, low-N-CS,
and high-N-CS were 0.144, 0.100, and 0.012 V, respectively, at
0.1 A g'. These results show that higher nitrogen doping
decreased the resistance of carbon materials. It has been
reported that nitrogen doping enhanced the electrical
conductivity and electrolyte solution wettability of the carbon
materials, and thereby enhanced the capacitance.'*'* Figure 6d
compares the charge/discharge curve of undoped CS, low-N-
CS, and high-N-CS at a current density of 0.1 A g”". Here, the
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specific capacitances of all the samples were calculated from the
charge/discharge curve according to the following equation:*’

C, = It/(AVm)

where C; is the specific capacitance, I is the discharge current,
At is the discharge time, AV is the voltage range, and m is the
mass of active materials on the electrode. The specific
capacitance of the undoped CS, low-N-CS, and high-N-CS
was calculated to be 13.44, 42.74, and 19191 F g7},
respectively. Compared to the undoped CS, the low-N-CS
and high-N-CS enhanced the specific capacitance by 3.2 times
and 14 times, respectively. This remarkable increase in the
specific capacitance was attributed to the enhancement of
pseudocapacitance by nitrogen functionalities and the electric
conductivity of the carbon materials. The specific capacitance of
the high-N-CS is comparable to the values of recently studied
N-doped carbon nanofibers,'” graphenes,46 and mesoporous
carbons.'® The durability of the N-CS electrode was evaluated
by the long-term charge/discharge behavior. Figure 7 displays
the capacitance of the high-N-CS and the as a function of cycle
number at a current density of 1 A g~'. The capacitance
retention remains at approximately within 110% at 10000
cycles, which clearly displays a good cycling stability of high-N-

CS as the supercapacitve electrode materials.

H CONCLUSION

A direct carbonization with nitrogen-enriched melamine has
been demonstrated to synthesize highly monodispersed
nitrogen-doped carbon nanospheres with submicrometer
sizes. We have controlled the nitrogen content of the doped
nanospheres by adjusting the weight ratio of melamine to
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hyper-cross-linked polystyrene-based polymer spheres in the
carbonization process. The doping was increased in proportion
to this ratio, resulting in nitrogen doping of up to 20%.
Pyrolytic carbonization of the polymer spheres caused their
volume to shrink by up to 65%, while it was observed that
nitrogen doping induced less shrinkage. Low and high doping
contents led to 49.0% and 21.9% shrinkage, respectively, due to
nitrogen addition, which causes the carbon matrix to swell and
subsequently disintegrates the carbon crystallinity. The nitro-
gen doping produced relatively abundant pyridinic and pyrrolic
configurations, which possess lower binding energies than
quaternary nitrogen and oxidized nitrogen. These pyridinic and
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pyrrolic configurations were observed to be more abundant for
carbon nanospheres with high nitrogen doping. The nitrogen-
doped carbon spheres were then assembled for use as
electrodes in electrochemical supercapacitors. The nitrogen
doping enhanced the pseudocapacitance and the electrical
conductivity of carbon, thereby enhancing the specific
capacitance. We obtained a capacitance of up to 191.9 F g™
with 20% nitrogen doped carbon nanospheres, which was 14
times higher than that of the undoped carbon nanospheres.
Moreover, the nitrogen-doped carbon nanospheres showed a
good cycling stability up to 10000 cycles. We believe that
engineering of the particle porosity or the self-assembled
packing of carbon nanospheres may further enhance the
supercapacitance properties.
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FT-IR spectra of PS and hc-PS. TEM images of partially
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