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The development of a metal-free carbon based electrocatalyst for the oxygen reduction reaction (ORR) is
an essential issue for energy conversion systems. Herein, we suggest a tune-up solution plasma (SP)
synthesis based on a simple one-step and cost-effective method to fabricate nitrogen self-doped
graphitic carbon nanosheets (NGS) as an electrocatalyst. This novel strategy using a low-pass filter circuit
provides plasma stability and energy control during discharge in pyridine, determining the graphitic
structure of nanocarbons doped with nitrogen. Notably, NGS have a relatively high surface area (621 m?
g™, and high contents of nitrogen bonded as pyridinic-N and pyrrolic-N of 55.5 and 21.3%, respectively.
As an efficient metal-free electrocatalyst, NGS exhibit a high onset potential (—0.18 V vs. Ag/AgCl) and

a 3.8 transferred electron pathway for ORR in alkaline solution, as well as better long-term durability (4%
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Accepted 17th Septermber 2018 current decrease after 10 000 s of operation) than commercial Pt/C (22% current drop). From this point
of view, the nitrogen self-doped graphitic carbon nanosheet material synthesized using the tune-up SP

DOI: 10.1035/c8ra06614k system is a promising catalyst for the ORR, as an alternative to a Pt catalyst for application in energy
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1. Introduction

Efficient electrocatalysts for the oxygen reduction reaction
(ORR) have attracted widespread attention for achieving
optimal performance for application in energy storage and
conversion devices, such as fuel cells (FC) and metal-air
batteries (MABs)."* However, catalysts on the cathode suffer
from several critical obstacles, and the possible commerciali-
zation of FC and MABs is difficult due to their inherently slug-
gish kinetics and high overpotential in the ORR. Currently,
platinum (Pt) and platinum supported on carbon materials (Pt/
C) are regarded as the best solutions to these problems because
of a four-electron reduction pathway in the ORR process, but
their prohibitive cost, low reserves, and poor methanol toler-
ance have interrupted the development of their large-scale
commercialization."*” In this regard, ongoing research efforts
have been devoted to searching to replace Pt with a Pt-free
catalyst with highly efficient performance, selectivity, and
durability, such as a non-precious metal supported on nano-
carbons,*®? or metal-free heterogeneous nanocarbons.*”*%'*
Among these, metal-free heterogeneous nanocarbons have been
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regarded as one of the most prominent alternatives for an ORR
electrocatalyst when heteroatoms (e.g. N, B, P, S, and I) are
incorporated into the carbonaceous skeleton.”™° In particular,
N-functionalized nanocarbons represent the most investigated
catalyst for efficient ORR activity, because of their comparable
catalytic efficiency, low cost, and stability in an alkaline
medium.”™ In detail, N-functionalized nanocarbons can play
a crucial role in the ORR by imparting higher positive charge
density to neighboring carbon atoms and facilitating the
dissociation of the O-O bond on the neighboring C
atoms.7,12,15,21—27

A two-dimensional (2D) carbon nanosheet, which is a sheet
with few to multi-layers, exhibits intrinsic characteristics such
as a large surface area, excellent electrical conductivity, and
high mechanical/chemical stability.”®** Moreover, a number of
catalytic sites with an efficient pathway for the ORR can be
created by the planar structure of a 2D carbon nanosheet. In
particular, carbon nanosheets containing heteroatoms, espe-
cially nitrogen, have been demonstrated using practical exper-
iments and theoretical calculations to effectively improve the
ORR activity in an alkaline electrolyte.'>'>?>2>3-3 However, the
synthesis procedure and conditions are relatively complicated
and strict, resulting in a high fabrication cost.

Solution Plasma (SP), a non-equilibrium discharge in liquids
at atmospheric pressure and room temperature, has emerged as
a useful synthetic method for various nanomaterials such as
nanoparticles,®®?”  nanocarbons,*® heterogeneous nano-
carbons,**™** and transition metal-carbon composites.** Among
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these nanomaterials, the most interesting achievement is the
formation of heterogeneous nanocarbons. The SP synthesis
approach has not only provided new insight into the fabrication
and design of nanocarbons but has also been further extended
to a series with heteroatom doping simply by selecting organic
precursors containing the desired heteroatoms.** However, the
conventional SP synthesis is still at an early stage in the field of
carbon fabrication and, in particular, it is difficult to control the
morphology, structure, and bonding configuration between
carbon and the doped heteroatoms. To overcome these limita-
tions, we have developed a tune-up SP system which is
composed of a low-pass filter circuit to improve the discharge
stability by controlling the current oscillations (Fig. S17).**

Herein, we propose a new synthetic approach for nitrogen
self-doped nanocarbons by the tune-up SP system. Notably, our
synthesis strategy has the advantage of producing milligrams of
material within ten minutes without any pre or post treatment,
and it is a one-step process, unlike other processes.”%**
Nitrogen doped graphitic carbon nanosheets (NGS) were
synthesized by this new tune-up SP approach and nitrogen
doped amorphous carbon nanoparticles (NAP) were synthesized
by conventional SP. As-prepared NGS exhibit a graphitic struc-
ture with a high surface area and mesoporous structure, as well
as an ORR activity that is comparable with that of commercial
Pt/C in alkaline media, and show excellent stability.

2. Experimental section
2.1 Materials

A tungsten electrode (¢ 0.8 mm, 99.9% purity) was obtained
from Nilaco Corporation. Pyridine (CsHgN, =99.5% purity),
ethanol (C,HsOH, =99.5% purity) and 0.1 M potassium
hydroxide aqueous solution (0.1 M KOH, =99.5% purity) were
purchased from Kanto Chemical Co., Inc. Nafion® DE 521
solution (5 wt% in a mixture of lower aliphatic alcohols and
water), and 20 wt% Pt on Vulcan XC-72 (20% Pt/C) were
purchased from Sigma-Aldrich. Ultrapure water (18.2 MQ cm ™"
at 25 °C) was provided by an Advantec RFD 250NB system. All
chemicals were of analytical grade and used without further
purification.

2.2 Synthesis of NGS and NAP

To generate the plasma in pyridine for the synthesis of NGS,
a tune-up SP system was set up, as shown in Fig. 1. The nano-
carbons synthesized using the conventional SP system were
denoted as NAP. Two tungsten electrodes shielded with an
insulating ceramic tube were fixed at the center of a Teflon®
reactor with a gap distance of 1.0 mm. The plasma was gener-
ated between these electrodes using a bipolar pulsed power
supply (MPS-R06K01C-WP1-6CH, Kurita) used in two cases with
or without a low-pass filter circuit made in our laboratory. The
low-pass filter circuit consists of a parallel capacitor of 2 nF,
a variable resistor series from 50 to 150 Q, and a variable
inductor set at 100 pH to adjust the plasma stability. Using the
tune-up SP system, the stability of the plasma was considerably
improved by eliminating the energy fluctuations which
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Fig.1 Schematic setup of the tune-up SP system with a low-pass filter
circuit for NGS synthesis. The tune-up SP system consists of a low-
pass filter circuit with a parallel capacitor of 2 nF, a variable resistor
series from 50 to 150 Q, and a variable inductor set at 100 uH to adjust
the plasma stability. Details of measurements are included in the ESI.{

determine the structure of the synthesized nanocarbons.
Fig. S11 shows a characterization of the plasma by its electrical
energy according to a current-voltage (I-V) curve. The optimum
pulse duration and pulse repetition frequency were 0.5 us and
30 kHz, respectively. The discharge was generated in a volume
of 200 mL of pyridine under stirring. After discharging for
30 min, the obtained black powdered material was separated
from the unreactive pyridine using a membrane filter paper (0.1
pum, PTFE) and a suction pump, and it was washed several times
with ethanol until the remaining solvent after washing was
colorless. The acquired nanocarbon material was dried at 60 °C
in an oven for 12 h.

2.3 Characterization

Transmission Electron Microscopy, Selected Area Electron
Diffraction, and Electron Dispersive Spectroscopy (TEM, SAED,
and EDS, JEOL JEM-2500SE at 200 kV) observations were con-
ducted for the study the microstructure, shape and size, and the
elemental composition of the synthesized nanocarbon material.
An image obtained from Nanoscope IIla Multimode Atomic
Force Microscopy (AFM, Veeco) was used to measure the
thickness of an NGS sample prepared by dropping the dispersed
nanocarbon material in ethanol on an Si/SiO, substrate. The X-
ray diffraction (XRD) patterns of all samples were performed
using Cu Ka (0.154 nm) X-rays source in the range from 15° to
60° with 0.02° step and 2° min~' scan speed. Raman spectra
were recorded with a Raman spectrometer (JASCO NRS-100)
equipped with a laser with a wavelength of 532.5 nm.
Nitrogen adsorption-desorption isotherms were measured on
a Belsorp-mini II sorption analyzer (MicrotracBEL Corp.) to
investigate the specific surface area, pore volume, and pore size
distribution of all samples. The specific surface area was
measured by the Brunauer-Emmett-Teller (BET) method at
a relative pressure between 0.05 and 0.30 and liquid nitrogen
temperature. The pore volume and pore size distribution were
determined by the Barrett-Joyner-Halenda (BJH) method. The

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06614k

Open Access Article. Published on 16 October 2018. Downloaded on 7/19/2025 4:22:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

chemical bond structures were examined by X-ray photoelec-
tron spectroscopy (XPS, Ulvac-PHI 5000 versaprobe II) using Al
Ko radiation (1486.6 eV) as an X-ray source. The emission
current and the anode voltage of the source were set at 0.1 mA
and 15 kV, respectively. The binding energy (BE) was calibrated
using the containment carbon (C 1s = 284.5 eV). Each binding
energy was referenced from the NIST XPS Database.”* The
elemental analysis (EA) of C, H, and N was performed using an
elemental analyzer (PerkinElmer 2400 Series). The electrical
conductivity was measured with a device based on a four probe
method with a resistivity meter (2001 multimeter, TFT Corp.,
Keithley Instruments) and DC constant power supply (model
692A, Metronix Corp.). The samples were inserted into a Teflon
cylinder with 0.5 cm diameter. The prepared samples were
compressed at 0.6 MPa between two brass electrodes.

2.4 Electrochemical characterization

The electrochemical measurements were carried out on an HZ-
5000 electrochemical analyzer (Hokudo Denko Inc.) equipped
with a rotating disk electrode (RDE). A Pt wire and an Ag/AgCl
electrode filled with saturated KCI solution were used as the
counter and reference electrodes, respectively. All the samples
for the electrochemical measurements were coated onto a glassy
carbon (GC) electrode with 3 mm diameter and prepared as
follows: 50 puL of Nafion solution was added to 0.5 mL of
ethanol, and then 5 mg of finely ground catalyst was dispersed
in the as-prepared solution by at least 30 min sonication to form
a homogeneous suspension. Then a volume of 5 uL from the
suspension was loaded onto the GC electrode and dried at room
temperature. Before measurements, N, or O, gasses were
purged into 0.1 M KOH electrolyte for at least 1 hour. Cyclic
voltammetry (CV) was conducted at a scan rate of 50 mV s™*
from —1.0 to 0.3 V (vs. Ag/AgCl). Linear sweep voltammetry
(LSV) was performed with a scan rate of 10 mV s~ from —1.0 to
0.3 V (vs. Ag/AgCl). The rotation speed was varied from 100 to
3600 rpm. Commercial 20% Pt/C was selected as the perfor-
mance benchmark. The electrochemical stability was measured
by the chronoamperometric response in 0.1 M KOH saturated
with oxygen for 10 000 s at —0.4 V. All the polarization curves
were corrected for background currents, which were deter-
mined in the N,-saturated electrolyte.

3. Results

The morphological structures of NGS and NAP were investi-
gated by TEM. As shown in Fig. 2(a), NGS show typical sheet-like
morphology. The corresponding SAED pattern shown in the
inset in Fig. 2(a) reveals well-defined diffraction spots which
mean that the NGS are crystallized. The HR-TEM image further
indicates that the NGS are composed of multi-layer graphitic
nanosheets, as shown in Fig. 2(b). Well-contoured edges origi-
nating from the graphitic layer clearly appear with a d space of
the 002 crystal plane of approximately 0.350 nm, which is close
to that of single-crystal graphite with d = 0.335 nm.***

The phase identification of the samples was performed by
XRD, as shown in Fig. 3. The NGS present two prominent peaks,

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Wide-field TEM images of NGS; the corresponding SAED
pattern (inset) shows well-defined diffraction spots which mean that
the NGS are crystallized. (b) HR-TEM image of NGS indicates well-
contoured edges originating from the graphitic layer with a d space of
0.350 nm. (c) Dark-field TEM image of NGS, and the corresponding
carbon, nitrogen, and oxygen element mapping images.

near 2¢ = 25.4° and 42.9° which indicate 002 and 100/101
diffraction planes of graphite, respectively. Using Bragg's law,
the interlayer distance of NGS was calculated to be approxi-
mately 0.351 nm from the 002 diffraction peak, which is slightly
larger than that of single-crystal graphite 0.335 nm. This result
also agrees with the TEM results. The AFM image (Fig. S27)
demonstrates that the thickness of most NGS samples is 2.97 +
0.94 nm, corresponding to 10 layers according to the theoretical
thickness of single-layer graphene (0.34 nm). The EDS mapping
images of NGS correspond to the elemental composition
(Fig. 1(c)). Carbon and nitrogen atoms are distributed
throughout the carbon frame, indicating the homogenous
incorporation of nitrogen into the graphitic carbon nanosheets.
Water impurities in pyridine and slight oxidation while drying
the samples might explain the presence of oxygen in the
composition of the synthesized materials.

In contrast, NAP samples reveal the formation of aggregates
of small carbon particles with a diameter of approximately 10-

002
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(we,)
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Intensity (a.u.)
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T T T T T - T T T
15 20 25 30 35 40 45 50 55 60
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Fig. 3 X-ray diffraction (XRD) patterns of NGS and NAP. Using Bragg's
law, the interlayer distance of NGS was calculated to be approximately
0.351 nm from the 002 diffraction peak, which is slightly larger than the
0.335 nm of single-crystal graphite.

RSC Adv., 2018, 8, 35503-35511 | 35505


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06614k

Open Access Article. Published on 16 October 2018. Downloaded on 7/19/2025 4:22:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

D G

/\ / 2D
3
© 2 ovey =
> NGS; I/I,=0.95
=z e
c
2
=

NAP; I /I =18

T T T
1000 1500 2000 2500 3000

Raman shift (cm™)

Fig. 4 Raman spectra with the corresponding /p/Ig ratios of NGS and
NAP. The Ip/lg of NGS is about 0.95 which is much lower than that of
the value for NAP (1.8). This result correlates with the SAED above and
HR-TEM data that show that NGS has a high degree of graphitization
while NAP contains an amorphous carbon structure.

30 nm, as shown in Fig. S3(a).t The corresponding SAED pattern
(the inset of Fig. S3(a)f) presents a bright center and diffuse ring
pattern without any diffraction spots, confirming its amor-
phous nature.***” The two major peaks in the XRD pattern are
also broad, which means amorphous and disordered carbon.
From these results, we can conclude that NAP synthesized by
conventional SP is an amorphous form of carbon nanoparticles
in accordance with many other works.***

Raman spectroscopy has been used to conduct further
structural investigation. Raman spectra of both NGS and NAP
show two bands, at approximately ~1595 cm™* for the G band
and ~1349 cm ™' for the D band, as shown in Fig. 4. The G band
is attributed to one of the two E,;, modes of the stretching
vibrations in the sp> domains of perfect graphite. The D band
refers to the disorder and imperfection of sp® hybridized
carbon*®* The second-order D band (2D) at ~2712 cm™ " is
a typical feature of graphitic carbon.?® The integrated intensities
ratio between the G band and D band (Is/Ip) depends linearly on
the crystallite size (L,) of the nanocarbons, which was calculated
from the equation: L, (nm) = (2.4 x 10~ "*)\*(Ip/Ig) ", where &,
is the laser wavelength in nanometer units.** The Is/I;, of NGS is
1.05 which is much higher than the value for NAP (0.55), so that
the crystallite size of NGS (95.9 nm) is bigger than that of NAP
(50.6 nm), implying that the carbon nanosheets have long-range
order and a high degree of graphitization. This result correlates
with the SAED above and HR-TEM data that show that NGS have
a graphitic structure while NAP contain an amorphous carbon
structure. In the Raman spectrum of NGS, the intensity of the D
band is still high compared with a few layers of graphene, which
means that NGS have more defect sites which can influence the
electrocatalytic activity for ORR because of the enhanced charge
density on carbon atoms.

Moreover, the ratio of Wy, and Ip/(Ip + Ig) was correlated to
the better-ordered parameter for the disordered carbon mate-
rials. The ratios of I,/(Ip + I) for NGS and NAP were about 49.9
and 48.3, respectively. These values indicate that the graphiti-
zation of NGS and NAP were almost the same, and were less
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Fig. 5 Nitrogen adsorption—desorption isotherm and pore size
distribution (inset) of NGS and NAP. The BET surface area of NAP was
measured to be 48 m? g~*. The BET surface area of NGS synthesized
using the tune-up SP system was greatly increased and reached as
high as 621 m? g%,

than for activated carbons and more than for conventional
graphite. The values of Wy, for NGS and NGA were 64 cm ™" and
127 em ™' The values of Wy, for NGS and NGA were closer to
those of conventional graphite and activated carbons. Thus, the
structure of NGS has become microcrystalline compared to that
of conventional graphite and was similar to that of microcrys-
talline graphite. The structure of NGA was more disordered and
had lower graphitization than activated carbons.**

Specific surface area (SSA) and porosity, which are necessary
for understanding ORR activity, were investigated by N, sorp-
tion analysis. The BET surface area of NAP was measured to be
48 m? g~ '. The BET surface area of NGS synthesized using the
tune-up SP system was greatly increased and reached as high as
621 m> g~ ', as shown in Fig. 5. All samples exhibit a type IV
adsorption/desorption isotherm with a hysteresis loop at rela-
tive pressures ranging from 0.4 to 0.9, suggesting the charac-
teristic of a mesoporous structure.**** The corresponding pore
size distributions of all samples derived by the BJH method
indicate a broad distribution on the meso-macro length scale
(the inset of Fig. 5).

Although the active sites for ORR on nitrogen-doped carbon
materials are still an open question, there is no doubt that the
nitrogen containing functional groups facilitate the electron
transfer to enhance ORR kinetics in a carbon matrix.">52>?7
XPS measurements were used to demonstrate that the ORR
activity is dependent on the bonding configuration of nitrogen
in the nanocarbon structure. The incorporation of nitrogen
atoms in the carbon structure was confirmed by XPS and EA
measurements. The survey XPS spectra of the NGS and NAP
clearly show a peak at 400.0 eV for N 1s in addition to the
dominant graphitic C 1s peak at 284.5 eV, which indicates the
presence of nitrogen in the carbon structure (Fig. S41). Impor-
tantly, no peak of the tungsten electrode was found in the
spectra. The atomic contents of C, O, and N for NGS and NAP
derived from the XPS analysis are summarized in Table S2.T The
XPS data show that the nitrogen content of NGS (6.0 at%) was
around twice as high as that of NAP (2.9 at%), which was almost
the same as the results acquired from EA analysis (Table S37).

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 High-resolution XPS scans of NGS and NAP for C 1s and N 1s peaks are shown in (a), (b) and (c), (d), respectively. The distribution of N (e)
and C species (f) in NGS and NAP, respectively. NGS shows higher relative nitrogen content bonded as pyridinic-N and pyrrolic N at 55.5 and
21.3%, respectively, compared to NAP (47.2 and 8.5%, respectively), which can play a crucial role in the ORR.

High-resolution XPS measurements examined in more detail
the chemical bonding configuration of the NGS and NAP on C
1s and N 1s peaks (Fig. 6(a)-(d)). The high-resolution asym-
metric peak in the C 1s region presented in Fig. 6(a) and (c)
indicates the presence of different types of carbon bonding:
C=C bond (284.5 eV), C-C bond (285.0 eV), C-N bond (285.9
eV), C-O bond (286.5 eV), and C=0 bond (287.0 eV),*>*” proving
the graphitic carbon and the successful incorporation of
nitrogen into the carbon structure. To clarify the effect of
nitrogen incorporation, we analyzed the high-resolution N 1s
peak, as shown in Fig. 6(b) and (d). The XPS N 1s peak can be
deconvoluted into four components corresponding to pyridinic-
N (398.9 eV), pyrrolic-N (400.4 eV), graphitic-N (400.9 eV), and
pyridinic N-oxide (403.2 eV).>**° The XPS results for NGS show
higher relative contents of nitrogen bonded as pyridinic-N and
pyrrolic-N at 55.5 and 21.3%, respectively, compared to NAP
(47.2 and 8.5, respectively), as represented in Fig. 6(f). Also, the
calculated atomic percentages of types of nitrogen bonding in
the prepared samples are given in Table S4.7 A significant
increase in pyridinic-N and pyrrolic-N bonds is clearly
confirmed, while there was no considerable change in graphitic-
N and pyridinic oxide-N bonds in the material synthesized by

This journal is © The Royal Society of Chemistry 2018

the tune-up SP system. Pyridinic-N refers to nitrogen atoms
possibly attached at the edges of the graphite planes, where
each N atom is bonded to two carbon atoms and donates one of
the lone pair electrons to the aromatic m conjugation. The
pyrrolic-N atom is incorporated into the five-membered
heterocyclic ring, which is bonded to two carbon atoms and
contributes two p-electrons to the 7 system. The pyridinic-N
and pyrrolicN can be located at the graphite edge
(Fig. S51).°"** According to many references,*** the formation
of the edge-N, which is composed of pyridinic-N and pyrrolic-N,
can reduce the adsorption energy of O,. NGS possess a higher
content of edge-N than NAP, implying that the ORR perfor-
mance might be enhanced.

To verify the catalytic activity, the ORR of all the synthesized
nanocarbons was measured by CV, as shown in Fig. 7(a). All
samples show a well-defined characteristic ORR peak in O,-
saturated 0.1 M KOH solution. The peak potential of the ORR of
the NGS sample at —0.25 V vs. Ag/AgCl reference electrode
significantly shifts to a positive value in comparison with the
NAP sample with its peak potential at —0.52 V vs. Ag/AgCl. Also,
the NGS catalyst presents a higher cathodic current density than
NAP, suggesting a considerably enhanced ORR activity due to

RSC Adv., 2018, 8, 35503-35511 | 35507
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Fig. 7 (a) CV curves of NAP and NGS in O,-saturated 0.1 M KOH

electrolyte. (b) LSV curves on RDE of NAP and NGS, compared with
20 wt% Pt/C in O,-saturated 0.1 M KOH electrolyte with a sweep rate
of 10 mV st at a rotation rate of 1600 rpm after background
correction by subtracting the measured current density in N»-satu-
rated solution. (c) KL plots of J ™ vs. w2 at 0.6 V for NGS and NAP.
(d) Current—time (i—t) chronoamperometry response of NAP, NGS and
Pt/C at —0.4 V in O,-saturated 0.1 M KOH solution during 10 000 s.

the increased electrical conductivity. The electrical conductivity
results are shown in Table S5.1 Linear sweep voltammetry (LSV)
measurements on the rotating disk electrode (RDE) were further
performed to verify the electrocatalytic kinetics toward ORR. For
comparison, a commercial 20 wt% Pt/C as reference catalyst was
measured with the same mass loading on a GC electrode as the
samples. Fig. 7(b) exhibits LSV curves obtained from a rotation
rate of 1600 rpm, which obviously exhibit the differences in the
ORR activity. A more positive onset potential (Eypgec = —0.18 V),
half-wave potential (E;,, = —0.28 V) and higher limiting current
density (LCD = 2.7 mA cm ™ %) are revealed for NGS than for NAP
(Eonset = —0.21 V, Eyp = 0.24 V and LCD = 1.8 mA cm ?).
Although NGS are inefficient compared with commercial Pt/C
for which Egpgee = —0.03 V, E1, = —0.14 V, and LCD = 3.8 mA
cm 2, they still show a possible use as a metal-free catalyst in
ORR. To further understand the ORR mechanism of this cata-
lyst, ORR polarization curves of NAP and NGS at various rota-
tions from 100 to 3600 rpm were carried out (Fig. S6T). The
Koutechy-Levich (K-L, see ESI}) formula was employed to
calculate the average electron number (n,) in the reduction
reaction, deduced from the fact that the ORR current density is
a function of the electrode rotation rate.** According to the slope
of the K-L plots (inset Fig. S6T), the n, of NAP was found to be
2.9, which represents poor ORR activity, while the n, of NGS was
calculated to be 3.8, which is close to the 4 electron transfer
number on a Pt/C catalyst (Fig. 7(c)). The value of 3.8 may
suggest that NGS were mainly dominated by a four electron
reaction pathway similar to that of Pt/C. On the other hand, the
n, = 2.9 of NAP may proceed predominantly with a pathway of
two-electron and four-electron reactions simultaneously. The
higher current density and the four electron process indicate
that NGS is a kind of highly efficient ORR catalyst. Also, the ORR
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activity of NGS is closer to the highest values in previous reports,
shown in Table S6,1 from the number of electrons transferred,
although these NGS can be synthesized compared to the other
N-doped carbons. This high performance is due to the improved
crystallinity of the carbon region, where electrons are
transferred.

Consequently, based on the above characterization of the
catalyst, the enhanced electrocatalytic performance of NGS can
be attributed to the good electric conductivity, high surface
area, porous structure, and a high content of edge-N species.®**®
The better electric conductivity of NGS results from the sheet-
like morphology and graphitic structure compared with NAP,
consequently determining a higher current density during ORR
and assuring a good electron transfer to and from the catalytic
site. The relatively high surface area (621.48 m”> g ') and the
mesoporous structure of the NGS catalyst mean a lot of active
sites and have a direct influence on ORR activity and the mass
transfer of O,. The analysis of N active sites was carried out by
representing the onset potential together with the N species
concentration, as in Fig. S7.f Importantly, the onset potential
shifts more positively according to the increase in the edge-N
contents, implying an enhanced ORR activity. DFT calcula-
tion**~** and experimental results”>*¢”% indicate that pyridinic-
N and pyrrolic-N, which possess one lone pair of electrons in
addition to one electron donated to the conjugated 7 bond,
facilitate the high spin density and large atomic charge density
on the adjacent carbon atoms on which O, adsorption is
enhanced compared to graphitic-N and pyridinic N-oxide. In
conclusion, the high content of edge-N of NGS determines good
ORR activity.

The stability of the NAP, NGS, and Pt/C catalysts was
acquired by the i-¢ chronoamperometric response in O,-satu-
rated 0.1 M KOH solution. As shown in Fig. 7(d), the current
density of NGS decreases to 96% after 10 000 s, which is higher
than that of NAP (94%), due to the high content of pyridinic-N
and pyrrolic N, as well as the graphitic carbon structure in the
NGS (Fig. 6(f)).** Although the electrocatalytic activity of NAP
and NGS is not yet comparable to that of Pt/C, the ORR stability
presents a better performance in alkaline media. The poor
durability of Pt/C (78%) can be caused by migration, aggrega-
tion of Pt particles and dissolution, and detachment from the
carbon support under the continuous potential.»*” These
problems can be solved by metal-free carbon based materials
with their covalent bonding of a catalytically active heteroatom
in the carbon framework.

4. Discussion

To elucidate the differences in material characteristics between
the NGS and NAP according to plasma stability during the
synthesis, we performed plasma diagnostics using the OES
method, as shown in Fig. 8(a). The emission spectra present the
degree of dissociation of pyridine in the two types of SP and the
presence of the active species as radicals in the plasma.® From
the emission intensities, only the relative radical number
density can be discussed. The Swan bands of the C, molecule
emission have much higher intensity in the case of plasma

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a) The OES spectra of NAP (using the conventional SP system) and NGS (using a tune-up SP system). The Swan bands of the C, molecule

emission have much higher intensity in the case of plasma during the synthesis of NAP than that of NGS, exhibiting a higher degree of dissociation
of pyridine. (b) Reaction areas according to temperature distributions during the synthesis of NGS.

during the synthesis of NAP that of NGS, exhibiting a higher
electron excitation energy of NAP (5000 K, 0.43 eV), as shown in
Table S6,1 which produces a higher degree of dissociation of
pyridine, as shown in Fig. 8(a). The excitation temperature of C,
molecules in plasma was calculated to be 5000 K, which means
that the organic compound was highly decomposed, so that the
amorphous carbon structure was synthesized by carbonization.
On the other hand, the decomposition of C, molecules from the
pyridine decreased when the SP system was tuned-up by the
low-pass filter circuit. The C, molecules were mainly produced
at the interface between the plasma and the liquid since a large
gradient of temperature from the plasma to the interface was
relatively lower than that without the tune-up condition
(conventional SP), as shown in Fig. 8(b) and S8.f These C,
molecules, which might exist as C,H, and C,H,, lead the reac-
tion, and subsequently, C, molecules are mainly assembled at
the interface, which can provide the graphitic structure.”®”

N species can also be explained in the same way as above.
The high dissociation of pyridine leads to nitrogen species as
CN and N radicals in the conventional SP system. However, the
formed nitrogen leaves the plasma as a gas, resulting in a low
content of nitrogen in the NAP samples (Tables S2 and S37). In
contrast, the low degree of dissociation of nitrogen in the tune-
up SP system favors the preservation of the pyridine structure
rather than breaking the aromatic ring. This reaction might
create not only more nitrogen content in the graphitic carbon
structure by aromatic ring assembly, but also create active sites
with edge-N, such as pyridinic-N and pyrrolic-N, which are
useful in the ORR (Fig. 6).

5. Conclusion

In summary, we suggest a novel route to synthesize nitrogen
doped graphitic carbon nanosheets (NGS), using a tune-up
solution plasma system. The strongest potential of SP for the
N-doped carbon synthesis is to control the higher concentration
of nitrogen, although the SP process has advantages over

This journal is © The Royal Society of Chemistry 2018

conventional thermal processes. The proposed method gives
several advantages over the assembly of nanocarbons: (a) a one-
step process, (b) an ambient reaction environment, (c)
a straightforward and easy setup, (d) cost-effective production,
(e) possible large-scale synthesis quantities, and (f) eco-friendly
fabrication. In particular, the tune-up SP synthesis provides
stability during the discharge in liquid, influencing the
synthesized nanocarbon characteristics. The NGS material not
only has a large surface area, high nitrogen content, and good
electrical conductivity, but also has the appropriate active N
species of a catalyst to enhance the ORR activity. In detail, the
electrochemical measurements demonstrate that NGS show
comparable catalytic activity and superior stability to Pt/C in
alkaline medium, so that low-cost and large-scale nitrogen self-
doped nanocarbon is a promising candidate for the next
generation of electrocatalyst in metal-air batteries.
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