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Nanocarbons were successfully synthesized from benzene (BZ), nitro-benzene (BZ-NO,) and aniline (BZ-NH)
by solution plasma process (SPP). The SPP was generated by a bipolar pulsed power supply between two
tungsten electrodes at room temperature. The synthesized nanocarbons were investigated. The highest
synthesis rate, 40 mg min~%, was for the BZ nanocarbon. The transmission electron microscopy (TEM)
morphology showed that the nanocarbon sizes were 15-25 nm. The Brunauer—Emmett—Teller (BET)
analysis shows a highest surface area of 220 m? g™, pore size of 0.45 cm?® g%, and average pore diameter
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of 20.0 nm for the BZ nanocarbon. Cyclic voltammetry (CV) in an acidic medium exhibited the oxygen
reduction reaction (ORR) of the nanocarbons. The nanocarbon from BZ-NH, obtained a high special
capacity of 15500 mA h per g of carbon at the discharge rate of 0.1 mA cm™2 with 1.0 mg carbon loading
for the lithium (Li)—air battery. The ORR is an important reaction in Li—air batteries and fuel cells for the
application of next-generation batteries and energy conversion devices.
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1. Introduction

Recently, Li-air batteries have been used in energy conversion
and storage devices for various applications."™ These face
critical challenges that result from poor cycle life, low practical
energy density, low round-trip efficiency, and high manufactur-
ing costs. To improve the energy storage properties, catalytic
activity and reduce the cost, ORR is demanded.””’

Presently, platinum (Pt) is commonly used as a catalyst for
ORR but it has high cost in the production and long term
instability.®*° To introduce alternatives to Pt catalysts, nano-
carbons and heteroatom-doped nanocarbon have attracted atten-
tion. The advantages of nanocarbons and heteroatom-doped
nanocarbon are the low production cost, excellent chemical pro-
perties and higher electrical conductivity.""
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Nanocarbons such as carbon black, carbon nanotubes,
porous and nonporous carbon materials and graphene have
shown large specific surface areas, high conductivity, electro-
catalytic activity, mechanical capacity, ultra-light characteristics,
and chemical and thermal resistance."*® Heteroatom (nitrogen,
boron, and phosphorus) doped nanocarbon has shown the higher
ORR activity.'* >

Previously, the nanocarbon materials have been successfully
synthesized by catalytic or noncatalytic chemical vapor deposi-
tion, pyrolysis, electric arc discharge, and direct-current (DC)
discharge plasma from various organic solvents.>*>° However,
these synthesis techniques are complicated due to their high
process temperatures, low production yield, and the processing
time.?*7?

Recently an energy saving and non-equilibrium liquid phase
plasma named solution plasma process (SPP) has been used to
synthesize nanocarbon materials at room temperature.**® In
our laboratory, we conducted various experiments to produce
carbon materials from organic solvents by SPP.>*™*?

In this research, nanocarbons were synthesised by SPP with
different frequencies and pulse widths at an electrode distance
of 0.75 mm for 30 min. The synthesis rate is the main target in
the synthesis of the nanocarbons along with their electrocatalytic
activity (such as in Li-air batteries and fuel cells) without thermal
treatment compared to the commercial Pt/C catalyst. The catalytic
activity for ORR was obtained in acidic medium. The crystallinity,
structure, surface area, morphology, elemental composition,
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electrical conductivity, ORR activity and Li-air battery perfor-
mance of the nanocarbons were investigated. In the case of the
Li-air battery, the N-containing nanocarbon (nanocarbon of
BZ-NH,) obtained a high special capacity of 15500 mA h per g
of carbon compared with the nanocarbon of palm oils.

2. Experimental procedure

2.1. Materials

Benzene (>99%; Kanto Chemical Co., INC., Japan), nitrobenzene
(>99%; Kanto Chemical Co., INC., Japan), aniline (> 99%; Kanto
Chemical Co., INC., Japan), polyvinylidene fluoride (PVDF, Sigma-
Aldrich, Japan), N-methyl-2-pyrrolidone (NMP, Kanto Chemical
Co., INC., Japan), acetone (Kanto Chemical Co., INC., Japan) and
ethanol (Kanto Chemical Co., INC., Japan) were purchased.

2.2. Experimental setup and production procedure

The experimental setup for SPP is shown in Fig. 1. The plasma
was generated by a bipolar pulsed power supply (MPS-R06K01C-
WP1-6CH, Kurita Co. Ltd, Japan) between two tungsten (W)
electrodes (wire type, purity 99.9%, The Nilaco Corporation, Japan)
with a 1 mm diameter, covered with an insulating ceramic tube.
The electrode gap was 0.75 mm in the beginning. The concentra-
tions of BZ, BZ-NO,, and BZNH, are 50, 18, and 50 mg L',
respectively. The applied high voltage had different pulse
widths (0.5, 1.0 and 2 ps) and repetition frequencies (50, 100,
and 150 kHz). The process time was 30 min. The current and
voltage waveforms were observed using an oscilloscope (DLM
2022, Yokogawa Meters & Instruments Corporation, Japan) in
the range of 0-5 A and 0.6-1.0 kV, respectively.

During SPP, the electrodes were adjusted several times, espe-
cially at high frequencies of SPP operation (i.e., 100 and 150 kHz)
to keep a constant gap distance between the electrodes. Due to
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Fig.1 Schematic diagram of experimental setup with precursors BZ,
BZ-NO, and BZ-NH, for solution plasma process (SPP).
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erosion, the electrode gap distance increases. This adjustment
also has the role in maintaining a stable plasma during the
process. If the electrode gap distance increases from 0.75 mm
to 1 mm or more, the discharge stops. After the nanocarbon
materials synthesis, the remaining liquid and solid phases were
separated by filtration then dried at 90 °C for five hours in an oven
(DX301, Yamato Co. Ltd, Japan). The weight of nanocarbon was
measured using a balance (EK2000i, AS-ONE Co. Ltd, Japan). The
carbon yield (Y in %) and synthesis rate (R in mg min~') were
calculated from the amount of carbon powders as:

Y = (M/M,) x 100

where M is the mass of the carbon powder, and M, is the initial
mass of BZ, BZ-NO, and BZ-NH,. However, the synthesis rate was
calculated as R = M/T. Where T is total process time (i.e., 30 min).

2.3. Characterization

The structural properties were investigated by X-ray diffraction
(XRD, Rigaku Smart lab, Rigaku Corporation, Japan) with a Cu
Ko X-ray radiation source at A = 0.154 nm in the 20 range from
3.0 to 90.0 degrees and a scan speed of 3.0 degrees; and Raman
spectroscopy (NRS-100, JASCO Corporation, Japan) used a laser
with a wavelength of 532.5 nm and 1 mW power to determine
the types of nanocarbons. The morphology, shape, and size of
the nanocarbons were observed using transmission electron
microscopy (TEM, JEM-2500SE, JEOL Ltd, Japan) with an elec-
tron gun at 200 kV. The surface area, pore volume, and average
pore diameter were observed using the Brunauer-Emmett-
Teller (BET, BELSORP-mini-II, BEL JAPAN, INC., Japan) method
from the nitrogen adsorption-desorption isotherms at 77 K.
The elemental compositions were observed by X-ray photoelec-
tron spectroscopy (XPS, PHI 5000 Versa Probe II; Ulvac-Phi
physical Electronics INC., Japan) using a Mg Ko X-ray source
with a photon energy of 1253.6 eV. The electrical resistivity and
electrical conductivity were determined using a four-point
probe method (Laresta-GP, MCP-T610, Mitsubishi Chemical
Analytech Co., Ltd, Japan). A concentration of 60 wt% of
nanocarbons was mixed with 40 wt% polymer binder (PVDF)
and then sonicated in NMP for 30 min. The emulsion was
dropped on a glass substrate, then dried in an electric oven at
120 °C for 20 min to form a uniform film.

2.4. Electrochemical measurements

Cyclic voltammetry (CV) measurements were conducted using a
computer-controlled ALS-CH model 704 ES electrochemical ana-
lyzer (CH Instrument Inc.). The ink made by ultrasonication of the
catalyst (5.0 mg), ultrapure water (480 mL), ethanol (480 mL), and
Nafion®™ aqueous solution (40 mL) was obtained. The Ag/AgCl
solution was applied as the counter and reference electrodes
with 0.5 mol L™ H,S0;, electrolyte under N, and O, gas satura-
tion. The scan rate is 20 mV s~ " at —0.2 V to 1.2 V (V vs. Ag/AgCl).

2.5. Fabrication of Li-air battery

A Li-air battery was fabricated as shown in Fig. 2. The air electrode
was fabricated by a mixture of nanocarbon and polyvinylidene
difluoride (PVDF) as binder in a weight ratio of 70:30 at 8 MPa.
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Fig. 2 Image of the Li-air battery fabricated from nanocarbon.

Lithium foil (thickness: 1 mm) was purchased (Honjo Chemical
Corp., Japan). Air battery cells (MTI Corporation, USA) and the
electrode of 1 M LiNO; in tetraethylene glycol dimethyl ether
(TEGDME) were used. Battery tests were conducted with a Solar
Tron SI 1280 B at current density of 0.1 mA cm ™2 for discharge
and 0.5 mA em ™ for charge. The cut-off voltage in the discharge
was set to 2.0 V.

3. Results and discussion

3.1. Synthesis rate

Nanocarbons were synthesized from BZ, BZ-NO, and BZ-NH,
using SPP. After SPP, the synthesized nanocarbons were sepa-
rated from the liquid, dried and the synthesis rates calculated
(Fig. 3). The highest carbon yields (Y) for BZ, BZ-NO, and BZ-NH,
are 1.92, 0.32 and 0.48%, respectively, at 150 kHz (see Table S1,
ESIt). The nanocarbons were showed the lowest synthesis rates
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Fig. 3 Graph of the synthesis rate vs. frequency (pulse width) of the synthe-
sized nanocarbons.
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(42, 6 and 7 mg min~ ") at 50 kHz, 0.5 ps, and highest synthesis
rates (50, 13 and 15 mg min ') at 150 kHz, 0.5 ps, for BZ, BZ-NO,
and BZ-NH, respectively. It confirms that when the frequencies
were gradually increased, the synthesis rate also increased with
them.” In the case of BZ, the synthesis rate of the nanocarbon
was higher than for BZ-NO, and BZ-NH, due to their structures.
It means that only the m-conjugated bond is successfully
enhanced in the nanocarbon synthesis by SPP. The schematic
of nanocarbon formation from BZ using SPP is shown in Fig. S1
(ESIt). In this study, the highest synthesis rates of the nanocarbons
at 150 kHz, 0.5 ps are described for the future investigation. So far
in the paper, we have selected for the discussion only the data
corresponding to the frequency of 150 kHz with a pulse width
of 0.5 ps.

3.2. Morphology and surface area

The TEM images confirmed the morphology. The morphologies
of the nanocarbons from BZ, BZ-NO, and BZ-NH, by SPP are
seen in Fig. 4(a)—(c). The average diameters were in the 15-25 nm
range with carbon in a ball-like shape.** The nanocarbons were
agglomerated with a few on the surface. The high-resolution
TEM (HRTEM) images are shown in Fig. 4(a’)-(c"). Graphite-like
structures with a good nanocarbon crystallinity were observed in
the corresponding SAED images in Fig. 4(a’)-(c”). The SAED
images show the (002), (100), and (101) planes of the nanocarbon.
These data are confirmed in the XRD patterns.

The nanocarbon characteristics such as surface area, pore size,
and diameter were determined using the Brunauer-Emmett—
Teller (BET) method (Table S2, ESIt). For the BZ, BZ-NH, and
BZ-NO, nanocarbons, the BET surface areas were 220, 230 and
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Fig. 4 (a—c) TEM images of the nanocarbons; (a’-c’) HRTEM images; and

(@”"—-c”) SAED patterns (inset) for BZ, BZ-NH, and BZ-NO, at 150 kHz and
0.5 ps.
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222 m”> g, the pore volumes were 0.45, 0.49 and 0.46 cm® g™,
and the average pore diameters were 20.0, 17.0 and 15.0 nm,
respectively. The nanocarbon from BZ-NH, had an enhanced
surface area of 230 m* g~ *

3.3. Structural properties

The measured XRD patterns and Raman spectra are shown in
Fig. 5. The XRD patterns of the BZ, BZ-NH, and BZ-NO,
nanocarbons (Fig. 5(a)) show a large peak at 23° and a small
broad peak at 44° which correspond to the (002) and (100)/(101)
planes, respectively, of the nanocarbon.*>*® The small and
broad carbon shapes suggested that the graphite plane (JCPDS
75-1621) had quite good crystallinity. The sharp peaks of
tungsten carbide (WC) (JCPDS #25-1047) are observed in all
the samples at 36°, 42°, 62° and 74° corresponding to the (111),
(200), (220), (311) and (222) planes respectively.*” In the case of
the BZ-NH, and BZ-NO, nanocarbons, the WC peaks were
increased due to a higher sputtering of the tungsten electrode
and the chemical structures compared with the nanocarbon
from BZ. The chemical structures of BZ (C-C, C=C and C-H),
BZ-NO, (C-C, C=C, C-N, N—0 and C-H) and BZ-NH, (C-C,
C=C, C-N, N-H and C-H) are different. The sputtering rate
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Fig. 5 The structural properties of the nanocarbons. (a) XRD patterns, and
(b) Raman spectra for the nanocarbons from BZ, BZ-NH, and BZ-NO, at
150 kHz and 0.5 ps.
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depends on the chemical structure of the solvents even under
the same plasma conditions. During the solution plasma
process, the solution conversion pathway has an effect on the
results.

Fig. 5(b) shows that the D (1350 cm ') and G (1600 cm™ ")
band Raman peaks were observed in all samples. The D-band
showed the structural disorders and defects,*® and the G band
referred to sp® graphite sheet-like structure nanocarbon. The
Ip/Ig ratios of (0.80, 1.10 and 0.9) for the BZ, BZ-NH, and
BZ-NO, nanocarbons were respectively calculated from the
peaks. The Ip/Ig values indicated the defect sites with degree
of graphitization for the nanocarbons.*’

The Ig/I ratio is related to the crystallite size L, using the
Tuinstra-Koenig relationship as follows:*°

L, (nm) = (2.4 x 107" (Ig/Ip),

where 4 is the Raman excitation wavelength at 532 nm. The L,
values are correlated to the inter-defect distance of the surface.
The L, value of the BZ-NH, nanocarbon showed the BZ-NH,
nanocarbon to have more defect sites due to its nitrogen
molecules.

The XRD and Raman results corresponded with the TEM
images and showed that the nanocarbons were graphite-like
structures with crystallinity.

3.4. Electrical conductivity and composition

The four-point probe method was applied to the nanocarbons
to identify resistance (Q), surface resistance (Q cm™?), resistivity
(Q cm™") and electrical conductivity (S cm ™) (see Tables S3-S5,
ESLt and Fig. 6). So, we observed that when the resistivity
(Q ecm™") of the nanocarbon was decreased, the conductivity
was increased. In the case of the BZ nanocarbon, it shows the
highest electrical conductivity compared with the nanocarbons
from BZ-NH, and BZ-NO,. The elemental composition was
found using XPS spectroscopy, as shown in Fig. S2 (ESIT). The
BZ nanocarbon (C1s 99.6, and W4f 0.4 atom%), BZ-NH, nano-
carbon (C1s 98.2, N1s 1.6, and W4f 0.2 atom%), and BZ-NO,
nanocarbon (C1s 97.1, O1s 15.9, N1s 5.0 and W <0.1, atom%)
were identified at 150 kHz and 0.5 ps. The XPS spectroscopy

2000
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3
c
&
£ 1000,
z
S
% 500
0

Aniline Nitro-benzene

Benzene

Conditions

Fig. 6 Electrical resistivity using the four probe method for the nanocarbons
under various conditions.
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data showed that BZ nanocarbon contained carbon (C) and
tungsten (W); BZ-NH, nanocarbon contained carbon (C), nitro-
gen (N) and tungsten (W); and BZ-NO, nanocarbon contained
carbon (C), oxygen (O), nitrogen (N) and tungsten (W), corres-
ponding with the XRD patterns.

3.5. Catalytic activity

The ORR electrocatalytic activity was also tested in 0.5 mol L™
H,S0, solution with N, and O, saturation at 20 mV s~ scan
rate, as shown in Fig. 7(a)—(c). The anodic and cathodic peaks
are shown in the potential range of —0.2 to 1.2 V. Under
N,-saturation featureless CV curves can be observed for the
BZ and BZ-NO, nanocarbons as shown in Fig. 7(a) and (b). On
the other hand, the CV curve with O,-saturated electrolyte
shows a cathodic peak around 0.4 V corresponding to ORR.
The ORR catalytic activity has use in fuel-cell applications as a
cathode. Fig. 7d presents the LSV curves of BZ, BZ-NO, and
BZ-NH, in O,-saturated 0.5 mol L™* H,SO, solution at a scan
rate of 10 mV s~ ' with a rotation speed of 1600 rpm. The LSV
curve was obtained with an onset potential of 0.39 V for
BZ-NH,. Moreover, the current density of BZ-NH, was larger
than for BZ and BZ-NO, and was investigated. The BZ-NH,
nanocarbon showed a synergistic effect of N and WC on the
ORR activity. The specific capacity shows such a difference to
various nanocarbons due to the properties of the tungsten (W),
nitrogen (N) and oxygen (O) containing nanocarbons. In the
case of BZ-NH,, the synergistic effect of N and WC doping on
the ORR activity was compared with BZ and BZ-NO,. BZ-NH,
showed enhanced carbon properties, such as surface area,
resistivity, nitrogen configuration and degree of graphitization,
which played a role in the improved ORR activity in the acid
media compared with BZ and BZ-NO,.
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Fig. 7 CV measurements of (a) benzene (BZ), (b) aniline (BZ-NH,) and
(c) nitrobenzene (BZ-NO,) in 0.5 mol L~ H,SO, solution at a scan rate of
20 mV s~! under N, (black lines) and O, (red lines) saturation. LSV
measurements: (d) presents the LSV curves of BZ, BZ-NH,, and BZ-NO,
in O,-saturated 0.5 mol L™t H,SO, solution at a scan rate of 10 mV s~ * with
a rotation speed of 1600 rpm.
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3.6. Li-air battery test

The electrochemical performances of the cell voltage and capa-
city of the Li-air batteries, the discharge of 1.0 mg cm™> carbon
loading in 1.0 atom of dry oxygen at 0.1 mA cm > rates, are
shown in Fig. 8. The specific capacities of 2800, 3600, 6700 and
15000 mA h per g of carbon were identified for the nanocarbons
from BZ-NO,, palm oils, BZ and BZ-NH, respectively at the rate
of 0.1 mA cm > with the 1.0 mg cm ? carbon loading. The
highest special capacity of 15500 mA h per g of carbon was
obtained for the BZ-NH, nanocarbon, compared with the palm
oils nanocarbon.

4. Conclusions

We have synthesized the nanocarbons by solution plasma
process. The highest synthesis rate was observed for the nano-
carbon from BZ. The graphite-like structure and the 15-25 nm
sized nanocarbons were investigated using the TEM images
supported by XRD and Raman spectroscopy measurements. In
the ORR electrocatalytic activity of the nanocarbons, the cathodic
peak at 0.4 V was clearly observed for all samples. The perfor-
mance of the Li-air battery, with the highest special capacity of
15500 mA h per g of carbon for the BZ-NH, nanocarbon, was
compared with the nanocarbon of palm oils. We believe that SPP
could be able to synthesise nanocarbons with electrocatalytic
activity for applications such as Li-air batteries and fuel cells.
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