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A simple synthesis method for nano-metal catalyst
supported on mesoporous carbon: the solution plasma
processt

Jun Kang,*@ Oi Lun Li® and Nagahiro Saito®*

High-electrocatalytic-activity noble nanoparticles (NPs) supported on carbon nanoballs (CNBs) were
synthesized using an innovative plasma-in-liquid method, which is known as solution plasma processing
(SPP). This technique uses a one-step method for the synthesis of NPs on carbon materials. CNBs are
formed using benzene as a carbon precursor while gold (Au) or platinum (Pt) nanoparticles are
generated instantaneously via sputtering from metal electrodes. The synthesized NP/CNBs were
annealed at 850 °C in order to increase the conductivity of the material. The results of structural
characterizations reveal that the Au and Pt NPs are smaller than 10 nm and have a uniform size
distribution, and these NPs are successfully loaded onto highly mesoporous CNBs that have an average
pore diameter between 13 and 16 nm. In the results from cyclic voltammetry measurements, the
Au/CNBs and Pt/CNBs show clear peaks corresponding to the oxidation and reduction features in the
catalytic reactions. Apart from noble nanoparticles, SPP can also be used to synthesize various kinds of
NPs including bimetallic NPs loaded on spherical carbon supports by changing the working electrodes.
The proposed mechanism for the synthesis is discussed in detail. This method shows potential to be a
candidate for the next-generation synthesis of NP/carbon in the future.

Introduction

Noble metal nanoparticles (such as Pt and Au) supported on
carbon materials (NP/C) have received great attention because
of their unique properties for catalysis, electroanalysis, sensors,
fuel cells, and Li-air batteries."® In particular, they have shown
potential for application in direct methanol fuel cells (DMFCs),
proton-exchange membrane fuel cells (PEMFCs), and Li-air
batteries. These nanoparticles are typically characterized by
high activities in oxygen reduction and/or fuel oxidation reac-
tions, because they show a high surface-to-volume ratio and can
improve the Fermi levels for redox reactions.®** It is well known
that the novel properties and efficiency of nanoparticles are
highly dependent not only on their size distribution, but also on
the wuniformity of their dispersion on the supporting
material.”**°

The conventional methods for fabricating NP/C materials
typically consist of two or three steps: (i) the synthesis of
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nanoparticles, (ii) the synthesis of carbon materials, and (iii)
loading of the nanoparticles on the carbon materials. A variety
of preparation routes have been reported for the synthesis of
NPs, including reverse micelle processes, salt reduction,
microwave dielectric heating reduction, ultrasonic irradiation,
radiolysis, solvothermal synthesis, and electrochemical
synthesis.’>* Among these methods, chemical reduction is the
most preferred because of the simplicity of the preparation
process and the resulting uniformity in the size distribution.
However, this method consists of multiple steps, and requires
long treatment times and the use of reducing agents. The
additional chemicals introduced in this process lead to high
capital costs and add impurities to the synthesized particles.

In the case of carbon supports, although various carbona-
ceous materials can be applied, particles such as carbon black
are typically used as supporting materials. Compared with other
carbon materials, carbon black holds advantages in its relative
stability in acidic and basic media, its high surface area, its
good electronic conductivity, and its comparatively low cost.
However, its dense structure limits the diffusion of chemical
species into the inner parts of the carbon, leading to poor
dispersion and use of the catalyst on its surface. Various
methods for the loading of NPs on carbon supports have been
investigated. Impregnation or precipitation, colloidal methods,
and micro-emulsions are the most commonly used techniques.
However, these processes require multiple steps and the use of
chemical agents.>**

This journal is © The Royal Society of Chemistry 2013


https://doi.org/10.1039/c3nr01229h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR005015

Published on 21 May 2013. Downloaded by PUSAN NATIONAL UNIVERSITY on 6/8/2021 3:07:38 AM.

To overcome these problems, we recently proposed a simple
synthesis method for NP/C using solution plasma processing
(SPP). The most important merits of SPP, as compared with the
above methods, include the short processing time (in the range
from a few minutes to several tens of minutes), the fact that the
preparation can be performed in room temperature and atmo-
spheric pressure conditions, the simple experimental appa-
ratus, and the fact that no catalysts or agents are required. The
process uses a bipolar power supply, pure benzene as a carbon
precursor, and a pair of noble metal electrodes. Previous studies
showed that the technique could be used to successfully
synthesize nanoparticles, including nanocolloidal particles,
metal nanoparticles, and carbon-rated materials.>*~**

The purpose of the present study was to apply the innovative
solution plasma process in the field of NP/C synthesis, and to
simplify the multiple processes. The structural characterization
revealed that the synthesized NPs had a uniform size distribu-
tion and an average size of smaller than 10 nm, and were loaded
on the highly mesoporous carbon nanoballs (CNBs), which
acted as a carbon support during the synthesis process; thus,
the synthesis and loading required only one process. The
structural properties and the mechanism of the synthetic
process were discussed in detail.

Experimental
Solution plasma processing

Experiments were carried out in room temperature and atmo-
spheric pressure conditions. The system consists of two pairs of
metal electrodes (gold or platinum, 99.95%, Nilaco, Japan)
placed in a glass vessel (100 ml beaker, with a diameter of 5 cm
and height of 7 cm) and discharged in benzene (99.5% Kanto
chemical, Japan) by a bipolar-DC pulse power supply (Kurita,
Japan) (Fig. 1). The reason for using benzene has been
described in the ESI (see Fig. S1 and Table S1).1 The diameter of
the metal electrode was 1 mm. To concentrate energy, elec-
trodes were insulated by ceramic tubes with a protruded length
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Fig. 1 Schematic of the solution plasma process (SPP).
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of 1.5 mm from ceramic tube tips. The voltage, pulse frequency,
pulse width, and electrode distance were controlled to be 1.6 kV,
25 kHz, 0.5 ps, and 0.5 mm, respectively. The distance between
the tips of the electrodes was set to 1 mm. The effects of varying
the experimental parameters have also been evaluated (see ESI
Fig. S2-S4 and Table S2).}

Drying of sample

To get carbon powder, discharged solution was filtered using a
glass microfiber filter (1 um) and dried in an oven at 70 °C for
1 hour.

Heat treatment

A heat treatment was applied to the CNBs to increase their
electrical conductivity for the application of electrochemistry
area; this process was performed in a tube furnace with a 20-
minute dwell time, under a flowing Ar atmosphere, with a heat
treatment temperature (HTTs) of 850 °C (heating rate: 25 °C
min~ ' and cooling rate: 7 °C min™").

Characterization of NP/CNBs

For the characterization of the CNBs, scanning electron
microscopy (SEM) images were obtained using a JSM-6330F
(JEOL, Japan) instrument with an accelerating voltage of 5 kV.
The shape and microstructure of the NP/CNBs were observed
using an annular bright field scanning TEM (ABF-STEM) and a
high resolution TEM (HR-TEM), using a JEM-2500SE instru-
ment operated at 200 kV. TEM samples were prepared by
dropping the aqueous NP/CNB solution onto a copper grid
coated with an ultrathin (about 6 nm) amorphous carbon film
without any special treatment. HR-TEM images were recorded
close to the Scherzer defocus, and the lattice resolution was
0.14 nm. X-ray diffraction (XRD) patterns were measured using
an XRD Rigaku Smartlab (Rigaku, Japan) instrument with Cu Ko
radiation (A = 0.154 nm). The BET surface area, total pore
volume, and pore diameter of the NP/CNBs were calculated
from N, adsorption-desorption isotherms, using the Brunauer-
Emmett-Teller (BET) method; these experiments were carried
out on Belsorp-mini II (Belsorp, Japan) instruments. Prior to the
BET measurements, all of the samples were degassed at 200 °C
for 2 hours. Cyclic voltammetry (CV) experiments were per-
formed using a Hokuto Denko Model HZ5000 electrochemical
analyzer (Hokuto Denko Inc. Japan). The three-electrode system
consisted of a NP/CNB (on a glassy carbon electrode) working
electrode, an Ag/AgCl (saturated KCl) reference electrode, and a
counter electrode made of platinum wire. The electrochemical
working electrodes all had a diameter of 2 mm. Nitrogen gas
was bubbled through the electrolyte solution for 30 minutes
before the electrodes were characterized; all electrochemical
measurements were performed in 100 ml of a 1 M H,SO,
solution at room temperature, using scan rates of 20, 50, and
100 mV s . In order to understand the plasma chemistry and
chemical reaction carried out by radicals in benzene solution,
analyses has been carried out by optical emission spectroscopy
(OES, Ocean Optics Inst. Co. 200-800 nm) and gas chromatog-
raphy-mass spectrometry (GC-MS, JMS-Q1050GC, JEOL, Japan).
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Results and discussion
Morphology of CNBs with Au/Pt NPs

Approximately 1000 mg of CNBs was generated from 100 ml of
benzene after 30 minutes of SPP processing. The morphology of
the CNBs was observed using SEM and TEM. This showed that
the CNBs were spherical in shape, with a uniform size ranging
from 20 nm to 30 nm; the CNBs were found to exist in a chain-
like morphology (Fig. 2a and b). The principle how CNBs have
agglomerated can be understood by using the diffusion limited
aggregation (DLA) model like carbon black.* That is, when lots
of CNB particles are made from plasma at the same time, these
particles go through a random walk due to Brownian motion
and then these particles have been interconnected in different
directions by collisions of individual particles. At this time, it is
suggested that the particle linkages involve the graphite layers
such as heptagon/pentagon flake encapsulating particles in the
necklace. Therefore, the particles are interacting with other
spheres, and thus it is expected that they can be chemically
linked together.”® In the process, CNBs have been inter-
connected in different directions, forming a three-dimensional
network. This led to the formation of both mesopores and
macropores in the network. In addition, the mesopores were
well connected with the macropores in all directions; these
materials thus had better accessibility than microporous
carbons. The HRTEM image (Fig. 2e) showed that the raw CNBs
were graphitizable carbon (soft carbon); the amorphous layers
in the CNBs formed long-range, highly ordered multiple
graphitic layers under treatment at 1000 °C via the growth of
aromatic networks. This morphology was unchanged after the
graphitization treatments. It was concluded that the CNBs were
highly stable, and did not decompose under high temperatures.

The morphology of the Au and Pt NPs was determined using
bright field scanning TEM (BF-STEM) images (Fig. 2¢c and d, 3a
and b, 4a and b). These images clearly demonstrated that the
nearly spherical Au and Pt NPs were remarkably uniform, and
were well dispersed over the entire surface of the CNBs. The
images showed that the Au and Pt NPs had a narrow size

100nm

Fig.2 (aandb) FESEM image of annealed Au/CNBs, (c) STEM image of Au/CNBs
(before annealing), (d) STEM image of Au/CNBs (after annealing) and (e) HRTEM
image of annealed Au/CNBs.
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Fig. 3 TEM images of Au/CNBs fabricated using a solution plasma processing
(SPP) method; (a) BF-STEM image of raw Au/CNBs; (b) BF-STEM image of
annealed Au/CNBs at 850 °C under an Ar atmosphere; (c) a selected area
diffraction pattern (SAED) from the yellow area in (b); (d) size distribution of raw
Au NPs; (e) size distribution of annealed Au NPs; (f and g) EDS spectrum and

mapping.

distribution with an average size of 2-3 nm. However, larger
particles of Au and Pt (ca. 6-7 nm) were more frequently
observed after the heat treatment, which indicated that aggre-
gation of the particles occurred at high temperatures.

3

Pty
=22=

n

Distribution (%)
»
<
Distribution (%)

023456789I01I12
Diameter (nm)

BF-STEM (2)

0
012345678910
Diameter (nm)

EEEEEEEE

- &

Fig. 4 TEM images of Pt/CNBs fabricated using a solution plasma processing
(SPP) method; (a) BF-STEM image of raw Pt/CNBs; (b) BF-STEM image of raw
annealed Pt/CNBs at 850 °C under an Ar atmosphere; (c) a selected area
diffraction pattern (SAED) from the yellow area in (b); (d) size distribution of raw
Pt NPs; (e) size distribution of annealed Pt NPs; (f and g) EDS spectrum and
mapping.
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The distribution of the NPs was confirmed using energy
dispersive X-ray spectroscopy (EDS) and EDS mapping (Fig. 3f
and 4f). The spectra revealed that Au and Pt were present on the
CNBs, as expected; additional peaks corresponding to O and Cu
were also observed. These latter peaks were artifacts that arose
from the O and the Cu adsorbed on the grid on which the TEM
sample was supported. EDS mapping also confirmed the pres-
ence of individual Au and Pt NPs. Fig. 3c and 4c show selected
area electron diffraction patterns (SAED) obtained from the
same areas displayed in Fig. 3a and 4a. This diffraction pattern
was indexed as a face centered cubic (FCC) gold unit cell
structure.

Characteristics of CNBs with Au/Pt NPs

The structural characterization of the Au NPs and Pt NPs was
performed using XRD analysis, and typical XRD patterns are
shown in Fig. 5. Five peaks were observed, corresponding to the
111, 200, 220, 311, and 222 reflections of the FCC structure of
the polycrystalline Au and Pt NPs (JCPDS 04-0784, JCPDS 87-
0647); these results agreed with the SAED patterns. The XRD
pattern suggested that the Au and Pt NPs formed by SPP were
composed of purely crystalline structures.

The average particle size of the Au and Pt NPs was calculated
based on the broad peak areas from the XRD pattern using
Scherrer's formula d = 0.94/8cos 8, where 0.9 is the shape factor
generally taken for a cubic system, A is the X-ray source
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Fig. 5 X-ray diffraction patterns for NP/CNBs.
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wavelength, which is typically 0.154 nm, @ is the full width at
half maximum intensity in radians, and 6 is the Bragg angle.”
The average crystallite sizes for the Au and Pt NPs are summa-
rized in Table 1.

Both types of NPs were smaller than 5 nm after SPP, and the
size slightly increased from 5 to 9 nm after the heat treatment.
These results agreed with the TEM observations. It should be
noted that the broad peaks in the XRD were formed from several
sharp peaks that overlapped in the same area. One of the sharp
peaks was attributed to abnormally large NPs, which were
observed very rarely in the TEM images. Based on the calcula-
tions from the peak area, the size of these particles was in the
range of approximately 20 to 30 nm. We believe that these large
particles were occasionally generated by locally concentrated
sputtering on the surface electrode.

The shape of the particles was determined by comparing the
111 and 200 diffraction intensities. For the Au NPs, the intensity
ratio (determined from the broad peaks) between the 200 and
111 diffractions was 0.42, which was lower than the bulk
intensity ratio of 0.53 [JCPDS 04-0784].** This ratio remained
constant after the NPs were subjected to the heat treatment. The
results indicated that the synthesized Au NPs were primarily
composed of 111 planes. Thus, the Au NPs produced using SPP
were rich in 111 planes, and the 111 plane of the Au NPs was
preferentially oriented parallel to the surface of the supporting
material. According to density functional theory (DFT) results,
Au 111 is the most active surface for the Li-based oxygen
reduction reaction (Li-ORR).* It is therefore expected that the
Au NPs synthesized using SPP would be highly effective catalysts
in Li-ORR for Li-air battery applications.

For Pt NPs, the intensity ratio between the 200 and 111
diffractions was 0.75, which was larger than the conventional
bulk intensity ratio of 0.53 [JCPDS 87-0647].*° This indicated
that the synthesized Pt NPs, which were primarily bound by 100
planes, are inclined to preferentially orient parallel to the sup-
porting substrates. Pt 110 was found to be the most effective
catalyst for the ORR in sulfuric acid electrolytes.* We therefore
expect that the Pt NPs synthesized using SPP would enhance the
efficiency of the ORR in sulfuric acid electrolytes for fuel cell
applications.

Other structural specifications including the total surface
area, total pore volume, and mean pore diameter of the Au/
CNBs and Pt/CNBs were determined using the BET method.
Fig. 6 shows the N, adsorption-desorption isotherms for the
Au/CNBs and Pt/CNBs, respectively. According to the IUPAC
classification, the N, adsorption isotherms for all of the
samples exhibited type IV characteristics.”®> The nitrogen
adsorption isotherms for the CNBs could be divided into three
parts, as shown in Fig. 6, which suggested a multi-stage
adsorption process. The first region (I) represented the filling of
the micropores; the adsorbed amounts increased after the
annealing process. The proportion of micropores was relatively
low, indicating that the CNBs contained only a few micropores.
In part II, the mild slope of plateau was due to multilayer
adsorption on the external surface. A steep sloping curve with a
narrow hysteresis loop was observed at higher relative pressures
in part III, where P/P, = 0.86 to 0.98, a feature that is typically
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Table 1 Particle size of NPs (calculated from the broad peak)
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Crystallite size (nm)

Average crystallite size (nm)

20 Plane Au/CNB (raw) Au/CNB (annealed) Au/CNB (raw) Au/CNB (annealed)
38.2 111 2.6 5.6 3.0 5.9
44.2 200 3.0 5.3
64.6 220 4.0 7.1
77.4 310 2.7 5.9
20 Plane Pt/CNB (raw) Pt/CNB (annealed) Pt/CNB (raw) Pt/CNB (annealed)
39.7 111 2.0 4.3 3.2 6.7
46.1 200 2.5 6.4
67.5 220 3.4 7.1
81.3 310 2.9 6.2
~ 700 F total pore volume for the Au/CNBs and Pt/CNBs before
"a0 - e i e “ annealing were calculated to be 241 m* g " and 0.81 cm® g™,
n_' - f _ - .
E ‘ and 233 m* ¢"* and 0.87 ecm® g~ *, respectively. These parame-
g S00F ters increased to 369 m* g~ ' and 1.06 cm® g~ ', and 320 m* g *
f« 400 - and 1.17 ecm® g, respectively, with an annealing temperature
3 300} I : of 850 °C.
’g 200[ I : This phenomenon can be explained as follows. As shown in
< : oo-000° ; ig. 6, the shape of nitrogen adsorption-desorption isotherms
:100 . Fig. 6, the shape of nitrogen adsorption-desorpt th
g ' is not changed even after the annealing process excluding
£ o i . i i ; region (I). The region (I) represented the filling of the micro-
g 00 02 04 06 08 L0 pores and it was almost increased twice after the annealing
Relative pressure (p/p,) process. To confirm the change in the elemental composition,
- CHN (Carbon Hydrogen Nitrogen) Corder Elemental analyzer
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& i YANACO MT-6, Jap d. It det the p t, by
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"’E 600 L | rials. Table 3 shows the result of CHN Corder and indicates that
< . . .
E- 500 the hydrogen containing in CNBs was almost removed and the
T 400f ratio of carbon and NPs (putative) was not changed. Therefore,
';E 300 - it is expected that a lot of micropores was created by decom-
"§ 200 position of hydrogen gas and it caused an increase of surface
g 100f area and decrease of mean pore diameter. Nevertheless, the
=
S o .
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Relative pressure (p/p,)

Fig. 6 Nitrogen adsorption—-desorption isotherms for NP/CNBs.

associated with capillary condensation and evaporation within
mesopores. These results indicated that the CNBs possessed
mesopores with a very large pore volume to accommodate N,
molecular and cylindrical slit-type pore structure characteris-
tics.*>** It is assumed that these mesopores were inter-particle
voids (textural mesopores) between the primary particles. In
comparison, the N, adsorption-desorption amounts for the
NP/CNBs increased significantly after the annealing treatment,
for both the Au and Pt NP systems.

The structural parameters of the Au/CNBs and Pt/CNBs,
including the BET surface area, total pore volume, and mean
pore diameter, are shown in Table 2. The BET surface area and
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Table 2 Structural parameters of NP/CNBs

Surface area  Pore volume  Mean pore
Sample (m*>¢g™ (em® g™ diameter (nm)
Au/CNBs (raw) 241 0.81 15.05
Au/CNBs (annealed) 369 1.06 13.61
Pt/CNBs (raw) 233 0.87 16.70
Pt/CNBs (annealed) 320 1.17 13.52

Table 3 Weight percent of C and H elements in a compound

Sample Carbon Hydrogen Nitrogen
Au/CNBs (raw) 87.41 1.80 —
Au/CNBs (annealed) 88.82 0.10 —
Pt/CNBs (raw) 87.62 1.84 —
Pt/CNBs (annealed) 88.55 0.16 —

This journal is © The Royal Society of Chemistry 2013
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mean pore diameter is large which ranged between 13 and 16
nm for all of the samples, because the carbon supports con-
tained mainly mesopores. It means that chemical species could
easily diffuse inside the surface of carbon materials.

Cyclic voltammetry of CNBs with Au/Pt NPs

The NP/CNBs were tested for their electrocatalytic activity in
oxygen reduction reactions, which are important in the field of
energy applications.®®*>* Fig. 7 shows the voltammetric
responses of the Au/CNBs and Pt/CNBs with the as-prepared
samples, respectively, over the potential range from —0.2 to 1.4 V.

The as-prepared samples show little electrocatalytic area
than the annealed sample because their resistivity is larger than
that of the annealed sample due to its low crystallinity. To
confirm the electrical resistivity of NP/CNBs, the four-point
probe method was applied. To prepare specimens, 60 wt% of
NP/CNBs was mixed with 40 wt% of a polymer binder (PVDF,
polyvinylidene fluoride, average M,, 534 000, Aldrich, Japan) by
using a mortar and pestle for 10 minutes. After mixing, the
powders were placed into a round die of inner diameter 10 mm,
and compressed with a force of 8 MPa of pressure at 25 °C for 5
min. The composite powder was compacted to pellets of 2 mm
thickness and 10 mm diameter and the measurements were
conducted on these pellets. Table 4 shows the results and it
indicate that the resistivity of NP/CNBs is increased after the
annealing process.
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Fig. 7 Cyclic voltammetry plots for Au/CNBs (up), Pt/CNBs (down), and their
corresponding bulk metal electrode (inset image).

This journal is © The Royal Society of Chemistry 2013

View Article Online

Table 4 Electrical resistivity of NP/CNBs

Resistivity
Sample @m™)
Au/CNBs (raw) 956.4
Au/CNBs (annealed) 3.56
Pt/CNBs (raw) 939.1
Pt/CNBs (annealed) 4.32

Meanwhile, in the case of the Au/CNBs, Au oxide formation
was observed in the range of 1.2-1.4 V regardless of the
annealing process, and the reduction of Au oxide was shown
between 1.0 and 0.8 V with a scan rate of 100 mV s~ . These
characteristics were very similar to those of a bulk gold metal
electrode. The typical oxidation and reduction features in the
graph indicated the successful loading of NPs on the CNB
surfaces.

As shown in Fig. 7, the voltammetric features of the Pt/CNBs
were also similar to the typical characteristics of bulk platinum
metal electrodes. The Pt oxide formation appeared in the range
of 0.65-1.4 V, while the reduction of Pt oxide occurred between
0.1 and 0.5 V. The adsorption and deposition of hydrogen
occurred between 0.05 and —0.2 V with a scan rate of 100 mV
s~ 1. Furthermore, the results showed a sharp and clear cathodic
current. This indicated the high electrocatalytic activity of the
Pt/CNB and Au/CNB electrodes in the oxygen reduction reac-
tion, which is an important factor for catalytic reactions.

Proposed mechanism for the one-step synthesis of NP/CNBs
by SPP

The formation mechanism for the NP/CNBs was hypothesized
as follows: by increasing up to the breakdown voltage, the
initiation of the discharge will be started at the edge of both
electrodes. From the plasma region, various radicals such as C,
C,, CH and Ha were generated.

Typical optical spectra are shown in Fig. 8. The optical
emission spectra were measured from the plasma discharge
zone in benzene. The major emitted wavelengths identified in
this study were C, in the range of 468, 513 and 554 nm.* This C,
radical is considered to be a very important precursor in the
growth of carbon materials.®®* Another weaker intensity of
wavelength between 431 nm was also observed. It might corre-
spond to the excited CH radicals.®*** The peak of 657 nm was
possibly generated by active species of Ha. These radical
generation processes can be considered as follows. When the
benzene was gasified and excited, the resonance of the double
bond of the benzene ring was broken at first and became an
open ring structure. The open chain structure was further
excited and finally the active species such as H, C, and CH can
be generated in the plasma. It is assumed that these radicals
were created in multiple steps of dissociation and recombina-
tion.* The optical emission spectrum as well as the identifica-
tion of active species similar to the current experimental setup
has been published.**

It should be noted that gold and platinum particles gener-
ated from the sputtering of the electrodes were not observed in
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Fig. 8 Optical emission spectrum obtained from liquid discharge zone in
benzene.

the spectrum. However, the existence of the metal NPs was
clearly supported by the results of TEM and Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP AES, see ESI
Fig. S31).

In order to understand the chemical reaction carried out by
radicals in benzene solution, a detailed liquid analysis has been
carried out by GC-MS with the plasma process time intervals of
2 seconds, 40 seconds, 60 seconds and 3 min. All of the inter-
mediates were identified and their chemical formulae were
illustrated and listed in the ESI (see ESI Fig. S5 and Table S37). It
showed that the intermediates were synthesized at the begin-
ning of the process (time = 2 s). With an increasing process
time, these intermediates reacted further with the radicals, and
the by-products became more complicated.

Meanwhile, the way in which nucleation of carbon atoms/
radicals gives large spheres is unclear. One of the most widely
discussed proposals is the nucleation from a pentagonal carbon
ring followed by a spiral shell growth.®>*® (see ESI Fig. S6 and
S7t). It can be considered to be a development of four processes:
(a) nucleation of a pentagon, (b) growth of a quasi-icosahedral
shell, (c¢) formation of a spiral shell carbon particle and (d)
growth of a large size carbon sphere. With the information
obtained from OES and GC-MS, the process of nucleation of
carbon, the growth of SPP synthesized CNBs can also be
considered in the same manner. In GC-MS, we can identify
decisive evidence for compounds which can be used as
precursors of growth of a quasi-icosahedral shell such as
5H-benzocycloheptene, 6,7-dihydro-, acenaphthene, anthra-
cene, acenaphthylene, azulene, benzo[ghi]fluoranthene, cyclo-
penta(cd)pyrene, 3,4-dihydro-, cyclopenta[cd|pyrene,
cyclopentane, ethyl-, fluorene, fluoranthene and indene. It is
expected that carbon spheres can be easily synthesized by a
solution plasma process because pentagonal carbon-rings are
essential for forming carbon sphere structures.

Meanwhile, numerous novel metal atoms (i.e., Au and Pt)
were also generated from the electrode surfaces under sput-
tering, because the electrodes were continuously bombarded
by energetic electrons. These atoms formed small metal parti-
cles that were loaded onto the carbon spheres, as shown in
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Scheme 1 Formation mechanism of NP/CNBs.

Scheme 1. The synthesized NP/CNBs aggregated through
diffusion-limited aggregation.”” The void volumes between the
particles in the aggregates (intra-aggregate voids) and between
the aggregates were filled with liquid benzene as soon as this
cluster exited the plasma zone. As a result, mesopores were
formed in the networks of NP/CNBs.

Conclusions

Noble nanoparticles (NPs) supported on spherical carbon
nanoparticles were successfully fabricated from metal elec-
trodes via a one-step solution plasma process in benzene at
atmospheric pressure. In order to increase the conductivity of
the material, an annealing process has been conducted. The
morphology of the CNBs was spherical, with uniform sizes
ranging from 20 nm to 30 nm, and the CNBs were found to form
a chain-like morphology. The structural characteristics proved
that the synthesized CNBs had an excellent pore structure, with
an average diameter ranging between 13 and 16 nm and a total
pore volume ranging between 1.06 and 1.17 cm® g~'. TEM
images showed that spherical Au and Pt NPs were uniformly
and highly dispersed over the entire surface of the CNBs, and
the average particle size was below 10 nm after heat treatment.
Cyclic voltammetry showed clear peaks corresponding to the
oxidation and reduction features in the catalytic reaction. This
indicated the high electrocatalytic activity of the Pt/CNB and
Au/CNB electrodes in the oxygen reduction reaction, which is an
important factor in terms of catalytic reactions. This method
proved that SPP is a simple method for the large-scale synthesis
of NP/carbon. Therefore, SPP holds great potential as a candi-
date for next-generation synthetic methods for the production
of NP/carbon materials. An additional benefit of this method is
that it can be used to synthesize all types of NPs (including
bimetallic NPs) on the supporting carbon, simply by changing
the metal in the electrodes.
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