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As an important class of carbon nanomaterials, carbon nano onions (CNOs) have attracted considerable
interest in recent years due to their unique structures and properties. In this work, the electrochemical
synthesis of CNOs (including hollow carbon nano onions (H-CNOs) and solid carbon nano onions
(S-CNOs)) was achieved from simple aromatic compounds in acetonitrile on a platinum plate electrode
by a multi-potential steps method. The electrolytic products on the platinum plate electrode were separ-
ated to obtain H-CNOs and S-CNOs by heating treatment, followed by ultrasonic and gradient centrifu-
gation. The reaction mechanism was presumed to be involved with dehydrogenation oxidation and
reductive dimerization, as well as cross-linking reactions. The obtained H-CNOs and S-CNOs were
characterized by scanning electron microscopy, transmission electron microscopy and Raman spec-
troscopy. This work has provided a new approach to synthesize and separate S-CNOs and H-CNOs. The
developed method does not require sophisticated equipment or high energy consumption. The obtained
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Carbon nanomaterials have received a great deal of attention
since the discovery of the Cgo fullerene molecule in 1985.
Following on, carbon nanotubes and graphene have aroused
great research interest due to their peculiar structures and
properties."™ As another unique allotropic form of carbon,
carbon nano onions (CNOs) were actually discovered in 1980
before these carbon nanomaterials. However, they have long
been overshadowed by these more popular carbon nano-
materials.* In the last several years, CNOs have attracted a
great deal of attention because they show unique properties
different from the other carbon nanomaterials. CNOs are com-
posed of multi-layered concentric graphitic shells resembling
that of an onion.”> CNOs can be classified into two types,
including hollow carbon nano onions (H-CNOs) consisting of
polyhedral shaped shells and solid carbon nano onions
(S-CNOs), which were composed of fullerene concentric spheri-
cal core-shell structure. The diameters of H-CNOs are usually
between 5 and 50 nm, and they have larger specific surface
areas than the same sized S-CNOs.

College of Chemistry and Molecular Engineering, Beijing National Laboratory for
Molecular Sciences, Peking University, Beijing 100871, P. R. China.

E-mail: Imwx@pku.edu.cn

tIn celebration of the 110th anniversary of the College of Chemistry and
Molecular Engineering of Peking University.

{Electronic supplementary information (ESI) available: Fig. S1-S6. See DOI:
10.1039/D0QI00950D

4404 | Inorg. Chem. Front., 2020, 7, 4404-441M

CNOs would be applicable to construct electrocatalysis and sensing interfaces.

The unique structures of CNOs determine their peculiar
properties, resulting in their prospective applications. CNOs
can be used as electrode materials and supercapacitors
because of their good electrical conductivity and large specific
surface area.®® With good biocompatibilityy, CNOs can be
widely applied in the field of biosensing and detection.” ™"
CNOs exhibit catalytic properties in oxidative dehydrogenation
reactions and oxygen reduction reactions.'* Heteroatom-doped
CNOs can also improve electrocatalytic activity and reduce
costs, and are expected to replace traditional Pt-based
electrocatalysts.”®™® They can also accommodate electrolyte
ions and quickly release stored energy, showing great potential
in hydrogen storage materials.'® Furthermore, because of their
low friction, high stability and strong mechanical properties,
CNOs are highly desired as solid lubricants in tribology."”

Broad applications of CNOs are dependent on their syn-
thesis. Nowadays, the synthesis of CNOs has been realized
through different methods. The first method reported by
Sumio Iijima was the discovery of spherical CNOs as a bypro-
duct of the synthesized carbon black created in vacuum using
a transmission electron microscope (TEM) in 1980.* This
process has also been thoroughly reinvestigated by Daniel
Ugarte in 1992, and a formation mechanism for the creation
of spherical graphitic structures has been observed in situ.'®
Chemical vapor deposition has also been a viable method to
obtain CNOs, but they are usually contaminated by some cata-
lyst particles encapsulated in carbon cages.'®'**° However, it
is an easy way to obtain CNOs encapsulated with catalyst par-
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ticles as efficient catalysts. Sano et al. fabricated CNOs by arc
discharge between two graphite rods submerged in deionized
water without metallic catalysts.>"** However, the products
were a mixture of impurities, including amorphous
carbon, graphite fragments, and carbon nanotubes. Although
the purification was relatively complicated, it was easy to
functionalize the CNOs.>® The thermal annealing of the nano-
diamond synthesized relatively large amounts of CNOs.
However, it seemed difficult to separate them from the original
diamond source.***” Detonation synthesis of CNOs via liquid
carbon condensation has been also reported.”® All in all, most
of the methods mentioned above not only require high
energy consumption, but also have a very low yield of CNOs
with complex purification treatment. Moreover, different syn-
thetic techniques could be used to produce CNOs with
different structures and properties. So, the best way to choose
a synthetic technique is based on the purpose of synthetic
CNOs.

It is important to develop a simple and cheap method for
the large-scale synthesis of high quality CNOs due to their
potential applications. Thus, researchers have been exploring
new synthetic techniques of CNOs. In recent years, curved
nano-graphene, uniform carbon nanotubes and carbon nano-
ribbons have been synthesized using organic chemistry
methods by Itami’s research group.”*' These nanometre-
sized carbon materials (abbreviated as nanocarbons) consist-
ing of benzene units could be prepared by bottom-up construc-
tion from relatively simple aromatic compounds, involving the
coupling, reductive dimerization and cyclodehydrogenation
oxidation reactions. Compared with organic synthesis, electro-
chemical synthesis has many significant advantages.
Electrochemical synthesis is performed through oxidation—
reduction reactions in electrolytic cells.**** As a clean reaction
reagent, electrons avoid the use of dangerous oxidants and
reducing agents. Furthermore, electron transfer and chemical
reaction proceed at the same time. The reaction rate can be
changed by controlling the potential to reduce side reactions.
These advantages result in a high-purity product with an easy
separation, and reduce environmental pollution. The reaction
could also be carried out at room temperature and atmos-
pheric pressure without the need for special heating and
pressure equipment.

Considering the economics and convenience of electro-
chemical synthesis, we believe that the electrochemical syn-
thesis of nanocarbons by dehydrogenation oxidation and
reductive dimerization, as well as cross-linking reactions based
on simple aromatic compounds, is possible by controlled-
potential electrolysis. S-CNOs made directly from CO, by
molten electrolysis have been reported,® but it needs high
temperature. The electrochemical synthesis of CNOs-polypyr-
role composites has also been studied.’® In this work, we pro-
posed a method for the synthesis and separation of S-CNOs
and H-CNOs by electrolysis of toluene on platinum electrodes.
The developed route is facile to obtain S-CNOs and H-CNOs at
the same time, and overcomes some drawbacks discussed
earlier. A simple purification process can completely remove
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byproducts, and separate the S-CNOs and H-CNOs in the
products.

Experimental
Materials

Toluene, sulfuric acid and hydrogen peroxide (aqueous solu-
tion) were purchased from Xilong Chemical Co., Ltd.
Acetonitrile was obtained from Thermo Fisher Scientific Co.,
Ltd. Tetrabutylammonium perchlorate (TBAP), benzene and
1,2-dimethylbenzene were ordered from Sigma-Aldrich.
1-Methylnaphthalene was purchased from Xingkeyuan
Information Technology Co., Ltd N-cyclohexylpyrrolidone
(CHP) was bought from Tianjin Sean Opde Technology Co.,
Ltd. All chemicals were of analytical grade and used without
further purification.

Synthetic procedures

Electrochemical synthesis of CNOs. All electrochemical syn-
thesis processes were carried out on a CHI 660D electro-
chemical workstation (Shanghai Chen-Hua, China) at room
temperature in a glovebox (VG1200/750TS, Vigor, America)
under a nitrogen atmosphere. Two identical platinum plate
electrodes (30 x 30 x 0.1 mm) were used as the working elec-
trode and the counter electrode. Before the electrochemical
synthesis, the platinum electrodes were carefully cleaned with
a mixture of concentrated sulfuric acid and 30% hydrogen per-
oxide (7:3), then rinsed with water and acetone successively,
and dried by a blower. The silver wire coated with silver chlor-
ide (Ag/AgCl) was used as the quasi-reference electrode, and
the tube with porous ceramic was used for preventing the
introduction of silver nanoparticles in the system. In a typical
procedure, CNOs were synthesized by multi-potential steps
method in 30 mL of acetonitrile containing 5 mM toluene and
0.1 M TBAP in an electrolytic cell with a maximum capacity of
50 mL (Fig. S1}). The step potential was from 2.2 V to —=1.6 V
(vs. Ag/AgCl), and the step time was 10 s.

Separation and purification. The electrolytic products stuck
on the electrodes were collected and washed with acetonitrile,
then heated to 450 °C in a muffle furnace with a ramp rate of
2 °C min~", and maintained for 3 hours. After natural cooling,
the heat-treated mixed products were dispersed in CHP by
ultrasound for 1 h, and centrifuged at each speed of 6000 rpm,
8000 rpm, 10 000 rpm, and 12 000 rpm for half an hour. The
centrifuged products were collected and characterized by TEM.

Characterizations. TEM and energy-dispersive X-ray spectra
(EDS) were studied by a JEM-2100F electron microscope (JEOL,
Japan) at an acceleration voltage of 200 kV. Scanning trans-
mission electron microscopy (STEM) images were obtained on
a JEM-2100F electron microscope (JEOL, Japan). The Raman
spectra were obtained via Raman spectrometer (DXRxi) by
using a laser at 514 nm. Thermogravimetric analysis (TG) was
performed using Q600 SDT at a ramp rate of 5 °C min~' under
air flow over a temperature range of 20-900 °C. Gas chromato-
graphy-mass spectrometry (GC-MS) was performed on a
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Hybrid Quadrupole-Orbitrap GC-MS/MS System (Thermo
Fisher Scientific, Italy). The injection port temperature was set
to 280 °C, and the injection volume was set to 2 pL with a split
ratio of 5:1. The compounds were separated on a 100% di-
methylpolysiloxane column (Agilent, USA). He (99.9999%) was
employed as carrier gas. The flow of the carrier gas was set to
1.0 mL min~'. The temperature program was at 40 °C for
2 min, and then increased from 40 to 350 °C at 20 °C min™".
The transfer line was set to 280 °C, and the ion source was set
to 300 °C. Electron ionization was performed using an electron
energy of 70 eV.

Results and discussion

The electrochemical properties of acetonitrile and toluene,
with 0.1 M TBAP as the supporting electrolyte, were investi-
gated on a platinum electrode (20 x 10 x 0.1 mm) under nitro-
gen atmosphere by cyclic voltammetry (CV) using a typical
three-electrode system at 20 °C in a glovebox. As shown in
Fig. 1, in the range of 2.4 V —1.8 V (vs. Ag/AgCl), the platinum
plate electrode had almost no redox peak for acetonitrile
(black line). After adding 5 mM toluene to the solution, the CV
curves showed significant oxidation current from the start of
about 1.8 V in the positive scan range from 0 to 2.4
V. Moreover, two reduction peaks appeared at —0.16 V and 0.07
V in the reverse scan. However, no obvious reduction peak
could be observed in the negative scan from 0 to —2.0 V. These
suggest that an irreversible oxidation occurred in toluene, and
the oxidation product could be reduced in the reverse scan.
Based on the previously reported work,***” the electro-oxi-
dation of toluene in organic media on the Pt electrode could
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Fig.1 (a) CV curves in acetonitrile (black line) and 5 mM toluene in
acetonitrile (red line) with 0.1 M TBAP in a positive scan. (b) CV curves in
acetonitrile (black line) and 5 mM toluene in acetonitrile (red line) with
0.1 M TBAP in a negative scan. The scan rates were all 50 mV s (c)
Multi-potential steps chronoamperometric curves in a mixed solution of
5 mM toluene and acetonitrile containing 0.1 M TBAP with the step
potential from 2.2 V for 10 sto —-1.6 V for 10 s.
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form conducting polymer films. We presumed that CNOs
might be produced from toluene by electrochemical
polymerization.

According to the CV plot, we tried to synthesize CNOs using
different electrolysis methods. It was found that the Pt elec-
trode was oxidized and reduced to produce large amounts of
platinum nanoparticles by controlled-current electrolysis due
to poor selectivity. If the controlled-potential electrolysis was
employed at a relatively positive potential, for example 2.4 V in
a divided cell for 24 hours, no CNOs were obtained by charac-
terizations. So a multi-potential steps method was used to syn-
thesize CNOs in an undivided cell at different potentials,
taking an electrolysis step from 2.2 V for 10 s to —1.6 V for 10 s
as an example, as shown in Fig. 1c. As electrolysis occurred,
many bubbles were observed on the cathode, and they were
hydrogen bubbles resulted from hydrogen ions by electro-oxi-
dative dehydrogenation of toluene on the anode, following
that brown liquid was formed to diffuse into the solution. As
electrolysis process continued, the color of the solution gradu-
ally became darker. After electrolysis of about 10 hours, the
solution was dark brown with brown precipitate, and black
sheet-like products were attached on the working electrode.

The products on the electrode were collected, and then
washed with acetonitrile to remove remained TBAP. TEM was
employed to characterize the composition and morphology of
the products dispersed in acetonitrile. Fig. S2} displayed that
the products consisted of amorphous carbon, Pt NPs, S-CNOs
and H-CNOs, moreover, S-CNOs and H-CNOs were apt to form
aggregates on the carbon film, respectively, which indicated
strong interaction of the same structural molecules. EDS
characterization further verified the elemental composition of
the mixed products include Pt, C, Cl and O, as shown in
Fig. S3.1 Among them, trace amounts of Cl and O might be
from the supporting electrolyte TBAP and the substrate. An
electrolytic solution after electrolysis of 5 hours was analyzed
by GC-MS, some stable radicals and polycyclic aromatic hydro-
carbons were identified such as C¢Hs (phenyl), C;H;, (benzyl),
CoH; (indenyl), C;oHg (naphthalene), C;;Hy (methyl-naphthyl
radical), C;,Hg (acenaphthylene and/or ethynylnaphthalene),
Cy3Hy (fluorenyl and/or phenalene radicals), C,,H;, (anthra-
cene and/or phenanthrene), C4Hy, (dimethylbiphenyl),*® as
shown in Fig. S4.1 From the composition of electrolytic pro-
ducts, we presumed that the reaction mechanism might be
involved with dehydrogenation oxidation of toluene generating
benzyl radical cations and phenyl radical cations, which par-
ticipate in the next reductive dimerization as well as cross-
linking reactions to form polycyclic aromatic hydrocarbons
during the processes of electro-oxidation and electro-
reduction,*®?” but conversion of polycyclic aromatic hydro-
carbons to CNOs is unclear, which needs further study.

Due to the complex mixture, it is very important to explore
the separation method for different components. To obtain
the properties of different products, TG was employed to
characterize the thermal stability of the mixed products from
20 to 900 °C with a heating rate of 5 °C min™". Fig. 2a shows
that some compounds decomposed in the range from 100 °C

This journal is © the Partner Organisations 2020
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Fig. 2 (a) TG and DTG curves of the mixed product in the range of
20-900 °C under airflow. (b) Raman spectra of the mixed product
before and after heated at 450 °C.

to 300 °C in air, and amorphous carbon started burning at
about 400 °C based on the previously reported work.*>*° Due
to the stability of Pt NPs and CNOs, most of the amorphous
carbon lost weight from 400 °C to 500 °C. Different tempera-
ture programs were tested to treat the products under air con-
ditions in order to optimize the removal of amorphous carbon
in the mixed products, and the results suggest that the impuri-
ties could be removed when the temperature was not below
450 °C (Fig. S5-71). However, in order to avoid the oxidation of
CNOs at higher temperature, the amorphous carbon in the
product was removed by heating at 450 °C for 3 hours.

The products before and after heat treatment were further
characterized by Raman spectrometry. Fig. 2b shows the
Raman spectra of the products. There were two broad Raman
bands at around 1350 and 1569 cm™" before heat treatment.
The G band at about 1569 ¢cm™" corresponds to the E,, mode
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in the graphite structure of carbon, and the D band appears at
about 1350 cm™" to characterize the disorder in sp® carbon
materials. The relative intensity of the D to G bands (Ip/Ig) and
the G band peak position could be used to represent the gra-
phitization degree of the samples.”’ Because of this, the
increases in the intensity ratio of Ip/I; from 0.83 to 1.08 and
the G band peak position from 1569 cm™ to 1591 cm™" were
attributed to increased graphitic structure of the sample due
to the removal of amorphous carbon after heat treatment.
Moreover, the full widths at half-maximum (FWHM) of the G
band and D band were narrowed, which means more order in
the structure.*>™**

Depending on the sizes of the different materials, the Pt
NPs and two kinds of CNOs were separated by combination of
sonication and gradient centrifugation after removing the
amorphous carbon. The heat-treated products were ultrasoni-
cally dispersed in CHP for 1 h to form a black suspension at a
concentration of 1 mg mL~'. Unfortunately, the products
could not be totally separated by gradient centrifugation
because they could not be dispersed very well at this concen-
tration (Fig. S61). A suspension with a concentration of 1 pg
mL™" in CHP was then prepared by sonication for 1 hour, fol-
lowed by centrifugation at 6000 rpm for 30 min to remove Pt
NPs. Next, the supernatant was centrifuged at 8000 rpm for
30 min and the precipitation was collected to obtain S-CNOs.
At last, the remaining supernatant was centrifuged at 12 000
rpm for 30 min, and the obtained precipitation was H-CNOs.
TEM characterization verified the separation of S-CNOs and
H-CNOs, as shown in Fig. 3. The structure of the obtained

Fig. 3 TEM images of the collected products by ultrasonic dispersion in CHP for 1 h at a concentration of 1 ug mL™, and centrifugation at (a) 6000

rpm, (b) 8000 rpm and (c) 12 000 rpm.
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single H-CNO particle was also investigated by TEM at
different tilt angles of 0, 10, 30, and —50 degrees. As shown in
Fig. 4, the sidewalls of the H-CNO particle got darker in color
with increasing tilt angle, indicating that the areas of the side-
walls gradually increased. The color of the central domain of
H-CNO is the same as that of the substrate, which illustrates
that the H-CNO particle is a hollow structure. Further simu-
lation of the contrast changes upon tilt angle for the hollow
and core-shell particles was done. Only the hollow configur-
ation matched the TEM observations, and the TEM images dis-
played a polyhedral shaped shell. The corresponding width at
10 degrees was 1.7 nm, and the right height was calculated to
be about 9.7 nm. At 30 degrees, the width was 5 nm, and the
right height was about 10 nm. At —50 degrees, the width was
7.5 nm and the left height was about 9.8 nm. These results
proved that the H-CNOs have a hollow structure with a length
of 27 nm, width of 17 nm, and height of 9.8 nm. STEM EDS
mapping data showed that the H-CNOs and S-CNOs were
made up of the element C. In addition, the element O existed

Fig. 4 TEM images and projection images of the polyhedral H-CNOs
observed with tilting angles of (a) O, (b) 10, (c) 30, and (d) —50 degrees.
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as a composition of the substrate because its distribution was
homogeneous (Fig. S9f). These results suggest that H-CNOs
and S-CNOs were hardly functionalized with oxygen after
heating at 450 °C for three hours.

The obtained H-CNOs and S-CNOs products were further
studied by Raman spectrometry. They both showed strong and
sharp G and D peaks, as shown in Fig. 5. This is similar to the
nanodiamond-derived CNOs obtained by annealing detonation
nanodiamond powders at 1650 °C under the flow of helium
gas,”* and suggests very small sizes. The 2D band at
2680 cm™" and D + G band at 2920 cm ™" were attributed to the
second-order two-phonon process and the combination of
phonons with different momenta. These are activated by
double resonance processes, and demonstrate the multi-layer
graphite structure of CNOs and defects of CNOs.*”"*®

The effects of toluene concentration, and the step potential
and step time used in the multi-potential steps method on the
products were investigated to optimize the synthetic con-
ditions. After electrolysis for 24 hours, the electrolytic product
on the electrode surface under different conditions was col-
lected and compared after proper separation. First, different
concentrations of toluene were tested. It was found that a
longer time was needed to form products on the electrode with
increasing toluene concentration from 5 mM to 1.5 M.
However, no more CNOs could be obtained. Therefore, 5 mM
toluene was chosen as the synthetic condition. Secondly,
different anode potentials were applied, including 1.6 V, 1.8V,
2.0V, 2.2 Vand 2.4 V, at a fixed cathode potential of —1.8 V
with a step time of 10 s. It was found that the electrodeposited
loading on the electrode increased with the positive shifts of
the anode potential. However, when the anode potential was
fixed at 2.4 V, the amount of Pt NPs in the product increased
and the working electrode was significantly oxidized.
Therefore, 2.2 V was selected as the oxidation potential of the
multi-potential steps method. Thirdly, different cathode poten-
tials were tested. The reduction potential gradually changed to
a more negative potential over continuous scanning due to the
effect of the overpotential. Thus, in order to assure that the
electro-reduction reaction of the electro-oxidative product
could occur, relatively negative potentials at —1.0 V, —1.2 V,
—1.4 Vand —1.6 V were utilized. Similar results were obtained;
that is, the amounts of the electrolytic product on the elec-
trode clearly rose with the negative shifts of the cathode poten-
tial. Therefore, —1.6 V was selected as the reduction potential
of the multi-potential steps method.

The effect of different step times with the multi-potential
steps method was also studied. The results indicated that
more electrolytic products were formed on the working elec-
trode with increasing step time from 1 s to 10 s. Furthermore,
the loading on the electrode increased more rapidly, and the
ratio of amorphous carbon to CNOs gradually decreased.
When the step time changed from 10 s to 50 s, the oxidation
and reduction products diffused away from the electrode as
the step time increased. This resulted in lower quantities of
products on the electrode surface. Moreover, the ratio of amor-
phous carbon to CNOs gradually increased. So, the optimal

This journal is © the Partner Organisations 2020
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Fig. 5 Raman spectra of purified H-CNOs and S-CNOs.

electrolytic conditions for the synthesis of CNOs by multi-
potential steps method were a step potential from 2.2 V to
—1.6 V with a step time of 10 s. In the mean time, the other
aromatic compounds (including benzene, 1,2-dimethyl-
benzene and 1-methylnaphthalene) were also tested. It was
found that H-CNOs and S-CNOs could be obtained under
proper conditions.

Conclusions

A one-step electrochemical synthetic route to obtain H-CNOs
and S-CNOs has been developed. The synthetic route is based
on a controlled-potential electrolysis method with the multi-
potential steps in a mixed solution of toluene and acetonitrile
containing 0.1 M TBAP on a Pt electrode. The possible reaction
mechanism, which needs further study, might be involved
with dehydrogenation oxidation and reductive dimerization, as
well as cross-linking reactions. The obtained products com-
prise S-CNOs, H-CNOs, amorphous carbon and Pt NPs. Among
them, amorphous carbon could be removed by heating in air,
and Pt NPs could be abandoned by centrifugation. S-CNOs
and H-CNOs have been totally separated by ultrasonic and gra-
dient centrifugation. Our work has provided a new approach to
synthesize and separate S-CNOs and H-CNOs. The developed
method does not require sophisticated equipment. The
obtained CNOs would be applicable to the construction of
electrocatalysis and sensing interfaces.
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