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ABSTRACT: Single-walled carbon nanotubes (SWCNTs) were
successfully prepared from fullerene waste soot (FWS) by the arc
discharge method in a helium atmosphere. The yield of the as-
prepared SWCNTs reached as high as 6 g/h, indicating a great
potential for further large scale production. FWS-based SWCNTs were
systematically examined using scanning electron microscopy, trans-
mission electron microscope, high-resolution transmission electron
microscopy, and Raman spectroscopy. The results show that the as-
obtained SWCNTs have an extraordinary crystalline integrity with a diameter of 1.2−2.2 nm. Compared with the SWCNTs
synthesized from graphite under the same experimental conditions, it was found that FWS as feedstock for synthesis of SWCNTs
was more efficient due to its higher reactivity in the electric arc discharge environment. The possible mechanism involved in the
formation process of SWCNTs from FWS is proposed and discussed in terms of its turbostratic structure with pentagonal defects
and the process parameters adopted in the study.
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■ INTRODUCTION

Single-walled carbon nanotubes (SWCNTs), a single layer of
graphene rolled up, have received a great deal of attention and
have been widely used in many different applications, such as
transistors,1 supercapacitors,2 sensors,3 field emitters,4 and
photovoltaic devices,5 because of their exceptional electrical,
mechanical, physical, and chemical properties.6−9 Up to now,
various methods have been developed for the synthesis of
SWCNTs, such as arc discharge,10 laser ablation,11 catalytic
chemical vapor deposition,12 etc. Of these available methods, it
is believed that the arc discharge method is an efficient method
for the synthesis of SWCNTs due to its low cost and simplicity
as well as its capability of making high quality SWCNTs with
perfect structures. In the past two decades, great progress has
been made on the synthesis of SWCNTs by the arc discharge
method. Journet et al. successfully obtained SWCNTs on a
large scale from graphite with a mixture of 1% yttrium and 4.2%
nickel as the catalyst, and the content of SWCNTs in the
collected deposits was about 80%.10 Cheng et al. designed a
novel reactor with a rotatable cylinder anode for semi-
continuous synthesis of SWCNTs in a hydrogen buffer gas,
indicating a promising approach for the commercial-scale
synthesis of SWCNTs.13 Zhang et al. reported a facile method
for diameter-selective synthesis of SWCNTs, in which a weak
magnetic field being perpendicular to the electric field was
applied to the arc plasma in the interelectrode gap.14,15 In
addition, other studies focused on the experimental conditions
that affect the synthesis of SWCNTs in the arc discharge
process, such as the catalyst,16−20 buffer gas with specified
pressure,21,22 carbon structure of the anode,23−27 and gravity of

the Earth.28 In spite of the above-mentioned endeavors, large-
scale production of SWCNTs with high quality from cheap
carbon sources is still highly desired.
Fullerene waste soot (FWS) is the main byproduct in the

production of fullerenes by arc discharge or flames29 and can be
produced with a capacity of more than tens of tons per year.
Nevertheless, how to further recycle this cheap and valuable
resource still remains a challenge. Egashira et al. first explored
the possibility for utilizing a toluene-insoluble fraction of
fullerene soot as an electrode in a electrical double-layer
capacitor.30 Following Egashira’s work, Spassova and his co-
workers demonstrated that FWS could be used as a catalyst
support in low-temperature reduction of NO in the presence of
CO.31 In the present work, we first report the synthesis of high
quality SWCNTs using FWS as the starting material by the arc
discharge method. The yield of the as-prepared product was
improved in comparison to that from graphite. This will lead to
new possibilities for making carbon materials with different
structures using FWS as the carbon source.

■ EXPERIMENTAL SECTION
All chemicals used were of ultrapure analytical grade. The experimental
setup is basically the same as that reported previously.13 For a typical
run, FWS (Jing Meng Hi-Tech Corp.) was mixed with Ni powders and
Y2O3 in a weight ratio of 10:2:1. The mixture was pressed in a mold
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and carbonized at 900 °C for 5 h to produce conductive and self-
supporting carbon cylinders with a diameter of 25 mm. In the arc
discharge experimental process, carbon cylinders were placed on a
water-cooled copper platform that served as the anode, and an upper
high-purity graphite rod was used as the cathode. The arc discharge
was conducted at a current of about 100 A in a helium atmosphere at
50 kPa. For comparison, graphite powders were also used as the
carbon feedstock to synthesize SWCNTs under the same operational
conditions mentioned above.
Morphologies and structures of the as-prepared SWCNTs were

analyzed by scanning electron microscopy (SEM, JEOL JSM-5600LV),
transmission electron microscopy, and high-resolution transmission
electron microscopy (TEM and HRTEM, Philips Tecnai G2 20). The
Raman spectra of the SWCNTs derived from FWS and graphite were
both recorded with a Jobin Yvon LabRam HR800 spectrometer at
room temperature (He−Ne laser, 632.8 nm). The X-ray diffraction
(XRD) was recorded on a Rigaku D/MAX 2400 diffractometer
equipped with a Cu Kα X-ray source operated at 40 kV and 50 mA.

■ RESULTS AND DISCUSSION
The web-like substances hanging from the upper chamber wall
and thin films on the inner chamber wall are involved in the
reactor, and these materials have a rubbery texture and can be
peeled away in strips. The detailed microtopographies and
microstructures are shown in Figure 1. From the typical SEM

image shown in Figure 1a, it can be found that a large number
of filament-like SWCNTs are intertwined to form a macro-
scopic network architecture, and some deposits that are made
up of catalyst nanoparticles surrounded by amorphous carbon
are present in the network or on the surface of the SWCNTs
architecture, which is clearly observed by low-resolution TEM
image shown in Figure 1b. The SWCNTs usually tend to
aggregate in the form of bundles (Figure 1c), which is believed
to be due to the existing van der Waals interaction between the
nanotubes.32 HRTEM images further reveal that the FWS-
based SWCNTs have a high crystalline integrity, and the
diameter of the SWCNTs ranges from 1.2 to 2.0 nm (see
Figure 1d for an example). It is worth noting that the ends of

the SWCNTs are capped by hemispherical carbon, as indicated
in Figure 1e.
For comparison, graphite powders were also utilized as a

carbon source to synthesize SWCNTs under the same
conditions. The result shows that the as-obtained products
from the FWS and graphite powders are similar in morphology.
However, more than 1 g of SWCNTs was achieved from FWS
(denoted as SWCNTs-F) within 10 min, twice as much in
comparison to the product obtained from graphite powders
(denoted as SWCNTs-G). This may be attributed to the
differences in initial types and energies of carbon species
vaporized from FWS and graphite that derive from their
different bonding environments. The amorphous structure of
FWS rather than the perfect crystallinity of graphite is more
easily broken in the electric arc discharge environment, and
fullerene-like fragments involved in FWS may be directly
utilized as “seeds” for the growth of SWCNTs.
Raman spectroscopy is a powerful tool that is capable of

yielding more detailed information about the SWCNTs’
structure,33 in which two typical bands for graphite materials
are present: the so-called G band located at 1592 cm−1, which is
related to the vibration of sp2 bonded carbon atoms in a
hexagonal graphite lattice, and the so-called D band located at
1295−1300 cm−1, which is associated with disordered carbons.
The relative intensity ratio of the D and G bands (ID/IG) is
indicative of the degree of carbon graphitization. Figure 2

shows typical Raman spectra of SWCNTs-F and SWCNTs-G
in the range of 20−2000 cm−1, in which the ID/IG of the
SWCNTs-F and SWCNTs-G are calculated to be 0.12 and
0.16, respectively, revealing that the SWCNTs-F are graphitized
and have a crystalline integrity comparable to that of graphite.
The lower Raman shift around 110−190 cm−1 is caused by the
radial breathing mode (RBM peak) of SWCNTs, which is
related to the diameters of the SWCNTs. As shown in the inset
of Figure 2, the similar peaks can be observed for SWCNTs-F
and SWCNTs-G samples, and two peaks at 162 cm−1 and 168
cm−1 are strikingly visible, indicating that the diameters of
SWCNTs do not vary with the type of carbon source. This also
implies that the structure of carbon source has little influence
on the diameter of SWCNTs in the present work.
From the Raman spectra of RBM, the diameters of the

SWCNTs can be calculated using a formula of ω = 238/d0.93, in
which ω and d are defined as the RBM frequency and tube

Figure 1. Low magnification SEM image (a), TEM images (b, c), and
HRTEM images (d, e) of the as-obtained SWCNTs from FWS.

Figure 2. Raman spectra of the as-obtained SWCNTs from two
different carbon feedstocks.
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diameter, respectively.34 The calculated diameters of SWCNTs
from the RBM frequency are in the range of 1.20−2.20 nm,
which is in a good agreement with that observed in the
HRTEM images discussed above.
In order to understand the formation mechanism of

SWCNTs-F, the starting material of the FWS and FWS-derived
anode are also characterized by TEM and XRD techniques,
respectively. The TEM image in Figure 3a shows that the FWS

sample is an aggregate of a semi-spherical carbon onion-like
structure, and its diameter changes in the range of 5−20 nm.
Another HRTEM image of FWS in Figure 3b reveals a
spheroidal graphitic nanoparticle with a diameter of about 20
nm, built by concentric carbon layers around a defect fullerene
nucleus. This positive curvature of the graphene structure is
formed by the insertion of a large amount of defects such as
pentagons that are highly active. The XRD pattern of the FWS-
derived anode is shown in Figure 4, where a broad peak

corresponding to the diffraction of (002) graphite planes is
clearly visible, indicating that turbostratic stacking of carbon
layers is dominant in the FWS. The structure of the turbostratic
stacking of the FWS carbon layers with a large number of
defects may be highly active, which will make the FWS-derived
anode easier and faster than that of graphite to vaporize to form
the carbon species for the growth of SWCNTs in the arc
discharge process. In addition, a series of sharp diffraction peaks
originated from cubic Ni and Y2O3 could also be found in the
XRD pattern of the anode (Figure 4). These two components
are introduced and used as catalysts for the synthesis of
SWCNTs.

On the basis of the discussion above, a growth model of
SWCNTs involved in the arc discharge process is proposed,
and the schematic is shown in Figure 5. In the first step, the

carbon species, mainly excited atoms and small clusters, are
vaporized to form a plasma zone and begin to aggregate
immediately and form fullerene-like pentagonal ring-rich
fragments. Compared with the 2D structure of graphite, FWS
as a quasi-0D structure has more tensile strength due to the
curvature of pentagon defects on the carbon onion structures,
so the FWS-derived anode is relatively more reactive and easier
to vaporize into a variety of reactive species. Moreover, FWS is
more likely to form fullerene-like fragments that are considered
the “seeds” for the growth of SWCNTs because of a better
microstructure compatibility.35,36 The metal atoms exist in the
form of gas phase at this stage (step I). However, as the
temperature further decreases, the metal atoms condense to
form particles or droplets and are gradually supersaturated by
carbon (step II). The “open edges” of the fullerene-like
fragments tend to stick to the metal particles to eliminate
dangling bonds and act as precursors for the SWCNTs growth.
When the temperature is close to the eutectic temperature,
SWCNTs begin to grow using the carbon species supplied by
precipitation from the metal particles or amorphous carbon that
surrounds the metal particles (step III). With the information
discussed above, it can be concluded that a precursor with a
fullerene-like structure is the dominating or leading factor
determining the formation of the SWCNTs. It has also been
confirmed by Zhang37 that SWCNTs can be produced by laser
ablation at a much lower temperature of 400 °C when using
fullerene powder as the carbon source. In contrast, no
SWCNTs were found in the product ablated from the pure
graphite target at such a temperature.

■ CONCLUSIONS
In summary, high quality SWCNTs have been successfully
synthesized from FWS in large scale by the arc discharge
method in the presence of Y2O3/Ni catalysts in a helium
atmosphere, in which the carbon source is a dominating factor
for determining the features and yield of SWCNTs. Compared
with graphite, FWS as the starting material to produce
SWCNTs results in a higher yield due to its turbostratic
stacking of carbon layers and curly structure with lots of
pentagonal defects. This provides an effective way to produce
SWCNTs with high quality using FWS as the carbon source

Figure 3. Typical TEM (a) and HRTEM (b) of raw FWS.

Figure 4. XRD pattern of the anode prepared from FWS.

Figure 5. Illustration of the growth model of SWCNTs from FWS.
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and to realize the utilization of byproduct FWS. Nevertheless,
more detailed work needs to be explored in the future.
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