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Varieties of carbon nanostructures obtained by the AC
arc discharge method
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Here we report on the varieties of carbon nanostructures obtained in an AC arc discharge with graphite electrodes loaded
with Ni and Fe powders. The nanostructures produced were characterized by TEM and Raman spectroscopy. Because
there is a lack of agreement concerning the active regions for the formation of carbon nanostructure with respect to the arc
position in the reaction chamber, we have sampled and characterized the nanostructures formed in different regions in our
arc discharge reactor. The Raman spectra indicate the presence of the “crystalline” phases in the material. The TEM results
confirm that MWCNT (multi walls carbon nanotubes) are dominant, but also single wall nanohorns, polyhedral
nanostructures, onion like graphite particles can be found in the plasmogenic product collected from different regions of the

arc chamber.
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1. Introduction

For the synthesis of carbon nanostructures different
techniques were used such as: laser vaporization [1,2],
electric arc discharge [3-5], chemical vapor deposition
(CvD) [6-8], pyrolysis of hydrocarbons [9-11] and
combined methods. By using an electric arc discharge
with two graphite electrodes, lijima discovered in 1991
cylindrical nanostructures named ,,multiwall carbon
nanotubes” (MWNCT) [12]. The electric arc discharge
method, either in direct current or in the alternating
current, "DC arc discharge”, "AC arc discharge", became
one of the most widespread and efficient route among the
carbon nanostructures  synthesis  techniques. The
difference between the two synthesis options (DC and
AC) was evidenced in part by Huang Zeng and co-
workers [13]. Although the application of the AC arc
discharge technique, also known as the "violent method"
[14], has limitations and leads to the formation of
heterogeneous plasmogenic products, there are still many
technical venues to improve the selectivity. Handling of
the large number of parameters of the electric arc chamber
(nature of the gas used, pressure, the current of discharge,
distance between electrodes, the metal or metal catalysts
mixture, the purity of electrodes, etc) allows optimization
of this technique and improvement of its selectivity.

It is well known that a large part of the energy of the
electric arc occurs in thermal radiation [15] and not only
the plasma composition, but also the substrate temperature
strongly influences the morphology of the grown material.
Depending on the reflectivity and the geometry of the
chamber of the electric arc, this energy can be transferred
to the wall, returned to the volume of the electric arc,
heating the gas, so different temperature values and
plasma compositions can be found in different reactor
regions. In this work we study and describe the varieties
of carbon nanostructures obtained at different locations in

the chamber of the AC electric arc with graphite
electrodes, by using Raman and TEM investigation of the
produced samples.

2. Experimental
2.1. Experimental setup

The reactor is designed in such a way that allows the
creation of a buffer gas flow (argon) in close proximity of
the electric arc volume aiming to quickly remove the
active nanostructure “seeds” formed by the direct
influence of the thermal radiation emitted by the electric
arc.

Ar

Fig. 1. Set-up diagram: (1) Fixed holder for the thick
carbon electrode; (2) Movable holder for the thin carbon
rod; (3) electric contact to the AC power supply; (4)
separating wall; (5) optical window; (6) flow inlet for the
Ar buffer gas; (7) pressure gauge; (8) vacuum valve, (9)
vacuum pump; (10) reactor wall; (11) cooper made
cylindrical cooler; (12) trap
The sketch of the setup used for obtaining the
plasmogenic product containing carbon nanostructures is
displayed in Figure 1. It consists of a stainless steel
discharge chamber, provided with windows for process
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visualization and limited at both ends with flanges which
allow the gas and electrical feeding through. The
separating wall (skimmer, 4) splits the main body of the
vacuum chamber in two parts: the pressure chamber (A)
and the chamber of the electric arc (B). The argon gas
passes from chamber (A) in chamber (B) through the
skimmer wall provided with 12 nozzles. Their openings
are oriented by design towards the zone where the electric
arc is formed and create a flow of Ar enriched gas in the
close proximity of the electric arc. A cylindrical cooler
(11) is placed coaxially to the electrodes. It has two large
slots, with the openings directed to the optical windows.
On the optical windows (5) Si wafers are attached for
collecting the possible plasmogenic product resulting from
the experiment. The Si plates are located at 112 mm from
the centre of the electric arc. Other part of the plasmogenic
product resulting is deposited on the internal wall of the
cooler, on the thick and the thin electrodes, which takes a
fraction of the heat generated by the electric arc.

2.2 Electrodes and their preparation

We used in our experiments graphite electrodes of
unequal diameters, with ash content of below 2 ppm. The
diameter of the thin electrode is 3.05 mm and its effective
length is 105 mm. The diameter of the thick electrode is
12.05 mm and its effective length is 50 mm. The thin
electrode was drilled for 17 mm along its longitudinal axis
in the centre of its circular section, making a channel of
1.3 mm diameter. The channel was filled with a mixture of
metallic powder and graphite. We used mixtures of Fe and
graphite (95% C and 5% Fe) and of Ni and graphite (95%
C and 5% Ni).

2.3 Collection of samples

Apparently, the plasmogenic product is scattered all
over the inner surfaces of the reactor. During our
experiments we did not observe any consumption of the
thick electrode; on the contrary, a cone shaped deposit
formed at the end of the thick electrode in contact with the
plasma. After each experiment the following types of
samples were selected:

a) Samples formed on the Si wafers fixed on the
optical windows (5) noted P.si), Pni-si- Those deposits
are directly exposed to the thermal radiation emitted by the
electric arc and represent less than 0.001% of the mass
consumed from the thin electrode. The energy dissipated
from the electric arc by thermal radiation represents
almost half of the energy emitted by the electric arc [15].
The high intensity of the thermal radiation incident on the
Si plates could influence the formation of carbon
nanostructures depending on the metal used as catalyst.

b) Samples collected from the deposit formed on the
thick electrode, noted Ppep-re)y Poep-nip» During  the
experiment, the deposit formed on the thick electrode is
under the direct impact of the species from the plasma of
the electric arc. This deposit, with a solid spongy aspect, is
easily removed from the thick electrode by cleavage upon
plans perpendicular to the arc axis.

c) During the experiment, the temperature of the thin
electrode is very high, almostT, =2700 K. After
experiments, the lateral surface of the thin electrode has a
rough aspect. The rough layer was removed from the thin
electrode by sonication the remaining piece in ethanol.
The samples from this deposit were noted Pes.re) , Pes-ni-
The deposit formed on the remaining thin electrode is not
under direct influence of the thermal radiation, neither
under the influence of the species from the plasma of the
electric arc.

3. Results and discussion

In arc discharge methods typically five products are
obtained [16]: amorphous carbon, fullerenes, graphite
nanoparticles (“graphite polyhedral crystals” [17] or
polyhedral graphitic nanoparticles [18]), metallic particles
enveloped by graphite layers (when a catalyst is used) and
many types of CNTs. We have searched our samples for
the presence of the crystalline forms of carbon listed
above by Raman spectroscopy and TEM investigations.

3.1 Raman investigations

The Raman spectroscopy was performed with the
Raman Spectrometer NRS-3000 Series equiped with two
internal lasers, 532 nm (E, =2.33eV) and 785 nm

(1.49 eV), having a beam diameter with a minim of 1
um.
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Fig. 2. Raman spectra of samples collected from
different region of arc

In is well known that the Raman spectra give
information about the presence of ordered phases in
carbonic materials [19-23]. These phases are signalled by
the presence of the so-named G-band at around 1580 cm™.

We can observe this G peak for all the samples.
Besides, the D band around 1335 cm™ and the second
order of the G and D bands are observed. The G band is
related to the in-plane vibration of graphitic structures
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with sp? type of bond and the D peak is assigned to
disordered or defective structures of the material. The
presence of the second order of Raman spectra is an
additional proof of the high order degree of the samples.
Another possible band characteristic to the radial
breathing mode of single wall nanotubes, which should
appear in the 100-500 cm™ region, does not appear or is
too low to extract any information on these nanostructures
[23].

The intensity ratio of the D-band to the G-band R =
In/lg is considered a measure of the quality of carbon
nanostructures [21-22]. For the investigated samples the
following values were found: Rppi siy= 1.159, Rpe si=
1.072, RP(Dep_Fe)= 0369, RP(Dep_Ni)=0-631: RP(Es—Ni)= 0605
RpEsre= 0.675. From these values we conclude that the
material collected from the thick electrode (P(pep ), With
the lower R value) is the best in the experiment with
respect to the presence of the ordered phases. The material
with disordered and defective structures was obtained in
the deposits from the outside zone of the arc, onto the
silicon wafer (bottom traces in Figure 2).

From the shape and intensity distribution of the
bands in the Raman spectra we expect to find various
graphitic structures in the deposits, such as glassy carbon
and carbon nanotubes. A detailed view of the
nanostructures suggested by the Raman investigation is
presented below, as obtained from TEM measurements.

3.2 TEM investigations

The TEM investigations were performed using a
TECNAI/FEI F20 instrument equipped with a 200 kV
electron gun.

Selected TEM images of the material deposited on
the Si substrates (samples Pg.siy, Pni-si) are presented in
Figures 3 and 4. These images show the presence of
MWCNTs. The interplanar spacing between consecutive
walls determined from the circled zones in Figure 3 is 0.38
nm, which corresponds to curved graphite assemblies.

Fig. 3. Image of the material extracted from the deposit on Si
substrate (P g.si), experiments with mixture Fe+C)

b)

Fig. 4. a) MWCNT with an attached crystalline particle;
b) MWCNT with pinnacle cap ended by pairs of
graphene sheets (sample type P.si)

a) The nanotubes in Figure 3 have external
diameters of 3.5 nm and respectively 8.0 nm and the inner
diameters are 1.0 and 3.1 nm, respectively. There are
graphitic particles frequently stuck on their external wall
(small circle in Figure 3) apparently not bonded to the
MWCNT (see Figure 4a). Other defects observed are
uneven spacing of graphitic layers in the wall, as shown in
the region indicated with arrows in Figure 3. Many of the
MWCNTSs have end caps which are closed in steps by
pairs of graphene sheets (pinnacle tip capped, Figure 4b).

This behaviour, i.e. pair wall closing structures, was
observed in multiwall nanotubes with a large number of
walls. Similar TEM images were previously reported [16],
but for materials deposited by DC arc discharge.

b) The samples collected from the thick electrode
(Figures 5 a, b, ¢, d) show characteristics similar to those
collected from the silicon wafer. MWCNTs with
symmetric caps are also observed (Figure 5c). Moreover,
in this deposit polyhedral carbon forms with buckled faces
have been identified (Figure 5 d).
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d

Fig. 5. TEM images of the material collected from the

thick electrode: a) pinnacle capped end (a and b),

symmetric cap (c), polyhedral (d) form (P(pep-niyand
P(Dep-Fe)) .

c) Figure 6 reveals details of the material obtained by
sonication of the thin electrode. As in the previous cases,
MWCNT are frequently present. The image of an
MWCNT with an external diameter of about 5 nm and
inner diameter of 0.7 nm is shown in Figure 6a. Besides,
peculiar shapes are identified in this region. Bended
carbon ribbons, specific to glassy carbon are shown in
Figure 6b. In Figure 6c¢ randomly distributed open
structures are presented, consisting of graphene sheets,

which can be assigned to the family of nanohorns or to
open fullerene shells [24-26]. In Figure 7d an onion like
structure is presented, superimposed over polyhedral
crystalline carbon particles.

Fig. 6. TEM images of the material collected from the

thin electrode (Pesre) and Pgsni): MWNT (a), curved

graphite ribbons (b), open single wall structures (c),
carbon onion (d).

4. Conclusions
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Experiments of synthesis of carbon nanostructures in
an argon AC arc discharge with graphite electrodes of
different diameters loaded with Ni and Fe powders are
presented. During the arc discharge operation the thin
electrode is consumed, nanostructured carbonic material is
deposited all over the reaction chamber and a deposit is
formed at the end of the thick electrode facing the electric
arc. Samples were collected from the silicon wafers
positioned far from the arc, from the deposit on the thick
electrode and from the external surface of the thin
electrode. All samples showed the presence of a large
variety of multilayer nanostructures like MWCNT,
deformed MWCNT, polyhedral graphitic nanoparticles.
The Raman investigations indicate the surface of the thin
electrode (not exposed directly to the arc radiation, but
having the highest temperature) as being the most suitable
for obtaining ordered graphitic structures. In particular,
the TEM investigations revealed the presence in this
region of special graphitic forms like open single wall
nanostructures, ribbons and onions.
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