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Some recent results concerning the synthesis of carbon nanostructures in a thermal plasma generating by a
plasma torch are presented. Several tests were carried out in different operational conditions. The plasma
was formed with argon and different gas mixtures of argon-acetylene or argon-methane to which some catalyst
materials (ferrocene and cerium oxide) were added. These catalysts were introduced into the plasma in a solid
(powder) or/and a gaseous state. Their feeding rate into the plasma jet was fixed along with some other operating
conditions such as plasma power, gas flow rate and reactor pressure. The principal main feature observed was
a short reaction time so that each test lasted for no longer than 5 minutes. The solid products obtained were
collected and prepared for following analyses. The products were examined using XRD and TEM techniques
in order to characterize the morphological structure of their samples. The spatial distribution of temperature
in the plasma was evaluated by in-situ emission spectroscopy. The self-absorption was taken into account by
simulating an integrated radiation in relation to the Swan kit — a*TIu(0,0), emitted by the Cradical.

Also, the exhaust gases were characterized by gas chromatography during each test.

1 Introduction for the nanostructure growth are continuously fed.
D. Harbec et al [15,16] use a plasma torch technique

Since their discovery in 1991 [1], carbon nanotubes (CNTs) with C,Cl, as a carbon precursor and a very high power
have been immediately recognized by the whole scientific supply (100kW). Nevertheless, the nanotube production ra-
community as a new material with unique mechanical and tes remain low. H. Takikawa et al [17] have proposed a torch
electronic properties. The controlled production of CNTs arc in open air in order to produce carbon nanotubes and na-
could open the way to vast applications. In fact, the uses ofnohorns. The carbon yield in the deposit seems to be consi-
carbon nanostructures are numerous and increase day afteferably lower than that in the soot, prepared in a conventio-
day. Among their potential applications, one can mention nal low-pressure arc.
hydrogen storage, the reinforcement of composites with ce-  In the present paper we report a study on the plasma
ramic and polymer matrices, the development of specializedtorch parameters, the nature of catalysts and the characte
lamps and flat panels, etc. [2-5]. rization (XRD, TEM) and formation of carbon nanostruc-

There exist several techniques of nanocarbon produc-tures. The knowledge of the basic plasma phenomena anc
tion, and particularly of carbon nanotubes. The laser abla-their effect on the nanostructure formation has been rather
tion [6-10] and the electric arc [11-13] are considered to be limited so far. Thus, we have also decided to characte-
among the best, due to a relatively high yield of nanotubesrize the plasma by emission spectroscopy in order to deter-
with few defects in their structure, in comparison with the mine whether the results could be related to the variations in
product synthesized by, for instance, the catalytic vapor de-plasma characteristics such as temperature and their effec
position (CVD) technique [14]. However, the cost of pro- on the type of nanostructure.
ducing carbon nanostructures still remains high, mostly be-
cause the first two processes mentioned above are neither )
continuous nor scalable. Thus, new methods to synthe-2 ~EXperimental
size different nanocarbons are urgently sought after. The
aim of this work has been to produce carbon nanostructuredn all the experiments described below, the plasma was ge-
in a thermal plasma jet using a plasma torch, where gasesierated by a DC plasma torch with a 10 kW power maxi-
(methane, acetylene) or liquids (benzene) rich in carbon, asmum output. The pressure in the reactor could be controlled
well as some catalysts (ferrocene, nickel, yttrium) necessarywithin a 10-100 kPa range by means of a pumping system
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TABLE 1. Characteristics of reactants and process features

’ Gas H Catalist(s) ‘ Observations
None (CsHs)2Fe (2.93g) | Only ferrocene was introduced into the plasma
CH, (0.941) | (CsHs)2Fe (1.960) | A great quantity of soot obtained, but the powder feeding was| not
continuous

C3yH, (0.51) || (CsHs)2Fe (1.16g) | More soot was obtained vis--vis the conditions mentioned before;
powder feeding still presents the same problem
CyH, (0.121) || Ni+ CeO4 (0.07g) | The mixture of nickel and cerium oxide promotes the carbon nano-
tubes production in the electric arc technique
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Figure 1. Plasma reactor.

and a special valve. The DC current can be adjusted from 603~ Results and discussion

up to 150 A. The plasma reactor (Fig. 1) was also provided

with a special port intended for OES measurements. The ra-Optical emission spectroscopy (OES) technique was used to
diation emitted by the plasma was focused by a convergentdetermine the excitation and rotation temperatures in terms
lens towards the entry slit of the 320 mm focal length mo- of atomic lines (Arl) and rotational line<p Swan band).
nochromator endowed with a 1800 grooves/mm holographic These temperatures have already been discussed within the
grating and a CCD detector (122 x 1024 pixels). The gene-frame of nanocarbon morphology. The solid products were
ral spatial resolution turned out to be 0.06nm. The spectraanalyzed by high resolution transmission electron (HTEM),
for different intensity ranges and wavelengths could be ob- and scanning electron microscopy (SEM). The XRD techni-
tained by means of sonal hocsoftware [18]. The optical  que completed this study by determining whether the struc-
signal of the plasma was guided by an optic fiber mounted ture of the product was either amorphous or crystalline. In
on a XY electromechanical system [19] so to achieve a ver-order to measure the quantity of carbon leaving the reac-
tical and horizontal scanning of the plasma with very precise tor, the exhaust gases were characterized by gas chromato-
incremental steps (0.1mm). graphy during each test.

All the experiments were performed under stable opera-3 1 OES Measurements

tional conditions at an 80 A arc current. Argon was used

as a plasma gas with 100 kPa pressure and a 15 I/min flonOES is one of the most employed diagnostics techniques in-
rate. Different mixtures of reactants (as shown in Table 1) tended to characterize the chemical species participating in
containing gases (methane or acetylene) and catalysts (ferthe plasma. The information gathered can be processed so
rocene, cerium oxide and nickel) were introduced into the to deduce the temperature distribution. Spectroscopic inves-
argon plasma. Feed rates of catalysts and hydrocarbon gaigation was performed using the facilities described in the
were maintained constant at about 0.1g/min and 0.1 I/minpreceding section. In order to ensure reliable information,
respectively. several measurements in different locations in the plasma
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were carried out within a 640ms integration time of the de-
tection system.
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Figure 2. Temperature profiles.

3.3 Temperature of excitation

When pure argon is used as a plasma gas, the Boltzman3.5 Gas Chromatography analysis
diagram method can be applied in order to calculate the
temperature, based on several lines (430.01nm, 675.28nmEXhaust gas chromatography analyses were performed for
696.5nm, 706.72nm, 727.29nm). We report in figure 2, both each experimental condition in order to determine the quan-
the rotational (for hydrocarbons-catalysts mixtures) and the ity and composition of these gases. The results provided
excitation (for puredr and Ar — C'H,) temperatures found valuable information about the mass balance and helped ve-
in the » axis plasma jet. Such temperatures were obtained'!y the quantity of C that remained in the reactor (Table 2).
for a mixture of Ar — C'H,. We can assume the existence By correlating these results with the nanostructures obtai-
of a local thermodynamic equilibrium at < 1 cm (figure ned, we can show that the nanostructures have been prefere
2) as the temperatures of rotation and excitation remain veryP!Y forn;ed when the ratio carbon/catalysts was about 91.5%
close (less than 3%). at/8.5% at.

In Fig. 2, we can observe that temperature gradients are
smaller when ferrocene and methane/ferrocene are present

in the plasma. A temperature decrease and drastic tempe- TABLE 2. Carbon and catalysts concentration in the produced

rature profiles are observed whél H, are introduced. In soot

this case, higher quantities of soot are produced (for equal Mixture Carbon % at| Catalyst % at
experimental times) while the amount of nanostructures is Ar 4+ (CsHs)2Fe 91.3 8.7
almost non existent. Instead, amorphous carbon (AC) and| Ar + CHs + (CsHs)2Fe 91.7 8.3
poorly organized polyaromatic amorphous carbon (POPAC) | Ar + C2oH> + (CsHs)2Fe 93.04 6.96

are the predominant structures, as we will see below. Ar 4+ C2Hs + CeO2 + Ni 97.62 2.38

3.4 XRD and TEM analysis

The XRD analysis was performed to determine whether
crystalline phases exist in the samples. By comparing re-It is found that carbon nanostructures were best formed
sults from XRD and TEM (Fig. 3) we can observe that an when the atomic ratio carbon/catalysts was about 91.5%at
XRD rich spectra correspond to a well organized carbon na-/ 8.5%at. Also the plasma, under such conditions, became
nostructure (Figs. 3a, 3c, 3e), whereas a spectra with no linesnore uniform. Apparently by diminishing temperature gra-
signifies that carbon nanostructures are almost absent in thelients in the plasma and using the above mentioned ratio
sample (Fig. 39). carbon/catalysts, the synthesis of carbon nanostructures tur
Results from TEM (Figs. 3d, 3f, 3h) show that synthe- ned to be more efficient (Ar + (H5)Fe and Ar + CH +
sis of multiwalled nanotubes becomes characteristic when(CsH5)Fe). Similar results were obtained by using an elec-
only ferrocene is added (Fig. 3b). When ferrocene andtric arc, where smaller temperature gradients correspond to
methane are used, the formation of multiwalled nanocap-the best production of carbon nanotubes for different expe-
sules is enhanced (Fig. 3d). When acetylene and ferroceneimental conditions [23]. More experiments maintaining the
are added, only a few nanocapsules are obtained (Fig. 3flsame (91.5% carbon)/(8.5% catalyst) ratio with acetylene
and, in the case of acetylene and nickel with cerium oxide, are still called for to correlate temperature gradients with
no nanostructures were found. the carbon nanostructure yield.

4 Conclusions
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Figure 3. XRD and TEM results: a) and b) Ar +485)2Fe; c) and d) Ar + CH + (CsHs )2Fe; e) and f) Ar + GHz+ (CsH5 )2Fe; g) and h)
Ar + CoHa+ Ni + CeQ,. Abbreviations: MWNT -multiwalled nanotubeMWNC - multiwalled nanocapsule?OPAC -poorly organized
polyaromatic amorphous carbpAC - amorphous carbon
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