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Abstract
This article presents preliminary results of methane pyrolysis in an argon thermal plasma 
reactor using catalysts as an alternative method for carbon nanotubes synthesis. Inside the 
reaction chamber located downstream of the plasma discharge, three different types of 
catalysts were tested simultaneously to analyze the formation of carbon nanotubes (CNTs) at 
atmospheric pressure and under different conditions of operation. The method considered 
here can be regarded as a variation of the Chemical Vapor Deposition (CVD), the most used 
method. In the present case, the CVD process is aided by electrical discharges in the ionization 
of a carrier gas as a way of supplying energy to the process and for this reason it is also known 
as Plasma Enhanced Chemical Vapor Deposition (PECVD). This article cites some advantages 
of the proposed method in the evaluation of it as a possible technique for carbon nanotubes 
production on a commercial scale.

sense, is the electrical conductivity of a CNT that 
strongly depends on the crystalline orientation of 
the carbon network in the CNT itself.

Usually, carbon nanotubes are formed in a 
grouped manner without chemical bonds between 
them and can be aligned or entangled, which de-
pends on their growth mechanism. CNTs clusters 
are formed due to van der Waals force. Their mor-
phological characteristics are not identical among 
the CNTs present in the same mass of carbona-
ceous materials.

CNTs require sophisticated production pro-
cesses and the effort to develop reactors for the 
synthesis of large-scale carbon nanomaterials has 
been undertaken by several research groups. The 

Introduction
CNTs are characterized by their unique struc-

tural morphology, as they are made up of cylin-
ders of nanometric diameters formed by well-or-
ganized carbon atoms, resembling graphene’s 
rolled around the axis of symmetry. They can be 
Single-Walled (SWCNTs), as well as Double-Walled 
(DWCNTs), Triple (TWCNTs) or multiple concentric 
nanotubes (Multi-Walled CNTs - MWCNTs).

The physical properties of CNTs are extraordi-
nary due to this nanometric organization. Depend-
ing on even more subtle features, such as the ar-
rangement of carbon atoms in the nanotube's own 
network, the CNTs has highly different potentials in 
their properties. Possibly the best example in this 
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properties of CNTs are remarkable, however, to ful-
ly exploit the potential shown, production methods 
need to be further refined to obtain large amounts 
of CNTs with the desired final morphological char-
acteristics.

Despite enormous progress in the research 
of Carbon Nanotubes synthesis over the years, 
there is still no efficient way to produce CNTs with 
well-defined properties in large quantities with an 
economical technique [1]. The root of this problem 
is the lack of an adequate understanding of the CNT 
growth mechanism [1,2].

The basic methods most widely used for the 
synthesis of carbon nanotubes are Chemical Va-
por Deposition (CVD), electric arc discharge and la-
ser ablation [2-6]. Of these, CVD approaches have 
emerged as the most promising among the pro-
posals to synthesize carbon nanotubes in order to 
achieve the goal of mass production [1,3,6].

Fei Wei and colleagues pioneered the controlled 
synthesis of defect-free ultralong CNTs by CVD. 
They synthesized half-meter Horizontally Aligned 
Carbon Nanotubes (HACNTs) with perfect struc-
tures [7,8]. According the group, the grow of ul-
tralong CNTS can be regards as a probability event 
that if the catalysts can keep active enough during 
the whole CNT growth process.

Generally, SWCNTs have been reported with di-
ameters between 0.4 nm to 3.0 nm [9]. The small-
est innermost tube in a MWCNT was found to be 
as small as 0.4 nm. Typically, MWCNT diameter is 
larger than 2 nm inside and smaller than 100 nm 
outside [9]. SWCNT diameter does not necessarily 
follow the diameter of the particle, which in gener-
al is nonspherical [10]. Table 1 shows some typical 
characteristics of SWCNTs and MWCNTs.

The Specific Surface Area (SSA) of CNTs depends 
mainly on the number of walls, in addition to the 
diameter of the CNTs and the size of the bundles. 
Because each addition of the wall does not cause a 

strong increase in the CNT surface area, but caus-
es a much larger increase in its weight [11]. Thus, 
bundles of MWCNTs usually have smaller SSA than 
bundles of SWCNTs, than bundles of DWCNTs and 
even of TWCNTs.

Despite the fact that SWCNTs have a higher spe-
cific surface area than MWCNTs [11,12], MWCNTs 
have three possible sites for adsorption including 
external surface, inner cavity and interwall spac-
es, while SWCNTs have only two possible sites in-
cluding external surface and inner cavity [12,13]. 
MWCNT offer a highly effective adsorbent that can 
be applied to wastewater treatment systems [14].

SWNTs are promising in electronic applications, 
since they can be either metallic or semiconduct-
ing, depending on their chirality and diameter [10]. 
The thermal conductivity of SWCNTs is about three 
times higher than that of diamond [7].

Even CNTs containing some structural defects 
and with non-uniform morphological characteris-
tics due to the mixture of different types of CNTs 
in a bulk of carbonaceous materials, they are in-
teresting in several applications, such as effective 
adsorbents for wastewater treatment [9,10,12-14] 
and as filling agents of different materials forming 
multifunctional nanocoposites for different pur-
poses. Although CNTs of different characteristics 
exist in the same bundle, filling matrices with these 
arrangements adds new and highly relevant func-
tions to the nanocoposites formed for the final ap-
plication, for example, improving electrical and/or 
thermal conductivity.

CNTs synthesis
In arc discharge technique an electric arc 

formed between electrodes is used for sublimation 
of graphite [2] and it has been widely used for the 
CNTs synthesis since it can produce highly crys-
tallized CNTs by high temperature (about 5000 K) 
[15]. However, it is still difficult to adapt the con-
ventional arc discharge method to commercial use 

Table 1: Typical characteristics of SNCNTs and MWCNTs.

Outside diameter

(nm)

Core diameter

(nm)

Specific surface area

(m2/g)
SWCNTs 0.4-3.0 -  E.g.: 550* (751a ; 484b)**

MWCNTs < 100 > 2.0 E.g.: 280* (40 to 600) [14]
*SWCNT and MWCNT purchased from Research Institute of Petroleum Industry of Iran [12].
**Theoretical calculation: a) Small bundle of 7 aligned SWCNT; b) Bundle made up of 19 aligned SWCNTs [11].
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The three main parameters that affect CNT 
growth in CVD are the hydrocarbon, catalyst and 
growth temperature [17]. Considering the same 
CVD method for CNT synthesis, using the same hy-
drocarbon as a carbon source and similar catalysts, 
it can be said that higher operating temperatures 
favor the formation of SWCNTs, while lower tem-
peratures yield MWCNTs [17,18], this temperature 
difference can be about 250-300 K [17,18]. For ex-
ample, according to Lukasz Szymanski CNT synthe-
sis at atmospheric pressure by CVDs reactors takes 
place in the flow system of a noble gas in the range 
of temperature from 800 K to 1000 K for MWCNTs 
and from 1100 to 1250 K for SWNTs [18]. Indicating 
that SWNTs have a higher energy of formation [17].

The catalyst particle size is also important to in-
fluence the nanotube diameter [10,17]. Thin films 
of catalyst coated onto various substrates have also 
been proved successful in achieving uniform CNT 
deposits. In addition, the material, morphology and 
textural properties of the substrate greatly affect 
the yield and quality of the resulting CNTs [17].

Fei Wei and group to keep catalysts active lon-
ger used Fe as the catalyst, a mixture of hydrogen 
and methane as carbon source and trace amount 
of water as the grow enhancer, silicon wafer as flat 
substrate and the temperature was set in a range 
of 1000-1040 °C. By controlling the growing condi-
tions, the as-grown ultralong CNTs can be SWCNTs, 
double-walled CNTs (DWCNTs) and triple-walled 
CNTs (TWCNTs) [8]. By precisely controlling the 
operation temperature, they were able to im-
prove the selectivity in terms of TWCNTs, DWCNTs 
or SWCNTs [8]. According to him, the tip-growth 
mode is more favorable than the base-growth for 
synthesizing ultralong CNTs with perfect structures 
due to the fact that they can get rid of the influence 
of substrates [7,8].

PECVD: A variation of the CVD approach is the 
use of plasmas as a means of supplying energy to 
the source of carbon to do the dissociation reac-
tions, knowing as Plasma Enhanced Chemical Va-
por Deposition (PECVD), which will provide the nu-
cleation and growth of carbon nanotubes in flying 
or stabilized catalysts inside the plasma reactor 
chamber.

A PECVD method uses only one source of energy 
for simultaneously perform dissociation reactions 
of hydrocarbons and heating the catalysts [15,18]. 

due to its low purity disadvantages, in addition to 
not being a continuous process. In case of the laser 
ablation technique an ablation induced by a laser is 
used for sublimation of graphite as a target.

However, both laser ablation and arc discharge 
have major disadvantages; both methods require 
high purity graphite rods, consume large amounts 
of energy and have low yields [2]. Therefore, these 
methods are not commercially viable to scale up 
for carbon nanotube production at an industrial 
level. Secondly, CNTs grown by high-temperature 
methods are in highly twisted forms, assorted with 
unwanted species of carbon and metal. [2]. Thus, 
the grown nanotubes by those two methods are 
hard to clean, manipulate, and accumulate for con-
struction of CNT based device architectures [2]. In 
other words, these two synthesis methods are not 
continuous and need to have a shutdown period of 
operations to reload new graphite electrodes (arc 
discharge) or new rods of graphite (laser ablation) 
and for the collection of carbonaceous products in-
side the devices [15].

The CVD method allows the use of hydrocarbons 
in various states (solid, liquid or gas) as a carbon 
source, which can be place inside the reactor or fed 
from outside [1]. Facilitates the use of various sub-
strates and allows CNT growth in a variety of forms, 
such as powder, thin or thick films; also in differ-
ent shapes: Aligned or entangled, straight, bamboo 
type or coiled nanotubes [1], or even enables a de-
sired architecture of nanotubes on predefined sites 
of a patterned substrate, which proves the versa-
tility of the method. It also offers better control on 
the growth parameters [1].

CVD is currently the most popular and widely 
used method because of its low set-up cost, high 
production yield and ease of scale-up [1]. In addi-
tion, it has the advantage that the growth of CNTs 
can be achieved with high purity and vertical align-
ment [16].

However, CNT synthesis by CVD involves many 
parameters such as carbon source, catalysts, sub-
strates, temperature, pressure, gas-flow rate, 
deposition time, reactor geometry, growth dynam-
ics and different experimental conditions [1,2]. 
Mass-produced CNTs usually contain catalyst par-
ticles or support materials as impurity. Post-depo-
sition purification greatly reduces the CNT quality 
and final output [1].
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In addition, a plasma reactor is easily scalable [15] 
and can be operate at atmospheric pressure, so the 
technique looks promising for large-scale commer-
cial production of carbon nanotubes.

Methane gas is widely used as a carbon source 
for the production of carbon nanomaterials, other 
CNT precursors commonly used are ethylene, acet-
ylene, benzene, xylene and carbon monoxide [1]. 
Graphite is the most commonly used solid source 
of carbon.

The methods that require the use of vacuum 
or high pressure are disadvantageous in relation 
to the methods of synthesis in the atmosphere 
pressure [19]. A very relevant difference between 
the thermal plasma torch and the classic arc pro-
cess for carbon nanomaterials synthesis is that the 
carbon input rate is not limited to the erosion of 
electrodes but can be controlled completely inde-
pendently [19].

The present work evaluates the methane py-
rolysis in thermal plasma reactor as a way to pro-
duce large quantities of CNTs by a remote PECVD. 
An advantage of this method in relation to PECVD 
with low energy plasmas (ex.: Glow discharges) is 
the distance between the plasma and the catalysts, 
avoiding a strong interaction between ions and the 
growing CNTs, in addition to operation at atmo-
sphere pressure.

In a simplified way, the pyrolysis (or thermal de-
composition) of methane is describe by Equation 1.

 CH4 + Energy*  C + 2 H2          (1)

The plasma is generated by an external source 
of energy, thus the hydrocarbon decomposition 
reactions are not thermally affected by their own 
reactions and the temperature inside the reaction 
chamber can be maintained at the desired oper-
ating point. The yield can be about 100% in con-
version the carbon source in carbon products by 
plasma pyrolysis [20] and purity of carbon material 
is extremely high or even 100% if the reactor uses 
electrodes of carbon.

The development of plasma reactors allowed 
operating conditions that had not been exploited 
until then [20], due to the all thermal feature of 
these reactors, when the energy used in the pro-
cess comes externally and not directly from the 
reactions [21]. As a result, several methods apply-
ing plasmas from different regimes in electrical dis-
charge systems have been investigated in the pro-
duction of high-quality carbon materials [19-26].

Fincke [27] conducted a detailed theoretical 
study of the plasma decomposition of methane 
molecules to carbon and hydrogen by kinetic mod-
el that includes the reaction mechanisms resulting 
in the formation of acetylene and heavier hydro-
carbons through benzene and a model for solid 

Figure 1: Simplified equilibrium diagram for 1 mol of methane [27]-Reprint.
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blankets and charging mitigations layers [31].

NASA computer modeling analysis has shown 
that composites using carbon nanotube reinforce-
ments could lead to a 30% reduction in the total 
mass of a launch vehicle [32]. According to Gol-
shahr, et al. MWCNT reinforcement considerably 
improved mechanical properties of silicone 40 elas-
tomers, the tensile strength of the 5 wt% MWCNT/
silicone composite is 26% higher than pure silicone, 
the compression strength and shore hardness also 
enhanced up to 20% and 60% respectively, in addi-
tion to other improvements in terms of mechanical 
properties over traditional silicone [33].

According to Gabriella Santonicola and col-
leagues nanocomposite material made of 1 wt% 
of SWCNTs dispersed in RTM6 epoxy resin satisfies 
the NASA requirements, because the volumetric 
resistivity undergoes a severe reduction, passing 
from the value of 1013 Ohm·cm for the neat resin 
to that of 104 Ohm·cm for the nanocomposite [30]. 
The same research group obtained a uniform sur-
face of the nano-reinforced epoxy films at 1% by 
weight of entangled MWCNT on Mylar substrate, 
which is a material largely used in many spacecraft 
subsystem [31]. Another study indicates that the 
elaboration of a nanocomposite formed by the ad-
dition of 0.5% wt of CNT in A1 Resin provides a de-
crease in resistivity of the order of 103 in relation to 
the original resin [34].

Experimental Part
In the present work the energy for methane py-

rolysis reaction is given by electrical discharges in 
argon, used here as the plasma gas. Our previous 
work with spectroscopy analysis of methane in an 
argon plasma arc detected the presence of C2 di-
mers as show in Figure 2 [36,37]. The C2 dimer can 
be considered as a prototype of nanoclusters or a 
structural unit, thus dimerization of carbon can be 
viewed as the first stage toward final crystallization 
[38]. It is well known that the C2 dimers are critical 
to the formation of various carbon materials during 
the plasma system [39-43].

The excitation of the atomic hydrogen detect-
ed in the spectrum of Figure 2 corresponds to the 
transition of the electron from 𝑛 = 3 to 𝑛 = 2 and 
is called H-alpha (H 𝛼) and emits a wavelength of 
approximately 656 nm [39]. This proves that hy-
drogen species are produced during the methane 
dissociation process into their active species (CHX < 

carbon nucleation and growth. He did also experi-
mental tests about methane plasma pyrolysis and a 
comparison the model to experimental results.

Although the equilibrium dissociation of meth-
ane in hydrogen and carbon becomes complete at 
1000 °C, as show in Figure 1, to produce high qual-
ity carbon materials, the process should preferably 
take place in the gas phase. The rate of formation 
of unsaturated hydrocarbons, mainly acetylene, 
ethylene and benzene, is much faster than the 
complete decomposition of methane [27].

The kinetically limited process consists of a nu-
cleation step followed by mass growth, the forma-
tion of polycyclic aromatic hydrocarbons (PAH) is 
a major soot nucleation mechanism and the for-
mation of benzene is a precursor to the formation 
of higher aromatics [28]. The PAHs increase in mo-
lecular weight by the addition of acetylene and be-
come deficient in hydrogen through the abstraction 
of hydrogen from molecules by atomic hydrogen, 
leading to the formation of primary soot particles. 
Primary soot particles continue to grow through 
the decomposition of acetylene on their surfaces. 
Carbon particle formation can be seen as a contin-
uous dehydrogenation process of a hydrocarbon 
and the thermodynamics drive the formation of 
C-C bondings at the expense of C-H bonds [28].

Carbon-based nanocomposite materials
CNTs synthesis on a large scale with uniform 

and well-defined characteristics is still a major 
challenge for research and development; On the 
other hand, even CNTs obtained today are widely 
studied as filler agent in different materials [29-35], 
forming Carbon-based nanocomposites, with supe-
rior electrical, thermal and mechanical properties 
than traditional materials and still with significant 
weight savings [31].

The homogeneous dispersion of tiny amounts 
of CNTS in polymers forms nanocomposites with 
multifunctional properties that can fully satisfy the 
lightweight requirement by replacing complex and 
heavier subsystems of a spacecraft [30]. An exam-
ple is the use of CNTs as fillers of polymeric ma-
terials to mitigate the electrostatic discharge phe-
nomenon due interaction between surfaces of a 
spacecraft with the surrounding charged particles 
in space environment that can induce catastroph-
ic failures [30]. Nanocomposite coatings on typical 
membranes have useful properties such as thermal 
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of argon and methane gas [36].

As mentioned before, atomic hydrogen is funda-
mental in the dehydrogenation process and thus, in 
the formation of carbon particles. In this way, plas-
ma plays an important role in the growth of carbon 
materials during the dissociation process of meth-
ane into species such as H, H2, CH3, CH2, CH, C2H4, 
etc., using methane as carbon and hydrogen sourc-
es and, therefore, there is no need to introduce H2 

4), assisted with the plasma [36,37,39]. Hydrogen 
is well known to affect the activation of CHX radi-
cals into more active species [39,44]. Which is also 
corroborated by the spectrum of Figure 3 where 
the CH bands are visible in the region near 430 nm, 
confirming the CH4 dissociation model. This figure 
also shows spectra peaks corresponding to the vol-
atilization of the metals used in the electrodes, cop-
per, iron and chrome in the previous experimental 
apparatus with electrical discharges in the mixture 

Figure 2: Spectroscopy of a plasma in the argon-methane mixture [36]-Reprint.

Figure 3: Identification of CH emission bands [36]-Reprint.
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the amorphous carbon generated in the process, in 
order to increase the amount of carbon nanotubes 
in the soot formed. The large distance between the 
plasma region and the bed of catalysts avoids the 
possibility of bombarding CNTs by ions formed in 
the plasma.

In particular, an arc jet plasma or a thermal plas-
ma reactor in a non-transferred arc configuration, 
Figure 4, that uses only one energy source for si-
multaneously perform dissociation reactions and 
heating the catalysts in a continuous flow regime 
at atmospheric pressure. In such configuration, all 
content required for CNTs synthesis may be intro-
duced into the reaction chamber by a single noz-
zle. In our case, the only variable that not passed 
through the nozzle responsible for the plasma 
spray are the catalysts; in this present work it was 
selected the use of a fixed bed containing the cata-
lysts inside the chamber.

Using a Remote plasma CVD an analytical cor-
relation between the many variables involved in 
the formation CNTs can be establish to facilitate the 
understanding of the CNTs formation mechanism. 
The main objective was to evaluate the capacity of 
the reactor on large-scale production of CNTs.

As show in Figure 4, the gases (Ar and CH4) were 
introduced between electrodes in non-transferred 
arc configuration and water was used for cooling 
electrodes. The experiments related here makes 
a first analysis of carbon nanotubes formation by 
argon thermal plasma atmospheric reactor [45] as 
remote PECVD and an alternative technique to usu-

in the process by other way [39].

The hydrogen has dual role in carbon nanomate-
rials synthesis [40]: An activator of CHX radicals into 
more active species (CHX + H ↔ CHX-1 + H2) and an 
etching reagent in the removal of amorphous car-
bon as an unwanted element adhered to the car-
bon nanomaterial.

H 𝛼 is formed when hydrogen is ionized and the 
peak intensity increases with the DC power [39] 
and thus the amount of H2 can be adjusted. Resum-
ing, methane plasma generates hydrogen contain-
ing species as it decomposes into hydrogen and ac-
tive species. The active species are HX, CX, and CHX 
radicals [40].

Argon thermal plasma reactor experiments
The importance of C2 dimers, atomic hydrogen 

and others actives species during the dissociation 
of methane molecules in the argon plasma and in 
the nucleation of the first carbon nanoparticles 
motivated the development of the atmospheric 
plasma reactor using argon as plasma gas for car-
bon nanotubes production [45].

The thermal argon plasma reactor using cat-
alysts for nucleation and growth of carbon nano-
tubes can be consider a remote PECVD method. 
Operation condition at atmospheric pressure al-
lows more collision events between active parti-
cles, generating a greater amount of these precur-
sors and of carbon that can provide a denser and 
faster-growing production of carbon nanomateri-
als. While hydrogen can help in the volatilization of 

Figure 4: Laboratory plasma reactor in a non-transferred arc configuration [36].
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plasma spray nozzle is of great importance in the 
formation of carbon nanotubes. Placement of cat-
alysts too far cannot form CNTs, but CB, which are 
generally composed of small crystallites showing a 
turbostratic arrangement [47,48].

In the experiments the following catalysts were 
used: Co/Al2O3, NiAlO3 and a hydrogenation cata-
lyst of CoMo, all with particle size between 115 (ap-
erture: 125 μm) and 270 mesh (aperture: 53 μm). 
The catalysts were wrapped in a steel mesh and in-
troduced into 10 cm vertical tubes made of copper. 
Figure 6 is a photograph of the bottom of the reac-
tion chamber containing the vertical catalytic beds 
deflected at 120° relative to the other two. The ad-
jacent drawing is a representation of the catalytic 
bed inside the copper tube, where T2 is the highest 
temperature at one end of this tube.

Figure 7 is a photograph of the argon thermal 
plasma reactor used in experiments related here. 
After insertion of the catalysts into the beds inside 
the reaction chamber, it was closed by a conical 
flange for the isolation of the oxygen from the at-
mosphere. The adjacent drawing is an illustration 
of the reactor with its main parts and location of 
the catalysts inside the chamber.

The Table 2 presents information about the op-
erating conditions of the experiments described 
here. The argon was used as plasma gas, the meth-
ane gas flow here is much lower and remained be-

al methods for CNTs synthesis.

The electrical arc between the cathode and the 
anode was initiated by a high voltage discharge 
generated by a continuous power source. In the 
evaluation of the fabricated reactor first methane 
pyrolysis was performed in argon plasma without 
catalysts obtaining Carbon Black (CB) and hydro-
gen. In this case, an additional amount of methane 
was introduced downstream of the plasma torch. 
The stream containing the reaction products, after 
retention of the solid material in filters, was analyz-
ed by chromatography, which confirmed the pres-
ence of CH4, C2H2 and H2, corroborating the dehy-
drogenation process.

Figure 5 shows a SEM image of the CB produced 
when catalysts were not used as described above. 
After that, it was conducted the methane pyrolysis 
in argon plasma with the use of catalysts and less 
methane gas to be processed, CNTs were obtained 
as described at present article and also performed 
by other authors [18,46].

For the present investigation, three catalyst-con-
taining beds were used inside the reaction chamber 
to be tested simultaneously. For obtaining CNTs it 
is important not to use excessive flow rate of CH4 
as this reduces the purity of these in the soot [15], 
therefore, only the methane injection at the top 
was maintained as show in Figure 4.

The position of the catalyst bed relative to the 

Figure 5: SEM image of CB obtained without catalysts.
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The objective of this work is to evaluate the at-
mospheric argon thermal plasma enhanced CVD in 
a non-transferred arc configuration capacity to pro-
duce carbon nanotubes on a large scale, in addition 
to a simple comparison between the catalysts test-
ed to help the formation of carbon nanotubes at 
different temperature ranges in that specific plas-
ma reactor. The results were used to design a new 
plasma torch electrode with stronger and more ef-
ficient materials for converting electrical energy to 
thermal energy.

In order to observe the samples in the Scan-
ning Electron Microscope (SEM), each of them was 
deposited on a carbon-conductive adhesive label 
placed on a slide, which was then covered by a thin 

tween 5 to 15% of the volume of argon flow. The 
introduction of larger amounts of methane gener-
ates excess carbon within the system and does not 
aid in the evaluation of CNTS formation. In previous 
experiments at low pressure [36], volumetric flows 
of methane introduced between the electrodes 
and above 25% of the argon flux caused the electric 
arc to extinguish. The electrodes used in the exper-
iments described here are made mainly of copper 
and erosion of the cathode was fast. The electrodes 
were tested for about 12 hours and the table refers 
only to experiments carried out with catalysts and 
at the end of the cathode's useful life. The opera-
tion temperature was controlled by the intensity of 
the current applied by the power source.

  
Figure 6: Bottom of the three catalytic beds in the lower flange of the reactor.

Figure 7: Photograph of laboratory reactor and an illustration of plasma reactor.

Table 2: Experimental conditions.

Experiment Argon Flow (L/min) Methane flow (L/min) Temperature at the hottest end of the 
catalytic bed: T2 (°C)

2 18 1.8 720
3 18 0.9 500
4 18 2.7 480
5 18 1.8 380
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Figure 8: SEM images of samples of experiment 2 (T2 ~ 720 °C).

Figure 9: SEM images of sample of experiment 2 referred to Co/Al2O3 catalyst.
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Figure 9 presents SEM images with different 
magnitudes (50.000 X and 20.000 X) for the same 
sample collected referring to the cobalt based cat-
alyst (Co/Al2O3). It is possible to note the presence 
of coiled nanotubes, as well as CNTs of different 
diameters in the middle of the soot formed by CB.

Figure 10 shows a SEM image of the carbona-
ceous materials formed in the Experiment 2 with 
the NiAlO3 catalyst. Note the presence of CNTs in a 
large amount of CB. It can inferred that the amount 
of methane used as a carbon source was excessive 
under the conditions of Experiment 2.

The catalysts were inserted loose inside the 
steel screen housed into the bed tubes, this fa-
voured the formation of relatively long entangled 
CNTs via tip-growth mode, since the catalysts were 
not on a fixed substrate. The introduction of the 
catalysts in these tubes causes inhomogeneity of 
the material, since the temperature conditions are 
different along the vertical tube. It was obtained 
entangled CNTs of different diameters with lengths 
up to 20 μm or even longer and a large amount of 
amorphous carbon.

The analysis of the samples of Experiments 3 
and 5 (Test 3 and Test 5 in (Figure 11) were made 
in RAMAN spectroscopy as show in Figure 11. The 
carbonaceous material formed in Experiment 4 
was not analyzed.

layer of Au/Pd, through the EMITECH K750X metal-
lizer. In order to make it also conductive, it was ad-
hered in aluminium conductive support and thus 
the sample was analyzed in the Scanning Electron 
Microscope ZEISS EVO LS-15, in images by second-
ary electrons, operating in a high vacuum at 15 kV 
and with working distance of 10 mm.

The structural nature of carbon is best charac-
terized by RAMAN spectroscopy, which was applied 
to samples from experiments 3 and 5, according to 
the type of catalyst used. The samples from Experi-
ment 4 were not analyzed. For the analysis of these 
samples, a RAMAN Thermo Fisher spectrometer, 
model Smart Raman DXR, was configured with an 
excitation laser that emits at 532 nm.

Results and Discussion
The analysis of the samples of Experiment 2 in 

the SEM showed that almost all catalysts (Co/Al2O3, 
NiAlO3 and CoMo) presented carbon deposits with 
several types of morphology, such as filamentous, 
nanostructured and Multi-walled carbon nano-
tubes (MWCNTs). Figure 8 shows SEM images for 
each type of catalyst tested in Experiment 2. In Ex-
periment 2, the following yields (%wt) in the pro-
duction of carbon nanomaterials were obtained: 
With CoMo equal to 87%, with Co/Al2O3 equal to 
85% and with NiAlO3 equal to 56%. These values 
were obtained by averaging along the vertical cat-
alytic bed containing the carbonaceous materials.

Figure 10: SEM image of sample of experiment 2 referred to NiAlO3 catalyst.
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source was excessive, forming a large amount of 
amorphous carbon. The proportion (source of car-
bon/plasma gas) closest to the ideal is that con-
ducted in Experiment 3; with intermediate tem-
peratures (T2 ~ 500 °C) and with less methane, gen-
erating less amount of amorphous carbon.

The quality of CNTs can be evaluated by the in-
tensity ratio of D peak (ID) and G peak (IG) because 
the G band (1585 cm-1) is assigned to the intrinsic 
vibrational mode of CNT, while the D band (1330 
cm-1) is assigned to the defect mode [50]. ID/IG was 
calculated as 0.7 for sample CoMo in experiment 3, 
which is can considered CNT with high quality [50]. 
For sample NiAlO3 in Experiment 3 the ratio ID/IG is 
about 0.92.

The process can be improved through greater 
control of variables, also using traces of water as 
growth enhancers for CNTs to keep catalysts active 
for longer [7,8]. Another improvement can be ana-
lyzed by adopting a horizontal catalytic bed in order 
to reduce the temperature gradient over it. Anoth-
er suggestion is to improve the formulation of the 

It is well known that the band around 1585 cm-1 
(G Band) is characteristic of graphite structures, 
the band at 1330 cm-1 (D Band) normally is associ-
ated with "defects" in these structures. Presence of 
amorphous carbon identified at 470 cm-1.

In experiments 3 and 5, no carbon nanostruc-
tures were produced for the Co/Al2O3 catalyst. This 
type of catalyst performed well only at high oper-
ating temperatures, as can be seen in Figure 9 (T2 
~ 720 ºC). For temperatures T2 ~ 500 °C, under the 
conditions of Experiment 3, only NiAlO3 and CoMo 
catalysts formed carbon nanostructures. In the 
conditions of experiment 5, for lower operating 
temperatures (T2 ~ 380 °C), only CoMo was able to 
assist in the production of carbon nanostructures 
confirming the additional advantage of using bi-
metallic catalyst [49] to obtain CNTs at lower tem-
peratures [1]. It should be noted that in the exper-
iment 5, the formation of carbonaceous materials 
occurred in only about 50% of the tube’s axis.

From the results presented, it can be inferred 
that the amount of methane used as a carbon 

 
Figure 11: RAMAN spectra of raw soot produced in experiments 3 and 5.
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CNTs on a large scale, directly dependent on the 
amount of methane processed, the plasma inten-
sity and catalysts. The process can be improved 
through greater control of the operational param-
eters and the use of traces of water to keep the 
catalysts active for longer.
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