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ABSTRACT
Spray pyrolysis is a recognized technique for the preparation of multi-walled Carbon NanoTubes (CNTs). Likewise, gas-phase plasma synthesis has the best potential to produce nanoparticles
with narrow sized distribution in short times. Here we present a combination of both concepts to
design an atmospheric-pressure plasma reactor in a configuration which can be scaled for massive
production of few-walls CNTs. This hybrid setup uses a pneumatic nebulizer which produces an
aerosol from a solution of toluene (the carbon source) in the presence of ferrocene (the catalyst). The
mist goes toward the plasma zone, which is generated by a DC-soldering torch. The plasma effect is to
reduce the droplet size of the nebulizer. By this mean the agglomeration of Fe nanoparticles is reduced
and consequently, the number of walls and diameter of CNTs are decreased.
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1. INTRODUCTION
The mechanical properties exhibited by Carbon Nanotubes (CNTs), have attracted
attention as potential reinforcement of advanced composites because they are many times
lighter and stiffer than steel [1]. The next generation of aerospace, sports equipment and
construction materials could be toughened by the application of CNTs-based fillers [2][3].
Many technological challenges must be resolved to make this happen. For example, the length
of the CNTs must be consistent and sufficient for the load to be transferred from the matrix to
the carbon nanotubes efficiently. Also, the carbon nanotubes need to be uniformly distributed
in the matrix of the composite. There are also economic aspects, such as the high cost to
synthesize CNTs compared to other reinforcement fibers, which makes them prohibitive for
many applications. If production costs can be lowered at competitive prices compared to glass
fiber and other reinforcing materials, CNTs consumption in the order of million metric
tons per year would be expected [4]. Then, the cost and scalability of CNTs production must
be tackled by engineers and material scientists with high priority.
Multiwalled carbon nanotubes (MWCNTs) are by far, the most easily synthesized kind
of CNTs. However, its performance has not been as good as expected due to the tendency of
the outer layers of carbon to tear. The optimum filler for the next generation of carbon-based
composite materials are supposed to be single-walled carbon nanotubes (SWCNTs) [2].
However, the systematic production of SWCNTs has remained elusive. A good compromise
between MWCNTs and SWCNTs are the Few Walls carbon nanotubes (FWCNTs).
In this paper, we present the building of a reactor to produce FWCNTs. We are focused
on achieving a reactor that meets the following requirements:
a) Scalability: While new methods for CNTs synthesis can be conceived, only a few of
them are suitable for scaling-up to mass-production level. Fluidized Bed (FB)
technology has been used in the massive production of materials for catalysis,
microelectronics, nuclear and wear-resistant applications. The implementation of FB
technology for nanomaterial synthesis has potential of high production yields [2].
Volume-production of high-quality MWCNTs using FB technology has been
demonstrated [3].
b) Able to produce FWCNTs: Plasma gas-phase synthesis has the best potential to
produce nanoparticles with a narrow size distribution in short times. The final
diameter of catalyzed CNTs growth is dependent on metallic particle size, reactivity
and distribution. The production of FWCNTs has been demonstrated by plasma
enhanced reactors [5].
c) Low cost: For cost-reducing and large-scale production the method should be
continuous and energy efficient, utilizing economical technologies. The atmospheric
pressure DC-plasma is cheaper and easier to implement than vacuum technologies,
or microwave, capacitive or inductively coupled plasmas. Here we show that the DC
plasma can generate large quantities of FWCNTs with characteristics competitive
with low-pressure plasma reactors.
d) Environment-friendly: The plasma-driven gas-phase decomposition of hydrocarbons
yielding hydrogen and solid-phase carbon has been suggested as an environmentally
friendly alternative to conventional methods of producing hydrogen from natural gas
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[6][7]. In this application useable CNTs and hydrogen are yield directly from toluene
and ferrocene decomposition without producing harmful byproducts.
The final reactor is similar to the one reported in ref [5], but with the key differences.
For example, the atmospheric pressure DC-plasma is produced using a conventional soldering
machine. The design is a fluidized bed setup, with a pneumatic nebulizer to produce the spray
that is pyrolysed to deposit supported CNTs in aluminosilicate beads. We show good quality
FWCNTs in satisfactory yields. This work is step forward to achieve a method to obtain large
amounts of FWCNTs.

2. EXPERIMENTAL

Figure 1. Scheme of reactor: (A) Gas inlet, (B) Atmospheric plasma torch, (C) Nebulizer,
(D) Furnace, (F) heat sink, (G) water tramp, (H) gas outlet.

Fig. 1 is a schematic representation of the designed reactor. It comprises a vertical tube
furnace (D); a 25.4 mm OD quartz or stain less steel tube placed inside the oven (B); a custom
made pneumatic jet nebulizer which is placed vertically (C); a DC plasma torch from a
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soldering machine, Multiplaz® 3500, which is coupled at the end of the tube (B); and the
condenser and water trap exhausts (F-H). The effective heating zone length of the quartz tube
is ~ 450 mm. The distribution plate for fluidization is located inside the heating zone (D).
The CNTs were grown on aluminosilicate ceramic beads which were placed inside the
tube; 10 g for every run. These beads contain Al2O3:SiO2 (93:7 wt. %) with traces of MgO,
average diameter of 0.7 mm (0.3 to 0.8) and specific weight 3.62 g/cm3, obtained from King’s
Ceramics & Chemicals, China. The reactor can be run in static- or fluidized-bed mode,
depending on the vertical velocity of upstream flows. For the fluidized synthesis of FWCNTs
reported here the procedure was as follow: First, the capacity of nebulizer was filled with 12
mL of 2.5 wt. % ferrocene (Aldrich, 98 %) in solution with toluene (Aldrich, 99.8 %). Then,
the air was purged down from the reactor with an Ar flow of 0.25 standard liters per minute
(slm, henceforth) for 5 min. In the meanwhile, the oven is heated up to the desired
temperature: 780, 820 or 860 °C. CNTs synthesis begun with the injections of an Ar flow (3
slm for 20 min) to the nebulizer. To start the plasma an additional Ar flow, 1.0 slm, is
necessary via the plasma torch. A pre-established power of 100 W is supplied to the DC
source to ignite the plasma. After completion of CNTs synthesis, the oven was cooled down
with 0.25 slm flow of Ar. Carbonaceous black material developed in the support surface
and/or inner wall of the quartz tube. This is removed by scraping it with a steel spatula.
3. RESULTS
Stainless steel and quartz tubes were tested as reaction chamber, as showed in Fig 1.
Both give equivalent results concerning the CNTs growth on the aluminosilicate beads;
however, the difference is the tendency of CNTs to growth in the walls of the quartz tube that
needs to be removed manually by scraping; the steel tube does not have this inconvenience.
However, the heat dissipation of the steel tube to the nebulizer and to the exhausts is high
enough to take additional measures to avoid that. Furthermore, the reactor can be operated in
two modes: plasma-on means that the plasma is ignited; plasma-off means that the plasma is
in off state. Both modes were tested and the results are presented on a comparative basis.

Figure 2. Optical micrographs where the CNTs formation is evident on
the aluminosilicate bed surface.

-67-

World Scientific News 111 (2018) 64-73

Figure 3. SEM images showing the CNTs growth. Bare alumina beads (a, b); Spray synthesis
at 820 °C (c,d); synthesis at 860 °C in (e,f).
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Fig. 2 are optical micrographs showing the formation of carbonaceous materials in the
bed surface. Fig. 3 are scanning electron micrographs where the CNTs formation is evident on
the aluminosilicate substrate surface. At these magnifications the appearance is nearly
indistinct between the materials deposited with plasma-on or plasma-off. The final yields (by
weight) of nanotubes are equivalent, and only by a thorough analysis it is possible to establish
that there are significant changes between these two conditions.
Fig. 4 are TEM micrographs where they show a comparison between CNTs deposited
plasma-on and plasma-off; this at 820 °C. The first observation is the evident lower iron
content (dark spots in micrograph) in the sample synthesized with plasma-on. In general
plasma-off samples have higher iron contents, measured by EDS (not show here), as
compared to the samples prepared with plasma-on.
As illustrated in the Fig. 4.b, the plasma-off sample presented higher agglomeration of
iron catalysts in the resulting CNTs. The CNTs plasma-off samples are between 5-10 nm in
diameter, and few μm in length.

Figure 4. Carbon nanotube bundle structure as observed by TEM with: (a) plasma on,
(b) plasma off.

Representative high resolution TEM overviews of the samples investigated are shown in
Fig. 5 for plasma-on sample. As it possible to see from this Fig, most CNT are FWCNTs.
The observed FWCNTs are 3-6 nm in diameter and contain from 2 to 5 walls, 4 on average.
The observed interplanar spacing of 0.61 nm is in agreement with the 0.6–0.7 nm spacing
observed in CNTs.
Fig. 6 shows a comparison between Thermo Gravimetric Analyzes (TGA) in direct (Fig
6.a) and differential (Fig 6.b) modes for samples synthesized plasma-on and plasma-off
conditions; the sample were heated in dry air at 3 °C min-1 without any further processing. As
it possible to see, between 200 to 500 °C, the weight losses are similar; this is attributed to
leftovers of hydrocarbons and amorphous carbon in both samples.
The sample produced with the plasma-on start to lose weight before the sample
synthesized with plasma-off; in the region of T > 500 °C.
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In fact, the temperature of maximum weight loss is 600 °C for the sample synthesized
plasma-on, in comparison with 620 °C for the sample synthesized plasma-off, see Fig 6.b.
That means, the sample prepared with plasma-on oxidize earlier than the plasma-off sample.
Another important difference is the residual mass after complete combustion. The
Mresidual for the sample plasma-off is 28 % of total weight, in comparison to the 7 % of total
weight for the plasma-on. These results are consistent for several experimental runs.

Figure 5. High resolution transmission electron microscopy view of FWCNTs synthesized
with plasma-on conditions: (a) FWCNTs bundle; (b) 5 walls; (c) 4 walls; (d) 2 walls.

The Raman spectroscopy has been applied to the evaluation of variety of CNTs [8].
Fig. 7 shows Raman spectra in which several bands are observed: Radial Breathing Mode
(RBM) peaks between 200 and 420 cm-1, D-band at 1328 cm-1, G-band at 1571 cm-1 and G´band at 2640 cm-1. RBM band intensity is sensitive to the diameter, number of walls and
chirality of CNTs. This band is typical of SWCNTs or FWCNTs, and missing in MWCNTs.
This Raman evaluation, along with the TEM characterization allows concluding that
FWCNTs were preferentially synthesized with plasma-on conditions, in comparison with the
samples prepared with plasma-off, which tend to produce MWCNTs.
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Figure 6. Comparison of thermo gravimetric analysis of CNTs growth with and without the
plasma enhancement.

Figure 7. Comparison of Raman spectra of CNTs growth with and without the plasma
enhancement.
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4. DISCUSSION
The configuration allows studying the effect of the plasma and the heating temperature
on the growing CNTs. The results are presented in a comparative way to make clear the effect
of the plasma on the morphological characteristics of CNTs. It is important to note that the
attempts to grow nanotubes exclusively from the plasma energy (with the heating furnace off)
have been unsuccessful.
The plasma-only produces amorphous carbonaceous particles and films. This makes
clear that the catalytic conversion of carbon species to produce CNTs needs the steady energy
provided from the heating furnace.
As it was showed, the TEM image of plasma-on CNTs consists of FWCNTs. This was
corroborated by Raman, and also by TGA and DTG, since they show earlier oxidations. The
earlier oxidation is due to the large amount of carbon atoms nears to the surface of FWCNTs,
in comparison with MWCNTs. This makes clear that the plasma has the effect of decreasing
the average diameter and number of walls for the nanotubes synthesized. It also reduces the
agglomeration of residual Fe. To discuss the effect of plasma in this setup one should evoke
the fundamentals of a classic Spray Pyrolysis (SP) reactor for the synthesis of CNTs. The
control of size, chemical phase and phase composition of Fe seeds for the production of
SWCNTs, FWCNTs and MWCNTs is critical step.
The initial droplet is formed in the aerosol from an organometallic precursor
(Ferrocene) dissolved in a solvent (toluene). The droplet size is dependent from the hydro and
pneumatic condition of nebulizer, which are fixed given a pressure and a nozzle jet orifice. In
the path from the nebulizer to the growth chamber there is a quick temperature gradient. In the
travel from nebulizer to the high temperature zone the solvent is evaporated and the
organometallic precursor is decomposed to Fe, and eventually they coalesce to shape
nanoparticles of diverse sizes and phases. In the plasma enhanced mode, the plasma is
incorporated in the path of droplets before reaching the high temperature zone of reactor. A
high amount thermal and kinetic energy is taken by the growing particles, diminishing the
tendency of agglomeration, thereafter producing smaller seed particles.
Even the use of plasma might cause a higher radicalization [9] and atomization of
carbon and ferrous species before they reach the growing region. This might cause higher
graphitization and prevents the agglomeration of the fragmented hydrocarbons, resulting in a
reduced accumulation of catalyst particles in the sample.
For the application of FWCNTs as reinforce fiber for materials, massive and
economical methods should be used due to the quantities that are necessary in the
construction sector. As showed here, our method is a straightforward, fast, reproducible, and
make use of unsophisticated reactants. An additional plus is that the method does not produce
dangerous residues, except by CO2. In fact, the plasma pyrolysis has been proposed as a
method to eliminate hazardous waste. Thereafter, we have presented and reactor which can be
scaled for a massive FWCNTs production.

5. CONCLUSIONS
Non-plasma CNTs growth using aerosol catalyst particles have suffered from broad size
distributions which produce manly MWCNTs. In this work it is demonstrate the successful
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production of FWCNTs using ferrocene in solution of toluene in a spray pyrolysis reactor
enhanced with plasma. The plasma mode reduces the size of seed particles, thereafter the
diameter of growing nanotubes and number of walls. This reactor has the additional benefit of
fluidization; thereafter it can operate under continuous-batches for an efficient mass
production level. The design can be scaled for the massive production of FWCNTs.
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