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Abstract: The effect of metallic (Fe, Cu, Co, Ni, Ti) and non-metallic additives (Si, B) on the formation
of fullerenes from graphite powders was studied in radiofrequency (RF) thermal plasma. The main
component of the synthesized fullerene mixtures was Cg, but higher fullerenes (Cyg, Cgp, and Cgy)
could be detected as well. Fe and Cu additives increased the fullerene content in the soot. In contrast,
the fullerene formation decreased in the presence of Ti, Si, and B as compared to the synthesis without
additives. However, Ti and B addition enhanced the formation of higher fullerenes. We provide
experimental evidence that decreasing the reactor pressure results in a lower yield of fullerene
production, in accordance with thermodynamic calculations and numerical simulations published
earlier. In the presence of titanium, a significant quantity of TiC was also formed as a by-product.
The fullerene mixture synthesized with boron additives showed higher stability during storage in
ambient conditions as compared to other samples.
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1. Introduction

Since their discovery by Kroto and coworkers [1], much research work has been
reported on fullerenes. Due to their special electronic, mechanical, and photophysical prop-
erties, they have potential in a various applications including organic electronics [2], solar
energy utilization [3], energy storage [4,5], as sensor materials [6], and biomedicine [7-9].
The high cost and the insufficient availability of fullerenes raise difficulties for their broader
applications [10]. The development of large-scale and low-cost production technologies
of fullerenes seems to be a goal of outstanding importance both in scientific and practi-
cal terms [11-13]. Any study aiming to contribute towards enhancing the production of
fullerenes will invariably promote advancements in its applications [14].

Various methods have been used to produce fullerenes from carbon vapors, such as arc
discharge plasma [15-18], solar flux [19], laser vaporization [20], or RF or hybrid (RF/DC)
thermal plasmas [21-23]. Although the methods based on graphite vaporization and
burning hydrocarbon in a fuel-rich flame [24-27] are the most frequently used, a few other
interesting methods have been also reported [28-31]. These show selectivity for a given
number of carbon fullerenes and are based on planar polycyclic aromatic hydrocarbon
precursor molecules.

As was shown in earlier studies, inductively coupled radiofrequency (RF) thermal
plasma offers favorable conditions for fullerene synthesis [32,33]. Numerous papers have
been published about the advantageous and disadvantageous effects of different additives
and impurities on fullerene formation. It is generally accepted that, in the synthesis of
fullerenes, the presence of other elements should be avoided, because they can bind to the
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free C bond and inhibit the closure of the cluster. At the same time, a positive influence of
the catalysts has been found [34,35].

Wang et al. [34] found that Si addition to the starting carbon powder enhanced the
Cgo formation. In the absence of Si, fullerene formation could not be detected in their
plasma system.

Laser evaporation of the mixture of graphite and BN resulted in the formation of
fullerenes and boron-containing analogues such as Cs9B and Cs4Bg [36]. In DC plasma,
however, Lange et al. [37] found a decrease in fullerene content in the presence of boron.

Iron is a widespread catalyst in carbon nanotube (CNT) synthesis. It is obvious
to suppose its favorable effect on fullerene synthesis, as well. Cota-Sanchez et al. [35]
confirmed these expectations in an RF plasma system. In some cases, they observed the
formation of CNTs as well. Fullerenes and CNTs were also found in the presence of
Ni catalyst [38]. A 2D numerical model has been developed to describe the continuous
synthesis of fullerenes in the presence of Ni particles in induction thermal plasma [39].

Among the various operating parameters in an RF plasma system, the composition
of the plasma gas and the operating pressure have significant effects on the kinetics of
fullerene formation [39]. Wang et al. [40] observed that synthesis in the pressure range of
19-65 kPa favored the formation of fullerenes. On the contrary, Cota-Sanchez [38] found
that a pressure as low as 40 kPa was disadvantageous for fullerene formation. A similar
result was found by Kim et al. [39] from their 2D numerical model simulations.

The main purpose of this study was to clarify the effect of metallic (Fe, Cu, Ni, Co, Ti)
and non-metallic (Si, B) additives on fullerene formation. For Fe, Ni, Si, and B, the results
were compared with the published ones. We could not find experimental data on the effect
of Cu, Co, and Ti so far on fullerene synthesis in the RF thermal plasma condition.

To clarify the contradictory results on pressure dependence published earlier, we
performed experiments on the effect of the operating pressure on the overall yield of
fullerenes at pressures of 50, 72, and 92 kPa, respectively.

2. Results and Discussion

The synthesis conditions and the results of the product characteristics, such as the
fullerene content of the soot and the Cyy/Cg ratio, are summarized in Table 1.

Table 1. Experimental parameters and the results of fullerene production in RF plasma.

Run Additive Feed Rate Espec Evaporation Cy¢p/Cgp Tyijprot Fullerene
(wt%) (gh1) (kWh-g~1) Ratio (%) Ratio X Content (Wt%)
1 - 19 1.47 78 0.269 4500 5.1
2 Fe (5) 13 2.15 71 0.261 - 42
3 Fe (5) 46 0.61 72 0.259 - 39
4 Fe (20) 17 1.65 74 0.277 5100 6.2
5 Cu (20) 23 1.21 73 0.281 4000 55
6 Ni (20) 21 1.33 71 0.282 5800 4.3
7 Co (20) 22 1.27 70 0.288 5600 4.4
8 Ti (20) 22 1.27 59 0.465 4600 2.5
9 Si (5) 33 0.85 34 0.307 3900 3.3
10 B (5) 12 2.33 63 0.332 4500 1.2
11 Cu (5) 44 0.64 66 0.271 3900 32

The amount of additives was set to 5 or 20 wt% of the graphite powder. The feed rate
of the mixtures varied in the range of 12-46 g-h~!. Although the plate power was constant
(28 kW) in all runs, the specific energy (Espec; kWh-g 1), defined as the energy applied for
one gram of the precursor powder, varied in a wide range between 0.61 and 2.33 kWh-g~!.

The experiments in the presence of 20 wt% Fe, 20 wt% Cu, 20 wt% Ti, 5 wt% Si, and
5 wt% B additives and without additives were repeated at least 2 times.

The addition of 5 wt% iron powder to the pure graphite reduced somewhat the
fullerene content of the soot. However, in the presence of 20 wt% Fe, the fullerene content
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of the soot increased significantly, which is in line with the findings of Cota-Sanchez [35].
They also found that a further increase in the iron content did not improve the fullerene
yield, which made us set the upper limit of the additives as 20 wt% in our tests.

Copper (20 wt%) also has some positive effects on fullerene synthesis as compared
to synthesis without additives, increasing the fullerene content of the soot. In contrast,
no catalytic effect was detected in the presence of Ni and Co, although the mean particle
size of these metal particles was optimal for plasma evaporation. The addition of Ti, Si,
and B decreased significantly the fullerene content of the soot. In our synthesis conditions
with Si addition to the graphite powder, we did not observe a positive effect on fullerene
synthesis, as published by Wang [34]. This contradiction with Wang’s results could be
ascribed to several factors, including the a tenfold increase in the Si “additive” (~50 wt%)
they employed or the lower pressure in the reactor chamber (150 torr/20 kPa). The latter
resulted in a higher risk of oxygen infiltration, while the higher Si additive allegedly
eliminated the oxidation of the carbon atoms. In the present tests, however, the pressure
was close to atmospheric. As far as B is concerned, the results of this work are in agreement
with those of Lange et al. [37].

The effect of copper was tested even with waste graphite powder from a turnery
process. In spite of its high particle size, the fullerene content of the Cu-containing soot
was a bit lower than that of pure graphite soot, but higher than in the case of B and Ti.

Solvents other than the typically used toluene, such as fullerenes, can be extracted in
larger quantities than the amounts presented in Table 1. Extraction efficiency varies with
the solvent type, where the choice of solvent is based on the solubility of fullerenes. Several
solvents exhibit higher fullerene solubility (ortodichlorobenzene 27 mg/mL, phenylnaphta-
lene 50 mg/mL, cloronaphtalene 51 mg/mL) than observed for toluene (2.8 mg/mL) and,
therefore, offer the prospect of improved extraction efficiency [13,41-43]. The extraction
and the fullerene content were determined using ortodichlorobenzene (ODCB) for the
soot obtained in the presence of 20 wt% Fe. The measured (6.9 wt%) value was slightly
higher than that obtained with the toluene extraction (6.2 wt%). The analysis of the soot
by single-photon ionization mass spectrometry indicated that there were several types of
fullerenes, which were not found among the fullerenes extracted by typical solvents such
as toluene, xylene, or o-dichlorobenzene, suggesting that they are readily incorporated
into toluene-insoluble (xylene, o-dichlorobenzene) fullerene polymers. These “insoluble”
fullerenes include isolated pentagon isomers of Cy4 (D3h) and many larger fullerenes, such
as Cyg-D’3h and Cgp-Ih, and essentially all of the isomers of fullerenes with more than about
100 carbon atoms [44].

According to Cota—Sanchez [35], the intensive UV radiation of the plasma in the
presence of metal vapors results in some photocatalytic effect, which may increase the
fullerene content of the soot. For Fe addition, we observed a similar effect. However, in the
presence of Ni and Co, there were no favorable effects of metal addition, in spite of intense
UV radiation of particular metals in thermal plasma conditions. Due to the vaporization
of graphite, carbon species such as C, Cy, and Cj are present in the plasma flame. It is
generally accepted [38] that C; radicals play an important role in the process of fullerene
formation under the plasma condition.

The recorded optical emission spectra were characterized by the dominance of the
C, Swan system and atomic lines (argon and additive ones). Figure 1 shows the typical
emission spectra of the C; radical. The vibration-rotation temperatures of the C, molecule
were determined using diatomic line strength files for the Swan bands and a least-squares
fitting algorithm [45,46].
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Figure 1. Emission spectrum of RF thermal carbon plasma in the presence of the iron additive.

In most cases, the fullerene content of the soot can be related to the extent of evapora-
tion, which supports the importance of the C, concentration in the reactor. The evaporation
ratio is defined as the volume percent of particles having diameters lower than 1 pm
related to the total volume of particles, calculated from the particle size distribution of
the soot. It can be regarded as a parameter characterizing the solid—gas heat and mass
transfer in particular conditions. The scanning electron micrograph of the fullerene soot
from Run 4 shows unevaporated graphite flakes surrounded by nanosized soot particles

(Figure 2).
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Figure 2. SEM photo of the soot obtained from Run 4.

Evaporation was similar for the pure graphite and the Fe- and Cu-containing starting
materials (Runs 1, 2, 3, 4, 5). However, it was slightly lower in the case of the boron and
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titanium additives (Run 8, 10). The presence of Si in the precursor (Run 9) decreased the
extent of evaporation significantly.

Although the waste graphite powder had a higher mean particle size (D5p: 37 um)
than the reference graphite powder (Dsg = 2.8 um), their evaporation ratio was similar.
While the original graphite particles could be identified in the soot obtained in Run 1 (pure
graphite), they could not be detected using Run 11 (waste graphite precursor).

The specific energy (kWh-g~1) varied in the range of 0.61-2.33. The evaporation ratio
was seemingly not affected by its actual value (Table 1). In Runs 2 and 3, the same precursor
powder was fed with different feed rates. Despite the difference in the specific energies,
the evaporation ratio was similar. Total evaporation was not observed even at a high
Espec. This can be explained by the cohesive nature of the graphite powder. Precursor
particles may form agglomerates that have too big a size to be heated to their sublimation
temperature within the short residence time in the plasma flame.

The fullerene content is plotted against the extent of evaporation in Figure 3. For the
Si case, higher, while, for the B case, lower fullerene content was detected, as compared to
other cases. This refers to the presence of other effects in addition to the C, concentration
in particular cases.
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Figure 3. Fullerene content of the soot samples related to the extent of evaporation.

The crystalline structure of the soot from different runs (Run 4, 5, 6, 7, 8) was charac-
terized by XRD. The carbonaceous soot obtained was used directly. The main phase in all
reaction products was graphite and amorphous carbon (Figure 4). The patterns did, how-
ever, show a few additional lines, which could be attributed to metallic and oxidized metal
precursors. In the presence of the Co precursor, peaks of unreacted Co and characteristic
peaks of Co304 were detected. In Run 5, beyond the carbon phases, copper and oxidized
copper were found both as Cu,O and CuO. For the iron catalyst (Run 4), the synthesized
powder consisted of Fe (C) phase reflexes such as «Fe (C) and yFe (C). The XRD patterns
of soot obtained with the Ti precursor (Run 8) contained, in addition to carbon phases, a
smaller amount of oxidized titanium detected in a TigO form. A significant quantity of TiC
was also detected in this sample.
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Figure 4. XRD pattern of the products of the particular runs with metal additives.

The effect of the additives on the fullerene composition was studied by HPLC mea-

surements.

Chromatograms of the toluene extracts and assignation of the peaks are shown in
Figure 5a,b. Due to its high UV absorption at 330 nm, C60 was detected at 525 nm, while
the other fullerenes were measured at 330 nm. Two major peaks (peak 1: C¢p and peak 2:
Cy0) and several smaller peaks (4, 5, 7, and 8) that can be assigned to higher fullerenes (Cyg,
Cyg, Cgs, and Cgg) were detected. Smaller peaks at a retention time of about 3545 min were
not identified in the absence of available standard material. The fullerene compositions of
the samples were estimated by comparing the normalized HPLC peak areas measured at
330 nm. Thus, this resulted in data for C7y and higher fullerenes, as C¢y was detected at

525 nm.
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Figure 5. HPLC results of the toluene extracts for particular runs (a) with a 5-35 min retention time

and (b) for runs with the Ti and Fe additives using a 15-55 min retention time. Assignation of peaks:
1: C60/ 2: C70, 3: C700, 4. C76/ 5: C78/ 6: CSZ/ 7: C84/ 8: Cgé.

The fullerene compositions were similar almost in all cases, except the titanium and
boron additives. In the presence of Ti and B, the peaks corresponding to the Cg, and
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Cgq fullerenes were much higher than in the other samples (Figure 6). To emphasize the
difference in composition, the peak areas corresponding to higher fullerenes (Cz4, C7s, Cgo,
Cga, Cgg) are shown in Figure 6. It can be seen that the presence of B and Ti facilitated the
formation of higher fullerenes. Soot from the Ti, 5i, and B cases showed a higher Cyy/Cgg
ratio compared to other products (Table 1) as well.
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Figure 6. Comparison of higher fullerene (Cyg, Cyg, Cgy, Cga) compositions in the presence of
various additives.

In all our experiments, the Cyy concentration (Cz/Cgp ratio) produced was much
higher (0.25-0.46) than predicted from equilibrium calculations (0.002) in atmospheric
pressure [38].

This result supports the assumption of fullerene growth under non-equilibrium ther-
mal conditions [38].

Gas phase synthesis from metal and carbon precursors is known to yield too many
types of metal-carbon nanoclusters. Thus, it can be assumed that heterofullerenes, such
as CsoB and Csy4Bg [33], in the presence of the B additive and TigCy; in the presence of Ti
could be formed [47], but they could not be detected by the applied HPLC method, as they
are not soluble in toluene.

The analysis of the effect of the reactor pressure on the concentration of extractable
fullerenes revealed that at a higher system pressure (92 kPa), more fullerenes were formed
both without and with the Cu additive (Table 2). At a low pressure (50 kPa), the fullerene
content of the soot decreased to 0.1 wt%. Our results are in agreement with the results
of thermodynamic calculations [38]. This can be explained by the longer mean residence
time of carbon particles in the higher temperature region and, thus, their more intense
evaporation. This led to an increased C, concentration in the gas phase.

Table 2. Fullerene yield for carbon and Cu-carbon systems at different operating pressures.

Fullerene Content %

Pressure (kPa)

No Additive Cu Additive
50 0.1 0.1
72 1.7 15
92 5.05 5.54

In some of the cases (Run 1, 3, 4, 5, 9, and 10), the stability of the fullerenes in ambient
air was tested. The results are summarized in Table 3. Toluene extractions were performed
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just after synthesis and in 7 and 30 days, respectively. During this period, they were stored
as solid materials in darkness. The fullerene content of the soot drastically decreased after
storage of 7 days. In most samples, after 30 days, half of the extractable fullerenes disap-
peared from the soot with the exception of boron, where 80% of the fullerenes remained in
the soot (Run 10). In this case, the fullerenes had higher stability in the soot compared to
the other samples.

Table 3. Stability of fullerene soot over time.

Fullerene Content %

Additive (wt%)

0 Days 7 Days 30 Days
- 5.05 3.38 2.47
Fe (5) 422 3.37 2.53
Fe (20) 6.30 4.28 3.213
Cu (20) 5.54 3.87 2.65
Si (5) 3.36 2.35 1.78
B (5) 1.18 1.10 0.94

Further investigations are needed to determine whether fullerenes form non-extractable
oligomers with time or transform into the graphite structure.

3. Materials and Methods

Pure graphite powder (KS4, Timcal Co., Bodio, Switzerland, with a mean particle size
Dsp = 2.8 um), and its mixtures with metallic and non-metallic additives including Fe (Ds:
35 um), Cu (Dsgg: 45 um), Co (Dsg: 5 um), Ni (Dgp: 5 um), Ti (Dsg: 45 um), Si (Dsg: 14.9 um),
and B (Dsg: 28.2 um) powders, respectively, were subjected to thermal plasma treatment in
an RF plasma system (3-5 MHz, PL-35 torch (TEKNA Ltd., Sherbrooke, Canada)) [31]. In
one case, a copper-containing waste graphite powder (Dsg: 37 um) from the turnery process
was used as the precursor as well. The graphite powders were injected axially to the top of
the plasma flame with feed rates of 12-50 g-h~! at a plate power of 28 kW and a pressure
of 92 kPa. In all the runs, the gas flow rates and the plate power were set to constant values
as follows: plasma gas 8 Ar + 8.5 He slpm; sheath gas 12 Ar + 28 He slpm; carrier gas 6 He
slpm. The role of the He was to improve the heat conductivity and the enthalpy of the
plasma. Thus, higher heating rates and, most probably, higher reaction temperatures are
achieved in its presence, which facilitates the evaporation of solid particles.

The optimal experimental conditions for this setup were determined for graphite
powders without additives and published in a former paper [33].

Pressure-dependent experiments were performed at 50, 72, and 92 kPa with graphite
without additives and repeated in the presence of Cu as well.

The emission of the plasma was detected through a quartz glass window at a distance
of 15 cm from the bottom of the plasma nozzle. The wavelength was selected by a 55 cm
focal length monochromator (TRIAX 550 Jobin-Yvon, Horiba, Montpellier, France). Gratings
with 300 and 1200 grooves/mm were used. Light was collected and transferred to the
entrance slit by fiber optics. Plasma emission was detected by an optical multi-channel
analyzer (CCD-3000, Jobin-Yvon, Horiba, Montpellier, France). The available spectral range
was between 300 and 1000 nm.

The main reaction product was solid soot collected from the water-cooled reactor wall
at the same distance along the reactor axis (30-50 cm from the plasma torch). Fullerene
soots were characterized by their particle size distribution, measured with the laser diffrac-
tion technique using a Malvern Mastersize 2000, Malvern Pananalytical Ltd., Malvern,
United Kingdom, and their morphology by scanning electron microscopy (SEM, Philips
XL30 ESEM, Amsterdam, Netherlands), and a composition using X-ray powder diffrac-
tion (XRD) was performed. The XRD patterns were obtained with a Philips instrument
PW 3710 equipped with a PW 1050 Bragg-Brentano parafocusing goniometer, using
monochromatized Cu Ka radiation. The XRD scans were digitally recorded with steps of
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0.041 in the 2 h range from 4° to 80°. The quantitative phase composition was evaluated
using a full profile fit method with corrections for preferred orientation and micro absorp-
tion [48]. To separate fullerenes, the soot was extracted by toluene at a 100 mg solid /10 mL
liquid ratio for one minute at 20 °C. The amount of fullerenes was measured by a UV-VIS
spectrophotometer against Cgp-containing reference solutions. The first extraction was
undertaken on the day of the synthesis, and the time-dependent stability was measured by
repeating the extraction after 7 days and 30 days. The fullerene composition was measured
by the HPLC technique (LSS-1500, Jasco Int. Co., Tokyo, Japan), with a UV /visible detector
and analytical Cosmosil Buckyprep column.

4. Conclusions

Additives influence both the fullerene content and the fullerene composition of the
soot and help or hinder the decomposition or transformation of the cage structures in the
soot with time.

Iron and copper catalyzed fullerene formation in the RF plasma condition, however
only when the metallic additives were present in a higher weight ratio (20%). Ni, Co,
and Ti showed no catalytic effect on fullerene formation even at a high concentration.
On the contrary, the total fullerene yield abruptly dropped in the presence of Ti. It was
demonstrated, however, that Ti promoted the formation of higher fullerene clusters such as
Cga, Cs4, and Cgg, and the ratio of Cyy/Cg in the soot was also higher than in the cases of
other metallic additives.

Copper definitely facilitated the evaporation of the graphite powder. At the present
level of our knowledge, we can assume that the metal-containing graphite powders from
the turnery process can be used as precursors for fullerene production in RF thermal plasma.
Thus, a high-value product can be synthesized from hazardous waste.

Non-metallic additives such as Si and B reduced the formation of fullerenes in the RF
plasma condition, and both of them showed similar effects as Ti regarding the changes in
the fullerene composition: the ratio of higher fullerenes (Cgp, Cg4, and Cgg) increased at the
expense of lower fullerenes as compared to the other samples. However, the proportion of
Cgo and Cyy still comprised the greatest part of the fullerenes, while the Cyy/Cgg ratio was
also higher than without additives. Among the products, amorphous carbon and graphite
precursor residues were also found in smaller quantities. In the presence of titanium, a
significant quantity of TiC was also formed as a by-product.

The stability of solid fullerenes adsorbed on the soot was not influenced by the presence
of Fe, Cu, and Si upon storage. In 30 days, the soot from the pure, the Fe-, the Cu-, and the
Si-doped graphites lost 40-50% of their original fullerene content. As a novel finding, it
was shown that the boron additive may inhibit the decomposition of the cage structures in
the soot in solid form during storage in ambient air. The possible mechanism of this effect
must be clarified in future tests.

It was experimentally proven that a higher reactor pressure improves the fullerene
yield in RF plasma conditions.
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