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Carbon nanotube synthesis and 
spinning as macroscopic fibers 
assisted by the ceramic reactor 
tube
X. Rodiles1, V. Reguero1, M. Vila   1, B. Alemán   1, L. Arévalo1, F. Fresno   2, 
V. A. de la Peña O’Shea   2 & J. J. Vilatela1

Macroscopic fibers of carbon nanotubes (CNT) have emerged as an ideal architecture to exploit 
the exceptional properties of CNT building blocks in applications ranging from energy storage to 
reinforcement in structural composites. Controlled synthesis and scalability are amongst the most 
pressing challenges to further materialize the potential of CNT fibers. This work shows that under 
floating catalyst chemical vapor conditions in the direct spinning method, used both in research and 
industry, the ceramic reactor tube plays an unsuspected active role in CNT growth, leading for example 
to doubling of reaction yield when mullite (Al4+2xSi2−2xO10−x(x ≈ 0:4)) is used instead of alumina (Al2O3), 
but without affecting CNT morphology in terms of number of layers, purity or degree of graphitization. 
This behaviour is confirmed for different carbon sources and when growing either predominantly 
single-walled or multi-walled CNTs by adjusting promotor concentration. Analysis of large Si-based 
impurities occasionally found in CNT fiber fabric samples, attributed to reactor tube fragments that end 
up trapped in the porous fibers, indicate that the role of the reactor tube is in catalyzing the thermal 
decomposition of hydrocarbons, which subsequently react with floating Fe catalyst nanoparticles 
and produce extrusion of the CNTs and formation of an aerogel. Reactor gas analysis confirms that 
extensive thermal decomposition of the carbon source occurs in the absence of Fe catalyst particles, 
and that the concentration of different carbon species (e.g. carbon dioxide and ethylene) is sensitive 
to the reactor tube type. These finding open new avenues for controlled synthesis of CNT fibers by 
decoupling precursor decomposition from CNT extrusion at the catalyst particle.

Carbon nanotubes (CNTs) are extraordinary building blocks due to their exceptional combination of mechan-
ical, electrical and thermal properties along the tube axis. They can be produced in large quantities as a highly 
graphitic material with a well defined structure, in some cases with molecular composition control in terms of 
number of layers, diameter of nanotubes and chiral angle. Their assembly into fibers and further arrays (yarns, 
tows, fabrics) has unlocked numerous applications in diverse fields, including electrodes for energy storage1, 
neural stimulation2 and water desalination3, composite reinforcement elements4, sensors5, and multiple wearable 
devices6.

This has been possible through the development of fiber spinning processes that can reproducibly produce 
uniform and highly controlled materials. An example is the direct spinning method, whereby an aerogel of CNTs 
is produced by floating catalyst chemical vapor deposition (FC-CVD) and directly drawn out of a reactor and 
wound continuously as a macroscopic fiber7. It is of particular interest because it combines independent control 
of CNT alignment8, composition in terms of number of layers9 and CNT morphology10, with large scale produc-
tion in laboratory setting (>10 km/day) and at industrial scaled-up facilities. CNT fibers stronger than carbon 
fibers11, with higher thermal conductivity than copper12,13 and higher mass-normalized electrical conductivity 
than most metals13,14 have been produced using this method.
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There have been substantial efforts to understand the key parameters during synthesis and spinning that 
control CNT fiber structure and resulting properties. The process shares some features with conventional 
substrate-based CVD growth of CNT, both being based on catalytic decomposition of a carbon source and extru-
sion as a CNT from a transition metal catalyst particle, typically in a reducing (H2) atmosphere.

In the case of traditional substrate growth of CNTs by CVD, control over CNT type, quality and yield depend 
strongly on the presence and choice of a MOx support layer. The MOx acts as a barrier for catalyst diffusion but 
has also influence on the catalyst particle size/shape and catalytic activity15,16. The activity of supported catalyst 
vary depending on reducibility of the metal oxide and formation of silicides17. In the context of CNT growth from 
pre-deposied Fe catalyst particles on Si wafers with either SiO2 or Al2O3 thin coatings, for example, in-situ studies 
have shown that CNT morphology and areal density strongly depend on strength (i.e. charge transfer at) of the 
molten Fe nanoparticle/MOx interface18,19. In general, the use of a thin (100–400 nm) layer of SiO2 has been an 
effective route to achieve reproducible synthesis of highly graphitic, aligned, long CNTs on substrates ranging 
from Si wafers to carbon fibers20,21.

On the other hand, FC-CVD is conducted at higher temperature (>1000 °C) under conditions leading to the 
formation of catalyst nanoparticles “floating” in the gas phase, and which are often assumed to entirely produce 
the decomposition of the carbon source and formation of carbon nanotubes22–24. In the case of the direct spinning 
process, the presence of sulfur or another promoter enables the formation of an aerogel that can be continuously 
drawn out of the reactor during CNT growth to form a continuous macroscopic fiber. The promoter reduces 
carbon solubility in the catalyst, while also assists stabilization of the nascent CNT nucleus through the minimi-
zation of the interfacial energy between the CNT edge and the catalyst particle. CNT number of layers and yield 
are hence dependent on sulfur/carbon ratio (S/C) in the reaction9, thus indirectly also on the choice of sulfur 
precursor25. These roles are similar to the effect of S and other group 16 elements as a “surfactant” in cast iron 
and graphitic poison in methanation reactions. In contrast, the concentration of Fe catalyst particles in the direct 
spinning process has a minor effect on CNT morphology or yield, provided there are sufficient to carry out the 
reaction, with only <0.01% being active.

A prevalent assumption in CNT growth by FC-CVD is that the ceramic reactor tube, typically alumina, mul-
lite or silica, plays no active role in the reaction and simply act as reaction vessels. However, here we show that the 
ceramic tube that hosts the FC-CVD plays an unsuspected active role in the FC-CVD reaction through carbon 
precursor decomposition. While it does not change CNT morphology, which remains controlled by the S/C 
ratio, it can double reaction yield when mullite (Al4+2xSi2−2xO10−x(x ≈ 0.4)) is used instead of alumina (Al2O3), for 
example. Analysis of Si-based impurities, occasionally found in CNT fiber samples and presumed to detach from 
the reactor tube, helps understand general aspects of the reaction mechanism.

Results
Synthesis in different reactor tubes.  We have produced continuous CNT fibers in reactor tubes with 
different contents of SiO2. In our typical set-up mullite (62.6% Al2O3, 35.2% SiO2, 2.2% others) is used as a reac-
tor tube, leading to the formation of a dark aerogel of CNTs that can be continuously spun for hours (Fig. 1a). 
Interestingly, the use of an alumina reactor under otherwise identical synthesis (with ferrocence as catalyst 
source, thiophene as S promoter source and a liquid carbon source) conditions, while still leading to stable and 
continuous fiber spinning, produces a clear reduction in reaction conversion and changes in aerogel morphology.

This behaviour is observed under a wide range of synthesis conditions, for example when varying the S/C 
ratio so as to control CNT number of layers, or when using different carbon sources. Figure 1b shows consistently 

Figure 1.  Effects of reactor tube composition for the spinning of CNT fibers directly from the gas phase during 
FC-CVD. (a) Schematic of the reactor set-up. (b) Carbon efficiency for mullite and allumina under different 
synthesis conditions including low (high) S/C ratio to produce SWNTs (MWNTs) or when using different 
carbon sources (butanol and toluene). Ferrocene used as Fe catalyst source.
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higher carbon efficiency in terms of conversion of injected carbon to graphitic carbon for mullite, under synthesis 
conditions to produce: predominantly single-walled carbon nanotubes (SWCNT), multi-walled carbon nano-
tubes (MWCNTs), and when using butanol or toluene as carbon sources.

To investigate intermediate SiO2 compositions we performed an additional experiment in which a mullite 
inner tube was gradually introduced from the top of the reactor into the alumina reactor tube, until the bottom 
of the inner mullite tube was in the region of 1250 °C, as schematically shown in Fig. 2a. The resulting CNT fiber 
had an intermediate linear density between those produced in alumina or mullite (Fig. 2(a)). At a spinning rate 
of 5 m/min, the linear mass density of the fiber produced in mullite is around 0.60 g/km, higher than the fiber 
produced in alumina, which is 0.35 g/km, whereas the fiber produced in alumina after insertion of a mullite tube 
had a linear density of 0.43 g/km (Fig. 2(a)). These differences in linear density correlated well with the perceived 
darkness of the CNT aerogel observed from the bottom of the reactor, as shown in the photographs in Fig. 2(b). 
No other major differences in the position or shape of the aerogel that could suggest growth of the CNTs on the 
ceramic surface, were observed.

In order to shed light into the effect of the reactor tube on the reaction conditions, we studied the chemical 
composition of gases at the reactor outlet by performing chromatography measurements on gas samples extracted 
from the reactor when using mullite or alumina tubes. Reference measurements also included gas samples pro-
duced in the absence of Fe catalyst but with the same injection of the remaining precursors. At present, the exper-
imental protocol used (see experimental section) only enables gas extraction from the lower part of the reactor, 
which can contain substantial nitrogen gas purposely introduced to replace hydrogen at the reactor exit for safety 
reasons, but which does not take part in the reaction. As a consequence, only relative concentrations of different 
species can be analyzed based on the chromatography data (Fig. 3).

Interestingly, the analysis of the gases at the outlet of both reactor tubes reveals extensive thermal decomposi-
tion of the carbon source (1-butanol) irrespective of the presence of catalyst. CO2 and C1-C3 hydrocarbons (meth-
ane, ethane, ethylene, acetylene) are found in all conditions studied, together with minor amounts of carbonyl 
sulphide. Benzene, propene and propyne are also observed in small quantities. These results are in agreement 
with thermal decomposition studies of n-butanol reported in the literature26. The presence or absence of the main 
products does not appear to depend on the addition of catalyst or the type of reactor tube used. This result reveals 
that the catalyst does not play an active role in the decomposition of the carbon source, contrary to what is gener-
ally assumed. Having established that the reactor tube plays a central role in the decomposition of the C source, it 
is not surprising that its composition affects the concentration of different C species in the reactor. As observed in 
the comparison in Fig. 3, the fraction of methane, ethylene and carbon dioxide, amongst other species, is clearly 
sensitive to the composition of the rector tube. Determining the precise thermodynamic pathway for the crack-
ing of the hydrocarbons during FC-CVD synthesis of CNT fibers requires dedicated, advanced in-situ sampling 
methods that can operate at reaction temperatures above 100027, and is beyond the scope of this work.

In spite of the substantial change in reaction conversion the type and morphology of the constituent CNTs are 
not significantly affected by the choice of reactor tube. The Raman spectra for samples produced in the different 
reactor tubes but with the same precursor composition, presented in Fig. 4(a), show that in all three cases the 
CNTs consist of highly graphitic few-layer multi-wall nanotubes (MWNTs). The spectra reveal no appreciable 
change in peak positions, for instance in the G band (1583 cm−1, 1584 cm−1, 1583 cm−1 for alumina, alumina with 
concentric mullite tube and mullite tube, respectively). Similarly, the ratio of intensities of ID/IG for the three fiber 
types (0.3 for alumina, 0.4 for alumina with mullite and 0.3 for mullite) are within typical variation between sam-
ples and suggest no substantial differences in CNT morphology or degree of graphitization.

Figure 2.  Effects of reactor tube material on CNT aerogel properties. (a) Relationship between linear density 
(g/km) and the type of reactor tube. (b) Optical images showing increasing perceived thickness of the CNT 
aerogel when comparing reactions in alumina, alumina + mullite or mullite.
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Thermo-gravimetric analysis (TGA) (Fig. 4(b)) also indicates that the use of different reactor tubes has no 
effect on the quality and morphology of the graphitic materials, only on yield. A comparison of thermograms 
shows the three samples to have similar thermal decomposition curves, with nearly identical onset for CNT 
oxidation at 530 °C. The content of poorly graphitized impurities, evolving at temperatures below 400 °C, is very 
similar too. On the other hand, the relative content of residual catalyst also follows the trend observed in Fig. 2a 
(8.5%, 7.4% and 4.0% for mullite, mullite plus alumina and alumina, respectively), reflecting mainly an increase 
in graphitic material and nearly constant Fe content.

Electron microscopic analysis of samples produced in mullite and alumina tubes, respectively, while only 
being qualitative, also confirms the observations discussed above. Scanning electron micrographs (Fig. 5(a)) gave 
no indication of the formation of more particulate impurities or changes in bundle morphology. Similarly, trans-
mission electron microscopy (TEM) analysis (Fig. 5(b)) confirmed that the CNTs produced in both reactor tubes 
have a high degree of graphitization (i.e. high sp2 conjugation) and have predominantly 3–5 walls, with some of 
them being collapsed due to their relatively large diameter.

Analysis of Si-containing impurities.  The preceding discussion leaves no doubt that the reactor tube 
plays an active role in the synthesis of CNTs in the direct fiber process. As a result of reactions at the reactor tube 
wall and of the SiO2 in the tube itself (vide infra), Si-containing impurities are occasionally found in CNT fibers. 

Figure 3.  Chromatographs of gases present at the outlet of the reactor. Four gases have been sampled in four 
different scenarios: when using either alumina or mullite tubes, and with or without catalyst. Chromatographs 
have been tiled vertically for clarity.

Figure 4.  Characterization of samples produced in different reactor tubes showing changes in reaction yield 
but not in CNT morphology. (a) Typical Raman spectra showing nearly identical peak positions and ratio ID/
IG. (b) Thermo-gravimetric curves indicating similar composition of graphitic material and confirming higher 
yield for samples produced in mullite (through a lower fraction of residual catalyst).
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They are scarce, mostly found on samples collected for long times (>30 min) produced in heavily used reactor 
tubes and when inspecting the samples with methods that probe large sample volumes and/or are sensitive to 
Si-containing compounds, hence why they had been undetected so far. In fact, their presence in our CNT fiber 
samples has been elucidated after analysis of combined data obtained using different characterization techniques 
over several years. Some degree of analysis of these particles is instructive in trying to understand the role of the 
mullite reactor tube in the CNT growth process.

Figure 6(a) presents an example of an energy dispersive X-ray spectroscopy (EDS) spectrum obtained from 
a location on a relatively thick CNT fiber sample, which gave a particularly high signal from the Si Kα-shell 
emission line at 1.74 KeV. EDS intensities are strongly dependent on atomic ratio and probe a large sample vol-
ume, thus this result only confirms that Si is present in the sample. Generally X-ray photo-electron spectroscopy 
(XPS) analysis of CNT fibers shows no indication of the presence Si9,28,29, however, in our extensive use of this 
technique we have occasionally found contributions from Si. The example in Fig. 6(b) shows the Si 2p XPS peak, 
fitted by Gaussian/Lorentzian peak shapes and after Shirley background profile subtraction. The peaks at 102.6 
and 103.8 eV are assigned to SiO2

30. This observation indicates that some of the Si-containing impurities are in 
the form of SiO2, but without ruling out other forms of Si (e.g. SiC), particularly considering the limited (<5 nm) 
probing depth of XPS.

Another evidence of Si-containing impurities in CNT fibers is found in X-ray diffraction patterns from fibers 
grown in mullite, our standard reactor tube. Yet, the associated features can only occasionally be resolved and 
only when using synchrotron radiation in transmission mode, which probes a large sample volume with a high 
intensity beam. An example is presented in Fig. 7, chosen because of the particularly strong intensity of impurity 
reflections in this part of the sample, which favors their analysis. The same impurity features have been occasion-
ally observed in fibers of single-wall nanotubes (SWNTs) produced with a lower S/C ratio or in samples made 
using different carbon precursors.

The 2D wide-angle X-ray scattering (WAXS) pattern (Fig. 7a) shows that in addition to the standard features 
of CNT fibers, namely the (002) reflection from CNTs on the equator and broad powder rings associated with 

Figure 5.  Electron micrographs of CNT fibers produced in an alumina (a) and mullite (b) reactor tubes, 
showing no changes in composition or CNT type.

Figure 6.  Evidence of Si-containing impurities occasionally found in CNT fibers. (a) EDS spectrum showing 
a strong Si signal obtained from a thick CNT fiber sample observed under SEM. (b) Si 2p peak in the XPS 
spectrum of a CNT fiber, corresponding to SiO2.
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the catalyst overlapped with the 100 reflection from CNTs31, there are abnormal sharp powder rings. These extra-
neous peaks are clearly visible in the radial profile obtained after azimuthal integration (Fig. 7b). Interestingly, 
in addition to a strong reflection at q = 2.06 Å−1 attributed to SiO2 (96–500–0036) there are strong reflections at 
2.50 Å−1 and 2.74 Å−1, which we assign to SiC (96–231–0936). These results do not fully determine the structure 
of these impurities, but they clearly show the presence of SiC, which is a key observation as it implies a reaction of 
carbon precursors with SiO2 in the reactor tube.

Note that the Si-containing particles discussed above give rise to sharp X-ray diffraction (XRD) peaks and 
thus large crystal sizes (>120 nm). We take this observation as indicative that these impurities correspond to 
fragments of the reactor tube that detach during fiber spinning, particularly during stringing, and attach to the 
porous CNT fiber structure at its exit of the reactor. These fragments originate from the inside wall of the reactor 
tube and thus correspond to the materials that is exposed to the reaction and the highly reducing atmosphere, 
hence its composition is different from that of mullite.

Further analysis of these impurities is problematic because of the difficulty in locating them, since they are not 
associated to the catalyst or the CNTs. Conventional analysis of samples by either SEM or TEM has not revealed 
the presence of Si-based nanoparticles after years of studying these CNT fibers, which explains why, to our knowl-
edge, there are no previous reports suggesting the presence of Si-based impurities after CNT growth by CVD in 
mullite or quartz. SiO2 particles on graphene grown by CVD on Cu in hydrogen in a quartz tube have indeed been 
observed32, but this in fact supports the view that the reactor tube degrades under nanocarbon growth conditions 
typically used in CVD, irrespective of the presence of a transition metal catalyst.

In order to gain more insight into the structure of Si-containing impurities in the fibers we subjected a CNT 
fiber sample to ultrasonication in acetone, a known procedure to selectively remove extraneous materials from 
CNT fibers while preserving their CNT network structure33. The resultant dispersion was deposited on a holey 
carbon grid to perform TEM analysis.

Extensive analysis of impurities showed mainly C- or Fe-based particles, as expected, but some evidence of 
Si-based particles was also present. Figure 8(a) shows an example of extracted impurities consisting of agglomer-
ated particles of irregular morphology and size ranging from a few to hundreds of nanometers. TEM-EDS map-
pings performed on these agglomerated particles clearly show that many of them are Silicon-based (Figure 8b). 
Yet, very importantly, there is no spatial correlation between the Si and Fe signals. This confirms that while play-
ing an active role in the CNT growth process, the SiO2 in the reactor tube does not directly act on the catalyst 
particles, nor associates with them, for example as a silicide (FeSi2).

Discussion
The results presented above demonstrate that SiO2 in the reactor tubes plays an active role in CVD reaction, 
increasing yield of CNTs but without affecting composition. They also show that some SiO2 reacts with carbon, 
leading to the formation of SiC, but very importantly, there is no evidence that Si associates with the Fe-based 
catalyst or is even present near the catalyst in CNT fibers. While these results might be surprising in the context 
of CNT growth, they are fully consistent with observations in hydrocarbon heterogeneous catalysis, where SiO2 
and aluminosilicates are known to catalyze multiple reactions, including cracking of hydrocarbons. Referred to 
as examples of inorganic solid acids, aluminosilicates are amongst the most studied catalysts in hydrocarbon 
reactions, most notably, because of their widespread use in oil refining-related reactions. Extensive reviews can 

Figure 7.  Observation of Si-containing impurities in CNT fibers observed by synchrotron radiation WAXS in 
transmission mode. (a) 2D WAXS pattern showing the standard reflections from CNTs and residual catalyst 
and the presence of sharp powder rings from impurities. (b) Radial profile after integration with assignation 
showing reflections from SiO2 and SiC. The latter implies that SiO2 in the reactor tube reacts with carbon 
precursors.
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be found elsewhere34, but we note some related examples that help clarify the results presented above for the 
high-temperature catalytic decomposition of n-butanol.

The decomposition of hydrocarbons on the surface of aluminosilicates can lead to multiple path ways 
that produce both carbon-carbon bond rupture and formation. Early studies showed, for example, that in 
low-temperature (320 to 550 °C) decomposition of a wide range of hydrocarbons (alkanes, aliphatic alcohols, 
etc) in the presence of an aluminosilicate with 85.6 wt.% SiO2 and 12.9 wt.% Al2O3, the rate of thermal cracking 
is negligible compared to the rate of catalytic cracking35. Similarly, a monolayer of SiO2 on Al2O3 has been shown 
to act as an electron acceptor for 2-butanol dehydration and alkane cracking, amongst other reactions36,37. It is 
most likely that the SiO2-catalyzed reaction in the direct spinning corresponds to this type, whereby n-butanol 
decomposes at the surface of the reactor tube and forms smaller chemical species, including carbocations, that 
ultimately react with the Fe-based catalyst particle and supply C for the nascent CNT, as shown in the simplified 
schematic in Fig. 9.

We note that mullite also assists CNT fiber growth when using CH4 as a C precursor38, a common choice in 
scaled-up facilities. The catalytic degradation of CH4, which is more stable than butanol, could involve the forma-
tion of its carbenium ion ( +CH3 ), a chemical species also found in various aluminosilicate-catalyzed hydrocarbon 
reactions34. In fact, examples of the effect of Si-based reactor tubes on the synthesis of graphitic materials by CVD 
date back to as early as 194839.

But to gain more insight into the extent to which the reactor tube can take part in the catalytic decomposition 
of C-precursors, we have calculated the approximate total surface of Fe catalyst nanoparticles relative to that of 
the reactor tube. Under the assumption that the residence time in the reactor is dictated by the carrier gas velocity 
and that the carried gas behaves as an ideal gas, we find that the ratio of surfaces can be expressed as (see SOM)

ρ
=

S
S

m r
r f

3
2 (1)

Fe

reactor

Fe reactor

Fe Fe H2

where mFe is the mass flow rate of Fe injected in the reactor, rreactor is the radius of the reactor tube (3.5 cm), rFe the 
average Fe catalyst particle radius (4.5 nm), ρFe the density of Fe and fH2

 the flow rate of the H2 carrier gas. For 
typical CNT fiber spinning parameters used in laboratory settings the ratio comes out as 0.05. This might be ini-
tially surprising considering that the radius of the particles is much smaller than that of the reactor tube, but note 
that the mass flow rate is very low (less than 3 μg/s) and hence the concentration of Fe particles is extremely small, 
which makes the two surfaces of similar order of magnitude. Very importantly, we have observed gradual rough-
ening of the surface of the reactor tube after its regular use over months. Such roughening occurs through repet-
itive use in a highly reducing atmosphere (containing H2 and CH4), causing partial reduction and re-oxidation 
(on cooling) of mullite40,41 and its consequent amorphization (see SOM). Together with catalyst plating near the 
injection point at the cold end of the reactor, this could lead to even higher values of S

S
Fe

reactor
 and variations in reac-

tion yield through a higher contribution of hydrocarbon decomposition at the reactor tube.

Conclusions
This work shows that the ceramic reactor tube used in FC-CVD synthesis of CNT fibers plays an active role in the 
reaction by assisting in the decomposition of the n-butanol carbon source. Using a mullite reactor leads to higher 
reaction yields, i.e. a higher fiber mass linear density, compared to alumina. This is consistent with their estab-
lished catalytic activity for the decomposition of hydrocarbons. In spite of the key contribution of the reactor tube 
to the synthesis of CNT fibers, the morphology of the CNTs in terms of degree of graphitization and number of 

Figure 8.  TEM and EDS analysis of impurities obtained after dispersion. (a) TEM micrograph showing 
irregular particles of different sizes. (b) EDS elemental maps confirm the presence of Si, mostly associated with 
O but not spatially correlated with either Fe or C.

https://doi.org/10.1038/s41598-019-45638-6


8Scientific Reports |          (2019) 9:9239  | https://doi.org/10.1038/s41598-019-45638-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

layers remains unaffected by the choice of reactor tube and is instead controlled by the ratio of promoter to carbon 
source. Si-based impurities are occasionaly observed in CNT fibers using different techniques. Their structure 
suggests that they correspond to reactor tube fragments that detach from the main tube and end up trapped in 
the porous CNT fibers. All evidence suggests that Si does not associate with the Fe catalyst nor take direct part in 
the extrusion of graphitic carbon at the catalyst particle surface. A main corollary of these results is the possibility 
to decouple hydrocarbon decomposition from catalytic growth, which could greatly help increase reaction yield 
and bring new opportunities for molecular control.This requires, amongst other advances, determining more pre-
cisely the catalytic decomposition route of different C sources and separating contributions from the Fe catalyst 
particles and the reactor tube to this process.

Methods
Materials.  Thiophene (extra purity ≥ 99%) from Sigma Aldrich, ferrocene (purity = 98%) obtained from 
Acros Organics, 1-butanol and toluene (purity > 99%) from Sigma Aldrich were used for the synthesis of CNT 
fibers. Ferrocene was purified by a sublimation/recrystallization process.

Synthesis of CNT fibers.  Carbon nanotubes fibers were synthesized by direct spinning method. The assem-
bly of CNTs into a fiber in this method occurs in the gas phase during growth by floating catalyst chemical vapor 
deposition, where the very long CNTs (1 mm) entangle and form an aerogel, which is then drawn through and 
out of the reactor tube and continuously deposited onto a winder7. The reaction was carried out at 1250 °C under 
hydrogen atmosphere and three kind of CNT fibers was produced in three different vertical tubular furnace reac-
tors of alumina, alumina with mullite and mullite. Synthesis conditions were adjusted so as to produce predom-
inantly few-layer multiwalled CNTs (MWCNT) by using ferrocene as iron catalyst source, thiophene as sulfur 
catalyst promoter and butanol and toluene as carbon sources, with different relative contents ranging from (0.8: 
1.5: 97.7) to (0.8: 0.2: 99.0)9.

Characterization of CNT fibers.  Raman spectroscopy was performed mainly using a Raman 
micro-spectroscopy system Renishaw with 532 nm laser line (2.33 eV), taking three accumulations at ≈1.68 mW. 
In order to maximize the Raman signal, the polarization of the excitation signal was kept parallel to the CNT fiber 
axis.

SEM micrographs and EDS spectra were taken with a FIB-FEGSEM dual-beam microscope (Helios NanoLab 
600i, FEI). TEM samples were prepared by dispersing a small amount of CNT fiber sample in 99% pure acetone 
and sonicated in an ultrasonic power bath to debundle the CNTs and isolate the extraneous materials or impu-
rities. This resulted in the formation of dark dispersion and sedimentation of material. Impurities were collected 
by depositing a drop of the dark dispersion on a holey carbon TEM grid. TEM images and EDS elemental maps 

Figure 9.  Scheme of carbon nanotube growth in FC-CVD used for direct spinning. Carbon source (n-butanol) 
decomposition takes place at the reactor tube and forms smaller carbocations that finally react with the S-coated 
Fe catalyst particle and supply C for the nascent CNTs.
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were taken using a FEG S/TEM microscope (Talos F200X, FEI) equipped with a chemical analysis system via 
EDS mode.

Thermo-gravimetric analysis were recorded under air atmosphere in a TGA Q50 (TA Instruments). The anal-
yses were performed under air from 25 °C to 800 °C using a 10 °C/min ramp.

XPS data were collected with synchrotron radiation X-Ray source using a Phoibos 100 hemispherical energy 
analyzer (SPECS GmbH) in ESCAmicroscopy beamline (ELECTRA synchrotron in Trieste, Italy), using a photon 
energy of 650 eV. Si 2p core level spectrum was fitted by Gaussian/Lorentzian peak shapes and Shirley background 
profile.

2D WAXS patterns were collected at NCD-SWEET BL11 ALBA Light Source using a wavelength of 1 Å The 
data shown are after sample-detector distance calibration and azimuthal integration. Powder XRD measurements 
of the reactor tube were performed with a Bruker-AXS SMART 1000 single-crystal diffractometer using Mo KR 
radiation and a CCD detector. The sample detector distance was determined sing a silicon single-crystal standard.

Gases sampling method.  The gas near the outlet of the reactor tube was sampled by extracting a volume 
of gas from inside the lower part of the reactor tube into Tedlar bags using a manual pump. The gas samples were 
then analyzed with a gas chromatograph (Agilent 7820 GC) coupled to a mass spectrometer (Agilent 5977B 
MSD). The gas was injected through an automatic valve into a CarbonPLOT column (30 m × 0.32 mm) using He 
as carrier gas with a split ratio of 1:20. The mass spectra were obtained by electronic impact with a single quad-
ruple analyzer and an extractor ion source. The identification of the peaks was performed using the NIST Mass 
Spectral Search Program.
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