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Abstract: This work studies synthesis of carbon nanotube (CNT) sheet using the high temperature
(1400 ◦C) floating catalyst chemical vapor deposition (FC-CVD) method. Three metallocenes—ferrocene,
nickelocene, cobaltocene—and their combinations are used as precursors for metal catalysts in the
synthesis process. For the carbon source, an alcohol fuel, a combination of methanol and n-hexane
(9:1), is used. First, the metallocenes were dissolved in the alcohol fuel. Then, the fuel mixture
was injected into a tube furnace using an ultrasonic atomizer with Ar/H2 carrier gas in a ratio of
about 12/1. The synthesis of CNTs from a combination of two or three metallocenes reduces the
percentage of metal catalyst impurity in the CNT sheet. However, there is an increase in structural
defects in the CNTs when using mixtures of two or three metallocenes as catalysts. Furthermore, the
specific electrical conductivity of the CNT sheet was highest when using a mixture of ferrocene and
cobaltocene as the catalyst. Overall, the multi-catalyst method described enables tailoring certain
properties of the CNT sheet. However, the standard ferrocene catalyst seems most appropriate for
large-scale manufacturing at the lowest cost.

Keywords: FC-CVD; floating catalyst chemical vapor deposition; carbon nanotubes; aerogel; direct
spinning; yield; metallocene; ferrocene; nickelocene; cobaltocene; sulfur; iron; nickel; cobalt

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by Iijima in 1991 [1], they have drawn
the attention of researchers across the world. The physical and chemical properties of
CNTs enable their use in applications including supercapacitors [2,3], patch antennas [4,5],
and fiber-reinforced composites [6–11], to mention a few among the different industrial,
commercial, and defense applications. With the growing list of applications, there is a
proportional increase in the global demand for CNTs. As an estimation, the global market
value will be about 15 billion US dollars by 2026 [12]. However, the low production
rate of CNTs at a reasonable cost is the most important limiting factor in meeting this
global demand. Among the three primary methods of CNT production, which are laser
ablation [13], chemical vapor deposition (CVD) [14], and arc discharge [15], the CVD
method is the most efficient [14] way to meet the estimated global CNT demand. The CVD
method can potentially produce high-quality CNT at a large-scale at a comparatively lower
cost than the other two methods. The best method for large-scale CNT synthesis is the
fluidized bed CVD method [16] although it has limitations. The CNTs produced in the
fluidized bed method are in the form of agglomerates or powder and thus are challenging
to integrate into different applications. It is very difficult to translate the exotic properties
of individual CNTs into a product when powder CNTs are added as fillers to different
matrices, such as polymer. The compatibility of the binding element becomes a limitation
of powder CNT in many applications. Moreover, loose CNT agglomerates possess a health
risk of inhalation, limiting powder CNT use in applications pertaining to human use [17].

Catalysts 2022, 12, 287. https://doi.org/10.3390/catal12030287 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12030287
https://doi.org/10.3390/catal12030287
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-8426-6858
https://orcid.org/0000-0002-2670-8432
https://orcid.org/0000-0002-5742-7799
https://doi.org/10.3390/catal12030287
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12030287?type=check_update&version=1


Catalysts 2022, 12, 287 2 of 20

In contrast to powder forms of CNT, the floating catalyst CVD (FC-CVD) method
produces a self-assembled 3D macrostructure of CNTs with tube length > 1 mm [18].
The long individual CNTs are bound to each other by Van der Waals forces that assist in
interweaving the CNTs to form a web of self-assembled CNT directly in the CNT production
process. This self-assembled CNT macrostructure can be collected in the form of sheets
or yarn during the production stage. Additionally, the Environmental Protection Agency
(EPA) of the United States has classified sheets and yarns with long CNTs (made from the
FC- CVD method) as “articles” and not “particles,” meaning they are too large to be inhaled
or absorbed by the skin [19]. The FC-CVD method has the highest capacity to produce
continuous macro-structures of CNTs in the form of sheets or yarn. The FCCVD method
has the advantage of being substrate-free; therefore, the process of catalyst preparation,
common in substrate growth CVD methods, is eliminated. Moreover, in the FCCVD
method, there is a continuous supply of catalysts which helps in the single-step continuous
production of macro-structure of CNT sheets or yarn [20–22]. Overcoming the challenge of
low CNT yield is more important now than ever due to the recent surge in the use of CNTs
for textile/wearable applications [23–28].

In the synthesis of carbon nanotubes (CNTs) by the FC-CVD method, metal catalyst,
sulfur and carbon play an imperative role. For CNT synthesis, the use of transition metals
(Fe, Co, Ni) [29–32] is common because of their high catalytic activity and high carbon
diffusion rate through the metal [33]. In the FC-CVD method, metallocenes are typically
used as the precursor of metal catalyst in the presence of argon and hydrogen as carrier
gasses [33]. Metallocenes are organometallic compounds with central metal ions linked to
two cyclopentadienyl anions, one on either side as shown in Figure 1.
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Figure 1. Chemical structure of metallocene.

Ferrocene, among all other metallocenes (nickelocene, cobaltocene) for CNT synthesis,
is highly favored due to its lower cost, lower toxicity, and higher temperature stability [33].
The ferrocene decomposition starts with shedding the hydrogen atom from the cyclopenta-
diene ring, subsequently breaking the metal-carbon bond to release the metal cation [34,35].
For cobaltocene and nickelocene, the decomposition starts with the scission of metal-
cyclopentadiene bond [35]. Therefore, the decomposition of ferrocene occurs at a relatively
higher temperature due to the presence of hydrogen in FC-CVD synthesis. In comparison,
the decompositions of cobaltocene are not affected by the presence of hydrogen [33,36].
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Another crucial factor in FC-CVD is the presence of sulfur during carbon nanotube
synthesis. Sulfur reduces the nucleation energy barrier and facilitates the metal catalyst
nucleation. The nucleated catalyst acts as a catalytic surface for carbon diffusion resulting
in CNT growth at an optimum temperature [33,36,37]. In one synthesis process, the metal
catalyst (Fe) undergoes three events while traversing the length of the horizontal tube
reactor’s parabolic temperature profile—decomposition and metal particle nucleation,
evaporation, and re-nucleation [33]. The ferrocene and sulfur decompose in the vapor
phase, leading to nucleation of the metal catalyst particles at temperatures ≥ 1050 ◦C. The
particle nucleation is immediately followed by particle evaporation at around 1200 ◦C
and is maximum at the highest temperature point of the reactor’s temperature profile. As
the evaporated gas phase metal catalyst travels downstream in the reactor tube, the re-
nucleation of the metal catalyst from the evaporated phase occurs close to the exit. During
re-nucleation, the recovery of metal particles from evaporated phase is not 100%. There is a
loss of metal catalyst due to re-nucleation on the reactor tube wall and diffusion [36,37].
During the nucleation and re-nucleation events, particle coagulation exists driven by
Brownian motion [38]. In the second nucleation zone, the catalyst particle grows in size due
to particle agglomeration driven by particle-particle collision and the collision frequency
following classical Smoluchowski theory [37–41]. The CNT growth and aerogel formation
zone coincide with the re-nucleation zone. The bulk of the CNT aerogel forms near the exit
of the reactor tube, where the temperature follows the downward trend of the parabolic
temperature profile. In this low-temperature region, the majority of the impurities get
incorporated into the final CNT product. Primarily, the impurities comprise amorphous
carbon and Fe catalyst residue [33,36–43]. The amorphous carbon byproducts result from
the pyrolytic decomposition of the hydrocarbon [42]. The Fe catalyst particles on which
CNT fails to grow get trapped in the long CNT web, resulting in a CNT product with
high metal catalyst impurity content. The reason for the failure of the CNT growth on the
catalyst particles is yet to be answered [44].

The increase in the Fe catalyst residue in the carbon nanotube final product increases
with; the increase in catalyst concentration in the reactor [39], increase in the synthesis
temperature [41], and decrease in carrier gas flow rate [44]. It should be noted that less than
0.1% of the supplied Fe catalyst contributes toward CNT growth [45] and the currently
achieved carbon efficiency is 1–4% (carbon efficiency is the ratio of the molar production of
carbon in the CNT aerogel product to the rate of total molar carbon supplied into the reactor
tube from hydrocarbon source) [46]. Therefore, the CNT yield cannot be increased just by
increasing the Fe catalyst supply. Controlling the formation of Fe catalyst and chemical
dynamics is a key factor for increasing the CNT yield, number of CNT walls, diameter,
chirality, and structural defects. More research attention is required to understand the
particle dynamics of the synthesis process close to the reactor exit.

Mixing two metal catalysts has shown an increase in CNT yield for the substrate-
assisted CVD method [47–50]. However, there are limited publications available in the
literature where cobaltocene [51,52] or nickelocene or their combination [51–55] are used
for the synthesis of CNT aerogel from the FC-CVD method.

Ahmad et al. [51] synthesized SWCNTs on bimetallic and trimetallic catalysts from a
vertical tube FC-CVD reactor at 1050 ◦C. The catalysts Fe, Co, Ni, Co-Ni, and Co-Fe were
prepared using spark discharge generator, and ethylene was used for the carbon source.
The catalytic activity of the Ni catalyst was observed to be poor for SWCNT synthesis. A
higher fraction of semiconducting SWCNTs were produced from the Co-Ni catalyst than
from Fe and Co as catalysts.

Syntheses of CNT aerogel at 1150 ◦C using different ratios of ferrocene, nickelocene,
and cobaltocene were studied [52]. Carbon nanotube production increased significantly
using a mixture of metallocene (Fe1−x−yCoxNiy)(C5H5)2. The production increased when
the nickelocene ratio was varied between 25% and 50% in a catalyst mixture of ferrocene
and nickelocene. There was no significant change in the Raman spectra from the samples
produced using metallocene mixture. Long monocrystalline metal kernels filling the carbon
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nanotubes due to the capillary effect were observed. However, there was a reduction in
electrical resistivity in samples produced from mixing metallocene.

In [53], SWCNTs were synthesized from the vertical tube FC-CVD method at 1200 ◦C.
Ferrocene and nickelocene were used catalyst precursors to synthesize CNTs from an
acetone carbon source. It is reported the bimetallic catalyst (Fe-Ni) showed higher reactivity
in decomposing acetone than a monometallic catalyst (Fe). However, it is reported that the
IG/ID ratio decreased with use of bimetallic catalyst (Fe-Ni) compared to monometallic
catalyst (Fe).

Mayne et. Al., in their work [54], produced powder CNTs by the pyrolysis of benzene
on ferrocene, nickelocene, or their combination as a catalyst precursor. The synthesis was
carried out in a substrate assisted horizontal tube FC-CVD reactor operating between
800 ◦C and 950 ◦C. Using a metallocene mixture resulted in higher nanotube yield of
aligned carbon nanotubes.

Yang et al. [55] synthesized Fe, Ni, and alloyed Fe-Ni filled carbon nanotubes on
ferrocene, nickelocene, or their combination as a catalyst precursor and a mixture of
dichlorobenzene (DCB) and xylene as a carbon source. A substrate assisted horizontal tube
furnace FC-CVD reactor operating at 800 ◦C was used for the metal filled CNT synthesis.
CNTs produced from 100% ferrocene as the metal catalyst precursor showed a higher filling
efficiency (metal kernels filling the nanotubes) than CNTs produced from nickelocene.
Additionally, all the samples showed similar ID/IG ratios obtained from Raman spectra.

Analysis of the literature [47–55] shows that depending on the condition of the synthe-
sis, the CNT product changes. Most of the summarized work used vertical tube FC-CVD
reactors operating at a temperature range of 800–1200 ◦C. The published work reports an
increase in CNT production with the use of a multi-metallic catalyst system.

In this work, we investigate the effect of using a mixture of ferrocene, nickelocene, and
cobaltocene catalysts coexisting in fuel to synthesize CNTs at high temperature (1400 ◦C)
by the FC-CVD method. The synthesis of CNTs from a bi-metallic catalyst has a substantial
effect on the chirality of CNTs depending on the metal combination used [47,48,56,57].
Using a combination of metallocene for CNT synthesis in a horizontal tube, the FC-CVD
method at a temperature of 1400 ◦C is an important study topic. To our knowledge, hori-
zontal tube FC-CVD synthesis of CNT using a metallocene mixture at a high temperature
of 1400 ◦C has not been studied. Here we show continuous synthesis of the aerogel-like
sock by mixing two and three metal catalysts in the fuel, along with the effect of using a
metallocene mixture on the CNT yield.

2. Experimental Part
2.1. Carbon Nanotube Sheet Synthesis

The floating catalyst method uses the pyrolysis process for (CNT) synthesis. In this
process, there is an injection of feedstock/fuel from one end of the ceramic tube furnace
and the synthesized CNT aerogel-like sock collected at the other end in the form of sheet or
yarn, as shown in Figure 2.

The single heating zone floating catalyst gas phase CVD reactor is comprised of a
horizontally oriented alumina tube of 5 cm outer diameter and 1 m long. With the fuel
atomizer, fine droplets of fuel are injected at the intel of the reactor tube. A gas mixture
of hydrogen and argon is used to carry the atomized fuel into the reactor maintained at
high temperature. The fuel cracks and produces carbon fragments that dissolve in the Fe
catalyst to nucleate CNTs. A winding drum collects the aerogel-like CNT sock at the outlet
to form CNT sheet. More details on the synthesis process can be found in our previous
work [41]. In the current paper, the CNT sheet is synthesized by mixing metallocenes
(Ferrocene, Nickelocene, and Cobaltocene; Sigma-Aldrich, St. Louis, MO, USA) into the
fuel of methanol (90 vol%, Fisher Scientific, Waltham, MA, USA), n-hexane (10 vol%, Fisher
Scientific, Waltham, MA, USA), and thiophene (Sigma Aldrich). As there is debate on the
role of sulfur in controlling the size of the metal catalyst particles after the re-nucleation
event [36,58], the catalyst/S ratio is kept constant for all four fuels. Table 1 presents the
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summary of the composition of all the fuels prepared by mixing the three metallocenes in a
100 mL mixture of methanol and n-hexane in a 9:1 ratio with thiophene for the fuel used
for this experiment.
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Table 1. Metallocene mass dissolved in 100 mL of the fuel.

Fuel Type Metal Ratio (%)
Metallocene Mass (g)

Catalyst/S Ratio
Ferrocene Nickelocene Cobaltocene

I Fe~54 0.7 0 0

1.85
II Fe-100 1.3 0 0

III Fe:Ni~54:46 0.7 0.6 0

IV Fe-Co~54:46 0.7 0 0.6

V Fe:Ni:Co~54:23:23 0.7 0.3 0.3

A mixture of hydrogen and argon is used as a carrier gas with flow rates of 200 SCCM
and 2000 SCCM, respectively. The fuel injection rate is 20 mL h−1, along with the synthesis
temperature maintained at 1400 ◦C throughout the experiment. The experiment was
conducted for 30 min for each of the fuel types. Three samples for each of the fuel are
collected over a period of three days in a randomized order.

2.2. Characterization

The collected CNT sheets were characterized using a SCIOS dual-beam scanning
electron microscope (SEM)/focused ion beam (FIB) equipped with EDX for elemental
analysis and high-resolution imaging. The EDX analysis is a qualitative surface analysis
and does not give reliable bulk information on the CNT sheet. Moreover, an FEI CM-20
transmission electron microscope (TEM) is used for nanotube structural characterization.
X-ray diffraction (XRD) is performed on the CNT sheets from 10◦ to 80◦ (2θ) at a scan rate of
0.95◦/step with 0.02◦ step size (Philips X’Pert Pro PW3040, PANalytical, ALMELO, Nether-
lands). The CNT samples were also studied using a Renishaw via Raman spectroscopy,
with an argon laser of 514 nm wavelength and an R-type laser of 785 nm wavelength.
The collection of Raman data is from >10 spots on each of the CNT samples. A Netzsch
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STA409 thermal gravimetric analysis (TGA) analyzer is used to characterize the thermal
degradation. For TG analysis, CNT sheets of mass between 3 mg and 4.5 mg are heated up
from room temperature to 1300 ◦C at a rate of 5 ◦C min−1 in 100 mL min−1 of air. Electrical
conductivity is measured using a square four-probe system [21].

2.3. Calculation

For statistical analysis, all the numerical data sets are tested with an analysis of variance
(ANOVA) test at a significance level of 0.05. Moreover, the means are compared based on
the Tukey test at a 0.05 significance level. Standard deviation is used for the error bar. The
IG/ID ratio from the Raman spectra takes an average of > 10 scans at different spots. The
yield of CNT is an important parameter which is required for the commercialization of
CNT. Higher yield of CNT will reduce the cost of CNT material and help in meeting the
demand for a wide variety of engineering applications. Therefore, the definition of CNT
yield and its estimation is important.

Yield rate: This is defined as the quantity of the CNT produced per hour (g/h). For
this measurement, the synthesized sock per hour Msock is weighed in units of g/h. Then
the CNT mass percentage mCNT in the sock is determined from TGA along with the catalyst
mass percentage mcatalyst and amorphous carbon mass percentage mamorphous. The quantity
of CNT produced per hour, the yield rate YCNT of the sock, is estimated in units of g/h
with the help of the CNT mass percentage mCNT estimation as follows:

mCNT(wt .%) =
mtotal −

(
mamorphous+mcatalyst

)
mtotal

× 100 (1)

Here, mtotal is the mass of the sample at the start of the TGA measurement, mamorphous
is the mass of sample burnt till 400 ◦C which is the mass of the amorphous carbon, and
mcatalyst is the mass of the residue at the end of the TGA measurement.

YCNT(g/h) =
mCNT

100
× Msock (2)

Carbon Conversion: This is found by dividing the yield rate by the grams of carbon
supplied in the reactor per hour Csupp.

Cconv(%) =
YCNT

Csupp
× 100 (3)

The calculation for the Csupp per hour from 20 mL fuel is available in Appendix A.

3. Result and Discussion

The synthesized CNT sample from one of the fuels is shown in Figure 3.
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The synthesized CNT aerogel was directly collected on a rotating drum covered
with Teflon sheet and densified with ethanol to facilitate CNT sheet manufacturing. The
CNT sheet collection is parallel to the gas flow direction (x-direction), making the CNTs
more aligned in the x-direction than the y-direction. The higher alignment of the CNTs in
one direction causes the macrostructure of the CNT sheet to have anisotropic properties.

Analyzing the scanning electron microscope (SEM) images helped in understanding
the surface morphology of the synthesized CNT sheets samples from the five different fuel
types. Figure 4a–e shows the surface morphology of the CNT samples produced from Fuels
I–V, respectively.
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(c) Fuel III, (d) Fuel IV, (e) Fuel V.

Comparing Figure 4a,b, visibly there is an increase in impurity on the CNT surface
with the increase in ferrocene mass in Fuel II (Fe-100%) from 0.7 g to 1.3 g compared to
Fuel I (Fe~54%). The high impurity is primarily because of a metal catalyst residue on
which the CNT failed to nucleate, and the Fe catalyst ends up in the final CNT product.
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These carbon encapsulated metal catalyst residues are seen in the TEM images (Figure 5).
The CNT samples produced from multi-catalyst fuel, i.e., Fuel III (Fe: Ni~54:46), Fuel IV
(Fe-Co~54:46), and Fuel V (Fe:Ni: Co~54:23:23) (Figure 4c–e), show comparatively a lower
amount of catalyst residue deposition on the CNT surface than the samples produced
from the ferrocene only fuels. The three fuels have identical catalyst concentrations and
catalyst/S ratio as Fuel I, except for having more than one metal catalyst mixed in the fuel.
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(c) Fuel III, (d) Fuel IV, (e) Fuel V.

The transmission electron microscope (TEM) images (Figure 5) give a closer look at
individual CNTs present in the samples. The primary use of TEM images is for identification
of multi-wall CNT (MWCNT), single-wall CNT (SWCNT), double-wall CNT (DWCNT),
few-wall CNT (FWCNT), deposition of the amorphous carbon layer on the CNTs, and
catalyst particles.
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From the TEM images, it is apparent that the samples from the five fuels are comprised
of both single-wall CNTs and multi-wall CNTs. There is deposition of amorphous carbon
on the surface of the CNTs for all the samples. The catalyst particles which failed to nucleate
CNTs can be seen covered with an amorphous layer of carbon. Generally, catalyst particles
along with amorphous carbon constitute impurity in the CNT sheets. We estimate the
impurity levels in the CNT sheet samples with TGA analysis. The TGA curves are shown
in Figure 6.
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Thermogravimetric (TGA) analysis of the synthesized samples helps to evaluate the
impurity levels and percentage of CNT in the sheet. All catalyst particles along with
amorphous carbon constitute impurities in the CNT sheets. Currently, we do not have a
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way to quantify the amount of catalyst that nucleated into CNTs separately, and the amount
of catalyst that failed to do so because the residual metal catalyst at the end of TG analysis
is comprised of the catalyst that nucleated CNT as well as the catalyst that failed to do so.

Oxidation events at different temperatures for different samples are observable from
the TGA curves in Figure 6. Amorphous carbon and the volatile hydrocarbon content
of the CNT samples burns out first around ~450 ◦C. The burning of the CNT content of
the sample follows until ~800 ◦C; beyond ~800 ◦C, the residual mass comprises a metal
catalyst. There is no noticeable mass increase beyond ~800 ◦C due to the oxidation of the
metal catalyst into metal oxide.

The burning event for CNTs from ~450 ◦C to ~800 ◦C comprises the oxidation of
single-wall, double-wall, few-wall, and multi-wall CNTs. The SWCNTs are highly reactive
and hence oxidize at lower temperatures [41,59]. Comparatively, the MWCNTs require
higher energy to oxidize. However, estimating the mass percentage of single-wall CNTs
and multi-wall in the samples is difficult because of the overlapping of different oxidation
events [41,45]. The presence of a broad DTG curve for all the samples indicates the presence
of CNTs with one and more than one wall in the samples [45]. This is also observable from
the TEM images (Figure 5).

It is observed that there is an insignificant difference in amorphous carbon content in
the samples. The presence of amorphous carbon is attributed to the carbon source used
for the experiment [33], which is the same for all five fuels. It is evaluated that with a high
concentration of the ferrocene as in Fuel II (Fe-100%), there is a high residual metal catalyst
mass (Figure 7).
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The SEM image (Figure 4b) for Fuel II (Fe-100%) supports the high metal catalyst
impurity in the CNT sheet. It is observed that samples from Fuels III (Fe: Ni~54:46),
IV (Fe: Co~54:46), and V (Fe: Ni: Co~54:23:23) have significantly less residual metal catalyst
than Fuel II (Fe-100%), despite having the same catalyst concentration and catalyst/S ratio.
The higher mass percent of the residual metal catalyst in the CNT sample from Fuel II
(Fe-100%) represents a high metal catalyst agglomeration and non-participation of the
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catalyst in CNT growth. In substrate growth CVD methods, when two different metal
catalyst systems are used, there is inhibition of catalyst particle growth due to a lack of
catalyst sintering [49,60–62]. Loebick et al. used Mn and Co bi-metallic catalyst on a silica
substrate for SWCNT synthesis [60]. Their work reported that the highly dispersed Mn
ions in the silica substrate act as an anchoring site for small Co particles, preventing them
from sintering into large catalyst particles. It is observed for Fuel III (Fe: Ni~54:46), Fuel
IV (Fe: Co~54:46), and Fuel V (Fe: Ni: Co~54:23:23) that mixing different CNT catalyzing
metallocenes in the fuel may hinder the agglomeration of catalyst particles hence decreasing
the metal catalyst residue in the samples.

The calculated yield rate using Equation (2) is shown in Figure 8.
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Based on the yield rate calculation results as shown in Figure 8, it is evident that
there is no significant difference in yield rate among the five fuels. From this, we can say
that mixing metallocenes reduces the catalyst residue in the sample due to lack of catalyst
agglomeration, but there is no significant increase in the production of CNTs per hour.
Figure 9 shows the effect of five fuels on carbon conversion.

The average carbon conversion for all five fuel samples is significantly different, with
the highest Fuel IV (Fe: Co~54:46). The lack of particle agglomeration might have con-
tributed to improved carbon conversion. Among Fuel III (Fe: Ni~54:46), Fuel IV (Fe: Co~54:46),
and Fuel V (Fe: Ni: Co~54:23:23), Fuel IV (Fe: Co~54:46) has the highest carbon conversion.
The carbon affinity of Fe, Ni, and Co is in the order Fe > Co > Ni [63]. We speculate that the
better carbon affinity of cobalt and lack of catalyst agglomeration may have contributed to
the highest carbon conversion for Fuel IV (Fe: Co~54:46). However, the improvement in the
carbon conversion is not realized in a higher CNT yield rate due to the random variation
and uncontrolled parameters in the operation of the FC-CVD reactor. Comparing the cost
of ferrocene (USD 38.30/100 g, source Sigma Aldrich) and cobaltocene (USD 4140/100 g,
source Sigma Aldrich), there is a 108-times increase in metallocene cost. Therefore, the slight
improvement in carbon conversion is not commercially advantageous for large-scale CNT
production. A maximum of 3.83% of the supplied carbon contributes to CNT production.
A minimal amount of the supplied carbon deposits on the CNT surface are amorphous
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carbon, along with some deposits on the reactor wall (shown in Figure 10). The rest of the
supplied carbon leaves the reactor in some gas compound form.
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X-ray diffraction spectra are used here to identify the unknown crystalline material in
the CNT samples. The mentioned cards, along with data, can be referred to for information
on the crystal structure. There is some alloying of the metal catalyst in the synthesized
samples, which is observable from X-ray diffraction spectra (Figure 11).
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For the samples synthesized from Fuel III (Fe: Ni~54:46), Fuel IV (Fe: Co~54:46), and
Fuel V (Fe: Ni: Co~54:23:23), the data show the presence of taenite (an alloy of Fe and Ni),
CoFe, and taenite + CoFe, respectively (Figure 11b–d). The presence of metal alloys in the
samples is promising for making CNT-metal composite samples. Nanoparticle coalescence
into larger particles is driven by nanoparticle size, nanoparticle size distribution, melting
point, coalescence time, pressure, and surface energy [64–67]. Lehtinen et al. indicate that
reduced surface energy of nanoparticles is the driving force for coalescence of nanoparticles.
It is speculated that presence of Ni and Co, along with Fe in Fuel III (Fe: Ni~54:46),
Fuel IV (Fe: Co~54:46), and Fuel V (Fe:Ni: Co~54:23:23), alters the surface energy and
hinders coalescence of nanoparticles to larger particles compared to Fuel II (Fe-100%). The
difference in the melting point of metals in use (Fe, Ni, and Co) can contribute to the lack
of agglomeration of metal catalyst in the samples. Further studies on particle coalescence
in the presence of hydrogen and sulfur will explain the agglomeration kinetics, resulting in
the less residual metal catalyst for Fuel III (Fe: Ni~54:46), Fuel IV (Fe: Co~54:46), and Fuel
V (Fe: Ni: Co~54:23:23).
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From the Raman spectroscopy analysis of the samples, the presence of single-wall
CNT is evident from radial breathing mode (RBM)-peaks (Figure 8c). However, as far as
the inner diameter of the CNTs is <2 nm, there are RBM peaks from any (SWCNT, DWCNT,
FWCNT, and MWCNT) CNT material [68]. The CNTs in the samples are a combination
of single-wall CNTs, double-wall CNTs, few-wall CNTs, and multi-wall CNTs. The TEM
images (Figure 5) and the multiple oxidation events at different temperatures in the range
of ~450 ◦C to ~800 ◦C in TG analysis further corroborate the presence of different number
of walls in the CNTs produced.

Figure 12d shows the G-peak ratio to disorder-induced D-peak (IG/ID) for the sam-
ples for 785 nm and 514 nm lasers. The supply of different metal catalysts increases the
defects of the CNT structure for two metallocenes (Fuel III (Fe: Ni~54:46) and Fuel IV
(Fe: Co~54:46)) and three metallocenes (Fuel V (Fe: Ni: Co~54:23:23)) mixture at the same
catalyst concentration compared to a single metallocene in fuel. The solubility of carbon
is different for each of the transition metals and their alloys [63,69]. Fundamentally, the
growth process of CNTs involves the dissolution of carbon in the liquid metal phase of the
catalyst surface and subsequent precipitation of the carbon into carbon nanotubes. The
precipitation of carbon into carbon nanotubes is a thermodynamic effect due to the increase
of carbon concentration in the surface liquid metal phase and crystallization of the metal
catalyst core [44,70]. As carbon has the highest affinity towards Fe at high temperatures
among the transition metals, it is the most common metal used for floating catalyst gas
phase CVD system to synthesize rope-like CNTs. The long strands of CNT produced using
the iron-based catalyst entangle with each other due to weak Van der Waals force, which
facilitates the formation of the aerogel sock-like structure of CNTs. The formation of the
aerogel sock-like structure of the CNTs (called a sock) is unique for continuous CNT collec-
tion and mass production. Our initial experiment failed to produce an aerogel sock-like
structure of CNTs using 100% nickelocene as a metal catalyst precursor.
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785 nm laser. (d) Average IG/ID of the samples from 514 nm and 785 nm.
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The instability of nickelocene at high temperatures has an effect on the process of
carbon dissolution into the metal-liquid phase and subsequent precipitation of carbon into
CNTs [71]. The CNT samples from the nickel-containing fuels (Fuel III (Fe: Ni~54:46) and
Fuel V (Fe: Ni: Co~54:23:23)) show a relative increase in CNT structural defects (decrease
in IG/ID, Figure 12d). Moreover, the carbon affinity in the transition metal catalysts used
for this study is in the order Fe > Co > Ni [63]. Due to catalyst alloying, CNTs with more
structural defects are produced multi-metallocene fuel than the fuel with 100% Fe in the
FC-CVD process. The specific electrical conductivities in the x-direction (represents the
direction of gas flow in the CNT synthesis process) and y-direction (perpendicular to the gas
flow) for different fuel samples are shown in Figure 13 The specific electrical conductivity
is maximum in the CNT alignment direction (x-direction).
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The increase of catalyst residue deposition on the CNT surface increases the contact
resistance between two individual CNTs. With reduced catalyst impurity, the specific
electrical conductivity of the material increases.

The use of bimetallic catalyst is reported to favor chiral specific CNT
growth [49,50,60,62,72–75]. The chirality of the CNT determines whether the CNT is a
semiconducting type or metallic type. Identifying the semiconducting or metallic CNT and
estimating their amount in the CNT bundles is a challenging ongoing research field [61].
There is no study currently available for producing CNT by floating catalyst CVD method
at high temperature (1400 ◦C) using the mixture of ferrocene and cobaltocene under similar
synthesis conditions.

The effect of nickelocene instability at high temperature and low carbon affinity
towards nickel can have caused the low specific conductivity for samples from Fuel III
(Fe: Ni~54:46) and Fuel V (Fe: Ni: Co~54:23:23).

4. Conclusions

This study shows that the catalyst residue impurity decreases by mixing different
CNT catalyzing metallocenes through the high-temperature FC-CVD method. Catalyst
agglomeration is reduced by combining two metallocenes and three metallocenes in the
fuel, reducing the catalyst residue impurity in the synthesized samples. This contrasts the
synthesis condition when a single metallocene at high concentration is used as in Fuel II (Fe-
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100%). By mixing a different transition metal catalyst, an improvement in carbon conversion
is noticed. However, the small improvement in carbon conversion is not commercially
advantageous for large-scale CNT production. The presence of less catalyst impurity
suppresses the effect of structural defect effects on the specific electrical conductivity. The
CNT samples from the catalyst combination of ferrocene and cobaltocene show good
electrical properties. This study shows that the synthesis of CNT-metal composites is
achievable with a high catalyst concentration by mixing different transition metal catalyst
particles in the fuel. However, the deposition on the reactor wall reduces the yield of the
process and complicates understanding the effects of using multi-catalyst fuels.
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Appendix A. Carbon Nanotube Synthesis Experiment

Carbon supplied in the alcohol fuel per hour (Csupp):

Moles per milliliter (mol/ml) =
Density (g/ml)

Molar mass (g/mol)
(A1)

Moles per gram (mol/g) =
1

Molar mass (g/mol)
(A2)

No. of moles per hour (mol/h) = moles per milliliter (mol/ml)× liquid per hour (ml/h) (A3)

No. of moles per hour (mol/h) = moles per gram (mol/g) × mass per hour (g/h) (A4)

Moles of carbon per hour (mol/h)
= No. of moles per hour (mol/h)× No. of carbon atoms in the chemical formula

(A5)

The following Table A1 shows the calculation of total moles of carbon supplied per
hour into the reactor.

Carbon supplied per hour (g/h)
= Total moles of carbon (mol/h)× Molar mass of carbon (g/mol)

(A6)

Carbon supplied per hour (g/h) = 0.558 mol/h × 12 g/mol = 6.7 g/h
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Table A1. Calculation of carbon supplied per hour.

Material Methanol n-Hexane Metallocene Thiophene

Formula CH3OH C6H14 * Metal(C5H5)2 C4H4S

Quantity per hour 18 mL/h 2 mL/h 0.26 g/h 0.15 mL/h

Molar mass (g/mol) 32.04 86.18 186.04 84.14

Density 0.792 (g/mL) 0.655 (g/mL) 1.11 (g/cm3) 1.05 (g/mL)

Moles per milliliter (mol/mL) 0.025(mol/mL) 0.008(mol/mL) 0.005(mol/g) 0.012(mol/mL)

No. of moles per hour (mol/h) 0.445 0.015 0.001 0.002

Moles of carbon per hour (mol/h) 0.445 0.091 0.014 0.007

* Metal = Fe/Co/Ni.
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