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Abstract

The floating catalyst chemical vapour deposition (FC-CVD) method is unique in providing
the capability for continuous carbon nanotube (CNT) synthesis at an industrial scale from a
one-step continuous gas-phase process. Controlling the formation of the iron-based catalyst
nanoparticles is widely recognized as a primary parameter in optimizing both CNT product
properties and production rate. Herein the combined influences of pyrolytic carbon species
and catalytic nanoparticles are both shown to influence CNT aerogel formation. This work
studies the source of carbon in the formed CNTs, the location of aerogel formation, the in-situ
behaviour of catalyst nanoparticles and the correlated morphology of the resultant CNTs.
Axial measurements using isotopically-labelled methane (CH4) demonstrate that carbon
within all CNTs is primarily derived from CH,4 rather than some of the early-forming CNTs
being predominantly supplied with carbon via thermal decomposition of catalytic precursor

components. Quantification of CNT production along the axis of the reactor definitively
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dispels the notion that injection parameters influence CNT formation and instead shows that
bulk CNT formation occurs near the reactor exit regardless of the carbon source (CHa, toluene
or ethanol). Supply of carbon to different reactor locations indicates that CNT aerogel
formation will occur even when carbon is delivered near the exit of the reactor so long as the
carbon source reaches a sufficient temperature (>1000 °C) to induce pyrolysis. These results
give an indication of how future large-scale CNT reactors may be optimized and controlled by

modifying downstream catalyst and carbon delivery.
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1. Introduction

At the nanoscale, individual CNTs have been shown to possess significantly
improved mechanical, thermal and electrical properties compared to existing materials.
However, their applications have been limited due to the inability to produce CNTs as
continuous macroscopic matrices on an industrial scale. Interest in producing
macroscopic assemblies of CNTs, driven by their unique combination of properties
continues to stimulate academic research around the world and to drive forward
industrial development. At least two companies are currently working with research
groups to commercialize FC-CVD technology[1,2], others are exploring the liquid-
crystal spinning route[3] and dry-spinning techniques continue to develop[4—6]. The
FC-CVD route, which facilitates the continuous collection of a CNT aerogel using
techniques pioneered by Windle et al.[7] is an attractive option for scale-up due to its
relative simplicity and one-step production method. A video of the process including
the collection and a close-up view of the aerogel formation can be found in the

supplementary material. The excitement the method continues to generate is reflected
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in the academic publication trends illustrated by the bar chart in Figure 1. Over the last
ten years the number of academic groups with continuous aerogel-spinning capabilities
has increased to at least nine, with three new groups contributing their first
publications this year[8—11]. The level of interest is of little surprise when the range of
potential applications associated with these materials is considered[12,13], whether as
uncondensed sheet formats, condensed filaments or post-treated matrices and is
reflected in the more recent publication of applications-based reviews in areas such as
electrical[14] and electro-thermal[15] properties of the materials.

Given the amount of interest in the FC-CVD process (30 published studies on
the synthesis), it is surprising that the fundamental influences of precursor
decomposition, and catalyst formation on CNT growth are still not well understood.
However, the complexity of a multi-parameter reaction space coupled with the
challenges of real-time in-situ measurements has made absolute conclusions difficult.
For example, while the role of sulphur (S) in promoting CNT growth rates through the
formation of iron-sulphur (Fe-S) eutectic phases on the surfaces of the catalytic
particles[16] is a well-established concept, drawing on knowledge from literature on its
role in the synthesis of vapour grown carbon fibers[17], proposing definitive C:Fe:S
ratios for the floating catalyst CVD process is problematic when the efficiency of the
reaction is poor (in the range of 1-4% based on carbon conversion to CNTs[18]) and
typically losses of Fe to the reactor walls and sulphur as H,S in the exhaust gases
during the reaction remain unquantified. Conclusions regarding mechanisms
controlling the influence of sulphur on CNT structure by changing either the
concentration of the S-containing reagent[19—22] or the type of reagent[23], or the
effect of different carbon sources on product impurity[ 18] may also need to be
cautiously applied, especially as the majority of these are based on ex-situ

characterization of the final product. Until now, schematics and hypotheses assumed
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that the morphology profile of the aerogel product is determined by the catalytic
growth of CNTs and related graphitic materials immediately after the initial nucleation
and growth of catalytic nanoparticles. Researchers have linked the ratios of C:Fe:S and
the choice of carbon sources based on their thermal decomposition temperature and
whether they are oxygen-containing or not (e.g. alcohol[ 18], aromatic carbon[24],
saturated hydrocarbon etc.) as strong determining factors in controlling product purity.

This has led to various assumptions such as i) the CNT aerogel formation
process is dominated by reactions soon after the injection of reactants in the upstream
portion of the reactor, ii) the impurity profile of the material (e.g. presence of large
diameter, badly deformed CNT tubules, graphitically encapsulated catalytic
nanoparticles and amorphous carbon deposits) is most strongly influenced by the initial
catalyst precursor decomposition processes and their interaction with the carbon
sources, iii) the importance of matching the thermal decomposition temperature of the
carbon source with that of the catalytic nanoparticle generation to ensure good carbon
availability[25]. Typical schematics as seen elsewhere[26,27] illustrate these
assumptions.

However in our previous work[28], the behaviour of catalyst nanoparticles and
full characterization of the nucleation, evaporation and re-nucleation of the catalytic
nanoparticles along the length of a FC-CVD reactor is shown for the first time. It was
found that the morphology of the CNT aerogel constituents changes significantly along
the reactor axis and correlates directly with the catalytic nanoparticle behaviour. Key
observations were that both the vast majority of the aecrogel material and the major
product impurities were formed in the latter portion of the reactor, indicating that the
product formation is dominated by re-nucleation processes occurring on the
downwards temperature profile of the reactor rather than by the initial decomposition

of the catalytic precursors. These observations also point towards pyrolytic carbon
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species being important in the aerogel formation. As a consequence of these initial
observations, in this paper we present a rigorous investigation regarding the interaction
of carbon species with the catalytic nanoparticles along the reactor axis. Carbon is
provided to the reaction system not only from the principal carbon source but
additionally in small quantities via ferrocene and thiophene catalytic precursors. In the
case of CHy4 as the principal carbon source, the difference in thermal decomposition

temperatures of the various components (Tterrocene<Ithiophene<<IcH,) Means that the

thermal release of carbon and generation of pyrolytic compounds from each species
occurs at a different axial reactor location. The first section of this paper determines
whether the carbon released from ferrocene and thiophene disproportionately
contributes to the small amount of CNT growth in the early axial locations, through the
use of C'*H, and Raman analysis to quantify the amount of carbon from CH, present in
the product throughout the reactor space. The study therefore investigates which
carbon sources play the most dominant role in the CNT synthesis at different stages in
the reactor and relates this to both the product morphology and crystallinity.

The synthesis and growth of CNTs results from a process in which catalytic assisted
pyrolysis of the carbon source and decomposition of pyrolytic compounds play a major
role[29,30]. In the latter sections of the paper we investigate the influence of the carbon
source in the region near the reactor exit where the bulk formation of CNT aerogel occurs,
and question whether ideas previously postulated about the cracking temperature of the
hydrocarbon source are of importance for product control. Furthermore, the influence of
pyrolytic carbon species on the aerogel formation process, due to the thermal cracking of all
the carbon sources, is investigated by contrasting the rates of aerogel formation in the catalyst
particle re-nucleation zone when only CHy is supplied (via a reverse injection configuration)
compared to when pyrolysis compounds are present due to thermal decomposition in the

hottest zone of the reactor. Given the relatively low carbon conversion to CNTs of typically 1-
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4% in current CNT aerogel formation processes, it is important to understand where and how
the reactor carbon is being used, so that methods can be developed to achieve higher

conversion rates, maximizing CNT aerogel growth and controlling product quality.
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Figure 1. Bar chart showing academic publications on the FC-CVD route for continuous
CNT aerogel synthesis over time (see Supplementary Table 1 for details and categorization of

publications).



2. Experimental Methods

A lab-scale horizontal aerogel reactor was used for all of the experiments, which
consisted of a tube furnace with an injection port at the inlet and gas exchange valve and
aerogel spinner at the outlet as previously described[28]. The specific process parameters for
each investigation are given below.
2.1. C" analysis

A CNT aerogel was synthesized using C'*Hy (Linde, >98.8), ferrocene (98% purity,
Acros) and thiophene (> 99%, Sigma Aldrich) in H, (0.5 slpm, purity grade hydrogen N5.0,
BOC) flowing through a quartz reactor tube (46 mm ID, 700 mm length) in a furnace set at
1200 °C. Ferrocene was supplied via a H, flow (40 sccm, ~1x10 mol ferrocene/min) through
a sublimation pack set at 77 °C and thiophene was supplied as a vapor in a H, flow (10 sccm,
~1.4x10” mol thiophene/min) via a liquid bubbler held at ~0 °C. All gas flow rates were
controlled by mass flow controllers (Alicat). After 8 minutes supply of ferrocene, thiophene
and H,, C'’Hy (40 sccm) was added and was halted after a further 8 minutes, when the
formation of CNT aerogel material was observed in the rear section of the reactor tube. The
tube was flushed with argon (Ar) (10 sccm, purity N4.8, BOC) during cooling. The aerogel
filament, stretching the length of the reactor tube, was extracted intact, split into ~50 mm long
sections, and pieces from each section were mounted on microscope slides. Raman spectra
were collected using a 534 nm laser (2 mW) on a Bruker Senterra I instrument fitted with
plane polarization, a confocal microscope (20x objective) and a 0.5 cm™ resolution grating.
To calculate the C'*:C" ratio, at least four spectra (three accumulations per spectra) were
collected from different locations for each section and the results of these were averaged.
2.2. Axial Aerogel Quantification

Conditions were established for successfully spinning CNT aerogels from CHy
(99.5%, BOC), ethanol (Sigma Aldrich, HPLC grade) and toluene (Sigma Aldrich, 99.3%

purity) in an alumina tubular reactor (40 mm ID, 700 mm length, 1300 °C). For each carbon
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source, ferrocene was supplied via a H, flow (100 sccm, ~8x10° mol/min) through a
sublimation pack set at 94 °C and thiophene vapour was supplied via H, passing through a
liquid bubbler (100 sccm, 1.1x10™* mol/min) set at ~0 °C. These supply rates were higher than
those used for the C'*Hy, so that a greater quantity of aerogel was produced, but using similar
ratios of the two precursors, assuming complete saturation of the gas passing through the
saturator, so that there would be minimal impact on the synthesis conditions. CH4 was
supplied at 120 sccm while ethanol and toluene were both injected via a syringe pump at 8
ml/h and 2.5 ml/h respectively. All were carried through the reactor in a H, flow of 1.4 slpm
(purity grade hydrogen N5.0, BOC).

For each hydrocarbon source a series of experiments were carried out, with new and
separate pre-weighed circular alumina particle filters used for each data point (40 mm
diameter, pore size 1 mm?, filter depth minimum ~30 mm, filter efficiency >99% for particles
<10 nm diameter and >90% for particles 10 nm < d <20 nm, see Fig. S2). These were placed
at different axial positions in the reactor each time. The reagents were supplied, in quantities
known to give aerogel-formation, for a set length of time, with any aerogel material
downstream of the particle filter being removed as it formed. Depending on the position of the
filter and potential clogging of the tube, reagents were supplied for 4 — 30 min. Reagent
supply was then switched off and the reactor tube was flushed with Ar. After cooling, the
filter was recovered and weighed to determine how much material had collected on the
upstream surface and inside the filter pores. For comparison across the three carbon sources,
the collected masses were converted into a relative percentage by mass per unit area of filter
cross-section per unit time.

2.3. Counter flow CH4 experiments

Similar ratios of reagents were used as for the C'? experiments but the equipment was

configured differently. Ferrocene, thiophene and the bulk H, flows were fed in as normal at

the front of the quartz reactor tube, but CH4 was only supplied in a counter flow
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configuration, through a %4 OD alumina tube whose position could be adjusted. The reactor
was run in a “closed” manner, with an exit flange fitted with an exhaust line for the gases and
a fitting to support the counter flow CHy4 line. Samples of CNT aerogel were collected for

analysis by SEM (Leo Gemini 1530vp FEG-SEM).



3. Results and Discussion
3.1. Use of C'*H, to determine the contributions of different C species to CNT aerogel
formation along the reactor axis

The Raman response of C'° has been used in various studies, for example to
determine CNT growth mechanisms[31-33] and to identify the active carbon species in
CNT carpet growth systems[34].
For our experiments, isotopically labeled methane (C'°Hy) was substituted for standard
methane (C'*H,) in the aerogel synthesis system to grow a CNT aerogel filament down
the length of a quartz tube using the methodology described elsewhere[28] and in the
Experimental Methods. On removal of the reactor tube after cooling in an Ar
atmosphere, a fine filament had formed down the length of the reactor with bulk
aerogel formation in the final section (see photograph and further explanation in S1).

The CNT filament was extracted from the reactor tube, split into sections and analysed
by Raman spectroscopy. The characteristic Raman spectrum undergoes a downshift in
wavenumber, where the degree of shift is proportional to the amount of C'* present in the
sample, because of the modulation of phonon modes due to the heavier carbon nuclei[35].
Equation 1 shows this shift in wavenumber[33], where v is the wavenumber of the C' peak,
v is the wavenumber of the equivalent C'> Raman peak, ¢y is the natural fraction of C'* in the
environment (0.11%, therefore ¢y = 0.011) and c is the fraction of C' in the sample. Using a
typical C'* G-peak wavenumber of 1582 cm™ measured using an ethanol-derived CNT

aerogel on the same Raman with the same laser, a C'>-CNT sample would have a G-peak at

12+c, .
U =1, /—0 Equation 1
12+c

The Raman spectroscopy showed that the C'*:C'? ratio in the CNT aerogel material

1521 cm™.

was essentially unchanged along the axis of the reactor, with samples generally being 94-99%
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C" (G peaks at ~1523 cm™) and only a sample at 50 mm upstream from the central point of
the reactor tube showing a slightly lower C'* content (~92%). Within the precision of the
technique (typical wavenumber resolution 4 cm™), these figures reflect the ratio of C'*:C'"?
input of 95.3:4.7 (see pie chart in Figure 2) therefore, carbon from CH,4 contributes to CNT
formation equally at all points along the reactor profile, rather than being only dominant in the
product after increased pyrolysis of CH4 occurs. This also indicates that the carbon
contribution from ferrocene and thiophene does not dominate in the CNTs synthesized in the
areas where the decomposition of these species occur, as might be expected, and carbon
available from decomposition products of thiophene and ferrocene play a subordinate role.
The G:D ratio of the material, used as an indicator of CNT crystallinity, varies along the
reactor axis, with the highest average G:D ratio of 9 occurring ~50 mm downstream of the
location of the maximum temperature within the reactor. This axial change G:D ratio in the
central reactor region reflects and maps with the overall changes in the product morphology
previously observed[28] and is shown Figure 2 and Figure 3 where example C'* Raman
spectra from different axial locations are shown alongside the corresponding product
morphologies. While the highest G:D ratio does occur very close to the hottest point of the
reactor profile, any possible effects of CNT annealing causing an increase in the G:D ratio
due to the material residing in the hot zone for an extended time (i.e. during reactor cooling,
prior to filament extraction) can be discounted, as the temperature did not exceed 1300 °C and
the lowest temperatures typically inducing CNT annealing start at 1800 °C[4,36,37]. The
lower G:D ratios of ~2.5 near the reactor inlet and ~3.5 at the reactor outlet indicate the
presence of defects in the graphitized carbon species. Near the reactor entrance this is likely to
be in the form of badly-graphitized carbon present in the catalytic nanoparticles seen
decorating the CNT structures (Figure 3) but which have not produced CNTs, or may indicate
a higher level of stone-wales defects in the CNT structures[38]. However, this is hard to

determine from SEM images as CNT bundles are predominately formed in this process. At
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the reactor exit, the formation of many badly-deformed CNTs is evident in the SEM. The G’
peak, which is pronounced in the Figure 3 spectra, is an innate feature of sp” carbon
structures, and relates to a longitudinal breathing-type mode of each individual hexagon in the
lattice (figure 46 in [39]). While G’ is an overtone of the D peak, it is an inelastic phonon
emission process[40], independent of the elastic defect-related scattering processes which
contribute to the D-peak[41,42]. Consequently, its intensity increases with decreasing defect
concentration[42] i.e. in the presence of well-ordered sp” structures, in contrast to the D peak
intensity. The ratio of G’:D in our spectra follows the same trend as that of G:D, with a
maximum ratio of ~7.5 coinciding with that of G:D = 9. The Raman observations show that
not only the previously observed bulk product morphology[28] but also product crystallinity

correlate with the spatial and temperature variations within a FC-CVD system.
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Figure 2. Graph showing the wavenumber of the G peak due to the presence of C'* in the

aerogel sample as a function of axial position (open diamonds) and the G:D ratio of the CNT
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aerogel in relation to the axial position of the material (open circles). Each data point is an
average of four measurements and error bars indicate the standard error of the mean for a 90%
confidence interval. The pie chart illustrates the total amount of C in the isotope-doped
experiments that came from C'° compared to the remainder that came from thiophene,

. .. . 1
ferrocene and impurities in the C' source.
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Figure 3. SEM study of different morphological features of the CNT aerogel compared with
typical Raman spectra of C'* aerogel from the corresponding reactor location. The
comparative heights of the G and D peak change along the axis, being highest at the centre of

the reactor where the very clean CNT aerogel is seen in a2). Note that the wavenumbers of
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the Raman features are all shifted from their regular C'? positions. The spectra are each

normalized to the height of the G peak.

3.2. Quantification of aerogel formation along the reactor axis

A series of experiments were carried out to quantify axial aerogel production
from different carbon sources, using the protocol described in the experimental section.
A set of experiments were carried out using each carbon source, placing a filter firstly
upstream of the hottest point in the reactor and subsequently in a series of positions
between the hottest point and the reactor exit (illustrated in Figure 4). The mass of
material collected at each location for each carbon source is shown in Figure 5. For all
three carbon sources studied, the data points for the relative percentage by mass per
unit area of filter cross-section per unit time along the reactor axis form a distinctive S-
shaped curve. No significant difference in the bulk CNT formation was observed
between the different carbon sources despite the fact that their decomposition
temperatures vary.

With the filter in position b1) (x=-150 mm), the catalyst nanoparticles formed
upstream of the filter mostly get filtered out (filtration efficiency >90%), leaving
insufficient catalytic reagents to grow CNTs downstream, the presence of the filter at
this location resulted in no downstream CNT aerogel formation. After use and
exposure to air, the filter is covered with iron oxide and turned orange (photograph
[A]). If the filter is positioned just upstream of the hottest point (b2, x=-50 mm) the
aerogel forms as normal in the downstream section of the reactor. This shows that the
majority of the catalytic nanoparticles have evaporated, passing through the filter in the
vapor phase and re-nucleate downstream of the hottest point, facilitating the aerogel
formation. Additionally, almost no CNT material was collected on filters placed just

upstream of the hottest point of the axial temperature profile.
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Figure 4. Graph a) is a representative measurement of the catalyst nanoparticle size
distribution and concentration (shown as grayscale) along the reactor axis for furnace set
points of ~1200 —1300°C, for a more detailed description see [28]. Schematic b1)-b4) shows
the location of individual particle filters in separate experiments (at -150 mm, -50 mm, 70
mm and 200mm relative to the hottest point of the reactor temperature profile respectively)
and their impact on aerogel formation. The inset photograph A shows a particle filter which
was positioned in the middle of the nucleation zone and traps the majority of the nanoparticles,
preventing aerogel formation downstream. Photographs B1 and B2 show representative SEM
images of CNT web collected at the outlet of the reactor.

Downstream of the maximum temperature, the vast majority of aecrogel
production occurred as the temperature started to drop, with the largest amount of the
material being synthesized as the reactor temperature passed from ~1200 °C to ~950

°C (Figure 4 filter positions b3, x=70 mm and b4, x=200 mm). This region corresponds
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to the location of catalyst particle re-nucleation in the reactor as shown in Figure 4.a,
which shows how catalyst particles form, evaporate and re-nucleate as they pass down
the reactor[28]. The correlation between this data and the qualitative observations
previously made regarding the location of the majority of the aerogel growth indicates
that the majority of CNT growth within the reactor coincides with, and is caused by,
the re-nucleation of catalyst particles after the flow has cooled from the hottest part of
the reactor. Some aerogel formation still occurs downstream of the filters in positions
b3 and b4 but in smaller amounts as an increasing proportion of the aerogel formation
is happening upstream and is then trapped. The CNTs formed upstream of the filter
lead to the build-up of a filter cake and eventual clogging over time. However, this
built-up material on the upstream filter surface ensures that virtually all solid masses
upstream of the alumina filter were collected, aiding the accuracy of the data presented
in Figure 5. Also, even after filter cake build-up and ensuring complete filtration, CNT
aerogel formation was observed downstream of the filter as described in Figure 4. One
of the consequences of the downstream bulk-aerogel formation is that the nature of the
carbon species contributing to the growth needs further consideration. If the material
was principally forming in the first portion of the reactor, before the carbon sources
pass through the most elevated part of the temperature profile, then the CNTs in the
aerogel could be assumed to be growing from the direct catalytic decomposition of the
supplied carbon source only. However, formation of the aerogel after the hottest part of
the temperature profile means that pyrolysis will have occurred to some degree and the
range of carbon species present to react with the re-nucleating catalytic nanoparticles,
which are at this point very small liquid catalyst nanoparticle droplets[26], will be

much more diverse[43].
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Figure 5. Mass of CNT aerogel material collected at different locations along the reactor axis
on alumina filters when using CHy, toluene and ethanol respectively as the CNT hydrocarbon
source. The mass plots are overlaid with the reactor temperature profile.

The presence of increasing concentrations of alkyne-like pyrolytic species with
temperature when ferrocene, thiophene or CH4 were decomposed in a H, environment
were observed by FTIR[28], providing evidence to support the idea that pyrolytic
species play a major role in the bulk aerogel formation. To determine the influence of
pyrolytic carbon species with re-nucleating catalytic nanoparticles on the bulk aerogel
formation, the carbon source was supplied only to the cooling zone of the reactor, in a
counter flow manner as shown in Figure 6. The counter-flow CH4 (20 — 70 sccm) was
determined to have a depth of the penetration of up to ~40 mm beyond the tube tip
depending on the injection flowrate (see supplementary information S3). By changing
the position of the alumina tube, CH4 could either be supplied upstream of the catalytic
nanoparticle re-nucleation zone, allowing the jet of CH4 to reach the hottest part of the
reactor temperature profile before subsequently passing back through the catalytic
nanoparticle re-nucleation zone in which presumably the smallest catalyst nanoparticle

droplets are present, just downstream from the hottest point in the reactor (see Figure
17



4.a). Alternatively, the CH4 could be supplied so that the catalytic re-nucleation zone
received only CH4, unaffected by the elevated temperatures of the hottest zone. When
CH4 was injected so that the jet was supplied only to the catalytic nanoparticle re-
nucleation zone at a temperature profile position of ~900 °C, no aerogel was formed,
indicating that CH4 was not interacting with the catalytic nanoparticles to produce
CNTs. An aerogel only started to form when the CHy4 supply tube was inserted further,
therefore allowing the CHy jet to reach the hottest part of the reactor (the ‘Critical
Injection Point’ indicated in Figure 6). The CNT aerogel formed in a typical manner as
depicted in the previous electron microscope images (see Figure 4). However, samples
collected under these conditions contained many graphitic impurities as shown in the
SEM images in Figure 6 but the system was not optimized for CNT purity. These
results highlight the key role that pyrolytic carbon species are playing in this system. In
fact, it is likely that the interaction of small catalyst nanoparticle droplets (detected
average d,~10 nm), just downstream of the hottest point in the reactor, which have the
ideal size and composition, with the carbon source and its pyrolytic compounds is
essential to the bulk aerogel formation process. Future enhancements in CNT
production and purity are likely to arise from optimization of the downstream

processes, co-locating delivery of pyrolytic compounds and catalyst particles.
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nucleation zone. SEM images of the aerogel material formed when CH4 was supplied
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4. Conclusion

In summary, we have shown that the pyrolytic compounds from the carbon
precursor decomposition are key to the bulk CNT aerogel formation in the FC-CVD
reactor. The source of carbon within the CNTs was tracked by isotopically-labelled
methane (C'*H,) and analysed with Raman spectroscopy. The results show the origin
of the carbon in the CNT aerogel to be equal to the ratio in which it is supplied with
~95% coming from the carbon source (methane) throughout the entire reactor with
carbon from the iron and sulphur precursors (ferrocene and thiophene) not dominating
in the early parts of the reactor. The initial catalytic nanoparticle nucleation zone only
yields small quantities of CNT aerogel via catalytic cracking of CH4, compared to the
catalytic nanoparticle re-nucleation zone where the bulk aerogel forms. It was also
possible to link both the product morphologies of the CNT aerogel and the crystallinity
of the formed material to the temperature profile and nanoparticle size distributions
along the reactor axis.

The axial production rate of CNTs within a CVD reactor was measured for the
first time using alumina filters to collect all solid mass from the gas flow. The axial
rates of production showed that the bulk formation of CNTs primarily occurs in the
downstream portion of the reactor after the maximum temperature. These results
indicate that CNT formation is primarily linked to catalyst re-nucleation as the
evaporated catalyst species (Fe and S) condense to form catalysts droplets of a size
capable of CNT formation (d,~10 nm, compare Figure 4.a). Furthermore, determining
the mass of the CNT aerogel formation facilitated a study of the effect of different
carbon precursors on the bulk aerogel formation. Within experimental uncertainties,
the bulk CNT aerogel formation happens at very similar locations in the FC-CVD
reactor, downstream of the hottest point, independent of the nature of the carbon

source.
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Investigation into the contribution of pyrolytic carbon species derived from CH4
were investigated by changing the axial location of CHy injection into the reactor, and
thus the time-temperature profile it encountered. We found that CH4 must be exposed
to temperatures greater than 1000 °C to stimulate CNT aerogel formation when
injected independently from the catalyst precursors. As the pyrolytic formation of
hydrocarbon radicals is linked to the incurred temperature, these results indicate that
not only are suitable catalyst nanoparticles needed for bulk CNT aerogel formation, but
also the provision of activated carbon species to the catalysts. The interaction of small
catalyst nanoparticle droplets just downstream of the hottest point in the reactor, with
the carbon source and its pyrolytic compounds is then crucial for bulk CNT aerogel
formation.

While these results change the view of CNT formation within FC-CVD reactors,
further study is needed on the radial distribution of precursors, radicals, catalysts and
CNTs within the chamber. Emerging techniques, such as laser light scattering, in-situ
Raman, and laser induced incandescence are necessary next steps for full reactor
characterization. As CNT production increases to large-scale reactors, a more detailed
understanding of the formation processes will be necessary before full control of the
reaction volume can be achieved allowing CNT production at industrially-desired

quantities.
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