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Abstract

In this work, we evaluate the effect of ferrocene delivery in the reactor on the growth of
single-walled carbon nanotubes (SWCNTSs) in an aerosol CVD utilizing carbon monoxide as a
feedstock. For this purpose, we assess the reactor output parameters varying a gas flow rate through
a ferrocene vapor injector in the hot zone with other conditions (temperature, total flow rate, and
reactant concentration) being fixed. Our experimental results reveal the adjustment of the
ferrocene injection strategy (injector flow rate) to cause a 9-fold improvement in the synthesis
yield while preserving the SWCNT properties. We show the catalyst injection optimization to
enhance catalyst activation degree as a result of a streamline catalyst delivery, preventing particle
over-growth; the experimental data are supported by the computational fluid dynamics. We believe

our work to highlight the importance of appropriate aerosol CVD reactor engineering and to
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towards SWCNT-based technology.

Keywords: Aerosol CVD synthesis; Floating catalyst; In situ activation; Catalyst activation;

Single-walled carbon nanotubes; Equivalent sheet resistance.

1. Introduction

Single-walled carbon nanotube (SWCNT) synthesis is an advanced direction of
nanomaterial technology receiving tremendous effort of the scientific community and high-tech
industry due to a great application promise [1]. Nanotube production technology has come a long
way from physical methods (e.g. arc-discharge, laser ablation [2]) to a chemical vapor deposition
(CVD) approach, which nowadays is considered to be the most convenient technique for many
applications [3]. Among various strategies, an aerosol (floating catalyst) CVD method [4] is one
of the most promising because of significant technological advantages, namely scalability,
continuous operation mode, robust material handling involving both SWCNT thin-film dry
transfer as well as the direct nanotube deposition onto any desired substrate, eliminating additional
time and resource-consuming procedures. Moreover, the floating catalyst approach provides
SWCNTs of a superior quality and purity, the fundamental aspects uncovering the unique nanotube
properties [5]. Despite all the advantages of the process, there are still challenges to overcome:
along with the general goal of the chirality control [6], productivity enhancement is a critical
unsolved objective for the SWCNT mass production, preventing widespread nanotube
implementation [7]. One of the main drawbacks of the current synthesis state is a low catalyst
activation degree (fraction of catalyst nanoparticles that facilitated nanotube nucleation and
contributed in SWCNT growth). Indeed, usually a significant part of the catalyst nanoparticles are
not active, which hampers the nanotube growth and deteriorates the final properties of the

produced material [8]. For this reason, a catalyst activation study and optimization of the catalyst
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production from the perspective of technology cost-effectiveness and material performance.

Even though a number of studies related to the SWCNT synthesis by the aerosol CVD
method have been carried out (various catalyst formation techniques [9,10], carbon feed-stocks
[11-14], and catalyst activation promoters/etching agents [15,16]), there is still a lack of reports
providing insights in the gas-phase nanotube nucleation and catalyst activation. This can be due to
both extreme dilution of an unsupported catalyst and continuous changes along the reactor
resulting in a lack of direct methods for the activation assessment. Being a fundamental step of the
SWCNT growth, catalyst activation defines not only synthesis productivity but also the
characteristics of the produced nanotubes. Indeed, nanotube chirality is usually determined by a
cap formation on a catalyst surface [17] and is unlikely to change during the growth [18].
Previously-reported correlation between catalyst and nanotube diameters [19], supported by a
geometric increment in growth rate with a particle size increase [20], highlights the importance
and need to control the catalyst nanoparticle growth until the nanotube nucleation starts. Recently,
a comparative analysis of two catalyst formation approaches, namely ferrocene thermal
decomposition (so-called in situ route) and spark discharge generator (ex situ route), revealed a
more efficient catalyst utilization in terms of the joint catalyst particle formation and nucleation in
contrary to ex sifu nanoparticle formation [21]. Since ferrocene (one of the most widely used
precursors for SWCNT growth catalysts [22]) decomposes at temperatures above 400°C [23], it is
usually introduced directly into hot zone through a thin water cooled injector probe [24]. This
technique helped both to “delay” ferrocene decomposition (and, as follows, to prevent an excessive
increase in the catalyst nanoparticle size until the nanotube nucleation point is reached) and to
preserve longer growth (residence) time. A recent study revealed the significance of the
appropriate mixing of the catalyst precursor with other injected reactants in the reactor and how it
affects the crystallinity of the produced material [25]. At the same time, it was demonstrated that
varying the position of the water-cooled injector probe in the reactor, nanotube diameter, length,

3



dna AacleClveness could bde CLICCLVOLY wned ds 4 resuit o1 e cndnge 15 résiacncece Uune and
temperature profile adjustment [26]. However, the efficiency of the catalyst delivery through the
injector probe and, in particular, its effect on the synthesis efficiency — which could uncover the
features of gas-phase catalyst activation — have not been properly evaluated yet, while being an

important aspect of the process design.

Here, we close this gap by examining how the catalyst delivery speed influences the
synthesis output and activation conditions on the basis of the aecrosol CVD approach using carbon
monoxide as a carbon feedstock and ferrocene as a catalyst precursor. We replaced the traditional
water-cooled part by a tube-injector, which simplifies the system and does not require additional
attention to carry out the experiments. Employing a comprehensive study of the SWCNT
characteristics (diameter distribution, defectiveness, conductivity, yield) and applying reactants
(carbon dioxide) known to affect the SWCNT nucleation, we assess the nucleation pattern and
provide an insight on the optimal strategy for the catalyst activation in order to optimize the

synthesis productivity.

2. Material and Methods

2.1 Reactor set-up and aerosol particle number-size distribution measurements

SWCNTs were produced using an aerosol (floating catalyst) CVD set up depicted in Figure
1 and described in detail elsewhere [24]. Briefly, the reactor operates at ambient pressure and
consists of a three-zone tubular glass furnace (1.5 m length, inner and outer diameters of 72 and
78 mm, 1 m long hot zone) heated to 880°C and a gas supply system consisting of Bronkhorst
mass-flow controllers. Ferrocene vapor was used as a catalyst precursor and carried by CO (Linde
gas, 99.99%) flow of 0.5 Ipm passing through a thermally insulated cartridge (at 24°C) containing
ferrocene (Sigma-Aldrich, 98%) mixed with silica particles as a carrier. The gas flow with the
precursor was then mixed with an additional flow of CO and introduced directly into the reactor

hot zone through a thin (4 mm inner diameter) injector probe tube. An injector outlet position was
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the tube from clogging (caused by ferrocene decomposition on walls). As a result, the injector end
position was fixed at a position, corresponding to a temperature of c.a. 400°C. Hereinafter the total
flow through the injector tube is called an injector flow. An additional flow of a CO/CO; mixture
was introduced into the reactor keeping the total flow rate introduced into the reactor constant at
5.0 Ipm. The CO> concentration was varied in the range from 0.15 to 1.78 vol. % [27]. SWCNTs
were collected at the outlet of the reactor using nitrocellulose membrane filter (MF-Millipore,
0.45 um pore size) and then dry-transferred on a glass slide for further characterization; samples
for a TEM observation were directly deposited on Lacey carbon grids (PELCO Carbon 400 Mesh

Cu, 42 pum hole-size TED PELLA Inc.) at the downstream of the reactor.

A differential mobility analyzer (DMA) equipped with a condensation particle counter
(Scanning Mobility Particle Sizer Spectrometer 3938, TSI, USA) was used to investigate aerosol

number-size SWCNT/catalyst nanoparticle distribution at the output of the reactor.

Injector flow
<— CO+Fe(Cp),

_Main flow
—CO

—co,

Ferrocene vapor

Figure 1. Scheme of the inlet part of the an aerosol CVD reactor based on ferrocene thermal decomposition.

2.2 Sample characterization
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2600 nm using Perkin Elmer UV-vis-NIR spectrophotometer Lambda 1050. The optical density
of the film at 550 nm was used to estimate the yield of produced SWCNT films. The yield was

calculated as a collection rate of 90% transmittance (7) film according to the following formula:

lo T
Y [min~1] = %+U.

Here, we consider the total flow rate through an 11 mm-diameter filter used to be fixed at the value
of 3.6 Ipm (excess gas flow went to an exhaust line), while collection time (f) was adjusted to
obtain a film reasonably (around 20 nm) thick for characterization. It should be noted that the
wavelength of 550 nm was chosen as it is mostly affected by the m-plasmon contribution (typical
for graphitic materials [28]) and the optical absorption coefficient of SWCNT films in this region
was shown to match that one of graphite [29]; though this approach may lead to a certain
inaccuracy it overmatches other methods to directly determine SWCNT amount in a thin film: the
weight of microgram-scale limits common weighing, while the methods describing thickness (e.g.
AFM, cross-section SEM, etc.) are sensitive to the film bulk density which can be varied due to,

for example, capillary forces of solvents.

Raman measurements of the films were performed at 532 nm excitation wavelength by
Thermoscientific DXRxi Raman Imaging microscope with the lowest available excitation power

of 0.1 mW and 0.16 s exposure time. The signal was automatically averaged more than 100 times.

SWCNT film sheet resistance was measured by a Jandel RM3000 four-probe tool. The
measurements were repeated at least three times in different directions and the obtained values

were averaged.
TEM images were obtained using FEI Tecnai G2 F20 transmission electron microscope.

2.3 CFD calculations
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fluid dynamics (CFD) calculations were carried out using COMSOL Multiphysics software. The
2D axisymmetric nonisothermal flow model taking into account vorticity associated with
buoyancy forces was developed. Both laminar flow and turbulent flow (k-e model) approximations
were tested and demonstrated similar results. Indeed, considering 4-mm diameter of injector probe
and linear velocity varying from 1 to 10 m/s (corresponding to injector flow variation in range of
0.5-4.5 Ipm), as well as carbon monoxide dynamic viscosity and density at 400°C (corresponding
to injector end position; discussed further) of 3.2 Pa-s and 0.5 kg/m? correspondingly [30] we can
expect Reynolds numbers to be in the range of 100-1000 and associated with laminar flow regime.

Fluid dynamics module was coupled with following heat transfer equation:
pcpuVT +Vq = Q + Qp+0Qyq,

where p,c,, T and u — gas density, heat capacity, temperature and velocity vector,
correspondingly; q — heat flux, Q, @, and Q,4 — constant heat source, work done by pressure

changes and viscous dissipation, correspondingly.

The boundary conditions were as follows. Inside the oven, the experimental wall
temperatures were used, while the wall temperature outside the oven (on the top) was calculated
employing the convective cooling conditions. Two set CO mass flow rates at the input of the
reactor tube (main flow) and injector probe (injector flow), making up the total flow of 5.0 Ipm,
as well as the open boundary at the tube end (outflow), represented flow dynamics boundary
conditions. The injector flow also contained an extremely diluted ferrocene vapor concentration,
which was recalculated for every value of injector flow rate in order to keep the ferrocene feed
rate constant, as it was realized in our experiments. Thermal decomposition of ferrocene vapor
inside the hot zone of the reactor was modeled as a single-step process using the following rate

constant:

k[s~1] = 10'* - exp(—E,/RT),
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where E, is the activation energy of 207 ﬁ, R is the universal gas constant, 7 is absolute

temperature [31]. The heat release during the ferrocene decomposition was not taken into account
in the reactor heat transfer because of negligibly small partial pressure of ferrocene vapor (around

0.1 Pa[32]).
3. Results and discussion
3.1 Rate-limiting step for SWCNT activation

In case of aerosol CVD, the catalyst injection rate might affect the nanotube growth from
the very first step — SWCNT nucleation. The nanotube nucleation is a complex and temperature-
dependent process taking place at the point when catalyst nanoparticle is enriched with carbon
enough to form a nanotube cap (yarmulke mechanism) with a diameter defined by the size of the

active catalyst particle [19].

The size of nanoparticles in the reactor constantly increases as a result of particle collision
(coagulation), which is a time- and temperature-dependent process. Thus, one of the expected
outcomes of the injector/main flow rate variation is a shift in the mean SWCNT diameter as a
result of the change in coagulation conditions, associated with the velocity field and temperature
profile modification. Surprisingly, the results obtained with both UV-vis-NIR spectroscopy and
TEM statistics (Figure 2) reveal no effect on the SWCNT mean diameter even under a dramatic
change in the injection rate (from 0.5 to 4.5 lpm). Indeed, absorption spectra of SWCNTs collected
for injector flow rates of 0.5, 1.5, and 4.5 lpm consist of the similar peaks associated with Van
Hove singularities for 1.3—1.7 nm nanotubes (Si; transition energy of 0.75-0.6 eV,
correspondingly; [33]); the same pattern is observed for radial breathing modes of the Raman
spectra (see Supporting information, Figure S1). Though peak positions remain constant, variation
in peak intensity is observed. One can attribute this effect to changes in chirality composition
associated with the complex kinetic process of nanotube nucleation, preserving diameter

distribution.
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agreement as well, taking into account the dispersion in the experimental data (Figure 2 b,d,e).
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Figure 2. Optical absorption spectra and nanotube diameter distribution (based on TEM statistics) for
SWCNT samples produced at 0.59 vol. % CO, concentration and catalyst precursor feed rate of (a, b) 4.5 Ipm, (¢, d)
1.5 Ipm, and (e, f) 0.5 Ipm.

It should be noted that carbon dioxide concentration is widely known to tune SWCNT
diameter in aerosol CVD based on the Boudouard reaction [34]. The effect is usually attributed to
carbon etching from catalyst surface resulting in a nucleation delay and diameter shift [27,35].
Having observed a similar trend, we, however, prove the catalyst injection not to affect the
diameter distribution within the range studied (Figure S2 a,b). Moreover, the mean diameter is
shown to change insignificantly with growth temperature (Figure S2 c). Thus, considering a small
fluctuation in the diameter distribution in terms of injector flow rate variation, we can conclude
the nanotube nucleation to be limited not by the catalyst agglomeration but rather by the carbon

source supply (affected by CO> concentration and temperature). Thus, we can expect that

9
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dissociation and carbon diffusion) result in only a certain part (diameter range) of catalyst

nanoparticles to be activated and sustain the nanotube growth.
3.2 Catalyst delivery and SWCNT yield

Synthesis yield as a function of the injector flow rate at different CO> concentrations is
presented in Figure 3. The obtained results reveal a bell-shaped flow rate dependence (as well as
on CO; concentration; Figure S2 d) with a pronounced maximum slightly shifted from 2 lpm at
high CO» concentration (>1.33 vol. %) to 1.5 Ipm at lower ones. The highest yield of Y=0.31 min™!
is achieved at 0.59 vol. % of CO; and 2 Ipm injector flow rate. The demonstrated up to a 9-fold
increase in the yield as a result of the flow adjustment (from ¥ = 0.03 min™! at 4.5 lpm to ¥ = 0.28
min! at 1.5 Ipm; 1.33 vol. % COx concentration) indicates a significant improvement in catalyst
utilization. Indeed, given that the catalyst concentration (amount of catalyst introduced per unit of
time) is fixed in our experiments, the increase in productivity (catalyst utilization) might be
interpreted as either a rise in the number of growth centers (activation degree) and/or enhanced

growth efficiency (higher catalyst productivity).

The SWCNT yield is a function of two main parameters: catalyst activation degree and
nanotube length (defined by the growth rate and growth time). Considering only a small-scale shift
in a temperature profile with injector flow rate variation (will be further discussed) at fixed total
flow rate, we can assume the residence time as well as the growth rate (at fixed CO> concentration)
to be almost constant in our experiments. This fact may indicate insignificant changes in the
nanotube length and provide evidence for the variation of a catalyst activation degree. To explore
the nanotube length evolution with the injector flow rate we evaluated the equivalent sheet
resistance (Roo, sheet resistance of the SWCNT film with a 90% transmittance in the middle of the
visible range) data for the randomly oriented pristine SWCNTSs produced in our experiments. The

equivalent sheet resistance is known to be a function of a nanotube length [36], defectiveness,

10
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enriched samples [38], not relevant for classical CO-based system [39]), and bundle diameter [40].
As far as the injector flow rate variation is demonstrated not to affect mean nanotube diameter
significantly (Figure 2), we additionally examined only nanotube defectiveness employing D-band

to G-band Raman intensity ratio (In/Ig) [41].
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Figure 3. Yield as a function of catalyst precursor Figure 4. Equivalent sheet resistance (Roo) and Raman
feed rate at different CO, concentrations. intensity ratio (In/Ig) as a function of the catalyst

precursor feed rate for different CO, concentrations.

Figure 4 represents the equivalent sheet resistance and Ig/Ip plot versus the injector flow
rate at three different CO> concentrations. Overall, no explicit trend could be found at various CO»
concentrations; moderate changes (less than 3-fold) in the equivalent sheet resistance and Raman
peak intensity ratio, which are comparable with deviation from average, are observed. The data
confirms the prevalent effect of CO> on the equivalent sheet resistance, discussed previously [27].
Besides, the Ip/lg relation demonstrates a plot pattern similar to Ry that highlights the

interconnection between nanotube defectiveness and film conductive properties.

The increase in yield might also lead to an increase in bundle diameter (since nanotubes

have higher collision probability); but, considering both small changes in R90 and its correlation
11
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changes of nanotube length and bundling degree either to be insignificant or, less likely, mutually
suppressing (e.g. a decrease in nanotube length and reduced bundle size). The first option (constant
length) is also supported by aerosol number-size distribution measurements revealing no
noticeable change in a mean particle diameter (Figure S4 a; corresponding to nanotube effective
size (length) [42]) and total concentration dependence on injector flow rate similar to that one of
yield (Figure S4 b). Thereby, the principal cause of the yield enhancement is attributed to the

increase in the catalyst activation degree.

3.3 Optimal activation

Exploring the impact of reactor engineering on characteristics of produced material, we
also addressed the underlying processes responsible for the observed effects. For this purpose, we
conducted a computational fluid dynamics (CFD) study of our system intending to find out more
about flow dynamics inside the reactor and provide a proper explanation of the experimental trends
presented. The CFD results (Figure 5) demonstrate the reactor flow evolution at different ratios of

the injector and main flow rates.

Despite the total flow rate is kept constant, the injector flow rate affects the velocity field
distribution significantly and shifts the temperature profile. This fact is especially noticeable in the
vicinity of the reactor inlet (set as a reference point z = 0) and at the beginning of the hot zone —
both are significantly affected by vortexes associated with buoyancy forces. Two recirculation
zones are observed at simulated conditions: the first one takes place directly after the reactor inlet
(z=0-0.2 m), while the second one corresponds to the mixing region located right after the injector
probe end (z = 0.28-0.5 m). Higher injector flow rate, as expected, corresponds to a more vivid

recirculation effect, displayed by streamlines of the velocity field (Figure 5¢). In contrast, at lower

12
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radial temperature gradient Figure 5a).
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Figure 5. (a-c) Simulated velocity field map (U; on the left) and temperature distribution (on the right) in the reactor
at the injection rate of 0.5, 1.5, and 4.5 lpm, correspondingly. (d) Calculated ferrocene decomposition rate at different
precursor catalyst injection rates. Black streamlines display the velocity field vector direction, while colored circles
correspond to the position of maximum ferrocene decomposition rate. A time interval corresponding to flow transfer

from maximum rate decomposition point to hot zone (T>800°C) is depicted in red.

Nevertheless, a low injector flow rate results in a less effective ferrocene delivery in the
reactor hot zone that is displayed in the calculated decomposition rate at the reactor axis depicted
in Figure 5d. At the injection rate of 0.5 Ipm ferrocene vapor decomposes earlier and it takes more

time to get to the high temperature zone (>800°C), where SWCNT nucleation takes place [43].

13
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circles in Figure 5d) to the high temperature zone is 1.03 s at 0.5 Ipm versus 0.75 s at 1.5 Ipm.
Nevertheless, a further increase in the injector flow rate (above 1.5 Ipm) does not lead to significant
improvement in the delivery speed with the transfer time reaching 0.71 s at 4.5 lpm. The rapid
ferrocene decomposition results in an overlap of the decomposition region with buoyancy
vortexes, especially evident at the injector rate of 4.5 Ipm. The swirl flow and associated high
radial temperature gradient could be one of the main reasons for the lack of noticeable
improvement in ferrocene delivery speed in reactor hot zone and could lead to intensive catalyst
nanoparticle loss due to deposition on the reactor walls and uncontrollable increase in the particle
size (over-coagulation) in the recirculation region. The discussed trade-off between catalyst
delivery speed and flow laminarity, supports the experimental data (Figure 3) of the synthesis
efficiency, highlighting injector flow rate of 1.5-2.0 Ipm to provide the most productive conditions,
which corresponds to the highest ferrocene introduction depth (decomposition point marked by
colored circles in Figure 5d; the obtained result is relevant even in terms of different kinetic
constants (Figure S5) avoiding significant recirculation effects. At the same time, experimentally
observed a dramatic decrease in the synthesis yield at higher injector flow rates could be attributed
to the discussed recirculations (especially pronounced in the case of the fast catalyst precursor
injection). Assuming that the delivery time is determined by the linear velocity after the injector
probe, we can also expect that the injector probe with a smaller diameter can help to avoid issues

associated with vorticity, maintaining high delivery speed.

Unfortunately, the direct investigation of the particle size distribution at the nanotube
nucleation step is a challenging task in terms of the aerosol CVD process, since the evolution takes
place directly in the gas phase. Taking into account the correlation between the particle size
distribution during the nucleation and its further coagulation, we conducted TEM statistics of non-

activated nanoparticles, collected downstream of the reactor (Figure 6; Figure S4), in striving to

14
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non-activated Fe nanoparticles is 2—4 nm at all injector flow rates that is consistent with the typical
diameter range suitable for the nanotube nucleation [20]. Thus, most of the particles were capable

of nucleating SWCNTs from the geometrical point of view.
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Figure 6. Non-active catalyst number (histogram) and volume (solid line) size distributions based statistical analysis
from TEM images of SWCNTSs (Figure S4) collected at (a) 0.5 Ipm, (b) 1.5 Ipm, (c) 4.5 Ipm (0.59 vol. % COy). (d)
The scheme for efficient catalyst delivery for acrosol CVD process with in situ activation.

Surprisingly, the number size distribution of non-active particles obtained at the optimal
conditions (the injector flow rate of 1.5 Ipm; Figure 6 b) possesses both higher geometric mean
and standard deviation with a significant part of particles in larger diameter (>5 nm) region. The
volume size distribution, depicted on the same graph, emphasizes the largest fraction of non-
activated particles to be found with the size of 10 nm at 1.5 lpm injector flow rate (that is not

observed at low yield conditions Figure 6a, c).

This seemingly unusual result fits well with the previously-discussed paradigm. Since the

catalyst nanoparticles tend to coagulate and increase their size, we can expect small diameter non-
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failed the SWCNT nucleation) [42]. The encapsulation results in a carbon shell formation, which
prevents further particle growth and nanotube nucleation. This can be described in terms of
classical nucleation theory: nanotube nucleation requires a considerable oversaturation of the
catalyst with carbon. From that perspective, a bigger fraction of small non-activated particles with
the diameter suitable for nanotube growth, found at 0.5 lpm injector flow rate, indicates less
favorable nucleation conditions. High particle mean diameter, observed downstream of the reactor
at optimal injection conditions (Figure 6b), corresponds to the high-diameter tail of a log-normal
distribution of particles (Figure 6d) and reflects higher catalyst activation degree, with an
insignificant fraction of particles below 5 nm (which may support the SWCNT growth). In case of
fast catalyst injection (injector flow rate of 4.5 Ipm), we observe an intermediate bimodal
distribution, which is presumably associated with partially efficient catalyst delivery accompanied
by uncontrolled growth of particles (and as follows poor activation) due to previously-discussed
flow dynamics. Thus, the TEM results support our claims on the catalyst activation degree
variation and very likely to indicate the carbon encapsulation to be one of the main factors
inhibiting the catalyst activation. Summarizing, the CFD study and the TEM measurements
support the effect of injector flow rate on catalyst activation and highlight the importance of

catalyst delivery speed in reactor hot zone as well as flow laminarity.

4. Conclusions

In conclusion, we thoroughly investigated how the ferrocene injection affects the aerosol
CVD synthesis in the geometry of the CO-based reactor system. For this purpose, we examined
the synthesis output varying the injector flow rate together with ferrocene vapor at several CO-
concentrations and assessed obtained SWCNT properties. Our experimental results revealed that
the injector flow rate adjustment could lead to a 9-fold increase in the synthesis productivity while

preserving most of the SWCNT characteristics such as diameter, defectiveness, and film
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degree that was highlighted by TEM statistics of non-activated catalyst nanoparticles. Moreover,
we consider carbon source supply to be rate-limiting step during the SWCNT nucleation as the
diameter distribution is insensitive to catalyst precursor delivery. Numerical modeling of flow
dynamics pointed out the injector flow rate to govern catalyst delivery speed in the hot zone
reactor. The optimum experimental conditions (in terms of SWCNT yield) are consistent with
numerical results revealing the lowest delivery time and moderate flow laminarity. Our research
highlights the importance of appropriate catalyst injection and its effect on the catalyst activation
process. We believe our work to be interesting from the perspective of chemical engineering of
the aerosol CVD process, providing a simple and elegant route to enhancement of synthesis

productivity.
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HIOUHLIUOHLD

e Proper activation of the catalyst gives a 9-fold increase in the yield;

e (Carbon nanotube length and defectiveness can be preserved when activation tuned;
e Optimal activation comprises efficient delivery and flow dynamics;

e Carbon nanotube diameter distribution is not affected by the injection flowrate;

e Supply of carbon intermediates is rate-limiting step for nanotube nucleation.

24



