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Graphical Abstract

Abstract

This work contributes to the understanding of single-walled carbon nanotube synthesis by
an aerosol CVD method using ethylene and toluene as a hybrid carbon source. We evaluated an
extensive set of synthesis conditions revealing the role of ferrocene, toluene, and ethylene. We
found the fundamental role of ethylene promoting nanotube nucleation and catalyst activation
degree at all the concentrations studied, and enhancing nanotube growth at low ethylene content.
We observed the interplay effect of toluene and ethylene concentrations on the nanotube growth

rate, accompanied by the detrimental effect of toluene on catalyst activation degree. Nevertheless,



toluene apparently promotes nanotube crystallinity, increasing the film conductivity while used as
an individual carbon source. Adjusting the ethylene and toluene concentrations, we produced
carbon nanotube-based transparent and conductive films with an equivalent sheet resistance (at
90% transmittance at 550 nm wavelength) value of 57 Q/o at the synthesis yield of 0.24 cm?-L™,
which is at least two times higher than the results reported earlier.

Keywords: Aerosol CVD synthesis; Floating catalyst; Single-walled carbon nanotube; Equivalent

sheet resistance.

1. Introduction

Thin films of single-walled carbon nanotubes (SWCNTSs) are believed to be a prospective
material for various applications including gas filtration [1], UV-protective membranes [2], thin-
film transistors [3-5], bolometers and thermophones [6,7], transparent electrodes [8], and
others [9]. In fact, SWCNTs have game-changing promise in electronic implementations since
they are expected both to replace materials based on rare metals [10] (e.g. indium-tin-oxide) in
transparent electronics and to boost the technology of flexible and stretchable devices due to their

superior mechanical properties [11,12].

Among various synthesis approaches, an aerosol (a specific case of floating catalyst)
chemical vapor deposition (CVD) [13] method is one of the most technologically promising and
effective techniques for direct large-scale production of nanotube-based transparent and
conductive films (TCFs), bypassing time and recourse intermediate dispersion and purification
procedures [14,15]. Besides, the aerosol CVD provides pathways for in situ control over nanotube
characteristics and process efficiency [16] achieved by implementation of growth promoters,
specific oxidizing agents, and by selection of carbon feedstock [17]. For example, a small amount
of CO; additive, as an oxidizing agent, governs the diameter and length of SWCNTs in the CO-
based process [18], sulfur addition to hydrocarbon-based synthesis effectively promotes nanotube
growth (synthesis productivity) [19], while NH3 and oxygen-based compounds may specifically

etch nanotubes with certain chirality [20]. Several research works provided evidence for feedstock-
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dependent nanotube nucleation [21] and growth [22] (e.g., preferential growth of near-armchair
chirality with ethanol and toluene [23]), highlighting the pivotal role of carbon source in the

nanotube synthesis.

Fine-tuning of microscopic nanotube characteristics (length, defectiveness, etc.) enables
control over macroscopic features of their films, in particular their optoelectrical properties [24].
Thus, SWCNT-based TCFs produced by the aerosol CVD method are considered as the superior
one and might, in theory, exhibit performance comparable to the widely used indium-tin-oxide
[25]. However, the productive synthesis of high-performance nanotube films is still challenging
due to limited residence time and fundamental constraints associated with gas-phase aggregation
(bundling) [26]. From this perspective, advanced control over nanotube growth, particularly high-

growth-rate synthesis of non-defective SWCNTs, is a key for further advancement in the field.

In fact, the implementation of several carbon sources was shown to enable more delicate
control over the aerosol CVD nanotube growth [27]. For instance, addition of ethylene in the
presence of carbon monoxide enhances nanotube yield (compared to the pure carbon monoxide
system), preserving quality and conductive characteristics of the material [28]. At the same time,
a combination of toluene and ethylene enabled the fabrication of films of long “carbon-welded”
SWCNTs with transparent and conductive performance (equivalent sheet resistance) of 25 /o at
90% transmittance in the middle of visible wavelength range [29]. This result is close to the
performance of commercially available indium-tin-oxide, though the time stability of the film and
productivity of the process were extremely low. Moreover, recent advances in nanotube-based
films produced only with ethylene [30] or toluene [31] indicate the attainability of high-
performance TCF production with elevated yield and highlight the relevance of further research
of the perspective hybrid system. Nevertheless, a lack of understanding of the mutual impact of
various carbon sources on the SWCNT growth inhibits the development of synthetic hydrocarbon-

based systems in particular and the synthesis of nanotubes in general.



This work closes this gap and reveals the joint effect of two carbon sources (ethylene and
toluene) on the SWCNT synthesis in the aerosol CVD method. We examine the effect of SWCNT
parameters on the resulted properties of transparent and conductive SWCNT films with a focus on
the productivity of the process. In addition, we discuss the roles of particular feedstock in nanotube
growth and provide a critical assessment of the system. We believe this work is to guide the path

towards the advanced performance of SWCNT films in optoelectronic applications.

2. Experimental

2.1  Sample fabrication
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Figure 1. Scheme of aerosol CVD reactor and measured temperature profile along the reactor tube centerline (z-
axis). The origin corresponds to the tube inlet.

We synthesized SWCNTs using an aerosol (floating-catalyst) CVD reactor (Figure 1)
operating at atmospheric pressure, which consisted of a quartz tube (inner diameter 44 mm, length
1.3 m) placed in the vertical tubular furnace heated to set temperature of 1000°C. The measured
length of the reactor isothermal zone (£10°C) was of 40 cm. Hydrogen (Linde Gas, 5.0 purity)

with a fixed flow rate of 7.2 slpm was used as carrier gas to prevent non-catalytic hydrocarbon
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pyrolysis [32]. Small amount of ethylene (Linde Gas, 4.5 purity) was added to hydrogen. Ferrocene
(Sigma-Aldrich, 98%) and thiophene (Sigma-Aldrich, 99%) — an iron-based catalyst precursor and
a sulfur-containing promoter — were dissolved in toluene (Sigma-Aldrich, >99.9%). The solution
was evaporated using SONOZAP Ultrasonic Atomizer and then injected into the reactor using a
high-precision syringe pump (NE-1000, New Era Instruments). Carbon nanotubes grown in the
gas phase were collected at the outlet of the reactor on a nitrocellulose membrane filter (MF-
Millipore, 0.45 um pore size) with a diameter of filtration area of 22 mm. The collected films were

dry-transferred [33] on a glass slide for subsequent characterization.

2.2 Experimental conditions

We prepared several toluene solutions with ferrocene concentrations in the range from
0.125 to 2 wt%; the thiophene to ferrocene mass ratio was kept constant at 0.8 (corresponding to
Fe/S mass ratio equal to unity while the molar ratio was 1.77). To thoroughly investigate the
influence of synthesis parameters on the characteristics of produced nanotube films, we performed
an extensive set of experiments varying ethylene concentration and adjusting the solution feed
rate. This approach allowed us to examine the effect of every particular synthesis parameter
(ferrocene feed rate, toluene, and ethylene concentration) while others being fixed (Table 1).
Table 1. Synthesis conditions used for nanotube production. Here, ferrocene concentration in the solution is denoted

as Xferrocene- Toluene (Xiomene) and ethylene (Xetnylene) concentrations were calculated as a volumetric fraction in terms

of ideal gas assumption. Ferrocene feed rate was calculated as a product of its concentration and solution feed rate.

)%;;zz;e Solut(ili)]rjl Ht;?rel;i rate i%g,ly(;;,; Xioene (vol%) Ferro(clf:/e mfiene)d rate
2 3.75,6.25,12.5, 18.75 0.01, 0.02, 0.04, 0.06 65
1* 7.5,12.5,25,37.5 0.02, 0.04, 0.08, 0.11 108
0.5 15, 25, 50, 75 0-3 0.05, 0.08, 0.15, 0.23 217
0.25 30, 50, 100, 150 0.09, 0.15, 0.30, 0.46 325
0.125 60, 100, 200, 300 0.18, 0.30, 0.61, 0.91

*For 1 wt% catalyst precursor concentration solution, additional experiments were carried out at solution feed rates

of 5 ul/min in order to optimize equivalent sheet resistance of the films.
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It should be noted that toluene was used as a solvent for the catalyst precursor and promoter, so
we were not able to study the process in absent of toluene; though during some experiments its
concentration was as low as 0.01 vol%.

2.3 Sample characterization

We utilized absorption spectroscopy (Perkin Elmer UV-vis-NIR spectrophotometer
Lambda 1050) and FTIR spectroscopy (Bruker FTIR ALPHA 1I tool) to estimate the yield and
mean diameter of produced SWCNTSs. Mean diameter was recalculated according to the procedure
described in details elsewhere [34]. Briefly, the diameter distribution was derived from the position
and shape of Si; transition peak according to reference data provided in the Kataura plot [35]. The
yield was calculated as a rate (per unit time ¢) of 90% transmittance (7)) film collection normalized

to reactor flow rate and filter collection area (d is the diameter of an active part of the filter):

2
Yield [cm? - L] = : logo.o(T) _m (d[em])
t[min]-flow rate [slpm] 4

The quality of carbon nanotubes was evaluated by Raman spectroscopy (Renishaw inVia
Confocal Raman Microscope) equipped with 532 nm excitation laser and 100x objective. Spectra
were collected at the laser power below 1 mW with 0.2 s exposure time and >100 frames
averaging; a laser beam spot size was estimated to be several micrometers. Measurements were

repeated at least in three positions of a sample and then averaged.

To measure the sheet resistance of the films, we used a four-probe station Jandel RM3000.
For each of the films, the measurements were repeated five times (at various angles between a film
and probes), while the obtained values were averaged. The current was varied from 0.01 to 1 mA
depending on a sample conductivity (current was adjusted to keep measured voltage drop in the
range above 10 mV). The mean deviation of sheet resistance from average was estimated to be c.a.

9.6%.

The SWCNT length distribution was studied by scanning electron microscopy (SEM,

JEOL JSM-7001F), while the morphology of the samples was investigated by transmission
6



electron microscopy (TEM) using 120 kV FEI Tecnai 12 and JEOL-JEM-2800 tools. For SEM
and TEM imaging, SWCNTs were deposited on Si/SiO; and Lacey carbon Cu-300 grid,
correspondingly, directly from the gas phase by placing the substrates on a nitrocellulose filter

within the nanotube aerosol flow.

The doping procedure was performed by dip-coating the SWCNT films into 15 mM ethanol
solution of HAuCls (99.9% Acros) using Xdip-MV1 Apex Instruments at 100 mm/min speed. The
films were remained inside the solution for 20 seconds and pulled up at a constant speed of 100

mm/min.

3. Results and discussion

The systematic variation of synthesis parameters and comprehensive characterization of
produced samples allowed us to get insights into the influence of synthesis parameters on the
characteristics of the produced nanotubes and their randomly-oriented films (Figure S9). We
evaluated the synthesis efficiency (Yield), nanotube structural properties (Ic/Ip describing
nanotube quality), and transparent film quality factor (Roo is the equivalent sheet resistance at 90%
transmittance at the wavelength of 550 nm) at every growth recipe studied. In particular, we
focused on the mutual effects of catalyst and carbon feedstock concentration (feed rates) since
these parameters primarily govern nanotube growth from nucleation to growth termination stage.
However, as the dataset obtained ascribes influence of at least three linearly independent
parameters (ferrocene feed rate, ethylene, and toluene concentrations), we first highlight the trends
for each parameter varied alone (like a cut of a multidimensional space) to set the scene for
complex analysis.

3.1  The effect of catalyst concentration

The effects of catalyst precursor (ferrocene) feed rate [36], as well as the ways of catalyst
nanoparticle production [37] and injection [38], were abundantly examined previously for the
aerosol CVD method. In fact, the ferrocene feed rate regulates the kinetics of nanoparticle

formation, which is governed by a complex coagulation process. Our results (Figure 2a) show the
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SWCNT yield to dramatically grow with the increase in catalyst amount with an apparent reaction
order with respect to ferrocene (reaction rate) of 2.5. This result highlights the non-linearity of the
catalyst formation process and nanotube growth in general. It might also indicate the promoting
effect of ferrocene hydrocarbon residuals on the nanotube growth efficiency [37]. We consider the
ferrocene feed rate to determine the number of active sites (nanoparticles) of nanotube growth and,
as a result, the productivity of the process. In fact, an increase in catalyst precursor concentration
aggravates the nanotube agglomeration (bundling), affecting the morphology of the collected
material (Figure 2c-¢): we observed and increase in number of unused catalyst nanoparticles and
an apparent growth of bundle diameter with ferrocene feed rate rise. Besides, we observed a
relatively small fraction of pyrolytic carbon in the samples, that is also supported by typical Raman
spectra presented in Figure S2 (low intensity and narrow D-band was observed). However, the
nanotube bundling is considered as an unfavorable process for nanotube TCFs since it significantly
increases absorption of material without a noticeable gain in electrical conductivity [26]. Indeed,
we observed a negative effect of ferrocene feed rate on the quality of produced material and on its
conductive characteristics (Figure S1). For this reason, in our research, we mainly investigated the

performance of nanotube-based TCFs produced at relatively low ferrocene feed rates.

At the same time, the process of catalyst formation and, as follows, nucleation pattern could
also be displayed on the diameter of produced nanotubes. Restoring SWCNT diameter distribution
with the help of optical absorption spectroscopy (Si1 peak position), we observed a slight rise in
the mean nanotube diameter with ferrocene feed rate increase (Figure 2b). The observed trend is
associated with the enhanced growth rate of catalyst particles preceding the nucleation stage.
Indeed, the nanotube nucleation takes place in terms of continuous process of nanoparticle
coagulation, while the nanotube diameter is proven to correlate with the size of the active catalyst
particle [38] and most likely does not change in terms of steady growth [39]. We did not observe

any change in the diameter distribution width (standard deviation) with ferrocene feed rate



variation; this fact indicates that nanotube nucleation is rather limited by agglomeration of Fe-

based aerosol nanoparticles than carbon feedstock decomposition [40,41].
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Figure 2. (a,b) — Ferrocene feed rate (FFR) effect on the synthesis productivity (vield) and nanotube diameter
relation; (c-e) — TEM micrographs of nanotube samples fabricated at ferrocene feed rates of 108, 217 and 325 ug/min.
The ethylene and toluene concentrations were fixed at 0.4 and 0.15 vol%, correspondingly. Here d and o correspond

to mean and standard deviation of SWCNT diameter distribution.

Thus, we observe the ferrocene concentration to show a complex impact on the growth
process. While the intuitive direct relation between the catalyst amount and the yield is enhanced
to the apparent reaction order with respect to ferrocene of 2.5, the ferrocene concentration
manifests itself via a slight increase in the mean diameter of SWCNTs and declining trends in film

conductivity and quality of the material.
3.2 Therole of ethylene

Ethylene is known to be one of the most widely used carbon feedstocks for the synthesis

of SWCNTs and carbon nanomaterials in general. This is due to its relatively low cost and low



toxicity (in contrast to carbon monoxide) and the promoting role of CoHx radicals in catalyst
precursor decomposition and nanotube nucleation [22]. Previously, a control over nanotube
diameter distribution by ethylene addiction was reported for the toluene/ethylene hybrid system
[42]. Our results (Figure 3a) support the previous findings, with a mean diameter being a linear
function of ethylene concentration tuned in 1.3-2.2 nm range (Figure 3b), according to UV-vis-
NIR spectra and also displayed by radial breathing modes in Raman spectra (Figure S2). Moreover,
we observed a widening of nanotube diameter distribution (Figure 3b) with increase in ethylene
concentration. Thus, ethylene addiction results not only in the enhancement of the nucleation
process (because ethylene is considered to decompose catalytically faster than toluene [22]) but
also in a favorable effect on the catalyst activation degree (discussed below), since a broader range
of catalyst nanoparticles is activated. On the contrary, we did not observe the same effect while
increasing toluene concentration (Figure S3) that highlights the key role of ethylene in nucleation

and fits well with feedstock dependence of this process.
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Figure 3. (a,b) — Evolution of optical absorption spectra and nanotube diameter distribution with ethylene

concentration at fixed toluene concentration of 0.15 vol% and ferrocene feed rate of 65 ug/min. Here, d and o
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correspond to mean and standard deviation of diameter distribution. (c) — Synthesis productivity (vield) relation on

ethylene concentration at fixed toluene concentration of 0.15 vol%.

Besides, we found the ethylene concentration to govern the productivity of the synthesis
process in the whole ferrocene feed rate range investigated (Figure 3c). We observed a bell-shaped
dependence of the yield on ethylene concentration with initial growth, the peak at c.a. 0.4 vol%
followed by a steady decline. Surprisingly, we did not observe any significant yield enhancement
at the optimal ethylene concentration while increasing ferrocene feed rate above 217 pg/min, with
the yield reaching maxima of ~11.5 cm* L', The observed saturation effect might be related to
fundamental limitations associated with gas-phase nanotube bundling and the induced catalyst
deactivation process. Nevertheless, the detailed study of this phenomenon is a subject of another

study.

As arule, a higher yield can be attributed either to an increase of nanotube growth rate (leading to
longer SWCNTSs) and/or to the enhanced catalyst activation degree (i.e., increase in the fraction of
the active Fe particles) and/or to the formation of pyrolytic carbon (resulting in the drop of the
material quality [24]). Evaluation of catalyst and amorphous carbon (found to be negligible, Figure
S2) mass fractions might provide insights in catalyst activation degree and productivity, and reveal
the role of ethylene. Unfortunately, employing low catalyst feed rates with a focus on transparent
and conducting application of SWCNT films, we were not capable of performing TGA due to the
relatively low mass yield of material. As an alternative, we coupled the results of film
characterization techniques (optical absorption, Raman, and sheet resistance measurements) with
the nanotube morphology studied by SEM and TEM (Figure S4-S6). The experiments were
performed at a low ferrocene feed rate (43 pg/min) and toluene concentration of 0.015 vol%
(corresponding to 5 pul/min feed rate of 1 wt% ferrocene solution; Figure S7) and optimized reactor
temperature of 1050°C (Figure S8). We operated with Yield as a quantitative parameter, which we

believe, is projecting the catalyst activation degree with length/Roo taken into account.
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Figure 4 demonstrates the diverse ethylene effect on SWCNT film properties. Firstly, we
found the ethylene not only to affect the synthesis yield (Figure 4a) but also to govern the nanotube
quality (described by Ig/Ipratio; Figure 4b) and film conductivity (Reo; Figure 4c). Moreover, we
observed the correlation between Ic/Ip and yield ethylene relations with Ig/Ip value rising from 40
to above 200 at 0.3-0.4 vol% ethylene concentration and subsequently declining at higher
concentrations. At the same time, the Rop relation on ethylene concentration does not show any
clear correlation with the yield, steadily declining at ethylene concentrations below 0.15 vol% and
reaching minima of c.a. 300 /o with a further dramatic rise at higher concentrations. The lack of
Roo-yield correlation could be attributed to the complexity of Rop parameter being a function of
material quality/purity [43], bundling degree [26], nanotube length [44], etc. Overall, the ethylene
improves Roo in two orders of magnitude and affects nanotube quality and process productivity

proving, thereby, the fundamental role of ethylene as a carbon source for SWCNT growth.
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concentration dependences (at a ferrocene feed rate of 43 pg/min and toluene feed rate of 5.0 ul /min) and synthesis

temperature 1050°C. (e-k) — TEM micrographs of samples collected at 0, 0.08, 0.15, 0.20, 0.40 and 1.40 vol% ethylene
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concentration correspondingly. Here, dpunae and dcenr correspond to mean bundle and nanotube diameters,

correspondingly.

The results of electronic microscopy observation (Figure 4(e-h)) reveal the effect of
ethylene on product morphology. According to TEM, ethylene introduction significantly reduces
the fraction of non-activated iron catalysts and increases the bundle diameter that is in line with its
promoting effect during the nucleation. We consider the ratio of mean bundle diameter to mean
nanotube diameter (dundie/dent; Figure 4d) as a characteristic value for the catalyst activation
degree. Indeed, at a fixed residence time, the bundling rate is mainly affected by nanotube
concentration in the aerosol phase, which, in turn, is a function of the number of active catalyst
nanoparticles. Thus, at a fixed ferrocene feed rate, the catalyst activation degree governs the
effective number of nanotubes in a bundle (dbundie/dent). We found doundgie/dent to be a sigmoid-
like function of ethylene concentration raising from 2 (without ethylene) to 5 (at 0.4 vol% of
ethylene) and being nearly constant at higher concentrations. We believe the further growth of
catalyst activation degree (dvundie/dent) is inhibited by a higher supersaturation of catalyst with
carbon required for formation of a low diameter SWCNT nuclei according to nucleation theory
([45]). Thus, we may conclude the ethylene to act as an activation agent significantly enhancing
catalyst utilization degree in C2H4 concentration range studied.

Moreover, we investigated the bundle length statistics describing growth efficiency as a
function of grow rate and catalyst lifetime by SEM. Surprisingly, we found a significant effect of
ethylene concentration on the mean bundle length. The nanotube bundle length shows a bell-
shaped relation with ethylene concentration, reaching maxima of 33 um at 0.15 vol% of ethylene.
The coincidence of the length increase with the Roo reduction confirms the fundamental role of
nanotube bundle length in film transparent and conductive properties [16]. Besides, we observed
similar trends for the mean bundle length and Is/Ip with ethylene concentration coincides with the
theory of defect formation predominantly during the nucleation stage [46], since higher nanotube

length corresponds to lower defect concentration (defects are predominantly localized at the
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edges). In fact, implementing SEM spectroscopy we could not distinguish individual nanotubes
and bundles. Though, supporting the mean bundle length statistics by TEM data on bundling we
may assess the nanotube length. The observed range of changes for the bundle diameter (2-3 times
change) is significantly lower than that one for the bundle length (10-fold change), indicating the
pivotal effect of nanotube length. However, other indirect approaches e.g. based on viscosity
measurements of nanotube dispersions in super acid might be used for length assessment [47]. But
we believe this method is of limited use for reliable and unambigious SWCNT length
determination, especially considering the accompanied changes in nanotube morphology,

diameter, etc.

A dramatic increase in Roo with ethylene concentrations above 0.15 vol% (despite high
mean bundle length) is related to the nanotube bundling (induced by enhanced catalyst activation
degree), followed by the length decrease revealing an inhibiting role of ethylene at higher
concentrations. The latter effect might be caused by the catalyst poisoning by carbon — one of the
main reasons of catalyst deactivation during aerosol CVD synthesis [48]. Comparing the yield data
with bundle length and diameter data, we may attribute an increase in yield at concentrations below
0.4 vol% to activation degree and growth-rate (<0.15 vol%) enhancement, while the further decline
is presumably associated with carbon poisoning by excessive ethylene concentration (despite the

high activation degree).

To sum up, we found the ethylene to affect both activation of the Fe-based catalyst and
SWCNT growth rate proving its essential role in synthesis tuning. Ethylene facilitates SWCNT

nucleation at the concentrations studied:

e boosts SWCNT nucleation by the lower critical radius of nanotube nucleus (thinner
diameter of nanotubes) and widening the diameter distribution
e promotes catalyst activation degree (the increase of dpundie/dent; the lower amount

of inactive particle on TEM; the indirect increase of the yield)
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Ethylene affects SWCNT growth rate:

e enhances the growth rate at concentrations below 0.15 vol% (increase in SWCNT
length; the indirect increase of the yield and nanotube quality (I/Ip); the indirect
decrease of Roo);

e inhibits the growth (early deactivation) at higher concentrations (decrease in
SWCNT length; the indirect decrease of the yield and nanotube quality (Ig/Ip);
indirect increase of Roo).

3.3 Effect of toluene

In contrast to fundamental role of ethylene, which was discussed previously, in the pioneer
works, toluene was considered as the main carbon feedstock [42,49] for the studied system,
enabling synthesis of wide diameter (>2.2 nm; Figure 3) SWCNTs at high growth rates. The
reactor design allows us to exclude ethylene effect and directly investigate the performance of

toluene as the only carbon source.

Figure 5 uncovers the influence of toluene feed rate on the main output characteristics of
produced SWCNT films at different ferrocene feed rates. Overall, evaluating the toluene as
individual (without ethylene addition) feedstock, we found the increase in its concentration
enhances both the quality of produced films (Figure 5c) and their optoelectronic properties
(Figure 5e). In fact, we observed 3-fold improvement of Ig/Ip (from 50 to 150) and two-order of
magnitude Roo enhancement in the investigated concentration regions that is comparable with the
results of ethylene concentration adjustment. The simultaneous improvement of Ig/Ip and Roo
might be related to the increase in nanotube length (by the analogy with arguments given in

previous section) and indicates the growth-rate enhancing role of toluene.
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Figure 5. The effect of toluene feed rate on nanotube film characteristics at 0 (a,c,e) and 0.4 vol% (b,d,f) ethylene

concentrations.

On the contrary, the ethylene addition results in a less pronounced effect of toluene both
on nanotube defectiveness and material conductivity (Figure 5d,f) that supports either role of
ethylene as the main carbon source for SWCNTs or toluene role as an inhibitor of catalyst
activation. Indeed, we observed an ambiguous influence of toluene on the synthesis productivity
(Figure 5a,b) independent of the ethylene concentration. At a high ferrocene feed rate (325
pg/min), we found an upward trend of the synthesis productivity with toluene concentration. When
decreasing the ferrocene feed rate, we first observed less noticeable yield improvement (at 217
pg/min) by the toluene, which eventually changed to a declining trend at lower ferrocene feed rates
(65 and 108 pg/min). It should be mentioned that considering the lack of any changes in Roo with
toluene addition under any catalyst concentration, we believe the yield to be mostly affected not

by the growth rate but the activation degree of the catalyst [24].
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The obtained results indicate that optimal toluene concentration strongly depends on the
amount of catalyst introduced (or even labile ferrocene hydrocarbon residuals [37]), and an excess
of toluene may inhibit the growth. Indeed, analogously with results obtained previously with
acetylene/ortho-xylene system [50], an excess of toluene byproducts on the catalyst surface may
have growth-inhibiting effect. In particular, we consider that presence of relatively stable toluene
decomposition products on catalyst surface decreases catalyst activity at early growth stages. As a

result, toluene limits carbon feed rate to the catalyst, deteriorating its activation degree.
3.4 The interplay between carbon feedstock concentrations

The effects associated with toluene feed rate might also be displayed by its interplay with
ethylene concentration. Figure 6 demonstrates the joint effect of ethylene and toluene on the
properties of SWCNTs produced at a fixed ferrocene feed rate. Surprisingly, we found the
synthesis productivity (Yield; Figure 6a) to be significantly improved at low toluene
concentrations compared to higher ones regardless of ethylene concentration (shown in Figure 5).
This effect is also accompanied by a more pronounced ethylene concentration dependence of yield
at low toluene concentrations spanning from 0.12 to 2.78 cm* L™ at 0.01 vol% of toluene since at

these conditions, ethylene is considered as the main carbon feedstock.

We also found a similar pattern for both Rog and Is/Ip contour plots (Figure 6b and c) with
fundamental ethylene effect at low toluene concentrations (3 order of magnitude Rop variation at
0.01 vol% of toluene) and flattening of corresponding relations at high concentrations. On the
other hand, at low ethylene concentrations, toluene serves as the main carbon source resulting in
Roo (two-order of magnitude decrease) and Ig/Ip (from 20 to 180) improvement. Indeed, at high
(>0.1 vol%) toluene concentrations, high material crystallinity (Ic/Ip) and conductive properties
(Roo) are observed even at low ethylene concentrations that highlight the interchange effect of
toluene and ethylene as carbon feedstock. This hypothesis is also in agreement with a slight
downshift in optimal ethylene concentration with the toluene concentration increase, especially

noticeable on Ig/Ip contour plot (Figure 6c¢). It is worth mentioning that we revealed a beneficial
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effect of toluene on Ig/Ip even at optimal ethylene concentrations since an increase in Ig/Ip
reaching maxima at 0.1 vol% toluene concentration is observed. Thus, high toluene stability might
also result in lower nanotube defectiveness compared to ethylene leading to the lower sheet

resistance of the films.

Yield (em?-L~1) Roo(Q/[0) l/lp
0.0 0.6 1.2 1.8 2.4 3.0 10° 104 10° 0 60 120 180 240 300

10°

10t

Ethylene concentration (vol%)

107!
Toluene concentration (vol%)

Figure 6. The toluene and ethylene interplay illustrated by Yield (a) R90 (b) and IG/ID (c) contour plots. The
ferrocene feed rate was fixed at 65 ug/min.

However, the detrimental effect of toluene on synthesis productivity indirectly confirms
our previous hypothesis related to catalyst passivation. This may also explain the less pronounced
effect of ethylene at high toluene concentrations since catalyst passivation prevents activation
degree promotion by ethylene. However, despite the negative impact of toluene on synthesis,
productivity adjustment of toluene concentration also improves the transparent and conductive
characteristics of the material as well as results in higher nanotube crystallinity. Perhaps, the
toluene effect on nanotube yield may improve at higher growth temperatures (>1100°C, Figure
S8); though, high-temperature synthesis process is more technologically complicated from the
perspective of reactor design and energy effectiveness. Thus, despite its inhibiting role in joint

C,H4/C7Hg synthesis, toluene contributes as a quality promotor boosting the TCF applications.

3.5  Transparent and conductive film performance
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Figure 7. The current advances in the field of TCF's of doped SWCNT films produced by aerosol CVD in terms of
Ry and Yield [18,29-31,51-53]. Colors mark carbon feedstocks used; results of this work are denoted as stars.
Based on the results of our systematic study, we managed to synthesize nanotube films
with low R (as low as 300 /o in pristine condition; Figure 4c) and relatively high yield even
implementing low feed rate (5 pul/min, 0.15-0.20 vol% ethylene concentration) of 1 wt% catalyst
solution. However, the performance of pristine nanotube-based transparent conductors is not
competitive, and the doping procedure is usually employed to enhance film performance, since it
significantly improves the equivalent sheet resistance reducing the contribution of inter-tube
junctions (Schottky-barriers) in conductivity. Employing a highly efficient doping technique based
on HAuCly solution [54], we evaluated the TCF performance of the produced material. For this,
we analyzed the previously reported data for SWCNT-based transparent conductive films
produced implementing aerosol (floating-catalyst) CVD approach using different carbon

feedstocks and plotted it in Yield-Roo coordinates (Figure 7) together with our results.

Overall, the collected data highlights the phenomenological trade-off rule between material
yield and TCF performance (Roo). The observed trend is presumably related to the fundamental
limitation of aerosol CVD associated with gas-phase nanotube bundling at high nanotube

concentrations in aerosol (high yield), deteriorating the TCF performance. It is worth mentioning
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that we also observed clustering of results achieved with different carbon feed stocks (e.g. CO,
marked by orange in Figure 7). This fact might be related to the fundamental influence of carbon
feedstock on the growth rate and, as follows, on the length of produced nanotubes (affecting both
Roo and Yield parameters). Besides, according to the provided comparison, one can conclude that
implementing several carbon feedstocks is beneficial from the perspective of Roo and Yield trade-
off. Thus, the results achieved combining toluene and ethylene as carbon feedstocks reveal
significant improvement in the yield next to results reported with ethylene (14-fold) and toluene

(2-fold) alone for the films with comparable Rog values (51-57 /o).

4. Conclusion

In summary, we have systematically investigated the SWCNT synthesis by aerosol CVD
varying ethylene and toluene as the carbon sources. Having inspected the effects of synthesis
parameters (ferrocene feed rate, ethylene, and toluene concentration) on the characteristics of
produced material, we claim the role of ethylene not only to tune the diameter of the produced
SWCNTs (as reported before) but also to improve the catalyst activation degree and nanotube
growth rate significantly. Besides, the excessive ethylene concentrations deteriorate both the
synthesis productivity and film characteristics because of catalyst poisoning by carbon.

On the contrary, toluene, being a more stable molecule than ethylene, inhibits catalyst
activation degree resulting in reduced yield of SWCNTs. Even more, as the only carbon source,
toluene was shown to hardly activate the Fe-based catalyst, presumably due to lower
supersaturation levels of the iron catalyst with carbon provided by toluene. Nevertheless, the lower
reaction rates for carbon intermediates of toluene decomposition promote the nanotube

crystallinity (decreases defectiveness), leading under certain conditions to lower Roo.

Table 2. The overall influence of synthesis parameters on characteristics of produced SWCNT films.

dCNT Yield IG/ ID Rg() Role

Cat. feed rate T T l T Improves activation degree and process productivity
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Promotes activation and increases growth rate
Ethylene conc. | | | 204voley | p04vol%N | Ng j gavos” | (<0.15 vol%) while leading to earlier deactivation at

higher concentrations

Increases growth rate w/o C,Ha, decreases activation
Toluene conc. l l 1 l degree; reduces carbon feed rate to catalyst boosting

crystallinity

Adjusting synthesis conditions, we fabricated samples with the equivalent resistance value
of 57 Q/o after HAuCls doping and a relatively high yield of 0.24 cm? L' that exceed in several
times the previous results achieved with ethylene and toluene independently. We believe our work
to contribute to the understanding of carbon feedstock effects in carbon nanotube growth by
aerosol CVD and to promote further progress in the field of high yield production of nanotube-
based transparent and conductive films.
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