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Abstract: We examined the effect of hydrogen on the growth of single-walled carbon nanotubes in the
aerosol (a specific case of the floating catalyst) chemical vapor deposition process using ethylene as a
carbon source and ferrocene as a precursor for a Fe-based catalyst. With a comprehensive set of phys-
ical methods (UV-vis-NIR and Raman spectroscopies, transmission electron microscopy, scanning
electron microscopy, differential mobility analysis, and four-probe sheet resistance measurements),
we showed hydrogen to inhibit ethylene pyrolysis extending the window of synthesis parameters.
Moreover, the detailed study at different temperatures allowed us to distinguish three different
regimes for the hydrogen effect: pyrolysis suppression at low concentrations (I) followed by surface
cleaning/activation promotion (II), and surface blockage /nanotube etching (III) at the highest con-
centrations. We believe that such a detailed study will help to reveal the complex role of hydrogen
and contribute toward the synthesis of single-walled carbon nanotubes with detailed characteristics.
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1. Introduction

Though carbon nanotubes do not have a clear date of discovery [1], during the last
30 years, researchers have invested enormous efforts to pursue novel physical effects or
next-generation devices based on nanotubes. Being a family of materials with a wide range
of properties, carbon nanotubes, as a rule, are distinguished by the number of layers [2].
Multi-walled carbon nanotubes usually show a lower price, higher defectiveness, and the
ability to sacrifice the outer layer for functionalization. Multi-walled carbon nanotubes
show promising results in composites, energetics, and functional materials, while single-
walled carbon nanotubes (SWCNTs) provide higher prospects in electronics, optics, and
medicine [3-7]. However, sometimes SWCNTs also contribute to the polymer compos-
ites [8,9] owing to the significant drop in price induced by the OCSiAl company [10,11].

SWCNTs proved to be one of the most promising materials for various applications
due to their unique ensemble of optical, electronic, and mechanical properties [12-14]. A
combination of high optical transparency, intrinsic conductivity, and flexibility makes
SWCNT-based thin films an ideal candidate for transparent electrodes [15,16]. Since
SWCNT properties strongly depend on their structure [17], precise control over their
characteristics is the key barrier to their successful industrial applications. Among different
techniques for carbon nanotube growth, the aerosol chemical vapor deposition (CVD)
method is one of the most suitable for advanced control over individual nanotube charac-
teristics, such as diameter, chirality, and length [18]. However, the entangled relationship
between the growth conditions/reactor parameters and SWCNT characteristics inhibits the
creation of a universal model for the process to reach the tailored properties. This results in
the active development of phenomenological methods (e.g., machine learning) or extensive
data analysis [19-21].
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Another opportunity is to boost the nanotube growth indirectly using, for example,
so-called promotors: species added in small portions to enhance a specific parameter. Such
promoters of the nanotube growth as water, potassium, sulfur, and carbon dioxide proved
themselves as additives, enhancing the yield of synthesis, etching amorphous carbon from
the surface of the catalyst, and increasing nanotube diameters [22-26]. Usually formed
during growth or introduced as a carrier gas, hydrogen is another indirect booster whose
role is not fully understood yet. Some researchers report the phenomenological effect on the
SWCNT growth and yield enhancement accompanied by defectiveness increase [27]. On
the contrary, others claim that labile hydrogen is unfavorable for growth due to excessive
etching [28].

Moreover, some observe several regimes of the hydrogen effect on the synthesis [29-34].
Rao et al. [30] showed a low hydrogen concentration to increase the yield of SWCNTs from
methane as deactivation induced by excessive carbon species on the catalyst surface was in-
hibited, and more particles remained active. Nevertheless, when the hydrogen to methane
ratio exceeded unity at 1000 °C, carbon feedstock to the catalyst suffered from inhibited
methane decomposition, reducing the yield of SWCNTs. At the same time, Li et al. [32]
observed 15-35% of hydrogen (C,Hy as a carbon source at 750 °C) to improve the SWCNT
quality for substrate CVD growth of vertically aligned carbon nanotubes. Ma et al. compre-
hensively studied the formation of multi-walled carbon nanotubes on quartz and alumina
revealing not only the complex role of hydrogen (promotion at low amounts and carbon
gasification to methane at high) but also the substrate effect [33]. Zhang et al. also high-
lighted the complex relationship between the carbon source and hydrogen [34]. Moreover,
the authors showed that the excess hydrogen [35] changed the crystal phase of the catalyst
from Fe3C into body-centered cubic Fe, leading to the formation of more sp® structure
defects by the saturated carbon atoms. Eventually, under suitable hydrogen concentration
(15%), it etched the catalyst to form evenly distributed iron particles, maximizing catalytic
efficiency and reducing the formation of amorphous carbon. In addition, hydrogen was
long known to inhibit pyrolytic carbon formation [36], especially in the case of methane
pyrolysis [36-39]. Hydrogen inhibits active radicals and terminates the chain, thereby stop-
ping pyrolysis and resulting in smaller carbon crystallites [40]. Thus, studies revealed the
following hydrogen effect on carbon nanotube synthesis: hydrogen can help to prolong the
catalyst lifetime by etching the impurities on its surface [29-32] and shifts the crystal phase
of the catalyst if in excess [32]. However, many questions about the hydrogen influence
remain with no answers. Here, we wish to contribute to the understanding of the hydrogen
role during the aerosol chemical vapor deposition (CVD)—specific case of the floating
catalyst process under extreme dilution, as the method provides state-of-the-art carbon
nanotubes for optoelectronics [15].

In this work, to reduce the complexity of the effect, we employed aerosol CVD with
a single carbon source—ethylene, thereby removing the effect of a substrate or multiple
hydrocarbons. We examine the effect of hydrogen on the growth of SWCNTs produced
employing the aerosol CVD method, using ethylene as a carbon source and ferrocene as
a catalyst precursor. Using a comprehensive set of methods (aerosol spectrometry, SEM,
TEM, UV-vis-NIR spectroscopy, Raman spectroscopy, and four-point probe measurements),
we thoroughly investigate the role of hydrogen on carbon nanotube growth, assessing
the yield, diameter distribution, length distribution, aerosol concentration, quality, and
sheet resistance. We observe three distinct SWCNT growth regimes depending on the
hydrogen concentration. These findings help to understand the ability of hydrogen to tune
the characteristics and purity of the produced SWCNTs.

2. Materials and Methods

Single-walled carbon nanotubes were produced using the aerosol chemical vapor
deposition method (CVD)—the specific case of floating catalyst CVD with an extreme
dilution of catalyst particles. The aerosol CVD synthesis reactor (Figure 1) [41] consisted
of a tubular glass with an inner diameter of 51 mm inserted inside the three-zone furnace
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with a length of 1300 mm (isothermal hot zone ~550 mm). Ferrocene vapor (the precursor
of Fe-based catalyst, Fe(CsHs),, 98%, Sigma Aldrich) was transferred from a ferrocene
cartridge by nitrogen gas flow (99.999%) to the reactor. The partial vapor pressure of
ferrocene was 0.28 Pa during all the experiments. The catalyst-containing flow was fed
through the injector near the hot zone of the reactor and mixed with ethylene (carbon source
0-0.03 Ipm, 99.9%), CO, (0-0.05 lpm, 99.995%), and Hj (0-0.6 Ipm, 99.999%), reaching the
total flow of 2.5 Ipm (this parameter remained constant throughout the experiments). The
temperature was in the range of 900-1000 °C. The aerosol of the synthesized SWCNTs was
filtered with a nitrocellulose filter (HAWDP, Merck Millipore) with a typical collection time
of ca. 1.5 min for further dry transfer to a glass substrate [42].
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Figure 1. Scheme of the reactor for the aerosol CVD synthesis.
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It should be noted that unlike numerous advantages of the aerosol CVD method
(control of bundling, facile methods for catalyst formation, absence of catalyst substrates),
it is limited in terms of direct observation of catalyst/nanotube within the process or in
situ simulation (due to a complex and non-isothermal evolution the catalyst goes through).
Thus, we employed a set of methods to discuss the trends in nanotube features as finger-
prints of changes in the catalytic process. As the transparent electrodes are one of the main
applications of aerosol CVD SWCNT films, we referred to key performance parameters
of this field to increase the relevance of the work; i.e., we employed wavelength 550 nm—
the middle of the visible range—for transmittance and equivalent sheet resistance as a
thickness-independent parameter to compare different films [15,43,44].

As aerosol CVD setup produces not SWCNT powders, but thin films with controlled
transparency, we discuss the reactor productivity with the respect to the area of the product
collected. PerkinElmer UV-vis-NIR spectrophotometer Lambda 1050 was employed to
estimate the mean diameter and thickness of SWCNT film. The spectra were collected
within the range of 250-2600 nm with a resolution of 2 nm. According to the Beer-Lambert
law, we can associate the film thickness with absorbance at the wavelength of 550 nm; thus,
the yield can be defined as the collection area of the SWCNT film with the transmittance
of 90% (at a wavelength of 550 nm) from 1 L of the flow passed through the filter and
calculated as:

1 T: 2

Yield [sz-L_l} — O'gO.9( 550) X n(d[cm]) , (1)
t[min]-Q[slpm] 4

where Q is the flow rate, d is the diameter of the collecting area of the filter [45]. The

position of the Sq1, Sy, and My peaks associated with van Hove singularities provides an

estimation for the mean diameter of SWCNTs in the film.
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The sheet resistance of the SWCNT films was measured with a four-probe station
Jandel RM3000 at least five times at various orientations. Depending on the sample
conductivity, we varied the current from 0.01 to 1 mA to operate in the 20-50 mV range
(optimal for the device). The average sheet resistance value was later used to calculate
equivalent sheet resistance normalized to 90% transmittance according to the following
equation [15,43,44]:

R;sAsso
Rog = 2550 _ p Tss0), 2
0 = Tog(10/9) slogg o(Ts50) ()
where R; is the average sheet resistance of the film, Ass is the film absorbance at a wave-
length of 550 nm proportional to the film thickness [46] (As50 = —Ilog10T). The detailed

procedure for the calculation of the error bars for the yield and equivalent sheet resistance
can be found in SI.

Raman spectroscopy (Thermo scientific DXRxi Raman Imaging microscope; wave-
length of 532 nm at 0.1 mW laser power) served to assess the quality of carbon nanotubes
by determining the I /Ip ratio. The resonant in-plane vibrational mode gives rise to the
G band (the characteristic feature of the graphite lattice), whereas the D band (so-called
disorder band [47]) corresponds to defects in the graphite lattice. To assess the length
distribution of SWCNT bundles, the aerosol was deposited on a Si/SiO; substrate located
on a membrane filter from the gas phase and examined by scanning electron microscopy
(SEM, JEOL JSM-7001F). To explore the morphology of SWCNTs, we placed the TEM
lacey Cu-300 grid on the membrane filter and employed transmission electron microscopy
(FEI Tecnai G2 F20). A differential mobility analyzer was employed to assess the number
size distribution of the SWCNT aerosols. It was capable of measuring an aerosol particle
diameter in a range of 0.7-60 nm (1 nm Scanning Mobility Particle Sizer Spectrometer, TSI,
USA). It is worth noting that the data inversion assumed the spherical shape of the aerosol
particles and the equilibrium distribution of charges for a certain particle size (standard
software of Scanning Mobility Particle Sizer Spectrometer). This leads to the fact that we
measured an electrical mobility diameter corresponding to an effective size of SWCNTs or
their bundles in the range of 40-60 nm.

3. Results
3.1. Role of Ethyelene and Ferrocene

First, we investigated the influence of the ethylene concertation on the growth of
SWCNTs at 1000 °C without hydrogen in the system (Figure 2). The yield increased at
higher ethylene concentrations (Figure 2a), which can be naturally attributed to the rise
in the carbon flux. Additionally, Figure 2b demonstrates a reversed J-shaped dependence
of the equivalent sheet resistance: it declined under low ethylene concentrations and then
stabilized at higher values (0.18-0.24 vol.%). Moreover, we observed that the highest yield
(1.05 cm?-L~!) was achieved at ¢ (CoHy) = 0.24 vol.%, corresponding to the lowest equiva-
lent sheet resistance within the set (Rgg ~ 5 kOhm/sq). Recently, Khabushev et al. showed
that the yield of single-walled carbon nanotubes in aerosol CVD is mostly determined by
the length of SWCNTs below 925 °C, while the catalyst activation degree plays a crucial
role at higher temperatures [48]. The length of carbon nanotubes is inversely proportional
to the equivalent sheet resistance [49]. Thus, in our case, we considered the ethylene
introduction to increase the nanotube length, while the moderate increase in the equivalent
sheet resistance can be associated with higher absorbance of the films due to the formation
and deposition of the polyaromatic hydrocarbons on the surface of the SWCNTs [50].

Except the length distribution [51], the equivalent sheet resistance is also a function
of the diameter distribution [21], defectiveness [21], metallic/semiconducting ratio [52],
and bundle diameter [53] (as well as parameters maintained here: doping degree, ratio of
metallic to semiconducting nanotubes, and film patterning). Figure 2c demonstrates that
an increase in the ethylene concentration results in a rise in the Ig/Ip ratio, indicating the
improvement of the quality of the SWCNTs, which can be one of the reasons for the lower
values of Rgg. At the same time, the SWCNT mean diameter estimated from Figure 2d
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based on the Kataura plot data did not depend on the carbon source concentration, unlike
aerosol CVD methods based on ethylene/toluene hybrid sources [45,54]. It is worth noting
that the presence of transitions between van Hove singularities, radial breathing modes
in Raman spectra (Figure S1), and TEM images (Figure 3a,b) confirmed the formation of
single-walled carbon nanotubes, while the obtained SWCNT films demonstrated random
orientation (Figure 3c) of individual bundles (Figure 3d).

(b)

14+
id ]
100 ] @qz *
L ©
' 8_10—
S 8x1071 ¥ E 84
ke L] C
Q@ # X 6 +
> £ LI % *
4
6x10°" ¥
0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25
¢ (C,H,) (vol.%) ¢ (C;H,) (vol.%)
(c) (d)
200+ . 0.34 ¢ (C,H,) (vol.%)
180+ " ~ 010 ——0.18
- 0.12 0.20
1601 . = 0.14 0.22
=021 0.16 0.24
_0 140 . o
- . ©
9120 3
1001 . §
801 n
60

0.10

o (C,H,) (vol.%)

T T ) 0.0 T T T "
0.15 0.20 0.25 500 1000 1500 2000 2500
Wavelength (nm)

Figure 2. (a) Yield and (b) equivalent sheet resistance, and (c) Raman Ig /Ip ratio as a function of
carbon source concentration. (d) UV-Vis-NIR spectra of thin films of SWCNTs synthesized at different
carbon source concentrations without adding hydrogen in the system (T = 1000 °C).

It should be noted that, unlike some previous findings for floating catalyst CVD
systems, we did not observe any synergy between the catalyst and carbon source [26,33,34],
as the amount of ferrocene added just linearly increased the yield (Figure S2) without
significant changes in the diameter distribution (Figure S3).

As mentioned before, comparing Figure 2a,b, we observed the optimal ethylene
concentration for the SWCNT growth to be ¢ (C;Hy) = 0.24 vol.% at 1000 °C; at that point,
the yield achieved almost maximum value, while the resistance was almost at the lowest.
However, a further increase in the ethylene concentration higher than ¢ (CoHy) = 0.24 vol.%
deteriorated the quality of the SWCNT films, likely due to the formation of pyrolytic
carbon, which made it impossible to dry-transfer the nanotube films from the filter. It is
worth mentioning that only films containing high-quality and long SWCNTs can be easily
transferred from a filter onto a secondary substrate [42]. At 900 °C, this boundary of the
ethylene concentration was higher, i.e., ¢ (CoHy) = 1.0 vol.% (Figure 4a). Moreover, at
high ethylene concentrations, DMA spectra (Figure 4b) showed the excessive formation
of aerosol particles apart from carbon nanotubes. Based on these results, we can consider
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ethylene pyrolysis (i.e., non-catalytic decomposition) to be the reason for the limited
nanotube growth.

5

m 10.00kV S2pA ETD 4.14pm 100000x 10.0 mm

Figure 3. Typical TEM images of carbon nanotubes synthesized with ethylene (a,b); (c)—typical SEM
image of SWCNT thin film; (d)—typical SEM image of individual carbon nanotubes deposited for
length assessment.

Therefore, by varying the ethylene concentration, we achieved a catalytic ethylene
decomposition threshold (¢ (CoHy) = 0.40 vol.%), above which we observed gas-phase self-
pyrolysis. To test this hypothesis, hydrogen was added to the synthesis of SWCNTs, which is
known for its ability to hinder pyrolysis. It should be mentioned that the lower temperatures
for carbon nanotube growth usually provide higher defectiveness [55] and dramatically
decreased yield due to the kinetic limitations of the nanotube growth reaction [56-58].
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Figure 4. (a) Yield vs. ethylene concentration at different temperatures (ferrocene concentration
0.18 Pa). (b) DMA number size distributions of aerosol particles produced in the reactor under the
CyH4 /Ny environment. T = 1000 °C.

3.2. Role of Hydrogen

As mentioned above, according to the classical studies of ethylene decomposition [36],
hydrogen can suppress ethylene pyrolysis. After adding hydrogen with ¢ (H;) =24 vol.% to
the gas mixture, we were able to synthesize high-quality SWCNTs even at higher ethylene
concentrations, up to ¢ (C;Hy) = 0.5 vol.% (Figure 5). This phenomenon implies hydrogen
expands the SWCNT growth window by suppressing pyrolysis.

10° :
T
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>
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6X10_1 T T T T T
0.1 0.2 0.3 0.4 0.5
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Figure 5. Yield as a function of ethylene concentration with (¢ (Hy) = 24 vol.%) and without hydrogen
at T =1000 °C.

To explore the effect, hydrogen concentration was varied in a wide range (0-30 vol%) at
both temperatures (900 °C and 1000 °C) and fixed ethylene concentration (¢ (C;H4) = 0.4 vol.%).
Interestingly, the observed trends were unique for each temperature, revealing the complex
effect of hydrogen. Moreover, not only the trends but also the characteristic concentrations
of hydrogen drifted along.

At 900 °C, the increase in hydrogen amount enhanced yield, crystallinity, and length
(Figure 6). However, at higher hydrogen content, we observed a reversed situation (except
for the ratio of G to D mode). It is worth mentioning that we observed no changes in the
SWCNT diameter throughout the whole range of hydrogen concentrations (Figure S4).
Interestingly, the equivalent sheet resistance (Rgg) decreased with increased yield and length,
proving that no significant changes in activation patterns were observed [21]. Indeed, the
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equivalent sheet resistance refers to the conductivity at the specific film thickness. While
the increase in the length would intuitively decrease the film resistance, the increase in
the activation would inevitably result in excessive bundling in the aerosol state increasing,
thereby the film thickness without any significant contribution to sheet resistance. As Rgg
refers to a certain thickness, the increase in activation degree would most likely enhance
the equivalent sheet resistance. As we did not observe such a situation here (Figure 5), and
owing to constant diameter distribution (Figure S4), we can conclude that the hydrogen
does not affect the activation pattern.
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Figure 6. (a) Yield and (b) equivalent sheet resistance, and (c¢) Raman IG/ID ratio and (d) geomet-
ric mean length (Figure S5) vs. hydrogen concentration (T = 900 °C) as a function of hydrogen
concentration at different temperatures at ethylene concentration ¢ (C2H4) = 0.4 vol.%.

At 1000 °C, we observed three regimes: yield suppression with reduced Rgg and
enhanced quality at low concentrations; yield growth combined with an increase in quality
and decrease in Rgp; the increase in sheet resistance and drop in the yield at high concentra-
tions. While the second and third regimes closely resembled patterns observed at 900 °C,
we explored an additional pattern at 1000 °C. The reduced Rgp combined with suppression
of the yield and increase in G to D mode ratio implied the removal of excessive carbon
that does not take part in conductivity. Owing to the well-known hydrogen inhibition of
pyrolysis [36], we most likely observed a suppression of ethylene pyrolysis [50].

Thus, based on the results (Figure 6), we propose the following three regimes for
hydrogen effect on both temperatures:

e  Pyrolysis suppression of ethylene (I regime) observed at ¢ (Hy) < 3.6 vol.% at 1000 °C
and not observed at 900 °C. The regime was characterized by a lower yield (Figure 6a),
higher quality (Figure 6¢c), decreased equivalent sheet resistance of SWCNTs (Figure 6b),
and increased length (Figure 6d).
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e  The surface cleaning/activation promotion (II regime) is the most optimal for the
SWCNT synthesis (¢ (Hp) = 0.0-3.6 vol.% at 900 °C and ¢ (Hy) = 4.6-23.0 vol.% at
1000 °C) and the catalyst surface cleaning resulting in increased SWCNT activation
via the stable length (Figure 6d), defectiveness (Figure 6¢), higher yield (Figure 6a),
and slightly lower equivalent sheet resistance (Figure 6b).

e  Reversible surface poisoning/SWCNT etching with hydrogen at high H, concentra-
tions (Il regime: ¢ (H;) > 4.6 vol.% at 900 °C and ¢ (Hy) > 27 vol.% at 1000 °C,) that
manifests itself via low yield (Figure 6a), increased defectiveness (Figure 6¢), and high
Rog (Figure 6b).

4. Conclusions

To conclude, we studied the effect of hydrogen on the aerosol CVD synthesis of SWC-
NTs using ethylene as a carbon source. We observed hydrogen to inhibit ethylene pyrolysis,
enlarging the growth zone of SWCNTs using ethylene as a carbon source. Moreover, the
detailed study under different temperatures with a comprehensive set of methods allowed
us to distinguish three distinct regimes for the hydrogen effect. The inhibition of ethylene
pyrolysis (regime I: observed at T = 1000 °C only) allows removing polyaromatic carbons,
improving the SWCNT performance even at the lowest hydrogen concentrations. Further
increase in hydrogen presumably allows cleaning of the surface of the catalyst, enhancing
the activation degree (regime II: ¢ (Hy) = 0.0-3.6 vol.% at 900 °C and ¢ (Hy) = 4.6-23.0 vol.%
at 1000 °C). Nevertheless, after a certain threshold, hydrogen starts to suppress SWCNT
growth (regime III) through presumable nanotube etching/surface poisoning affecting
negatively the aerosol CVD process. We believe that such a detailed study will help to
establish a comprehensive discussion on the role of hydrogen in the synthesis of SWCNTs
from hydrocarbons.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano13091504/s1, Figure S1. Raman spectra for SWCNT films
obtained with different (a) ethylene (T = 1000 °C), (b) hydrogen (T = 900 °C) (c) hydrogen (T = 1000 °C)
concentrations; Figure S2. (a) Deposition rate and (b) equivalent sheet resistance vs. ferrocene
concentration at Tgynace = 1000 °C (black squares) and 900 °C (red circles), Y fowrate = 2500 sccm,
CyHy = 0.22 vol. %, Fe(CsHs), = x Pa; Figure S3. UV-Vis-NIR and Raman spectra of the obtained
SWCNT films at different ferrocene concentrations. (a) UV-Vis-NIR spectra of SWCNT thin films with
diameters calculated with the Kataura plot (b) Raman spectra and Ig/Ip ratios in inset; Figure S4.
Optical spectra for SWCNT films obtained with different hydrogen concentrations at (a) T = 900 °C,
(b) T = 1000 °C; Figure S5. Length distribution of SWCNTs fitted by lognormal distribution curve with
specified values of geometric mean length (GM), geometric standard deviation (o), geometric mean
(1), and the statistical size of the sample (counts) for different hydrogen concentrations (T = 900 °C).
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