Carbon atoms in ethanol do not contribute equally to
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Abstract

We propose a unique experimental technique in which isotopically labeled ethanol, e.g.,
12CH3-13CH2-OH, 1is used to trace the carbon atoms during the formation of
single-walled carbon nanotubes (SWNTs) by chemical vapor deposition (CVD). The
proportion of 13C is determined from Raman spectra of the obtained SWNTs, yielding
the respective contribution of ethanol’s two different carbon atoms to SWNT formation.
Surprisingly, the carbon away from the hydroxyl group is preferably incorporated into
the SWNT structure, and this preference is significantly affected by growth
temperature, presence of secondary catalyst metal species such as Mo, and even by the
substrate material. These experiments provide solid evidence confirming that the active
carbon source is not limited to products of gas-phase decomposition such as ethylene
and acetylene, but ethanol itself is arriving at and reacting with the metal catalyst
particles. Furthermore, even the substrate or other catalytically inactive species
directly influence the formation of SWNTs, possibly by changing the local environment
around the catalyst or even the reaction pathway of SWNT formation. These
unexpected effects, which are inaccessible by conventional techniques, paint a more
complete picture regarding the decomposition and bond breaking process of the ethanol
precursor during the entire CVD process and how this might influence the quality of the

obtained SWNTs.



Introduction

The catalytically driven formation of carbon nanotubes (CNT) and graphene in the
chemical vapor deposition (CVD) process usually involves catalyst particles/films,
catalyst supports/substrates and carbon sources.!4 Even only for CNTs, there are
extensive explorations into the many combinations of these parameters, and the
obtained materials have proven to be strongly dependent on these experimental
parameters.5® Taking the catalyst as an example, transition metals such as Fe, Ni, Co,
and their combinations are known to be most successful in terms of CNT yield.”
Stabilizing these active metals by subsidiary metal species, e.g. Mo, tends to immobilize
the transition metal, reducing the size of the catalyst and avoiding the oxidation of
active catalyst, leading to the formation of single-walled carbon nanotubes
(SWNTs).1014 This principle of bi-metallic catalyst has been successfully demonstrated
in the CoMoCAT5 and alcohol catalytic CVD (ACCVD) processes,4 16 where Co/Mo are
preferentially used as the catalyst. A similar strategy applies to catalyst support, where
Al oxide i1s found to be efficient in constraining the aggregation of iron and thus
producing SWNTs with high yield and selectivity.17-20 However, these understandings
are largely based on empirical summaries, while the detailed formation process from a
carbon-containing molecule to the final SWNT is generally treated as a black box. We
understand that part of the reason for this is the lack of effective experimental

strategies to monitor this complicated heterogeneous catalysis process.

Ethanol is one of the most widely used carbon sources for the synthesis of SWNTs.
Various morphologies, including random networks, vertically aligned arrays,

horizontally aligned arrays, etc. have been successfully obtained using ethanol.14. 16, 21-22



Different from other carbon sources like methane, ethylene, and acetylene, one unique
feature of ethanol is that each molecule contains two inequivalent carbon atoms. An
interesting proposition that arises from this asymmetric structure is whether or not
both carbon atoms are incorporated into the final SWNTSs. The answer to this question
may be related to the stability of ethanol molecules in the gas phase and the bond
breaking behavior on the catalyst surface. Finding an answer to this question becomes
more meaningful after several groups reported that a small amount of acetylene is
efficient for the formation of SWNTs,23 which led to a further discussion that acetylene
may be the only precursor directly interacting with catalyst cluster.2425 Since ethanol
decomposes into ethylene and at high temperature further into acetylene, in this work
we attempt to shed some light on the black-box process of SWNT formation from
ethanol.

We propose an experimental strategy using isotopically modified ethanol to trace the
incorporation of ethanol’s inequivalent carbons to SWNT formation. We find that the
carbon away from the hydroxyl group is preferably incorporated into the final SWNTs
(up to 85% in some cases), and the imbalance of carbon incorporation is significantly
affected by CVD parameters and catalyst/substrate composition. These solid
experimental data not only unambiguously confirmed the direct interaction between
ethanol (the only asymmetric molecule) and catalyst, but also indicates that previously
considered inactive species (such as catalytically inactive metals or oxide support
materials) can significantly influence the synthesis reaction process and strongly affect
the properties of the produced SWNTs. These findings, together with calculations of the
gas-phase thermal decomposition of the carbon source, allow us to map out the whole

picture of an ethanol molecule’s journey during the CVD process and how it affects the



quality of produced SWNTs.

Characterization of SWNTs synthesized from ethanol and un-equal contribution of two

atoms revealed by Raman spectroscopy
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Figure 1. Characteristic (a) SEM and (b) TEM images of SWNTSs synthesized by ACCVD;
(c) Typical resonance Raman spectrum of a conventional 12C SWNT film grown on a

quartz substrate (488 nm excitation).

Figure la shows a typical scanning electron microscope (SEM) image of SWNTs
synthesized on a quartz substrate using ACCVD. The transmission electron microscope
(TEM) image in Fig. 1b confirms that this method produced SWNTs with diameters
ranging from 1 to 3 nm. No double-walled or multi-walled carbon nanotubes were

observed. Figure 1c shows a characteristic resonance Raman spectrum taken from the



top of the SWNT film. The strong G peak and weak D peak clearly suggest high
crystallinity of the SWNTs. When conventional 12C ethanol is used for the growth, the
produced SWNTSs contain a negligible amount of 13C (natural abundance is 1.1 %) and
the G peak locates at ~1592 cm'l. However, when isotopically modified ethanol is used

as the carbon source, the G peak shifts to lower frequency due to the enrichment of 13C

atoms.2628
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Figure 2. Raman spectra showing the G band of SWNTs grown from (a) Fe/Co supported
by zeolite and (b) Co/Mo dip-coated onto quartz substrates (5 min reaction). Four
different types of isotopically labeled ethanol yield four different Raman spectra,

indicating that the two carbon atoms in an ethanol molecule are incorporated into the

final SWNTs differently.

Figure 2 shows G band Raman spectra of SWNTs grown using four types of ethanol (12C
ethanol (12CHs-2CH2-OH), 1-13C ethanol (12CH3-13CH2-OH), 2-13C  ethanol
(13CHs-12CH2-OH), and 1,2-13C ethanol (13CH3-13CH2-OH)) as carbon sources. Since the
G band peak position is determined by the average in-plane vibration frequency of the
C-C bonds in the graphitic lattice, the peak position can be used to determine the mean

mass of the carbon atoms in the measured SWNTs.27. 2931 Therefore, by labeling one of



the carbons as 13C, the contribution of a specific carbon atom in ethanol to the formation
of a SWNT can also be determined. For example, when zeolite-supported Fe/Co (Fig. 1a)
1s used at a CVD temperature of 750 <C, the G peak position of the SWNTs synthesized
using 1-13C ethanol and 2-13C ethanol are very different, showing that one carbon atom
(the #2 carbon, furthest away from the OH) is much more likely to be incorporated into
the SWNT structure. However, the difference is much smaller in the case of Co/Mo
catalyst on a quartz substrate at a higher CVD temperature (Fig. 2b). The Raman
spectra of SWNTs grown from 1-13C ethanol and 2-13C ethanol (red and green lines in
Fig. 2b) are very similar in this case, which means the contribution of the two carbon
atoms is nearly equal (although the #2 carbon is still slightly preferred in the formation
process). One direct conclusion from the imbalanced contribution of the two carbons is
that, although an ethanol may decompose into ethylene and further into acetylene at
high temperature, these two symmetric molecules cannot be the only active precursors
leading to SWNT formation. Particularly in the case when the incorporation of #2
carbon is dominant, the contribution from symmetric molecules should be considered as
insignificant. A preliminary consideration of the chemistry behind this difference is that,
if the C-O bond in an ethanol breaks (this could occur both in gas phase or on catalyst,
as demonstrated later) and the C-C structure remains, the contribution of carbons #1
and #2 should be equal. However, if the C-C bond breaks predominantly, the resulting C
and C-O would likely react much differently with the catalyst. More systematic
investigations will be presented in the following, but in general, this strategy of isotope
labeling may be used to trace the formation process from the carbon source to the final
product and to discover some previously unnoticed effects that may not be easily

accessible by conventional characterization methods. A schematic showing the three



expected results from this experimental strategy is presented in Fig. 3.
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Figure 3. A schematic showing the experimental strategy to confirm that the two carbon
atoms in ethanol may be incorporated into produced SWNTs with different proportions

of 13C. Three different expecting results are shown.

Effect of CVD temperature and growth substrate

A simpler case is presented in Fig. 4, which shows Raman spectra of SWNTs grown at
different temperatures. The samples are synthesized from dip-coated Co using silicon
(top) and quartz (bottom) as the substrates. Here we only compare the spectra of
SWNTs from 1-13C ethanol (12CHs-13CH2-OH), which is sufficient to calculate the
contribution of both carbon atoms. A clear tendency observed is that the G peak shifts to
lower energy as the growth temperature increases. This means the ratios of the two
carbon atoms in SWNTs grown at 750 °C, 800 °C and 850 °C are calculated to be
approximately 15:85, 30:70, and 35:65, respectively. This suggests that at higher
temperature the two carbon atoms in an ethanol molecule contribute more equally to

SWNT formation.
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Fig. 4. Raman spectra of SWNTs grown from dip-coated Co on a silicon/SiO2 (top) and
quartz (bottom) substrate at different temperatures indicate that the two carbon atoms
in ethanol contribute more equally to SWNT formation at higher temperatures.

Reaction period for all cases is 5 min.

The mechanism behind this tendency becomes straightforward when the thermal
stability of ethanol is considered. Gas phase ethanol thermally decomposes at
temperatures above 750 °C, producing primarily ethylene and water.3233 Since ethylene
1s known to be an efficient carbon precursor for SWNT growth,10. 17 it can also contribute
to SWNT formation. Similarly, ethylene will further decompose at higher temperature
and generate a small amount of acetylene in the gas phase. Even through the amount is
small, highly efficient production of SWNTs from acetylene is known.23 Therefore,
multiple reaction pathways exist that result in SWNT formation. These pathways are
indistinguishable under normal CVD conditions, but easily distinguishable when

isotope-labeled ethanol is used. The difference between ethanol and ethylene/acetylene



is that ethanol could yield SWNTs with an unequal ratio of 12C:13C, whereas the
contribution from ethylene/acetylene---which has a symmetric structure---is expected to
be equal. With this difference in mind, the cause for the temperature dependence of 13C
content in the final product becomes clear. At higher temperature (e.g. 850 °C), the
ethanol decomposes more quickly, thus more ethylene is present in the vicinity of the
catalyst. This drives the 12:13 contribution toward parity. At lower temperatures (e.g.
750 °C), however, less ethanol decomposes before reaching the catalyst, thus the
inequivalent contribution becomes more obvious. It is worth noting that even at 850 °C,
the 12C:13C ratio is not 50:50, thus ethanol still works as the direct precursor. In our case,
although a small amount of acetylene is generated, its contribution is less significant
than the case reported by Zhong et al.,2¢ where a much less active hydrocarbon CH4
co-existed with acetylene. The detailed decomposition of ethanol at different
temperatures is provided in the supporting information (Fig. S1). In thermal
decomposition, the C-O bond in an ethanol molecule breaks in the gas phase before the
ethanol reaches the catalyst located on the substrate. Considering the no-flow CVD
condition, the residual time of ethanol is much longer than in conventional CVD, so the
thermal decomposition, i.e., the contribution from the decomposed symmetric molecules
should be largely overestimated. Therefore, we speculate that ethanol is still the
primary carbon source in our conventional flow system. In principle, the contribution of

different molecules can be estimated if their concentration and activity are known.

Some unexpected differences between silicon and quartz are noticed at 750 °C, as
presented in Fig. 4 (violet and black lines). SWNTs grown on quartz have a more equal

contribution from the two carbon atoms than SWNTs grown on silicon. Specifically, the



contribution from #1 and #2 carbons is 15:85 on Si but 20:80 on quartz. Following the
previous discussion, a possible explanation to this trend is that quartz may decompose
ethanol (possibly into ethylene/acetylene) by breaking the C-O bond of ethanol absorbed
on its surface, thereby changing the local environment around the catalyst to a higher
ethylene concentration. The contributions of decomposed molecules are enhanced and a
more equal contribution from the two carbon atoms is then observed in SWNTs
synthesized on quartz relative to SWNTs synthesized on silicon. This difference
between quartz and silicon clearly depicts that, in the catalyst formation of SWNT, the
supporting material may be playing more significant and direct roles than previously
thought. This may also be related to some previous puzzling observations where the

quartz tube affects the CVD growth of CNTs.34

Effect of Mo on decomposition of ethanol and its possible mechanism

The most pronounced difference is observed in the case of catalyst in the presence or
absence of Mo. Molybdenum is often used as a subsidiary component in binary catalyst
systems to improve the selectivity of SWNTSs, as has been well demonstrated by the
CoMoCAT and ACCVD processes. Since bulk Mo has a melting temperature of more
than 2600 °C, the conventional understanding is that Mo can immobilize Co and
prevent catalyst aggregation at high temperature.35-36 Mo itself, however, is believed to
be catalytically inactive.3” Regardless, SWNTs grown from 1-13C ethanol on Co and
Co/Mo catalysts have very different G peak positions. Fig. 5a clearly shows that the
addition of Mo into Co/Si catalyst makes ethanol grow SWNTs with a more balanced
contribution of the two carbon atoms. At 750 °C, when Mo is absent, the ratio of #1:#2

carbon is approximately 15:85 (because the thermal decomposition of ethanol is



negligible at this temperature, we assume this value is near the intrinsic value for the
SWNT-ethanol reaction in our system). When Mo is present, the contribution of #1:#2
carbons is changed significantly to be 32:68. One may consider this drastic change may
arise from the change in catalyst size, since Mo addition is able to reduce the catalyst
size significantly.3®8 However, this possibility can be simply ruled out because, even for
pure Co/Si, the catalyst has a similar size distribution and the diameter range of the
obtained SWNTs is 1-3 nm. No noticeable dependence on catalyst size is observed.
Therefore, we believe this phenomenon provides experimental evidence that, in addition
to the conventionally accepted role of immobilizing Co at high temperature, Mo also
facilitates the formation of SWNTs by affecting the local environment around the

catalyst and hence enhancing the possible reaction pathways.

One possible working mechanism for Mo is that CoMoOx is helping prevent oxidation of
metallic Co.36 Hence, the Co can have a stronger interaction with the incoming oxygen
atom in the form of C-C-O framework. This would likely promote C-O bond breaking on
CoMoOx and even on a metallic Co cluster. Once the C-O is broken, the remaining C-C
could be released back into the gas phase or directly used to form a SWNT; the
contribution of the two carbons to the final product in this case would be equivalent.
Although clarifying the very detailed mechanism cannot be fully accomplished at the
present stage, the effect of Mo is clearly revealed in this study, and it always drives the
contribution of ethanol’s #1 and #2 carbons toward parity. The inequivalent
contributions of the two carbons in the case of synthesis on Co/Si, Co/Quartz and

Co/Mo/S1 are summarized in Table 1.



Table 1. Ratios of ethanol’s #1:#2 carbon contribution to SWNTs grown on different

catalysts and at different CVD temperatures

Catalyst type Co on Si Co on Quartz Co/Mo on Si
Temperature/°C 750 800 850 750 800 850 750 800 850

k positi
G peak position (00 ¢ 1576.6 1570.5 1576.6 15705 1567.5 1570.5 1564.5 1563.0
/em™

Carbon #1:#2 15:85  30:70 35'65 20:80 32:68 3763 32:68 40:60 4555

A similar trend is observed in the zeolite-supported Co catalyst system with and
without Mo addition. As shown in Fig. 5b, the presence of Mo leads to SWNTs with
higher 13C contribution, i.e., the two carbon atoms are incorporating into the product
more equally, which is consistent with the experiment of dip-coated Co catalyst on Si
substrates. Meanwhile, if comparing the SWNTs obtained at 750 °C in Fig. 5a and 5b,
one can see the effect of the zeolite support on ethanol decomposition is similar to that
observed for Si and quartz substrates in Fig. 3. This is also understandable because

zeolite 1s a well-known catalyst in hydrogenation reactions.39

Percentage of 12C: 50 60 70 80 90 100 Percentage of 12C: 50 60 70 80 90 100
a - - b . -
. Horecomeing ] (B) orecOedking_
i 1 I | 1 c 1 1 i i i
—CoonsSi CNN 3 | —coonzeolite | | 7N
— CoMo on Si ' g — CoMo on Zeolite, /1 |\]
= .
k)
c
2
£

Raman shift (cm™)

Py : .
AR 1520 1560 1600

Intensity (arb. unit)

T T - - T
1520 1560 1600

Raman shift (cm™)



Fig. 5. Raman spectra of SWNTs grown from dip-coated Co on silicon substrate at
different temperatures with and without a subsidiary Mo component. Mo significantly
affects the growth pathway of SWNTs, making the two carbon atoms in ethanol

contribute more equally to the growth of SWNTs.

Semi-quantitative analysis of gas-phase and on-surface decomposition and its influence

on SWNT quality

Here we present a simplified model to summarize the above observations. There are
three factors that affect the decomposition of a precursor molecule (here, ethanol) before
forming a SWNT: 1) gas-phase thermal decomposition, 2) support-mediated
decomposition, 3) Mo-caused preferential C-O breaking, 4) intrinsic breaking on Co sites.
The first step occurs in the gas phase, and the latter three are most likely surface
reactions. In this model, some ethanol may form SWNTs directly by reacting with Co
particles (the active site), while some other ethanol may form SWNTs indirectly through
an intermediate product such as ethylene or acetylene (either via gas-phase or
on-surface decomposition routes). The sum product of these reaction pathways
determines the SWNT end product. Under certain assumptions, the percentage of
ethanol decomposed via the above four stages may be quantified. A preliminary
estimate is shown in Table 2. On zeolite-supported Co/Mo at 750 °C, for example, the
gas-phase decomposition is negligible and the decomposition occurs primarily at the Mo
and zeolite surfaces. The addition of Mo decomposes ~20% of the ethanol, and the use of
zeolite (compared a to single-crystal Si substrate) decomposes another ~40%. On Co/Si

at higher temperature, however, the gas phase decomposition plays a more significant



role, estimated to be ~40% at 800 °C and ~60% at 850 °C.

Table 2. Estimate of the percentage of ethanol decomposed at different stages. The four
values correspond to percentages of gas-phase decomposition, Mo-induced on-surface
decomposition, support-induced on-surface decomposition, and active site determined

intrinsic decomposition, respectively.

Decomposition ratios at different temperatures
Catalyst type

750 °C 800 °C 850 °C
Co on Si 0:0:0:100 40:0:0:60 58:0:0:42
Co/Mo on Si 0:50:0:50 40:32:0:28 58:27:0:15
Co/Mo on Zeolite 0:20:40:20 n/a n/a

These understandings allow us to visualize how ethanol forms the final SWNT. Initially
cool ethanol is heated to the reaction temperate before reaching the substrate or
catalyst site. During this stage, ethanol may partially decompose into ethylene and
water, depending on the temperature and elapsed time. After reaching the surface (not
yet the catalyst itself), ethanol and the decomposed molecules diffuse through the
catalyst support (in the case of porous powder-supported catalyst) and/or the
already-formed SWNTs (particularly in the root growth of vertically aligned SWNTSs) in
order to reach the active site. Our previous study has shown that the inner channels are
often smaller than mean free path of the carbon source molecules,%0 thus during this
stage the carbon-containing molecules are likely to collide with the sidewalls of existing
SWNTs. Upon reaching the catalyst active site, both the catalyst (Co) and the
supporting species (Mo or quartz substrate) are involved in the reaction chain, and

various reaction pathways co-exist and contribute to overall growth of SWNTs. One



phenomenon generally observed in our process is that at high reaction temperature,
when ethanol is thoroughly decomposed in the gas phase, the outer walls of produced
SWNTs are often covered with a significant amount of amorphous carbon soot. When
gas-phase thermal decomposition of ethanol is reduced, the SWNT walls are much
cleaner. This is likely due to the more reactive products of thermal decomposition
colliding with existing SWNTs. However, the decomposed product (such as ethylene and
even some radicals) could be possibly more efficient for the growth,2s so inhibiting
gas-phase decomposition while enhancing on-surface decomposition is a possible way to
increase the yield of clean, high-quality SWNTs. A schematic showing the whole journey
of an ethanol molecule during CVD formation of SWNTs is presented in Fig. 6.

Finally, we briefly discuss the origin of the very imbalanced contribution of
ethanol’s two carbon atoms happening at an active site (e.g. #2 carbon is 85%
incorporated at 750°C on Co/Si). When an ethanol molecule reaches the active Co site,
one possible mechanism for the preferred incorporation of the #2 carbon (the one away
from the OH) is that the C-C bond in CHs-CH2-OH breaks. In this process, the #2 C
remains while the #2 C is released together with C-O group into the gas phase. The
chance for C-O breaking should be very small because this would two carbon atoms
dissolved in the catalyst that could contribute equally to SWNT formation. In all our
experiments no preferred incorporation of the #1 carbon (last case in Fig. 3) is observed.
This is understandable because the #1 carbon can be preferentially lost when the C-C
bond breaks at any stage. However, the selectivity/competition between C-C breaking or
C-0 breaking should be also related to properties of the active site. Some previous DFT
calculations revealed preferred reaction pathways for carbon precursors interacting

with different metals.4142 For example, Irle et al claimed that on Co, the C-C bond is



easily broken, whereas on the C-O dissociates with higher probability on Ni.43 This
seems to be consistent with the trend observed in our experiments. We also tried the
growth on zeolite-supported Fe, Co, Ni catalyst and did observe any clear difference (Fig.
S3), but further theoretical and experimental investigations are needed to examine how

the type of active sites, e.g. Fe, Co, Ni, and other factors may affect this reaction.
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Fig. 6. Ethanol decomposition and SWNT quality. Ethanol may undergo gas-phase
decomposition, array diffusion and on-surface reaction, among which we confirm both
catalyst support and some secondary metal species such as Mo contribute to this
heterogeneous reaction. The quality of obtained SWNTs is strongly affected by the stage

at which the ethanol is decomposed.

To summarize, we proposed a novel strategy to identify the contributions from the two
different carbons in ethanol to SWNT formation by using isotopically modified ethanol

as the carbon source. The #2 carbon was found to always be incorporated into the



product more preferentially (up to 85%) than the #1 carbon, which confirms the direct
interacting between the ethanol and catalyst. Also, the strong parameter-dependent
inequivalent incorporation of carbon atoms clearly reveals that the
supporting/secondary species in the catalyst (such as Mo), as well as the catalyst
support substrate, are directly involved the reaction chain and strongly influence the
decomposition of ethanol. Together with the analysis of gas-phase thermal
decomposition, we illuminate what was previously a black-box CVD reaction process.
We expect this latest understanding will advance the ongoing discussion on the details
of the SWNT growth mechanism, and lead to more controlled synthesis methods

producing higher quality SWNTs.

Experimental

SWNTs were synthesized by ACCVD using ethanol as the carbon source. The
uniqueness of the present work is that, instead of conventional ethanol, 13C labeled
ethanol was used, i.e. 12CH3-13CH2-OH (1-13C ethanol) and 13CHs3-12CHs-OH (2-13C
ethanol). The average mass of the carbon atoms in the synthesized SWNT was
evaluated by Raman spectroscopy, which reveals the relative contribution of carbon
isotopes in the final product. Zeolite-supported Co, Co/Mo, and dip-coated Co, Co/Mo on
silicon or quartz substrates were used for SWNT growth. More details of the catalyst
preparation process and CVD parameters can be found in our previous reports.14 23 4445
All CVD experiments were performed with a no-flow CVD condition in order to
efficiently use the expensive isotope-labeled ethanol.28 The ethanol pressure is 1.3 kPa
and CVD reaction period is 5 min. unless described otherwise. The as-obtained

materials were characterized by scanning electron microscopy (SEM, Hitachi S-4800),



and transmission electron microscopy (TEM, JEOL 2000EXII operated at 120 kV). The
concentration of ethanol and other decomposed species was calculated by Chemkin with
the chemical reaction model proposed by Marinov,46 and experimentally measured using
Fourier transform infrared spectroscopy (FTIR). All Raman spectra were obtained using
a 488 nm excitation laser. Spectra were obtained using different objective lenses, laser
power and gratings to avoid laser heating and ensure sufficient resolution; one SWNT

film was also checked to confirm uniformity (Fig. S4).
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Fig. S1. Thermal decompostion of 1.3 kPa ethanol at (a) 750 °C, (b) 800 °C and (c) 850 °C,
predicted by Chemkin; (d) time evolution of ethanol concentration at three different

temperatures.
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Fig. S2. RBM and G band region in the Raman spectra of SWNTs obtained on Co/Si

catalyst at 750°C, 800°C and 850°C (a) without and (b) with Mo addition using 1-13C

ethanol as the carbon source.
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Fig. S3. Raman spectra of SWNTs obtained on zeolite supported Fe, Co, Ni catalyst

grown at 750°C using 1-13C ethanol as the carbon source, suggesting ethanol bonds

break differently on the three metals.
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Fig. S4. (a) Raman spectra of a standard 12C SWNT sample measured with different lens
and laser power, suggesting that laser heating effect in this experiment is negligible; (b)
Raman spectra of a 13C-enriched SWNT sample taken at different sites, confirming the
uniformity of the synthesized SWNTs; (c) Raman spectra of a standard 12C SWNT
sample measured with different gratings of the monochromator, confirming sufficient

resolution of the obtained spectra.



