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Abstract 
We present the successful synthesis of aligned 13C labeled single-walled carbon nanotube 
(SWNT) arrays from alcohol by a modified no-flow chemical vapor deposition (CVD) 
method which makes possible efficient growth using a small amount of carbon source. 
Synthesis of high-quality SWNTs by this alternate method was confirmed by Resonance 
Raman spectroscopy, which also showed the quality is uniform during the growth. The 
synthesis of 13C labeled SWNTs provides clear and solid evidence for the root growth 
mechanism in alcohol CVD, which agrees well with the TEM observations. 
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1. Introduction 
A single walled carbon nanotube (SWNT)1, 2) is a novel one-dimensional material possessing 
attractive electric, mechanical, and thermal properties.3) Driven by the potential applications 
of SWNTs, many methods have been proposed to synthesize SWNTs.4-12) Among these, 
alcohol catalytic chemical vapor deposition (ACCVD) can yield high-quality SWNTs at 
moderate temperatures.8) It is also the first method by which vertically aligned SWNT arrays 
were obtained.9) However, the incomplete understanding of the growth mechanism in this 
process, e.g. insufficient information about the catalyst status and position during growth, 
hinders full control over the final product. 

Isotope labeling is a strong technique to identify the reaction pathway in chemical 
reactions. It has been used to identify the catalyst location, i.e. so-called root growth or tip 
growth,13) in the synthesis of multi-walled carbon nanotubes (MWNTs), and also the growth 
sequence of graphene layers in MWNTs.14, 15) One challenge in applying this isotope method 
to ACCVD is that, due to the high ethanol flow rate, the percentage of supplied ethanol 
converted into the final SWNT product is typically less than 0.04%. This low efficiency 
makes the use of an isotope-labeled carbon source prohibitively expensive. Therefore, an 
improvement in the ethanol efficiency of the current ACCVD method is necessary.  

For other considerations, isotope-labeled aligned SWNTs are also useful to identify the 
different vibration modes in Raman spectroscopy studies, as the presence of isotopes would 
change the phonon energy while keeping the electron structure unaltered.16, 17) A bulk 
material with controlled isotope concentration, or a sequenced nanotube junction might also 
be interesting regarding thermal conductivity in SWNTs.18)  

Here, we present the synthesis of aligned SWNT arrays from a no-flow CVD condition,19) 
in which as much as 40% of the supplied ethanol was converted into the final product. The 
high efficiency of this process enables us to grow 13C SWNT arrays from a small amount of 
isotope labeled ethanol. The 12C-13C junction from sequential feeding of two different carbon 
sources confirmed the SWNT array forms by the root growth model. 
 
2. Experimental 

SWNT arrays were grown on quartz at temperatures from 750 to 850ºC using ethanol as a 
carbon source and Co/Mo bimetal as catalyst. The catalyst was prepared through the 
previously reported dip-coat process9) and the 0.5 gram 13C ethanol carbon source was 
purchased from Cambridge Isotope Inc. In principle, 13C SWNT arrays can be easily obtained 
from typical ACCVD process as long as the carbon source, normal 12C ethanol, is replaced by 
13C labeled ethanol. However, as the ethanol flow rate is typically 300-500 sccm, 0.5 grams 
of 13C ethanol would be consumed in just a few minutes. Therefore, instead of passing 
ethanol throughout the growth time, we only fed ethanol only until reaching the desired 
pressure, from 0.3 to 2.0 kPa in the current study, and then sealed the chamber and waited for 
the SWNTs to grow from that limited amount of ethanol. When growing 12C -13C SWNT 
junctions, 12C ethanol was first fed into the growth chamber until reaching the desired 
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pressure. After 1 minute of growth, the chamber was evacuated (within 1 min), and then 13C 
ethanol was introduced at the same pressure for the second stage of growth. The film 
thickness in all experiments was measured in situ by a 488nm laser, and the as-grown 
SWNTs were characterized using SEM, Raman spectroscopy, and optical absorption 
spectroscopy. 

 
3. Results and Discussion 
3.1. No-flow ACCVD 

Figure 1(a) presents a typical SEM image of 25 μm aligned SWNT arrays from a 10 min 
no-flow CVD. One significant difference between the no-flow condition and our normal 
CVD is that, as there is no gas refreshment inside the chamber, the gas composition 
continually changes during growth. Accordingly, the quality of the SWNTs at different height 
in the array might also be different. Additionally, the SWNT growth byproduct, e.g. H2O, 
might also have a more significant impact than in the normal CVD. Therefore, the as-grown 
arrays were characterized using micro-Raman spectroscopy, which allowed us to obtain 
spectra from several small regions (a few square micrometers) along the height of the array. 
In the spectra obtained from different locations on the film, as shown in Fig. 1(b), the G/D 
intensity ratio varied only from 20 to 23 (Fig. 1(c)), which suggests the SWNT quality is 
uniform from the top to the root. TEM observation also confirmed that the arrays are 
comprised of SWNTs, with little amorphous carbon; no MWNTs were found. Notably, the 
absence of constant ethanol refreshment in the chamber resulted in some difference in the 
growth curves (not shown), but the reason for this is still being investigated. 
3.2. 13C vertically aligned SWNT arrays 
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Fig. 1: (a) SEM image of the as-grown aligned SWNTs from no-flow CVD, (b) Raman 
spectra at different positions along the height of an SWNT array, (c) ratio of G/D peak 
intensities at different position along the SWNT arrays, with inset optical microscope images 
showing the corresponding incident laser positions. 
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In this work, the most attractive feature of the no-flow condition is that the conversion rate 
of ethanol to SWNTs is much higher than in the conventional CVD method. After weighing 
both the ethanol fed into the chamber and the nanotubes produced, the conversion rate was 
found to be as high as 40%. Thus, no-flow CVD enables us to grow SWNTs from small 
amounts of ethanol, which is critical for the successful synthesis of aligned 13CNT arrays 
from our 0.5 gram of 13C ethanol and also for the cost-performance of future advances in 
SWNT mass production. 

Figure 2(a) shows a typical Raman spectrum of a 4 µm aligned SWNT film obtained in 1 
min using 0.02 gram of 13C ethanol. As only 0.02 gram of ethanol is needed for one CVD run, 
more than 20 samples of 13C aligned SWNTs can be reproduced with 0.5 grams of ethanol. 

The G band, D band, and RBM peaks in Raman spectra are all shifted to 13/12  of the 12C 
position (dashed line), confirming the apparent isotope effect. This shift is due to the larger 
atomic mass of 13C, and thereby a different phonon energy. As the electron structure of the 
isotope does not change, the optical absorption in Fig. 2(c) shows little difference in peak 
positions. One exception is a shift of the plasmon peak to lower energy, which may be caused 
by poor alignment.20) It was also noted that the catalyst lifetime in the 13C case is usually 
shorter than when using normal 12C ethanol, and is thereby thinner in film thickness. 
Incubation time to initiate the CNT growth was also observed sometimes. These differences 
might be caused by the lower purity of the 13C ethanol, as isotope-labeled molecules were not 
supposed to very different chemically in reactions. 
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Fig. 2: (a) Raman and (b) optical absorption spectra of the 13C (solid line) and 12C (dashed 
line) aligned SWNT arrays, showing (a) the shifted phonon energy and (b) similar electronic 
structure. 
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3.3 12C-13C SWNT junctions and their root growth model 
Besides the pure 13C carbon nanotubes, we also grew 12C-13C SWNT junctions, which is 

interesting in understanding the SWNT growth mechanism or studying thermal conductivity 
of SWNT. Figure 3(a) gives an example of the 12C-13C junction, synthesized by first feeding 

12C ethanol, followed by evacuating the chamber and then feeding of 13C ethanol. From the in 
situ optical absorption in Fig. 3(b), the entire array contains 8 μm of 12C and 1 μm of 13C 
nanotubes. As the 12C is fed before the 13C, the location of this 1 μm 13C can be used to 
clarify if the SWNTs are grown from the root of the array or the tip. Figure 3(c) shows a 
change in Raman spectra along the array. It is clearly shown that the 13C can only be detected 
near the root of the SWNT array; this is solid evidence for the root growth mechanism, 
shown by the schematic in the inset of 3b. 
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Fig. 3: (a) SEM image, (b) growth curve from in situ optical 
absorption, and (c) cross-sectional Raman spectra across a 12C-13C 
junction. The arrow and spots in (a) represents the direction and 
position of the incident light. The inset schematic in (b) illustrates 
the junction structure in case of root growth. 
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  We also compared the above findings with our previous TEM observation. Under TEM, 
most of the catalyst particles were usually found at one edge of the array, which should be 
identified as root region from this study. The other edge, i.e. the tip region, was usually clean 
and metal species were seldom observed. The reason why the root model were usually found 
to be dominant in the case of vertical growth, as also confirmed in other CVD methods,14, 15, 

21-24) might need further investigation. 
 
4. Conclusions 

We report the growth of 13C enriched, aligned SWNT arrays using a no-flow CVD, 
where the carbon conversion efficiency from ethanol to SWNTs can be as high as 40%. The 
sequential feeding to two types of isotope-labeled ethanol resulted in 12C-13C SWNT 
junctions, which provided concrete evidence for the root growth mechanism of SWNTs 
synthesized by ACCVD. Clarification on the root growth model is critical in understanding 
the growth and catalyst deactivation mechanisms in ACCVD. It also affords better control 
over producing aligned SWNT arrays with tailored morphologies. More work in this area is 
in progress.
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Figure Captions 
 
Fig. 1: (a) SEM image of the as-grown aligned SWNTs from no-flow CVD, (b) Raman 
spectra at different positions along the height of an SWNT array, (c) ratio of G/D peak 
intensities at different position along the SWNT arrays, with inset optical microscope images 
showing the corresponding incident laser positions. 
 
Fig. 2: (a) Raman and (b) optical absorption spectra of the 13C (solid line) and 12C (dashed 
line) aligned SWNT arrays, showing (a) the shifted phonon energy and (b) similar electronic 
structure. 
 
Fig. 3: (a) SEM image, (b) growth curve from in situ optical absorption, and (c) 
cross-sectional Raman spectra across a 12C-13C junction. The arrow and spots in (a) illustrate 
the direction and position of the incident light. The inset schematic in (b) illustrates the 
junction structure in case of root growth. 
 


