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Abstract 

Elucidating the origin of carbon nanotube chirality is key for realizing their untapped potential. 

Currently, prevalent theories suggest that catalyst structure originates chirality via an epitaxial 

relationship. Here we studied chirality abundances of carbon nanotubes grown on floating liquid 

Ga droplets, which excludes the influence of catalyst features, and compared them with 

abundances grown on solid Ru nanoparticles. Results of growth on liquid droplets bolsters the 

intrinsic preference of carbon nuclei towards certain chiralities. Specifically, the abundance of 

the (11,1)/χ=4.31o tube can reach up to 95% relative to (9,4)/χ=17.48o, although they have 

exactly the same diameter, (9.156Å). However, the comparative abundances for the pair, 

(19,3)/χ=7.2o and (17,6)/χ=14.5o, with bigger diameter, (16.405Å), fluctuate depending on 

synthesis temperature. The abundances of the same pairs of tubes grown on floating solid 

polyhedral Ru nanoparticles show completely different trends. Analysis of abundances in 

relation to nucleation probability, represented by a product of the Zeldovich factor and the 

deviation interval of a growing nuclei from equilibrium critical size, explain the findings. We 

suggest that the chirality in the nanotube in general is a result of interplay between intrinsic 

preference of carbon cluster and induction by catalyst structure. This finding can help to build 

the comprehensive theory of nanotube growth and offers a new prospect for chirality-preferential 

synthesis of carbon nanotubes by the exploitation of liquid catalyst droplets.   
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The tremendous potential of carbon nanotubes1 is hindered by one key factor: nanotube 

properties are delicately reliant on their chirality2, and yet there is no established technology for 

chiral selective production.  The root of the challenge is deeply fundamental – understanding the 

origin of chirality3. More than two decades of studies have revealed the essential contributions of 

a catalyst4, its diameter5, morphology6-8, and composition and structure9-13 in chirality abundance 

of grown nanotubes. Consequently, nowadays chiral-selectivity origination by catalyst structure 

via an epitaxial relationship emerges as a dominant mechanism14-16. However, it is hard to rule 

out the role of carbon nuclei structure for chirality origination, a scenario that has been realized 

in17 by exploiting the proper molecular precursor as an embryo for specific nanotube cap. 

Targeting this dilemma in our strategy, we decided to decouple the influence of catalyst 

properties on the abundance of grown tube chiralities by exploitation of an isotropic surface of a 

floating liquid metal droplet as a catalyst. In comparison under the same synthesis conditions, we 

also exploit solid nanoparticles as a catalyst for revealing the impact of catalyst structure.  

Results and Discussions 

Gallium (Ga) and ruthenium (Ru) have been chosen as catalysts to ensure either liquid (melting 

point of Ga Tbulk=41oC) or solid (melting point of Ru Tbulk =2441oC) states for the complete 

range of temperatures (900oC-950oC) used for the synthesis of single walled carbon nanotubes 

(SWNTs).  Growth of SWNTs via a catalytic chemical vapor deposition (CCVD) method on 

supported liquid Ga droplets18 or on liquefied Fe catalysts19,20 had been reported earlier. In this 

study, SWNTs were grown via a floating catalyst CVD method21 but using Ga(acac) or Ru(acac) 

and ethanol as the catalyst and carbon sources, respectively (Fig. 1 and Materials and Methods). 

The growth produced tangled nanotubes with typical Raman radial breathing modes and G-bands. 

For both catalysts, the yields of grown nanotubes were relatively higher at 925oC. Raman 
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characterizations were done with multiple laser excitation wavelengths including 488 nm, 532 

nm, 632.8 nm, 830 nm and 1064 nm (Materials and Methods). On one hand, Raman RBM 

intensity had been shown by various groups to be strongly chirality dependent22-24 and other 

variables such as the amount of defects could also affect the Raman cross-section25-26. On the 

other hand, SEM images shows that our samples had very low tube density while most tubes 

were short (~ 1-2um) in length. With a laser spot size of 1um and a spot-to-spot scanning step 

size of 10um, the possibility to count one tube multiple times or for multiple tubes with the same 

chirality located in one laser spot should be small. Based on these considerations, each RMB 

peak and its associated chirality was assigned to one individual carbon nanotube regardless of 

Raman intensity in the current work. Fig. 2a-c show the abundance of nanotubes depending on 

diameter grown on liquid Ga catalyst at different temperatures (Supplementary Information 

Table S2-S4). Insets in Fig.2a-c show that with an increase of temperature, the slight preference 

of smaller chiral angles (χ <10o) transfers into a slight preference of larger chiral angles (χ >15o), 

while the chiral angles in the range of χ =10-15o have consistent relatively high abundances 

(>20%) for all three temperatures. However, we noticed that the tubes with nominal diameters of 

12.0Å (∆d= ± 0.2Å, shadowed area), but with various chiralities corresponding to (14,2), (13,4), 

(15,0), (9,8), and (11,6), have significantly different abundances (up to fivefold), which change 

depending on temperature. Similarly, the tubes with relatively larger nominal diameter of 16.4Å 

(∆d= ± 0.2Å, shadowed area) such as (20,1), (17,6), (19,3) and (18,5) also have significant 

differences in abundance. Taking into account that the tubes were grown on an isotropic surface 

of a liquid catalyst, this fact was very intriguing. To further study this trend, we decided to 

exclude nanotube diameter as a variable. For this aim, we carefully analyzed the temperature 

dependence of the abundances for two pairs of nanotubes.  The first pair, (11,1) and (9,4), have 
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exactly the same diameter (9.156Å), but different chiral angles χ=4.31o and χ=17.48o, 

respectively. Similarly, the second pair, (17,6)/χ=14.5o and (19,3)/χ=7.2o, have exactly the same 

but relatively larger diameter (16.405 Å) in comparison with the first pair. These analyses open a 

unique opportunity to study nanotube chirality formation without the influences of catalyst 

structure, morphology, and diameter. For obtaining abundances of the above mentioned pairs by 

Raman spectroscopy, we used laser wavelengths λ=1064nm and 632nm for the (11,1)/(9,4) pair 

and 632nm and 532 nm for the (19,3)/(17,6) pair, respectively (Fig. 3), which provides close to 

the resonance excitations energies. Fig. 4a,b shows that for the pair of tubes (9,4) and (11,1), the 

smaller chiral angle χ=4.31o corresponding to (11,1) chirality has apparent preference, especially 

at 950oC where the preference reaches up to six fold. However, for the larger diameter pair of 

tubes (17,6) and (19,3) at 900oC and 925oC, the chiral abundance has almost the same value, but 

at 950oC the large chiral angle χ=14.5o, corresponding to (17,6) chirality is preferable. Hence, 

even when key catalyst parameters that are believed to determine tube chirality have been 

excluded, there is still a remarkable bias towards certain chiral angles such as χ=4.31o or χ=14.5o 

for a specific tube diameter. These results indicate that the carbon structure itself can originate 

chirality preference due to its own intrinsic mechanism of formation. In order to reveal the 

contribution of catalyst properties in the formation of nanotube chirality, we carried out 

analogical and comparative analysis of the abundances of tube chiralities grown on solid Ru 

nanoparticles Fig. 2 d-f (Supplementary Information Tables S5-S7) including (11,1)/(9,4) and 

(17,6)/(19,3) pairs. First, to validate the state of the Ru nanocatalyst during nanotube growth, we 

performed in situ environmental transmission electron microscopy (ETEM) studies of Ru 

nanoparticles at elevated temperatures (Fig.5). Structural analyses confirm that the particles are 

in the solid state and have various polyhedral forms. We didn’t observe distinguishable structural 
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or morphological differences between 900°C and 950°C. Structural analyses among randomly 

chosen particles revealed that most of particles have energetically stable HCP structures, while 

some particles were either metastable FCC or had unknown structures. Twinning, which is 

common for cubic structures, was observed too. Similar to the tubes grown on Ga catalyst, the 

abundances of the chiral angles in the range of χ=10 -15o are not only consistently high (Insets in 

Fig. 2d-f), but at 925oC exceed 50%. Remarkably, the abundance of (11,3) tubes reaches almost 

30%. However, in contrast to the growth on Ga catalysts, at 900oC the smaller chiral angle 

nanotube (11,1)/χ=4.31o is preferable, while the abundance of larger chiral angle became about 

two order higher with the increase of synthesis temperature (Fig 4 c, d). For the larger diameter 

nanotube pair of (17,6)/χ=14.5o and (19,3)/χ=7.2o, the abundance of the tubes with smaller chiral 

angle was preferential for all growth temperatures. Theoretical Kataura plots for the chirality 

assignments and corresponding typical representative Raman spectra for (11,1)/(9,4) and 

(17,6)/(19,3) pairs grown on solid Ru catalysts are shown in Fig. 6. Unlike liquid Ga, the solid 

Ru catalysts display various crystallographic structures and polyhedral shapes (Fig.5) with 

various exposed facets and presumably with various carbon-catalyst interfacial interactions. 

Therefore, the differences in the trends of chiral abundance of tubes grown on Ru catalysts when 

compared to Ga could be attributed to the influence of these properties. Hence, carbon structure 

intrinsically can bias towards specific chiral angles, while the influence of solid catalyst features 

can adjust it.   

Observation of significant differences in abundance (up to 35 times based on spectral intensities) 

for tubes with exactly the same diameter (6,5) and (9,1) grown on solid catalysts Co/Mo and 

Fe/Co by CVD method have been associated to the stability of the carbon cap edge27 and 

structures28, respectively. Similarly, disproportion in the abundances of (6,6) and (7,5) with same 
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nominal diameters grown at various temperatures on solid Co catalysts have been associated 

with the constraints for cap formation energies14,29. Recently, it was reported that while there is 

no significant difference between the energies of carbon caps that could create bias towards 

specific chiral angles, the nanotube-catalyst interface might introduce chiral angle bias30. These 

arguments could be applied to our results for understanding the chirality bias in abundances of 

(11,1)/(9,4) and (17,6)/(19,3) pairs grown on Ru catalysts (Fig. 3c,d).  Yet, the liquid state of the 

catalyst flattens the carbon–catalyst contact energy landscape by making the carbon-catalyst 

contact energies effectively equal31. As a result, the abundance of a given tube becomes nearly 

proportional to chiral angle32,33. On the contrary, in our experiments, the abundances of the pair 

of tubes (11,1)/(9,4) are biased towards smaller angle (11,1)/χ=4.31o. This fact suggests that the 

observed differences in abundance cannot be the result of growth rate differences for various 

chiralities. Moreover, for the pair of tubes with bigger diameter, (17,6)/(19,3), grown on Ga 

droplets, the relative abundances fluctuate depending on growth temperature, and cannot be 

explained based on known models. Hence, all currently established variables that could create 

chiral angle bias, such as the properties of catalyst, energy preferences of carbon caps, carbon-

catalyst interface energy and nanotube growth rates have been eliminated.   

We analyze our experimental results in the frame of kinetic theory of nucleation, i.e., considering 

nucleation as a random process and thereby obeying to statistical laws. Current experimental and 

theoretical studies suggest carbon caps (comprises 6 pentagons) as seed for formation of 

nanotube chirality17,34,35. According to the census of carbon caps36 there are 99 possible carbon 

caps with various isolated pentagon configurations that can initiate growth of (11,1) tubes and 99 

caps for (9,4) tubes. For nanotubes with chiralities (19,3) and (17,6) this number is even bigger: 

104,371. Furthermore, the number of carbon atoms in the caps of (11,1) and (9,4) tubes 
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generated by the Chemical and Abstract Graph Environment CaGe37 vary from 48 to 86 for 

(11,1) caps and from 45 to 75 for (9,4) caps. For chiralities (19,3) and (17,6) the numbers of 

carbon atoms with isolated 6 pentagons are in the range of 96-354 and 93-311, respectively. To 

compute the energetics of all of these clusters would be beyond the available computation power. 

However, since number of nuclei grown in given interval of time is a random quantity due to the 

attachment and detachment processes then instead we can consider the probabilities P(n) of 

grown nucleus in order to compare with observed abundances in our experiments. Within the 

kinetic theory of nucleation this probability for heterogeneous nucleation of 2D clusters is 

defined as38  

���� = �
� �1 + ����√� × �� − �∗���                           (1)     

where erf(x) is the error function and Z- is the Zeldovich factor39,40 

   � = �
∆� = �

��∗ × � ∆�∗
����            (2) 

where ∆G*/kBT > 3. Z defines the width of deviation interval ∆G(n) of Gibbs free energy profile 

in the vicinity of critical size n* of carbon cluster defined as ∆n = nmax - nmin, where the 

difference between nuclei free energy and formation barrier ∆G*(n=n*) is less than thermal 

energy kBT (Fig.7). In other words, the overall nucleation rate is determined by the nucleation 

kinetics in the interval of ∆n near critical nuclei size n*. This means that the “flatter” free energy 

profile ∆G(n) corresponds to the larger number of nucleus in kBT range that can reach or 

overcome the critical size and continue growing. The inequality ∆G*/kBT > 3, in practice is 

always valid for our experimental conditions, since in our synthesis kT ~ 0.1eV and ∆G ≥ 

1eV33,34.  Hence, by definition P(n)=0 when n < n* - ∆n/2 and P(n) = 1 when n > n* + ∆n/2. So, 
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we consider P(n) as the probability that a given carbon cluster will grow and reach a size that 

contains six pentagons. 

From Fig. 4a,b, we  converted the ratio of abundances of tubes grown on Ga droplets at 950oC 

into probabilities. Solving the equation (1) relative to n (taking into account that erf(x) ~ x if -

0.62 ≤ x ≤ 0.62) one obtains n = n* + 0.32∆n for the size of clusters of a (11,1) tube and n = n* - 

0.32∆n for (9,4) chirality (Z = 1/∆n).  Hence, carbon clusters that led to the tubes with (9,4) 

chirality dominantly are in the range of n < n*, while for (11,1) the nucleus consist of number of 

carbon atoms n > n* (Fig. 7a). Accordingly, clusters that fit for nucleation of (9,4) tubes are 

subnuclei and tend to decay and thereby the abundance is very low. On the contrary the clusters 

for (11,1) tubes are supernuclei and tend to grow further and as a result have higher abundance. 

For chiralities (19,3) and (17,6) apparently, the ∆G(n) energy profile in the vicinity of 

equilibrium critical nuclei is “flatter” ∆n(19,3)/(17,6) >∆n(9,4)/(11,1) (Fig. 7b). This suggests that the 

nucleation barriers for the clusters that consist of carbon atoms nmin < n* < nmax are very close. 

Similarly to (9,4)/(11,1) pair, by using abundance data for this pair from Fig. 4b, we obtain 

nucleus sizes n = n* + 0.11∆n (supernuclei) and  n = n* - 0.11∆n (subnuclei) for (19,3) and 

(17,6) tubes, correspondingly. Unlike the (9,4)/(11,1) pair, the nucleus sizes of the (19,3)/(17,6) 

pair are located in very close vicinity of the  equilibrium critical size of nuclei n* (Fig. 7b), 

which explains the observed fluctuations of relative abundances depending on growth 

temperature. Analogical calculations for abundances of (11,1) and (9,4) pair of nanotubes grown 

on Ru nanoparticles at T=925C resulted n = n* + 0.14∆n and n = n* - 0.14∆n, respectively. For 

(11,1)/(9,4) pair grown at T= 950C as well as for (17,6)/(19,3) for all growth temperatures the 

condition erf(x) ~ x  does not fulfilled due to high ratios of abundances, therefore it is impossible 

to obtain  analytical solutions. From the above analysis (Fig. 7), it became apparent that for 
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successful growth of a carbon nuclei into a nanotube, it is not enough for nuclei to possess low 

nucleation energy, but it also needs to accommodate number of carbon atoms larger than 

equilibrium critical size n > n*. Once the nuclei size n > n*+0.5∆n the probability of decay is 

negligible.   

Note that we assumed the same n* and G* in order to show both chirality pairs on one nucleation 

graph in Fig. 7 while in fact both parameters can be chirality dependent. Our assumptions could 

be partially justified considering: (1) Using the same critical size n* does not change the 

relationship P(11,1) >P(9,4); (2) Theoretical calculations had demonstrated that the end cap edge 

energies for tubes with different chiralities but similar nominal diameters were almost the 

same30; (3) The Gibbs free energy of 2D nuclei was calculated to be equal to one-half of their 

edge energy41. 

Conclusion 

For nanotubes grown on liquid catalyst droplets, nucleation kinetics can create chiral preference 

even for tubes with exactly the same diameter and similar nucleation energy barriers, despite a 

large variety of possible nuclei. The preference toward certain chirality can be predicted by 

knowing the critical nuclei size (n*), Zeldovich factor (Z), and the number of atoms in a given 

carbon nuclei (n). Consequently, controlling these parameters can lead to chirality preferable 

growth of the tubes. One way to achieve this is to create experimental conditions that provide a 

very narrow range of ∆n (or larger Z) and range of ∆G(n*) - ∆G(n = nmax, nmin) ≤ kBT (shadowed 

areas in Fig.7). Apparently, growth of tubes with smaller diameters satisfies this requirement 

since the number of possible nuclei/caps are dramatically reduced (i.e. ∆n is small). Yet, a more 

general approach that can lead to selective growth is variation in the degree of supersaturation. 
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Since the Zeldovich factor is Z ~ (∆µ)2 (∆µ – difference between chemical potentials of vapor 

and solid phases of carbon) then increasing ∆µ will reduce ∆n, which implies the possibility to 

achieve preferential/selective growth. This can be achieved by the bigger perturbation of the 

pressure P (or temperature) from its saturated equilibrium value (Po) ∆µ ~ ln P/Po, which creates 

larger supersaturation (undercooling) and thereby becomes a driving force for the nucleation.  In 

addition, if possible, synthesis at lower temperatures will also increase the selectivity by 

narrowing the range of ∆G(n*) - ∆G(n = nmax, nmin) ≤ kBT. On the other hand, the presence of a 

catalyst with crystallographic structure, as is the case with nanotubes grown on Ru nanoparticles, 

reduces the formation energy of the grown carbon nuclei depending on their configurations and 

adhesion energies. Apparently, this reduction is more dramatic if there is an epitaxial relationship 

between these two structures. These changes in the energy also change the corresponding key 

parameters that define the nucleation probability: Zeldovich factor and critical nuclei size. As a 

result, the abundance of grown tubes chiralities becomes different in comparison with abundance 

statistics grown on liquid catalyst. 

We expect that revealed dualism in nanotube chirality origination would help to create a 

comprehensive theory of nucleation and growth by considering the role of nucleation kinetics in 

chirality distribution. It can ignite a new strategy to achieve chiral selective/preferential growth 

based on liquid catalyst droplets, since unlike solid catalysts, in the case of a liquid catalyst, the 

number of variables are dramatically reduced.  This method implies that thorough control of 

catalyst diameter is critical although this requirement is common among all reported methods 

aiming at chirality-controlled growth. We believe that the exploitation of colloidal Ga clusters 

with predetermined dimeter (smaller is preferable) and narrow diameter distribution could be an 
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effective approach. Our method in combination with low temperature and/or high pressure 

synthesis conditions may lead to selective/preferential growth.   

Methods and Materials 

Synthesis: Nanotubes were grown at ambient pressure via a floating catalyst CVD method using 
gallium (III) acetylacetonate Ga(C5H7O2)3/[Ga(acac)3] and ruthenium (III) acetylacetonate 
Ru(C5H7O2)3/[Ru(acac)3] and ethanol as the catalyst and carbon sources, respectively. Solutions 
(0.4 wt. %) of Ga(acac)3 or Ru(acac)3 dissolved in ethanol were prepared through mild 
sonication. The solution was then loaded into a syringe and delivered into a quartz tube furnace 
through a capillary connected to a syringe pump. The capillary was placed such that its exit point 
was just outside the hot zone of the tube furnace. The substrates (300 nm SiO2 on Si) were 
loaded into the center of the quartz tube furnace, which was heated to the growth temperature 
(900oC-950°C) under a constant flow of argon (450 sccm) and hydrogen (75 sccm). After the 
furnace reached the growth temperature, the Ga or Ru(acac)3 / ethanol mixture was injected 
continuously into the tube furnace at a rate of 6 ml/hr for the duration of the nanotube growth (5 
min – 15 min).  At the end of the growth period the furnace was turned off and allowed to cool 
down to room temperature under the Ar/H2 flow. For each temperature we synthesized three 
samples based on each catalyst in order accumulate more statistical data and reveal consistent 
pattern.  
Raman mapping analysis of as-grown SWCNTs: Raman measurements were performed by a 
Renishaw inVia confocal micro-Raman spectrometer equipped with CCD detectors. Multiple 
laser lines including 488, 532 nm, 632.8 nm, 830 nm and 1064 nm were used to excite the 
samples. At least 2 or 3 separate samples at each temperature were used for the analysis. The 
sample was placed on an x-y piezo-stage and raster scanned with a step size of 10 µm for both x 
and y directions. A typical Raman mapping area consists of 121 individual scanning spots, while 
a minimum of 3 selected mapping areas were done on each sample. Usually more mapping areas 
were done for more RBM-dilute samples. So, the total number of spots scanned for each growth 
temperature can easily exceed 1000. The laser spot was ~1 µm with a 50 x long objective. The 
laser power at each wavelength was always kept at minimum in order to avoid heating. All 
Raman measurements were performed at room temperature. For chirality assignment, the 
following criteria were applied:  transition energy ∆E = ±0.1eV, Raman frequency window for 
radial breathing modes (RBM) ∆ω=±4 cm-1 and signal/noise ratio S/N ≥3. Abundances of 
nanotubes have been obtained based on the total counts of corresponding RBMs 
ωRBM=12.5+223.5/d, where ωRBM is the radial breathing mode (RBM) frequency and d is the tube 
diameter, was used in the Kataura Plot. For equal diameter pairs of tubes, we studied three 
samples for each growth temperature of 900oC, 925oC and 950oC by using 532nm, 632.8nm and 
1064nm excitations and scanning 1089, 1089 and 1331 spots for each sample, respectively. In 
these cases, for chirality assignment a Raman frequency window ∆ω=±1 cm-1 was applied. As 
presented in Fig.2, the histograms show the sum of the statistics of all three samples. As an 
example, we also show in Fig. S1 of Supplementary Information the chirality distributions of 
nanotubes grown on Ga catalyst at 925°C from three different runs under identical growth 
conditions. 
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Environmental Transmission electron microscopy (ETEM): The experiments are performed 

on an FEI 80-300 environmental Titan TEM operated at 300 kV in high vacuum mode.  The 

microscope is equipped with a spherical aberration (image) corrector for the TEM objective 

lens.  Heating experiments were carried out using a DensSolutions Wildfire double-tilt MEMS-

based heating holder. The Ru nanoparticles are suspended in ethanol, and dropcast on the 

compatible XT nanochip which is coated with a 20 nm thick SiN membrane.  

Scanning electron microscopy (SEM): Post-growth micrographs of the samples were obtained 

on a Zeiss Ultra 55 FE-SEM with a 3mm working distance and accelerating voltage of 1 kV.  
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Support Information 

The overall counts of the tubes grown on liquid Ga and solid Ru catalysts are shown in Table S1. 

The chirality abundances (in %) of detected SWNTs grown on liquid Ga droplets and solid Ru 

nanoparticles at various synthesis temperatures are presented in Tables S2-S7. Chirality 

distributions of carbon nanotubes grown on Ga catalyst at 925°C from three different runs under 

identical growth conditions are shown in Figure S.  
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Figure 1: Schematic of the reactor for growth of single walled carbon nanotubes on floating 
catalysts. Representative SEM micrographs of SWNTs. a-c, Grown from Ga(acac)3 at 900°C, 

925°C, and 950°C, respectively. (d) Ru(acac) at 900°C, (e) Ru(acac) at 925°C, and (f) Ru(acac) 

at 950°C.  Scale is 1 µm for all cases. 
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Figure 2: Abundances of SWNTs vs diameter based on corresponding Raman spectra.  
a, b, c, Grown on liquid Ga droplets. e, f, g, Grown on solid Ru catalysts at 900°C, 925°C and 

950°C, respectively. Each experimental mark represents a nanotube with certain chirality (see 

Supporting Materials table S1-S6). Insets show the abundances of corresponding chiral-angles. 

Shadowed areas highlight the examples of abundance differences for the tubes with same 

nominal diameter (± 0.2Å) but different chiral angles. 
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Figure 3: Theoretical Kataura Plot and representative Raman spectra for SWNTs grown 
on liquid Ga droplets. a, Kataura plot for the assignment of (9,4) and (11,1) chiralities. b,c,  

Corresponding representative Raman spectrum for the assignments in (a). d, Kataura plot for the 

assignment of (17,6) and (19,3) chiralities. e,f, Corresponding representative Raman spectrum 

for the assignments in (d). Solid lines in (a, d) indicate the excitation wavelengths and frames are 

the detection range, dashed lines in (b, c, e, f) are the detection ranges for the tubes with 

corresponding chiralities for various synthesis temperatures. 
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Figure 4: Abundances of SWNTs pairs (11,1)/(9,4) SWNTs with diameter d=9.156Å and 
(19,3)/17,6) with d=16.405Å vs. synthesis temperatures.  a, b, Grown on liquid Ga droplets. c, 

d, Grown on solid Ru catalysts at 900oC, 925oC and 950oC, respectively. Estimated from 

corresponding Raman spectra. 
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Figure 5: Characterization of catalyst particles. a, b, TEM images of Ru catalyst particles 

taken at 900 °C and 950 °C, respectively. c-e HRTEM images of catalyst particles taken at 

950 °C.  The interplanar spacings of Ru catalyst particles can be assigned as hcp (002) to c, hcp 

(101) to d, and hcp (002)-left and hcp (100)-right to e. Scale bars are 10 nm in a,b and 2 nm in  

c-e.   
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Figure 6: Theoretical Kataura Plot and representative Raman spectra for SWNTs grown 
on solid Ru nanoparticles. a, Kataura plot for the assignment of (9,4) and (11,1) chiralities. b,c,  

Corresponding representative Raman spectrum for the assignments in (a). d, Kataura plot for the 

assignment of (17,6) and (19,3) chiralities. e,f, Corresponding representative Raman spectrum 

for the assignments in (d). Solid lines in (a, d) indicate the excitation wavelengths and frames are 

the detection range, dashed lines in (b, c, e, f) are the detection ranges for the tubes with 

corresponding chiralities for various synthesis temperatures. (need to be replaced by actual Fig.) 
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Figure 7. Gibbs free energy variation profiles for nuclei of tubes with same diameter but  

various chiralities and corresponding deviations from the energy of critical nuclei ∆G*(n*).   

(a) For the (11,1) and (9,4) pair of tubes with the same diameter of d=9.156A grown at 

T=950oC Top panel shows the corresponding values of these tubes on nucleation 

probability P(n) graph. (b) For the (19.3) and (17,6) pair of tubes with the same diameter 

of d= 16.405A grown at T=925oC. Insets in the top panel of (a) show one of possible 

actual nanotube cap structures for corresponding chiralities.  
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