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1. The processes applied 

To help readers follow the experimental details, below we provide a schematized summary of 

the processes applied in this study (Fig. S1). 

 

Fig. S1. Schematic illustrations of three procedures used for catalyst treatments. (a) 

sulfidation of Co/SiO2 catalysts, (b) SWCNT synthesis using Co/SiO2 and S-Co/SiO2 

catalysts, (c-d) reduction of (c) Co/SiO2 (at 635 °C) and (d) S-Co/SiO2 (at 780 °C) catalysts. 

(b) was carried out in a horizontal reactor where catalysts were loaded in a ceramic boat at 

the center of the reactor. (a), (c) and (d) were conducted in a vertical reactor where catalysts 

were placed on top of a porous quartz frit. (Note that the abbreviations “red.”, “sul.”, “cool.”, 

and “grow.” seen in figures denote “reduction”, “sulfidation”, “cooling”, and “growth”, 

respectively.) 

2. Additional information on the characterization of SWCNTs 

2.1. Evaluation of carbon yield by thermogravimetric analysis 

In order to compare carbon yields, we have compared TGA studies. Figure S2 seen below 

summarizes the result of these experiments. 
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Fig. S2. TGA profiles of carbon deposits on Co/SiO2 and S-Co/SiO2 catalysts after SWCNT 

synthesis. 

2.2. Determination of the abundance of (n, m) SWCNTs using spectroscopic results 

The abundance of semiconducting SWCNTs was first calculated from their 

photoluminescence emission (PLE) intensity: 

𝑅𝐴(𝑛,𝑚)!!" =
!(!,!)!"#

!"#

!(!,!)!"#
!"# ×100% ...................................................................................... (1) 

where 𝑅𝐴(𝑛,𝑚)!"#  is the relative abundance of (n,m) semiconducting nanotubes and 

𝐼(𝑛,𝑚)!"#
!"#  is the PLE intensity determined from their photoluminescence (PL) 

excitation-emission maps. 𝑅𝐴(𝑛,𝑚)!"# values from PL maps (Fig. 2b) are tabulated in 

Table S1 and S2. Several dominating (n,m) SWCNTs, including (6,5), (7,6), (8,4), (8,7), (9,7) 

and (9,8), are identified. 

To estimate the abundance of small chiral angle semiconducting nanotubes and metallic 

nanotubes, which either have low PL quantum efficiency or are invisible in PL, a modified 

methodology from Luo et al.1 was used to reconstruct their UV-vis-NIR absorption spectra. It 

includes three steps: i) subtraction of absorption background, ii) reconstruction of S11 

transition to estimate the abundance of all semiconducting nanotubes, and iii) reconstruction 

of S22 and M11 transitions to estimate the abundance of metallic nanotubes. 

First, a power law baseline (Aλ–b) was subtracted from absorption spectra to remove 

contributions from other carbon species. Second, the NIR portion of absorption spectra 
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belonging to the S11 transition of semiconducting SWCNTs between 935 and 1600 nm was 

reconstructed. The overall contribution to the expected optical density (OD) of all (n,m) 

SWCNTs at a specific optical energy 𝐸 can be calculated using equation (2), where C is the 

normalization factor introduced for sampling conditions and collection geometries. The 

relative contribution (𝐴 𝑛,𝑚 ) of individual (n,m) tubes to the OD was calculated using 

equation (3). 𝐼(𝑛,𝑚)!"
!"#  is the experimental PLE intensity of individual (n,m) tubes 

extracted from their PLE map. 𝐼(𝑛,𝑚)!"!"# and 𝑊!"#
!"# 𝑛,𝑚  are the calculated PLE and 

absorption intensity based on an electron-phonon interaction model.2 𝛾! is the width of the 

optical transitions, which is related to the lifetime of the excited states, and we approximated 

𝛾!  by equation (4) with 𝐶!  and 𝐶!  as adjustable parameters. 𝐸 𝑛,𝑚  values were 

obtained from PLE measurement in Table S1 or from theoretical Kataura plots. 

𝑂𝐷 𝐸 = 𝐶 𝐴(𝑛,𝑚) !!
!(!!! !,! )!!!!!

!,!  ............................................................................ (2) 

𝐴 𝑛,𝑚 = !(!,!)!"#
!"#

!(!,!)!"#
!"# 𝑊!"#

!"# 𝑛,𝑚  ........................................................................................... (3) 

𝛾! =  𝐶! + 𝐶! 𝑊!"#
!"# ............................................................................................................ (4) 

Following the analysis routine used in our previous publication,3 we first considered the 

contributions from (n,m) semiconducting nanotubes identified in PL analysis to the S11 

spectra. Their contributions ((𝐴 𝑛,𝑚 ) were directly calculated using experimental PLE 

intensity from Table S1 and Table S2. However, (n,m) nanotubes identified in PLE alone 

cannot reconstruct absorption spectra well. Thus, additional small chiral angle 

semiconducting nanotubes with similar diameters were added. The reconstruction results 

were significantly improved, as presented in Fig. S3. All data used in the reconstruction of S11 

transition of semiconducting SWCNTs were listed in Table S3. The relative abundance of 

individual semiconducting (n,m) tubes was recalculated by equation (5) using the 

reconstructed absorption S11 peak area from each (n,m) nanotube, and results are listed in 

Table S3. 

𝑅𝐴 𝑛,𝑚 = !"#$(!,!)!"#
!"##$%

!"#$(!,!)!"#
!"##$%×100% ................................................................................... (5) 
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Third, absorption spectra belonging to S22 transmissions of semiconducting nanotubes 

and M11 transitions of metallic nanotubes, overlapping between 500 and 935 nm, were 

reconstructed together to estimate the abundance of metallic nanotubes. There are two issues 

related to the reconstruction in this range. First, the theoretical absorption intensity 

𝑊!"#
!"# 𝑛,𝑚  of S22 transitions are currently unavailable. Second, M11 transitions of metallic 

SWCNTs overlap with S22 transitions of semiconducting SWCNTs in the same spectrum 

range. From the study of Popov et al.,4 the absorption matrix element patterns for S11 and S22 

transitions are similar, thus we used the theoretical absorption intensity 𝑊!"#
!"# 𝑛,𝑚  of S11 to 

approximate the theoretical absorption intensity of S22. Second, a two-step reconstruction 

procedure was adopted to separate the contribution of semiconducting nanotubes from 

metallic nanotubes. In the first step, we assumed that the relative contribution to OD among 

each semiconducting (n,m) nanotubes is similar in both S11 and S22 transitions. Therefore, A 

(n,m) values of S11 transitions in Table S3 were utilized to reconstruct major S22 peaks. In the 

second step, the contribution of semiconducting nanotubes (reconstructed spectra by 

semiconducting nanotubes only) were subtracted from the overall S22+M11 absorbance 

spectra. Then, the remaining peaks of the absorbance spectra (mostly between 500 and 800 

nm) were reconstructed using  contributions from possible metallic nanotubes. Those 

metallic nanotubes have similar diameters as those of major semiconducting nanotubes 

identified in PLE map. The E (n,m) values of metallic tubes were obtained from the study by 

Maultzsch et al.5 Their theoretical absorption intensity 𝑊!"#
!"# 𝑛,𝑚  is currently not 

available. We used the average value (2.155) of all semiconducting nanotubes identified in 

this study as an approximation for all metallic nanotubes. Similar to the reconstruction of S11 

spectra, the relative contribution (𝐴 𝑛,𝑚 ) of individual metallic nanotubes to the OD was 

then calculated using equation (3). The reconstructed spectra are plotted in Fig. S3. The 

reconstructed M11 absorbance peak area of each metallic (n,m) nanotube was listed in Table 

S3. Finally, we calculated the relative abundance of both semiconducting and metallic tubes 

together using their respective M11 and S22 peak areas. The results are listed in Table S3. 

𝑅𝐴(𝑛,𝑚)!"# =
!"#$(!,!)!"#

!"#$(!,!)!"#
!!!! !"#$(!,!)!"#

!!!×100% ........................................................ (6) 
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Table S1. Tabulated values of PL peak intensities and the relative abundances of (n,m) 

species of SWCNTs grown on Co/SiO2. (Note that the table is sorted based on the diameter 

of (n,m) species, and the most abundant species are highlighted in bold.) 

(n,m) 

Index 

SWCNT 

diameter 

dt (nm) 

Chiral 

angel 

θ (°) 

E11 

(nm) 

E22 

(nm) 

PL intensity 

(counts) 

Relative 

abundance 

(%) 

Σ 

(%) 

(8,3) 0.782 15.3 952 665 789 2.4 
7.4 

(6,5) 0.76 27 993 566 1636 5.0 

(7,5) 0.83 24.5 1022 634 5176 15.9 

82.3 

(8,4) 0.84 19.11 1124 574 5150 15.8 

(7,6) 0.9 27.46 1126 642 5161 15.8 

(9,4) 0.916 17.5 1100 722 1616 5.0 

(10,2) 0.936 12.7 1249 631 1681 5.2 

(8,6) 0.97 25.28 1162 710 4888 15.0 

(9,5) 0.976 20.6 1241 671 3128 9.6 

(8,7) 1.03 27.8 1273 726 1653 5.1 

10.4 
(9,7) 1.1 25.87 1329 790 833 2.6 

(10,6) 1.11 21.79 1380 754 416 1.3 

(9,8) 1.17 28.05 1424 818 462 1.4 
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Table S2. Tabulated values of PL peak intensities and the relative abundances of (n,m) 

species of SWCNTs grown on S-Co/SiO2. (Note that the table is sorted based on the diameter 

of (n,m) species, and the most abundant species are highlighted in bold.) 

(n,m) 

index 

SWCNT 

diameter 

dt (nm) 

Chiral 

angel 

θ (°) 

E11 

(nm) 

E22 

(nm) 

PL intensity 

(counts) 

Relative 

abundance 

(%) 

Σ 

(%) 

(6,5) 0.76 27 993 566 1114 14.5 14.5 

(7,5) 0.83 24.5 1022 634 305 4.0 

18.4 
(8,4) 0.84 19.11 1124 574 275 3.6 

(7,6) 0.9 27.46 1126 642 582 7.6 

(8,6) 0.97 25.28 1162 710 259 3.4 

(8,7) 1.03 27.8 1273 726 824 10.7 

67.1 
(9,7) 1.1 25.87 1329 790 827 10.7 

(9,8) 1.17 28.05 1424 818 2923 37.9 

(10.6) 1.11 21.79 1380 754 416 7.7 
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Fig. S3. Deconvolution of absorption spectrum at (c) S22+M11 and (d) S11 regions shows the chirality 

distribution of (n,m) species. (a) S11 part and (b) M11+S22 part of the S-Co/SiO2 sample. (c) S11 part and 

(d) M11+S22 part of the Co/SiO2 sample. 
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Table S3. Relative abundance of (n,m) SWCNTs determined by the reconstruction of M11 and S22 

absorption spectra. (Note that the highest the scores are shown in italic.) 

(n,m) 
index 

dt (nm) θ (°) 
Relative abundance (%) 

S-Co/SiO2 Co/SiO2 
Semi. only Semi. + Met. Semi. only Semi. + Met. 

Semiconducting (Semi.) nanotubes 
(7,3) 0.72 17.0 1.27 0.84 0.20 0.18 
(6,5) 0.76 27.0 2.14 1.42 1.22 1.10 
(8,3) 0.782 15.3 2.30 1.52 1.50 1.34 

(10,0) 0.79 0 0.25 0.17 0.20 0.18 
(7,5) 0.83 24.5 0.33 0.22 4.45 4.00 
(8,4) 0.84 19.1 1.16 0.77 1.48 1.33 

(11,0) 0.87 0 1.06 0.70 1.18 1.06 
(10,2) 0.88 8.9 1.39 0.92 3.59 3.23 
(7,6) 0.90 27.5 2.04 1.35 17.63 15.85 

(11,1) 0.92 4.3 0.19 0.13 0.30 0.27 
(9,4) 0.92 17.5 0.47 0.31 4.85 4.36 

(10,3) 0.94 12.7 0.25 0.17 0.31 0.28 
(8,6) 0.97 25.3 3.04 2.01 7.09 6.37 
(9,5) 0.98 20.6 0.02 0.02 2.49 2.24 

(12,1) 1.00 4.0 1.54 1.02 2.65 2.38 
(11,3) 1.01 11.7 0.86 0.57 1.66 1.49 
(13,0) 1.03 0.0 5.58 3.69 3.17 2.85 
(8,7) 1.03 27.8 1.01 0.67 11.95 10.74 

(12,2) 1.04 7.6 0.58 0.38 0.26 0.23 
(10,5) 1.05 19.1 1.43 0.95 2.98 2.68 
(9,7) 1.10 25.9 6.47 4.28 0.71 0.64 

(10,6) 1.11 21.8 3.98 2.63 2.55 2.30 
(14,0) 1.11 0.0 0.74 0.49 2.12 1.91 
(13,2) 1.12 7.1 1.37 0.91 1.98 1.78 
(12,4) 1.15 13.9 5.58 3.69 1.13 1.02 
(14,1) 1.15 3.4 3.64 2.41 3.76 3.38 
(9,8) 1.17 28.1 28.24 18.70 10.45 9.39 

(13,3) 1.17 10.2 2.99 1.98 0.28 0.25 
(12,5) 1.20 16.6 1.04 0.69 0.34 0.31 
(15,1) 1.23 3.2 4.89 3.24 0.37 0.34 
(10,8) 1.24 26.3 4.42 2.93 1.32 1.19 
(14,3) 1.25 9.5 0.00 0.00 1.10 0.99 
(15,2) 1.278 6.2 6.09 4.03 1.42 1.27 
(10,9) 1.31 28.3 3.65 2.41 2.81 2.53 
Total   100 - 100 - 

Metallic (Met.) nanotubes 
(9,6) 1.04 23.4 - 14.4 - 5.0 
(9,9) 1.24 30.0 - 11.6 - 4.7 

(10,10) 1.38 30.0 - 7.8 - 0.4 
Total    100  100 
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In addition to PL and UV-vis-NIR studies, we have also employed Raman spectroscopy 

to characterize the chiral distribution of the SWCNTs produced by sulfided catalysts. In the 

main text, we have introduced the results obtained for 785 nm laser (Fig.s 2c and 2d). In Fig. 

S4 seen below, we also provide the Raman spectra of SWCNTs obtained by using 514 and 

633 nm lasers. 

 

 

Fig. S4. Chirality of SWCNTs grown on (a, c) Co/SiO2 and (b, d) S-Co/SiO2.assigned by Raman 

spectroscopy with the excitation wavelengths at 514 nm (a, b) and 633 nm (c, d). The lower portions 

of figures are empirical Kataura plots near to the laser energy at 514 or 633 nm, showing the 

correction between SWCNT diameter and Raman shift of radial breathing mode (RBM) peaks. (Note 

that the dotted horizontal lines correspond to the upper and lower limits of the resonance window of 

approximate 500 meV and the vertical dashed lines match with the Raman shift of RBM peaks.) 



 

S10 

3. Additional information on the characterization of catalysts 

We have tested total surface area of both conventional and sulfided catalysts nitrogen 

adsorption test as seen below in Fig. S5. Other than this, we have further investigated the 

properties of catalysts or the effect of process parameters on catalyst activity by carrying out 

control experiments using a variety of different techniques (see Fig. S6-to-S9). 

 

Fig. S5. Nitrogen physisorption isotherms of Co/SiO2 and S-Co/SiO2 catalysts. The inset shows the 

pore size distributions of both catalysts determined by the BJH method. 

  

Fig. S6. UV-vis-NIR absorption spectra of SWCNTs grown using Co/SiO2 and reduced Co/SiO2. The 

reduction procedure followed the steps shown in Fig. S1c. The SWCNT synthesis procedure followed 

the steps shown in Fig. S1b. 
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Fig. S7. TEM image of S-Co/SiO2 catalyst prepared by using 10 wt% of cobalt. (Note that there some 

darker regions on the surfaces of support materials.) 

  

Fig. S8. UV-vis-NIR absorption spectra of SWCNTs grown using S-Co/SiO2 and reduced S-Co/SiO2. 

The reduction procedure followed the steps shown in Fig. S1d. The SWCNT synthesis procedure 

followed the steps shown in Fig. S1b. 
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Fig. S9. H2-TPR profiles of reduced S-Co/SiO2, S-Co/SiO2 and Co/SiO2. (Note that the gray area 

corresponds to 20 minutes of isothermal run at 950 °C.) 

 In order to support X-ray fluorescence (XRF) results, we have also performed inductively 

coupled plasma – mass spectrometry (ICP-MS) studies on an Agilent 7700x ICP-MS (Agilent 

Technologies Inc.) equipped with an Octopole Reaction System with Helium Collision Cell for the 

removal of spectral interference. These studies have shown that Co concentration of catalaysts are 

actually around 1.02-1.05% regardless of the type of catalysts. (We have studied with multiple 

samples and all results scattered in this ranage.) We have also compared Si contents and observed 

38-40% of Si content for all types of catalysts studied. For all measurements, the samples were first 

total digested in a microwave system (Milestone SK-10), which is able to run ten samples per cycle 

(one acid blank and nine samples). At each cycle, approximately 100 mg of the samples were weighed 

into teflon tubes and a mixture of acid (1 mL of ~37% HCl + 3 mL of 65% of HNO3 + 6 mL of 70% 

HF) was added on each. After the addition of acid mixture, the samples were heated to 200 °C in 20 

minutes and were kept at that temperature isothermally for 30 minutes. After natural cooling, 25 mL 

of 4% H3BO3 was added into each vessel and a second cycle of digestion was performed with the 

same program. Finally, all digested solutions were topped up to 50 gram with 2% HNO3. Three 

replicate dilutions were prepared for each sample and the results were calculated by averaging all 

three after the subtraction background obtained by the average of acid blank solutions. The system 

was operated with a MicroMist glass concentric nebulizer, a (Scott-type) quartz spray chamber and 

nickel sampler/skimmer cones. SpexCertiprep Multi-element calibration standard-1 and standard-2A 
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were used as external calibration solutions. Data analysis was performed using MassHunter software. 
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