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            Abstract
Carbon nanotubes have many material properties that make them attractive for applications1,2. In the context of nanoelectronics3, interest has focused on single-walled carbon nanotubes4 (SWNTs) because slight changes in tube diameter and wrapping angle, defined by the chirality indices (n,â€‰m), will shift their electrical conductivity from one characteristic of a metallic state to one characteristic of a semiconducting state, and will also change the bandgap. However, this structureâ€“function relationship can be fully exploited only with structurally pure SWNTs. Solution-based separation methods5 yield tubes within a narrow structure range, but the ultimate goal of producing just one type of SWNT by controlling its structure during growth has proved to be a considerable challenge over the last two decades6,7,8,9. Such efforts aim to optimize the composition6,10,11,12,13,14,15,16,17 or shape18,19,20,21 of the catalyst particles that are used in the chemical vapour deposition synthesis process to decompose the carbon feedstock and influence SWNT nucleation and growth22,23,24,25. This approach resulted in the highest reported proportion, 55 per cent, of single-chirality SWNTs in an as-grown sample11. Here we show that SWNTs of a single chirality, (12,â€‰6), can be produced directly with an abundance higher than 92 per cent when using tungsten-based bimetallic alloy nanocrystals as catalysts. These, unlike other catalysts used so far, have such high melting points that they maintain their crystalline structure during the chemical vapour deposition process. This feature seems crucial because experiment and simulation both suggest that the highly selective growth of (12,â€‰6) SWNTs is the result of a good structural match between the carbon atom arrangement around the nanotube circumference and the arrangement of the catalytically active atoms in one of the planes of the nanocrystal catalyst. We anticipate that using high-melting-point alloy nanocrystals with optimized structures as catalysts paves the way for total chirality control in SWNT growth and will thus promote the development of SWNT applications.
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                    Figure 1


Figure 2: Characterizations of SWNTs grown at 1,030â€‰Â°C.


Figure 3: Characterizations of catalyst structure.


Figure 4: Characterizations of SWNTs nucleated on catalyst nanoparticles.
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Extended data figures and tables

Extended Data Figure 1 Raman spectra of SWNTs grown at different temperatures and with different excitation wavelengths.
a, 950â€‰Â°C; b, 980â€‰Â°C; c, 1,000â€‰Â°C; d, 1,030â€‰Â°C.


Extended Data Figure 2 Surface enhanced Raman measurements of SWNTs grown at different temperatures.
SEM images (a, 950â€‰Â°C; b, 1,030â€‰Â°C) of SWNTs after decoration of Au nanoparticles (insets are amplified images; scale bars, 400â€‰nm), and corresponding surface enhanced Raman spectra (c, d) measured using a laser beam size of 10â€‰Î¼m.


Extended Data Figure 3 AFM image (a) and the height profile (b) of the SWNTs grown at 1,030â€‰Â°C.

Extended Data Figure 4 The 68 RBMs in Fig. 2a located in a Kataura plot, and the corresponding chirality assignment.

Extended Data Figure 5 Assignment of (n,â€‰m) by electron diffraction for SWNTs grown at 1,030â€‰Â°C.
a, Scheme showing an isolated SWNT growing across the slit on a SiO2/Si substrate. b, Raman spectrum of the isolated suspended SWNT with Ï‰RBM = 197â€‰cmâˆ’1 taken with a 633-nm laser. c, d, SEM image showing the suspended SWNT grown across the slit for Raman and TEM characterizations. eâ€“g, Electron diffraction patterns of (12,â€‰6) SWNTs grown at 1,030â€‰Â°C.


Extended Data Figure 6 Characterizing the (n,â€‰m) distribution of SWNTs grown at 1,030â€‰Â°C by the combined AFMâ€“Raman method.
aâ€“c, SEM (a), AFM images (b) and Raman spectra (c) of individual SWNTs from the (12,â€‰6)-enriched sample. d, Statistical data for SWNTs from AFM and Raman measurements.


Extended Data Figure 7 UVâ€“Visâ€“NIR absorption spectrum of SWNTs grown at 1,030â€‰Â°C by background subtraction.
a, UVâ€“Visâ€“NIR absorption spectra of SDS suspended SWNTs grown with Wâ€“Co catalysts at 1,030â€‰Â°C, the catalystâ€“SDS (1â€‰wt%) dispersion and SDS (1â€‰wt%) solution alone. Inset, absorption spectrum of the catalystâ€“SDS dispersion in the 500â€“700â€‰nm wavelength range. b, Background-subtracted absorption spectrum of the SWNTs using the multiplied absorption spectrum of catalystâ€“SDS dispersion as baseline.


Extended Data Figure 8 XRD patterns of Wâ€“Co catalyst supported on SiO2 after ethanol CVD at 1,030â€‰Â°C.
Standard cards from the JCPDS database are included for comparison: W6Co7 (JCPDS 2-1091), WC (JCPDS 2-1055), SiC (JCPDS 22-1316).


Extended Data Figure 9 Density functional theory simulation of SWNTs with similar diameters on catalyst nanoparticles.
a, Vertical view of the catalyst structure of the (0â€‰0â€‰12) plane of W6Co7 nanoparticle. The enlarged image is also the vertical view. b, c, Side view (b) and top view (c) of interfaces between SWNTs of different chiralities and the (0â€‰0â€‰12) plane of W6Co7. d, Side view of interfaces between SWNTs of different chirality and the (0â€‰0â€‰1) plane of face-centred-cubic Co nanoparticles.


Extended Data Figure 10 The Raman spectra of SWNTs grown by different processes.
a, b, e, f, Schemes showing the different growth processes. c, d, g, h, The Raman spectra of the corresponding SWNT samples: SWNTs grown at 1,000â€‰Â°C with the catalysts prepared at 1,030â€‰Â°C (c) and 1,000â€‰Â°C (d); SWNTs grown at 950â€‰Â°C with the catalysts prepared at 1,030â€‰Â°C (g) and 950â€‰Â°C (h). Regions in which (12,â€‰6) tubes are located are indicated with green shading (excitation wavelength, 633â€‰nm).





Supplementary information
Supplementary Information
This file contains Supplementary Methods, Supplementary Figures 1-10, Supplementary Tables 1-4, Supplementary Equations 1-2 and Supplementary References. The Supplementary experimental methods include the preparation of catalysts and growth of SWNTs, characterizations of SWNTs grown with W-Co catalysts and the W-Co catalyst nanoparticles as well as the DFT simulation methods; Supplementary data shows the selective growth of more chiralities and with more W-based alloys. (PDF 1875 kb)


Video 1: Real-time continuous Raman mapping of SWNTs
A real-time continuous Raman mapping of SWNTs grown at 1030oC with W6Co7 catalysts taken at excitation of 633 nm, laser beam spot of 3Î¼m and integration time of 4 s within the detected range of 15Î¼m Ã— 30Î¼m. (MOV 19305 kb)
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A new route to single-walled carbon nanotubes
Single-walled carbon nanotubes (SWNTs) have many outstanding material properties that depend sensitively on their exact structure. This structureâ€“function relationship can be fully exploited only with access to structurally pure SWNTs, but producing just one tube type remains a considerable challenge. Here Feng Yang et al. describe a strategy to realize chirality-specific growth of a single SWNT type using solid tungstenâ€“cobalt alloy nanoparticles as catalysts. The tungsten component ensures high-temperature stability for the catalyst structure and cobalt is an effective catalyst. Optimization of the strategy should boost selectivity further, to deliver structurally pure SWNT samples that may enable wider use and development of these unique materials for practical applications.
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