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Abstract: Selective synthesis of single walled carbon nanotubes
(SWCNTs) with specific (n,m) structures is desired for many
potential applications. Current chirality control growth has only
achieved at small diameter (6,5) and (7,5) nanotubes. Each (n,m)
species is a distinct molecule with structure-dependent properties;
therefore it is essential to extend chirality control to various (n,m)
species. In this communication, we demonstrate the highly
selective synthesis of (9,8) nanotubes on a cobalt incorporated
TUD-1 catalyst are (Co-TUD-1). When catalysts were prereduced
in H2 at the optimized temperature of 500 °C, 59.1% of semi-
conducting nanotubes have the (9,8) structure. The uniqueness
of Co-TUD-1 relies on its low reduction temperature (483 °C),
large surface area, and strong metal-support interaction, which
stabilizes Co clusters responsible for the growth of (9,8) nano-
tubes. SWCNT thin film field effect transistors fabricated using
(9,8) nanotubes from our synthesis process have higher average
device mobility and a higher fraction of semiconducting devices
than those using (6,5) nanotubes. Combining with further postsyn-
thetic sorting techniques, our selective synthesis method brings
us closer to the ultimate goal of producing (n,m) specific nanotube
materials.

Selective synthesis of single walled carbon nanotubes (SWCNTs)
with specific (n,m) structures is desired for many potential applica-
tions.1 Current synthesis methods generally produce SWCNTs with
random (n,m) distributions. In a few cases, Co-Mo, Fe/Co-zeolite,
Co-MCM-41, Fe-Ru, Fe-Ni, and Au catalysts have synthesized
SWCNTs with a narrow (n,m) distribution.2 Notably, chirality
control has only achieved at small diameter (6,5) and (7,5)
nanotubes. These catalysts lose their (n,m) selectivity when the
SWCNT diameter increases. Each (n,m) species is a distinct
molecule with structure-dependent properties; therefore, it is
essential to extend chirality control to various (n,m) species.3

In this communication, we demonstrate the selective synthesis
of (9,8) nanotubes on a cobalt incorporated TUD-1 catalyst (Co-
TUD-1). The chirality distribution was analyzed by photolumines-
cence excitation/emission (PLE) spectroscopy, UV-vis-NIR
absorption spectroscopy, and Raman scattering spectroscopy with
multilaser excitation. The catalyst prereduction temperature under
H2 was found to be a critical parameter in chirality control.
Moreover, the electronic characteristics of (9,8) nanotubes were

compared with those of (6,5) nanotubes from a Co-Mo catalyst
using SWCNT thin film field effect transistors (FETs).

TUD-1 is a mesoporous silica matrix with a large surface area
and high thermal stability. Metal ions can be incorporated into the
silica matrix, which makes TUD-1 a good catalyst candidate.4 Co-
TUD-1 with 1 wt % Co was synthesized (see Supporting Informa-
tion (SI) for details). Physicochemical properties of Co-TUD-1 were
characterized by X-ray diffraction, nitrogen physisorption, UV-vis
spectroscopy, and H2 temperature programmed reduction (TPR) and
was presented in the SI. Co-TUD-1 possesses a well-defined
mesoporous structure, large surface area (740 m2/g), pore volume
(1.42 mL/g), and narrow pore size distribution centered at 7.4 nm
(see Figure S1, SI). Co2+ ions are incorporated at tetrahedral sites
in the TUD-1 matrix or on its surface with a distinct and narrow
reduction peak at 483 °C (see Figure S2, SI). SWCNTs were
synthesized in a pressured CO chemical vapor deposition reactor.
Co-TUD-1 catalysts were initially prereduced at a certain temper-
ature under H2 (1 bar, 50 sccm) for 0.5 h. Subsequently, the reactor
temperature was increased to 800 °C under Ar flow, and eventually
CO (6 bar, 100 sccm) was introduced at 800 °C for 1 h.
As-synthesized SWCNTs were refluxed in 1.5 mol/L NaOH solvent
to dissolve the TUD-1 matrix. The remaining carbon deposits were
dispersed in 2 wt % sodium dodecyl benzene sulfonate (SDBS)
D2O (Aldrich) solution by sonication in an ultrasonicator (Sonics,
VCX-130) at 20 W for 0.5 h. After sonication, the suspension was

† School of Chemical and Biomedical Engineering, Nanyang Technological
University.

‡ Institute of Chemical and Engineering Sciences.
§ School of Materials Science and Engineering, Nanyang Technological

University.
| Academia Sinica.

Figure 1. PLE maps of SDBS-dispersed SWCNTs produced from Co-
TUD-1 after prereduction under H2 at different temperatures: (a) 400, (b)
500, and (c) 600 °C. (d) UV-vis-NIR spectra of SWCNTs. (e) Raman
spectra of as-synthesized SWCNTs grown after 500 °C prereduction using
the excitation laser wavelengths of 633 and 785 nm.
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centrifuged at 50 000 g for 1 h to remove metal particles,
undispersed nanotube bundles, and other carbon impurities. Clear
and stable SWCNT suspensions obtained after centrifugation were
characterized by PLE and UV-vis-NIR spectroscopy.

Figure 1a to 1c show PLE maps of SWCNTs produced from
Co-TUD-1. The resonance behavior of excitation and emission
events yield peaks corresponding to transition pairs from individual
semiconducting (n,m) species.5 The relative abundance of every
species was calculated based on their PLE peak intensities, and
the findings are listed in Tables S1 to S3, SI. Figure 1b shows a
high selectivity toward (9,8) nanotubes after prereduction at 500
°C, in which 59.1% of semiconducting nanotubes are (9,8) (Table
S2, SI). At a prereduction temperature of 400 °C, (6,5) have the
highest PLE intensity with 32.6% abundance (Figure 1a and Table
S1, SI). In contrast, (10,9), (9,8), (9,7), and (6,5) were produced
after prereduction at 600 °C with abundances of 7.4%, 43.5%,
12.3%, and 8.9%, respectively (Table S3, SI). UV-vis-NIR spectra
were examined to corroborate the PLE results. Figure 1d confirms
that (9,8) is the dominant (n,m) species in producing SWCNTs after
prereduction at 500 °C. For two other prereduction conditions,
absorption spectra also agree with the PLE results. Furthermore,
an intense and narrow radial breathing mode (RBM) peak is
observed at close to 209 cm-1 under 785 and 633 nm excitation in
Raman spectra (Figure 1e), which corresponds to (9,8) nanotubes.6

Prereduction temperature is a critical factor for achieving high
selectivity toward (9,8) nanotubes. As illustrated in Figure 2, when
Co-TUD-1 is reduced to 400 °C, major (n,m) species are at 0.757
nm. When the prereduction temperature is increased to 500 °C,
(9,8) is 1.17 nm. Conversely, the catalyst loses its (n,m) selectivity
when the prereduction temperature is further raised to 600 °C. The
optimal prereduction temperature at 500 °C has strongly correlated
with the TPR reduction temperature at 483 °C, as evidenced in
Figure S2b, SI. We varied the SWCNT growth temperature under
CO from 600 to 900 °C. The growth temperature between 600 to
800 °C only affected the carbon yield rather than (n,m) selectivity.
When the growth temperature was higher than 850 °C, SWCNTs
show a broad (n,m) distribution similar to that of HiPco nanotubes,
regardless of the prereduction temperature.

Analogous to Co-MCM-41 catalyst,7 Co species on TUD-1 can
nucleate in two steps. First, Co2+ ions are partially reduced in H2

during prereduction, but they are still dispersed isolatedly on the
large surface of TUD-1. Second, Co atoms aggregate quickly into
clusters under CO to initiate SWCNT growth. The uniqueness of
Co-TUD-1 relies on its low reduction temperature (483 °C vs
700-900 °C of Co-MCM-41), which increases the amount of
reduced Co atoms available for forming Co clusters when CO is

introduced. At the same time, its large surface area and the strong
metal-support interaction are sufficienct in stabilizing these clusters
with a narrow diameter distribution at around 1.2 nm, responsible
for the growth of (9,8) nanotubes. If the prereduction temperature
is too low, less reduced Co atoms are available, causing slightly
smaller Co clusters to grow smaller diameter nanotubes, such as
(6,5). On the other hand, if the prereduction temperature is too high,
TUD-1 cannot stabilize the large amount of reduced Co atoms, and
Co clusters with various sizes could form, which leads to the loss
of (n,m) selectivity. We also notice the overall high selectivity
toward large chiral angle nanotubes. Although some theoretical
studies have tried to explain this,8 more studies are required to
provide a comprehensive explanation.

A motivation to control the (n,m) structure of larger diameter
nanotubes is their potential improvement in electronic performances.
SWCNT thin film FETs were fabricated using (9,8) nanotubes from
Co-TUD-1 and (6,5) nanotubes from Co-Mo (see SI for details).
Figures 3 and S7, Table S4, and SI demonstrate that semiconducting
(9,8) devices have a higher average mobility than that of (6,5)
devices (0.903 vs 0.135 cm2/(V · s)). Smaller diameter SWCNTs
are known to have poorer contacts and lower carrier mobilities.9

Moreover, compared under similar nanotube densities and length
distributions, a higher percentage of (9,8) devices have semicon-
ducting characteristics (Ion/Ioff > 103) compared to (6,5) devices.
(9,8) nanotubes from our synthesis process demonstrate superior
FET device performance.

In conclusion, we have demonstrated that (9,8) nanotubes can
be selectively grown. Prereduction in H2 at 500 °C results in
59.1% of semiconducting nanotubes having the (9,8) structure.
Combining with further postsynthetic sorting techniques, our
selective synthesis method brings us closer to the ultimate goal
of producing (n,m) specific nanotube materials, which would
have a profound impact in carbon nanotube electronic and
optoelectronic technology.
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