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ABSTRACT: The growth of zigzag single-walled carbon
nanotubes (SWNTs) is most challenging among all types
of SWNTs, with the highest reported selectivity of ∼7%.
Here we realized the dominant growth of (16,0) tubes at
the abundance near ∼80% by using intermetallic W6Co7
catalysts containing plenty of (1 1 6) planes together with
optimizing the growth conditions. These (1 1 6) planes
may act as the structure templates for (16,0) SWNTs due
to the geometrical match between the open end of the
(16,0) tube and the atomic arrangements of the (1 1 6)
planes in W6Co7. Using catalysts with designed structure
as solid state template at suitable kinetic conditions offers a
strategy for selective growth of zigzag SWNTs.

The chirality selective growth of single-walled carbon
nanotubes1 (SWNTs) has long been a hot topic and also

a great challenge in the field,2−14 strongly related to their chiral
index-dependent band structure.15−18 Among all types of
SWNTs, (n,0) type (zigzag) SWNTs are of special interest
because of their symmetric structure and the difficulties in
preparation.19−25 It is found that the abundance of tubes with
different (n,m) increases with increasing chiral angles in some
bulk SWNT samples and that the (n,0) tubes are often
undetectable.21 Ding et al. recently showed by density functional
theory (DFT) calculations that the growth rate of zigzag (n,0)
SWNTs is significantly lower than that of other SWNTs.25 Up to
date, the highest population of zigzag SWNTs ever reported in
the as-grown samples is∼7% of (13,0) tubes using cobalt catalyst
pretreated with NH3.

26 It is obvious that the selective growth of
zigzag tubes is more challenging than other types of SWNTs. The
unfavorable growth kinetics, which has been revealed by
theoretical studies, is the main hurdle for achieving the preferable
growth of zigzag tubes.
From the intensive efforts in the past 20 years, researchers

begin to realize that epitaxial growth might be a possible strategy
to control the chirality of the SWNTs. Both purified single
chirality SWNT segments27 and end-caps of the targeted
SWNTs obtained from molecular precursors28 have been used
as the seeds and structural templates to grow SWNTs of specific
chirality. If the efficiency could be improved, such processes
would be very promising. Catalysts can also be used as the
templates for epitaxial growth of SWNTs,29,30 if the catalysts

present a unique well-defined crystal structure. We used
tungsten-based alloy, or more specifically, intermetallic com-
pound W6Co7, as catalysts and synthesized (12,6) SWNTs with
the purity higher than 92%.31 The catalyzed SWNT growth is
normally very efficient.
Epitaxial process enables the growth of a specific (n,m) type of

SWNTs and remarkably limits the growth of tubes with other
chiralities. Employing such strategy, the kinetic restriction in
growing zigzag SWNTs may be resolved. Therefore, we tried to
use W6Co7, which has unique crystal structure, to act as the
catalyst template for the growth of zigzag tubes. In this attempt,
first we need to prepare catalyst nanocrystals presenting the
specific plane that matches the end structure of a zigzag tube.
We used the same tungsten−cobalt molecular cluster

(denoted as {W39Co6Ox}) precursor, but performed the
reduction process at 1050 °C, which is 20 °C higher than our
previous study,31 to prepare W−Co nanoparticles. As shown in
Figures 1a and S1, the X-ray diffraction (XRD) pattern of the

SiO2-supported sample reduced at 1050 °C exhibits diffraction
peaks fully ascribed toW6Co7,W, and SiO2, respectively, which is
similar to that obtained at 1030 °C. However, by normalizing the
XRD patterns with respect to the intensity of (1 1 0) diffraction
of W6Co7, it is found that the sample prepared at 1050 °C shows
obviously a stronger (1 1 6) peak (appearing at 43.6°) than that
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Figure 1. Characterizations of catalysts. (a) XRD patterns obtained on
the fresh reduced catalysts at 950, 1030, and 1050 °C, respectively.
Standard card of W6Co7 alloy from the database is also shown. (b)
HRTEM image of a catalyst nanoparticle prepared at 1050 °C.
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prepared at 1030 °C. This indicates that the population of (1 1 6)
planes is evidently increased at 1050 °C. The high-resolution
transmission electron microscopy (HRTEM) image exhibits
lattice fringes with the intervals of 0.208 nm, which is in good
accordance with the (1 1 6) plane distance ofW6Co7 (Figure 1b).
We chose the catalyst structure cutting from the (1 1 6) plane

of W6Co7 to study the structural match of SWNTs with different
chiralities on the catalyst. The DFT simulations reveal that only
the (16,0) SWNT among all the studied chiralities fits best to the
atomic arrangements of (1 1 6) plane of the W6Co7 nanocrystal
(Figures 2a−e and S2). Figure 2h shows that the interface energy,

or more specifically binding energy of a SWNT on the W6Co7
nanoparticle, depends on its chirality rather than its diameter and
that the (16,0) tube has the lowest binding energy. In addition,
we also studied the structural match of a (16,0) SWNT with the
different planes of W6Co7. It can be found that only (1 1 6) plane
accords with the end structure of (16,0) SWNT (Figure 2e−g).

The simulation results indicate that (1 1 6) plane may act as the
template to initiate the growth of (16,0) SWNTs.
Then we tried to promote the formation of (16,0) tubes by

adjusting the chemical vapor deposition (CVD) conditions with
the new W6Co7 catalysts. We found an optimized condition, i.e.,
1050 °C, 150 cm3·min−1 H2, and 200 cm

3·min−1 Ar through the
ethanol bubbler as carbon feeding stock, to produce SWNTs
with radial breathing mode (RBM) peaks intensively concen-
trated at∼195 cm−1 (under excitations of both 532 and 785 nm)
(Figure 3a). Much fewer RBMs can be detected with excitation

wavelengths other than 532 and 785 nm (Figure S3). The
corresponding tangential vibration (G mode) bands at ∼1583
cm−1 exhibit single Lorentzian symmetric line shapes, which are
typical features of semiconducting zigzag SWNTs (Figures 3b
and S4).32,33 The simultaneously observed broad bands assigned
as Raman active feature related to the out-of-plane transverse
optical (oTO) phonon branches all appear at the same
wavenumbers (Figure 3c). The tube diameter (dt) calculated
from the ωRBM with the equation reported in ref 31 is 1.25 nm.
The chirality is assigned by comparing with the Kataura plot34−36

to be (16,0) (Figure S5 and Table S1). The chirality assignment
is verified by the photoluminescence spectroscopy.37 The tubes

Figure 2. DFT simulation of SWNTs on W6Co7 nanocrystal. (a)
Vertical view of (1 1 6) plane cut from aW6Co7 nanocrystal. (b−e) Side
views of interfaces between the (1 1 6) plane of W6Co7 catalyst and
SWNTs of different chiralities including (15,2) (e), (12,6) (f), (9,9) (g),
and (16,0) (e), respectively. (f,g) Side views of interfaces between the (0
0 12) (f) and (1 0 10) (g) planes of W6Co7 catalyst and the (16,0)
SWNT. (h) Binding energy of SWNTs with different chiralities on the
(1 1 6) plane of W6Co7.

Figure 3. Characterizations of SWNTs grown at 1050 °C under the
optimized conditions. (a) RBM-region Raman spectra taken with
excitations of 532 and 785 nm. (b) G band Raman spectra, inset is the
Lorenzian fitting of a G band (excitations: 532 and 785 nm). (c) The
oTO-region Raman spectra (excitation: 785 nm). The bands indicated
by * are Raman signals arising from the SiO2/Si substrates. (d)
Photoluminescence spectra taken with 785 nm (curve: 1−3) and 532
nm (curve: 4, 5) excitations. (e) HRTEM image of a SWNT bundle
(scale bar: 10 nm). (f) Electron beam diffraction pattern of the tubes
shown in (e) (scale bar: 2 nm−1). The simulated (16,0) SWNT electron
beam diffraction pattern is also shown. (g) Relative abundances of
various chiralities quantified from 361 RBMs denoted in a partial SWNT
chiral map.
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grown on the silicon sphere with RBMs at ∼195 cm−1 exhibit
fluorescence, indicating that these tubes are semiconductor. The
fluorescence emission at ∼0.77 eV with both 532 and 785 nm
excitations (Figure 3d) corresponds to the first van Hove optical
transition energy38 (E11) of (16,0) SWNT (Figure S6). To
further confirm the chirality assignment unambiguously, we
performed electron beam diffraction of the SWNTs. A bundle
involved two SWNTs grown across the slits of silicon substrate
with RBM frequency at ∼195 cm−1 shows typical electron
diffraction pattern indexed to (16,0) SWNT (Figures 3e,f, S7,
and S8). The abundance of (16,0) SWNTs in the samples grown
at 1050 °C under optimized CVD conditions are estimated from
the micro-Raman spectra to be 79.2% (Figure 3g and Table S2).
These results demonstrate the direct growth of zigzag (16,0)
SWNTs in dominant abundance with the new W6Co7 catalyst.
According to the reported studies, growing zigzag SWNTs is

very different from other types of SWNTs.24,25 We designed the
experiments to explore the growth behavior of (16,0) SWNTs.
We performed the Raman mapping with 1 μm laser spot to
estimate the (16,0) SWNT length. We found that 85.7% of
(16,0) tubes have the length below 1 μmand only very few (16,0)
tubes grow longer than 3 μm (Figure 4a). To further verify this

observation, we count the (16,0) SWNTs using Raman in
regions with different distances away from the catalysts (Figure
S9). At the catalyst region (the distance was denoted as 0 μm),
the abundance of (16,0) SWNTs is 81.5%, which is the highest of
all measured distances. Then the content of (16,0) tubes
decreases apparently when counting the (16,0) tube at the
distance of 4 μm away from the catalyst region (Figure 4b).
These observations demonstrate that the (16,0) tubes nucleated
on the catalyst nanoparticles are distinctly shorter than other
(n,m) tubes. Prolonging the growth time also results in lower
abundance of (16,0) tubes (Figure 4c and Table S4). These
results all exhibit the unfavorable growth kinetics of zigzag (16,0)
SWNTs, which has been predicted in theoretical simula-
tions.21−25

We also used this newW6Co7 catalysts prepared at 1050 °C to
catalyze SWNT growth with the exactly same CVD condition as
that for (12,6) SWNT growth, i.e., 1030 °C, 30 cm3·min−1 H2,
and 200 cm3·min−1 Ar through the ethanol bubbler as carbon
feeding stock. (12,6) SWNTs were still obtained at large
proportion (Figure S10e). Besides, we also noticed a few of
(16,0) SWNTs appeared (17 RBMs at∼195 cm−1 with both 532
and 785 nm excitations from 1750 measurements), which has
never been observed in our (12,6)-enriched SWNT samples
prepared under the exactly same condition reported in ref 31
(Figure S10). This indicates that the catalyst structure is
important for the growth of SWNTs with specific chirality;
however, the unfavorable growth kinetics is still an issue for the
selective growth of (16,0) tubes. During the optimization of
growth conditions, we found that the selectivity of (16,0) tubes is
significantly improved by using a higher flow rate of H2 (Figure
4d, Tables S2 and S3). It was reported that the hydrogen may
lower the carbon fugacity on the catalyst surface and
consequently delay the nucleation of the cap.4 Therefore,
increasing H2 ratio in feed gas will suppress the growth of all
types of tubes. Then the growth of the kinetically favorable
nonzigzag SWNTs will be restrained more remarkably, and the
inferiority in growing zigzag tubes will be effectively improved.
The highly selective growth of (16,0) tubes can only be achieved
when using the right catalysts together with proper growth
conditions.
In conclusion, we have realized the selective growth of zigzag

(16,0) SWNTs using W6Co7 catalysts. We believe that the
structural match between the (16,0) tubes and the atomic
arrangements of (1 1 6) planes of W6Co7 nanocrystals play an
important role in the specified growth of (16,0) SWNTs. The
structural match between the tubes and the catalyst nanocrystals
presents the thermodynamic ascendancy for the chirality
selective growth, but the growth kinetics is also crucial. By the
cooperative function of the structural template effect of the
catalyst nanocrystals and the optimization of growth kinetics,
zigzag SWNTs can be dominantly produced. This should be a
general strategy for the selective growth of zigzag (n,0) SWNTs
and may also be helpful in the controlled preparation of other
materials.
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Figure 4. (a) Statistics for (16,0) SWNT length measured with Raman
mapping (laser spot: 1 μm). (b) Selectivity of (16,0) SWNTs measured
at different distances apart from the catalyst region. Inset shows the
schematic of Raman mapping on different regions of silicon substrate.
When performing Ramanmapping on the catalyst region, we denote the
distance as 0 μm. (c) Selectivity of (16,0) SWNTs at different growth
time. (d) Selectivity of (16,0) SWNTs at different H2 flow.
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