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Selective growth of chirality-enriched
semiconducting carbon nanotubes by using
bimetallic catalysts from salt precursors+
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Bimetallic catalysts play important roles in the selective growth of single-walled carbon nanotubes
(SWNTs). Using the simple salts (NH4)gW;054-6H,O and Co(CH3zCOO),-4H,0O as precursors, tungsten-
cobalt catalysts were prepared. The catalysts were composed of WgCo7 intermetallic compounds and
tungsten-dispersed cobalt. With the increase of the W/Co ratio in the precursors, the content of WgCo>
was increased. Because the WgCo; intermetallic compound can enable the chirality specified growth of
SWNTSs, the selectivity of the resulting SWNTSs is improved at a higher W/Co ratio. At a W/Co ratio of 6: 4
and under optimized chemical vapor deposition conditions, we realized the direct growth of semi-
conducting SWNTSs with the purity of ~96%, in which ~62% are (14, 4) tubes. Using salts as precursors to
prepare tungsten-cobalt bimetallic catalysts is flexible and convenient. This offers an efficient pathway for
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Introduction

Single-walled carbon nanotubes (SWNTs) have shown great
potential in nanoelectronics,"™ energy,>® biotechnology,” and
other fields.® However, many applications require SWNTSs with
specific properties. For example, pure semiconducting SWNTSs
are critically demanded in the nanoelectronic devices."
Besides, chirality-specific SWNTs have been demonstrated to
present superior performance in many applications such as
high-resolution multicolor biological imaging,”'® high
efficiency photovoltaic processes,’ * and photocatalytic water
splitting."* However, the controllable preparation of SWNTs is
still very challenging and requires more efforts.’>®

Metal catalysts play important roles in the synthesis of
SWNTs by chemical vapor deposition (CVD). Bimetallic cata-
lysts have been widely used to grow SWNTs with narrow
diameter and/or chirality distributions.">'® For instance,
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the large-scale preparation of chirality enriched semiconducting SWNTs.

SWNTs with a large abundance of (6, 5) tubes up to 55% were
achieved using CoMo,***' FeCu,** FeRu,>* CoCu>* and so on.
By tuning the CVD conditions, SWNT samples with increased
content of (7, 6) or (8, 4) were also selectively obtained by
using bimetallic catalysts.>*>* It was speculated that Fe or Co
acts as the catalytic component, and the other metals anchor
the active metal nanoparticles to make them stable and
uniform, which is beneficial to the selective growth of
SWNTs.**?°

Recently, we developed WCo; intermetallic catalysts for the
chirality selective growth of SWNTs. Distinctly different from
the previously reported bimetallic catalysts, WsCo, present
well-defined unique crystal structures and high melting
points, enabling the template growth of SWNTs with designed
structures.’®?® By using WgCo, catalysts, we realized the
growth of (12, 6), (16, 0), and (14, 4) tubes with the purity of
92%, 79%, and 97%, respectively.”®*>® In these studies, the for-
mation of W¢Co, intermetallic compounds is essential for the
chirality-specified growth of SWNTs. Therefore, a kind of mole-
cular cluster containing W and Co was used as the catalyst
precursor. Actually, conventional W-based bimetallic catalysts
have also exhibited their feasibility in the selective growth of
SWNTs. For instance, sputtered Co-W catalysts have been used
to grow (12, 6)-dominated SWNTs>’ and W-supported Ni cata-
lysts have shown to be very robust in growing SWNTs with
narrow diameter distribution.?® These results indicate that the
W-Co system should be superior in the controllable synthesis

This journal is © The Royal Society of Chemistry 2018
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of SWNTs. No matter W¢Co, intermetallic compound or
We-anchored Co nanoparticles are eventually formed, the con-
trolled growth can be expected. Therefore, using metal salts as
catalyst precursors should be convenient and effective.'>?"

In this study, we used commercially available salts contain-
ing W and Co respectively, (NH,)¢W,0,,-6H,0 and Co
(CH;3C00),-4H,0, as catalyst precursors. By mixing the two
kinds of salts at an optimized W/Co ratio, we realized the
direct growth of (14, 4) SWNTs with the purity of ~62% and
semiconducting SWNTs with the abundance of ~96%,
simultaneously.

Results and discussion

To prepare W-Co bimetallic catalysts, the (NH,)sW;0,4:6H,0
and Co(CH3COO0),-4H,0 precursor with a W/Co molar ratio of
6/4 was annealed, and then reduced in hydrogen from 800 to
1030 °C. X-ray diffraction (XRD) and transmission electron
microscopy (TEM) were used to characterize the prepared cata-
lysts. The diffraction peaks present in the XRD patterns of the
catalyst are readily ascribed to W4sCo, and W, respectively
(Fig. 1a). The scanning transmission electron microscopy-
energy dispersive X-ray analysis (STEM-EDX) mapping shows
that the W and Co elements are homogeneously mixed in the
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Fig. 1 Characterization of the catalysts prepared at 1030 °C from the
salt precursors. (a) XRD patterns. (b) HAADF-STEM image. (c, d) Energy-
dispersive X-ray spectroscopy (EDX) elemental mapping of Co and W in
the corresponding area in (b). (e) HRTEM image of WCo; nanoparticles
with the inset showing the corresponding fast Fourier transform spectra.
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nanoparticles (Fig. 1b-d). The observed lattice spacing of the
lattice fringes in the high-resolution transmission electron
microscopy (HRTEM) image is 0.22 nm (Fig. 1e), which is in
good accordance with the (1 0 10) plane distance of W¢Co;.
Both the results of XRD and TEM measurements prove that
intermetallic W¢Co, catalysts are formed in the W-Co bi-
metallic catalyst when using (NH4)eW;0,4-6H,O and Co
(CH;C00),-4H,0 as precursors. Then we performed the CVD
growth of SWNTs on Si/SiO, substrates using such produced
catalysts. The SEM image shows the random SWNTs grown on
the Si/SiO, substrate (Fig. 2a). The high G/D ratio of the
SWNTs indicates the high quality of the grown SWNTs
(Fig. 2b). The multi-wavelength resonant Raman spectra
measurement is a convenient and accurate method for making
(n, m) assignments and quantification of the SWNTs.?> Here,
four different lasers with wavelengths of 488, 532, 633, and
785 nm were used to detect the radial breathing mode (RBM)
peaks (Fig. 3a-d). The Raman spectra acquired with a 532 nm
laser show RBM peaks concentrated around 189 cm™", which
are assigned to (14, 4) tubes according to the Kataura
plot.*®***3 The fluorescence emission locates at 0.77 eV,
which also corresponds to the first (E;;) van Hove optical tran-
sition energy of the (14, 4) tube (Fig. S1at).>® According to the
statistics of nearly two hundreds of RBM peaks, the abundance
of the (14, 4) SWNTs is estimated to be 62% and the purity of
semiconducting SWNTs to be 96% (Fig. 3e). The as-grown
SWNTs were transferred onto the Si/SiO, (thickness: 90 nm)
substrate to perform polarization-based optical microscopy.**
The estimated abundance of (14, 4) tubes based on the peaks
averaging at 2.2 eV is 58.3% (Fig. S1bt), which closely matches
the value determined from Raman spectra. The diameters (d;)
of the SWNTs are calculated according to the relation wgpy =
239.5/d, + 5.5 (Fig. 3f).** It shows that the diameters of 96%
SWNTs are located in the range of 1.2-1.4 nm with a mean
value of 1.30 + 0.07 nm.

We systematically investigated the effect of the W/Co ratio
on the chiral selectivity of the SWNTs. As shown in Fig. 4, the
abundance of (14, 4) SWNTs increases with the increase of the
W/Co ratio. No selectivity to (14, 4) tubes was observed when
using pure Co as catalysts. The content of (14, 4) tubes
changes from 9% to 62% when the ratio of W/Co increased
from 6/12 to 6/4 (Fig. 4). Since WCo, has a W/Co stoichio-
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Fig. 2 (a) SEM image of the SWNTs grown on the Si/SiO, substrate. (b)
The typical Raman spectrum of the SWNTs grown under the optimized
conditions (excitation wavelength: 532 nm).
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Fig. 3 (a—d) Multi-wavelength Raman spectra of the SWNTs grown
under the optimized conditions. Peaks marked with S and M within the
rectangles correspond to the semiconducting and metallic SWNTs,
respectively. (e) Statistics of the abundance of the (14, 4) SWNTs and
semiconducting SWNTs based on the Raman measurements. (f)
Statistics of the diameter of the SWNTs based on the Raman
measurements.
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Fig. 4 Selectivity of (14, 4) SWNTs using the catalysts prepared through
a catalyst precursor with different W/Co ratios. The selectivity was based
on statistics of the RBM peaks in Raman measurements.

metric ratio of 6/7, when the catalyst precursors with a W/Co
ratio less than 6/7 were used, the (14, 4) abundance is always
low due to the presence of excess Co nanoparticles. When we
used the catalyst precursor with the W/Co ratio of 6/7, the
abundance of the grown (14, 4) tubes was still low. When the
W/Co ratio was 6/4, the purity of the (14, 4) tubes was signifi-
cantly improved to 62%. This indicates that excess tungsten is
needed to effectively ‘trap’ cobalt into the W¢Co, intermetallic
compound. Meanwhile, excess tungsten can also disperse the
cobalt nanoparticles and make them uniform. However, on
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further increasing the W/Co ratio to 6/3, many multi-walled
carbon nanotubes (MWNTs) and amorphous carbon were
formed. We speculated that tungsten carbides formed and pro-
moted the decomposition of a carbon source to form MWNTs
and amorphous carbon.?>3#

We used X-ray photoelectron spectroscopy (XPS) to further
characterize the composition of the resulting catalysts. Fig. 5
shows XPS spectra of the catalysts prepared by three different
catalyst precursors in which the W/Co ratios were 6/12, 6/7,
and 6/4, respectively. The spectra were recorded around the Co
2p core levels, where the background component was sub-
tracted by the Shirley method. The binding energy peak
located at 780.2 eV was attributed to Co 2ps,, of CoO, since the
metallic Co catalyst was oxidized by exposure to air. The peak
at 778.1 eV with a higher intensity was assigned to Co 2p3, of
W,C0,.>° The ratios of W¢Co,/Co calculated from the inte-
grated peak intensity were 1/1.4, 1/1.1, and 1/1.0, respectively.
This result indicates that the higher selectivity toward the
(14, 4) tubes at a higher W/Co ratio originated from the
increased content of W¢Cos.

We also carefully analysed the catalyst composition after the
growth of SWNTs. To perform the XRD measurements, we pre-
pared the silica sphere supported catalysts with the W/Co ratio
of 6/4 and then performed the CVD. The WsCo, nanoparticles
still existed after the CVD process, but the isolated W and Co
were carbonized to W,C or WCo,C (Fig. 6 and Fig. S27).
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Fig. 5 (a—c) The Co 2p XPS spectrum of the catalysts prepared from
W-Co salts with different W/Co ratios: 6/12 (a), 6/7 (b), and 6/4 (c),
respectively.
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Fig. 6 XRD patterns of the W-Co catalyst supported on the SiO,
sphere after the CVD process (I) together with the standard cards from
the JCPDS database, WgCo7 (JCPDS 2-1091) (Il), W,C (JCPDS 20-1315)
(1), CogWeC (JCPDS 22-0597) (IV), W (JCPDS 4-0806) (V).

Besides the catalyst structures, the CVD conditions can also
affect the chirality distribution of SWNTs.'®>"4%41 Wwe per-
formed a series of experiments to explore the influence of the
ratio of the flow rate of argon though an ethanol bubbler and
hydrogen (EtOH/H,) on the chiral-selective growth (Fig. 7). The
optimized selectivity to the (14, 4) tube was acquired when the
EtOH/H, ratio was 180/30. The content of metallic SWNTSs was
decreased from 11% to 4%, when the ratio increased from
150/30 to 180/30. When the EtOH/H, ratio was further
increased to 200/30, the content of metallic tubes was esti-
mated to be 6% (Fig. 7d). The selectivity toward semiconduct-
ing nanotubes may originate from two factors. The narrow dia-
meter distribution of 1.2-1.4 nm with enriched semiconduct-
ing (14, 4) tubes improved the content of semiconducting
SWNTs. In addition, a small amount of oxygen stored in the
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Fig. 7 (a—c) The multi-wavelength Raman spectra of the SWNTs grown
at the EtOH/H, ratio of 150 : 30. Peaks marked with S and M within the
rectangles correspond to the semiconducting and metallic SWNTs,
respectively. (d) Statistical chart of the purity of (14, 4) and metallic tubes
synthesized at different EtOH/H, ratios based on the Raman
measurements.
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bubbler was introduced to the quartz tube reactor by the carrying
gas Ar in the growth stage and the metallic SWNTs were
etched.”"® When both the etching rate of metallic tubes and
growth speed of metallic nanotubes were suitable, we could
obtain high semiconducting selectivity (Fig. 7d).** If we purged
the bubbler with 400 sccm Ar for 10 min, and then performed
the experiment following the optimal CVD conditions, neverthe-
less, there was much amorphous carbon resulting, which further
proved the existence and etching effect of oxygen (Fig. S37).

Conclusions

A W-Co bimetallic catalyst is a suitable catalyst system for the
controllable growth of SWNTs. We developed a very simple
method to prepare W-Co bimetallic catalysts by simply mixing
the salts containing tungsten and cobalt as catalyst precursors.
Then W-Co bimetallic catalysts containing W4Co; nano-
particles were synthesized through further sintering and redu-
cing the precursor under appropriate conditions. The W-Co
ratio significantly influenced the chiral selectivity of the grown
SWNTs. Through carefully tuning the W/Co ratio and CVD con-
ditions, we obtained the sample with 96% semiconducting
SWNTs including 62% (14, 4) tubes. This feasible method to
prepare W-Co bimetallic catalysts will make it possible to
realize the large-scale growth of chirality enriched semicon-
ducting SWNTs.

Experimental
Catalyst preparation and SWNT synthesis

10 mL of 15/7 mmol L™" (NH,)sW-0,4 aqueous solution was
dropwise added to 10 mL of 10 mmol L™' Co(CH;CO,),
aqueous solution with stirring. An appropriate amount of acid
was added to make the solution weakly acidic. Then this solu-
tion was diluted 100 times with ethanol as the precursor solu-
tion. Silicon wafers with ~300 nm of silica layer were used as
substrates after hydrophilic treatment by piranha solution.
The general CVD process was carried out under atmospheric
pressure in a 1 inch quartz tube heated by using a horizontal
tube furnace. The precursor solution was dropped onto the
SiO,/Si substrates and calcined at 700 °C in air for 5 min.
When the air in the system was removed by Ar, H, at the flow
of 200 cm® min™" was introduced to reduce the calcined cata-
lyst precursors using a TPR process from 800 to 1030 °C for
6 min. Afterwards, a flow of 150-200 cm® min~" Ar through an
ethanol bubbler (in an ice-water bath) and 30-50 cm® min™"
hydrogen were introduced into the system for 10 min to grow
SWNTs at 1030 °C. Finally, the system was cooled down to
room temperature under a flow of H, and Ar, respectively.

Characterization

We used SiO, microspheres (diameter: ~300 nm) as the cata-
lyst support to prepare catalysts for XRD and STEM-EDX
characterization. The XRD measurements were performed on a

Nanoscale, 2018, 10, 6922-6927 | 6925
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DMAX-2400 X-ray diffractometer using monochromatic Cu-Ka
radiation (4 = 0.154 nm, 60 kV, 200 mA). Scanning trans-
mission electron microscopy (STEM) and energy-dispersive
X-ray analysis (EDX) element mappings were conducted under
a high-angle annular dark field (HAADF) mode on an FEI
Tecnai F30 microscope operating at 300 kV. The Si;N, thin
film (thickness: 5 nm) was used as the support of the catalysts
for HRTEM characterization. HRTEM was performed on an
FEI Tecnai F20 microscope operating at 200 kV. The X-ray
photoelectron spectroscopy (XPS) experiments were performed
using an AXIS Supra/Ultra Imaging X-ray Photoelectron
Spectrometer. The SEM images of SWNTs were obtained on a
Hitachi S4800 SEM operating at 1.0 kV. The Raman spectra of
the grown SWNTs were collected with two Jobin Yvon-Horiba
LabRam systems: an ARAMIS system for 532, 633, and 785 nm
laser excitations, and an HR800 system for 488 nm. The laser
beam spot used to collect the Raman signal of the SWNTs was
1 pm in diameter. The Raman spectra using different exci-
tation wavelengths were recorded on the same regions. The
photoluminescence spectra of the as-grown suspended SWNTs
were collected with a Jobin Yvon-Horiba LabRam system, and
an ARAMIS system for 532 nm laser excitation equipped with
an InGaAs detector. The optical reflection spectra of carbon
nanotubes were acquired using polarization-based microscopy
combined with supercontinuum laser illumination developed
by Liu and Wang et al. Each spectrum was obtained within
20 s using broadband supercontinuum illumination and a
spectrometer equipped with a linear-array charge-coupled
device (CCD).
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