Angewandte

Zuschriften

Chemie

Zitierweise: Angew. Chem. Int. Ed. 2020, 59, 10884 – 10887
Internationale Ausgabe: doi.org/10.1002/anie.202002651
Deutsche Ausgabe:
doi.org/10.1002/ange.202002651

Nanostructures

Growth of Single-Walled Carbon Nanotubes with Controlled Structure:
Floating Carbide Solid Catalysts
Liu Qian, Ying Xie, Yue Yu, Shanshan Wang, Shuchen Zhang,* and Jin Zhang*
Abstract: Single-walled carbon nanotube (SWNT) horizontal
arrays with specific chirality can be enriched using solid
carbide catalysts on substrates. However, scale-up production
by continuous loading of the solid catalysts onto the substrates
is challenging. Described here is the preparation of a floating
carbide solid catalyst (FSC) for the controlled growth of
SWNTs. The FSC, titanium carbide (TiC) nanoparticle, was
directly obtained in the carrier gas phase by decomposition and
carbonization of the titanocene dichloride precursor at high
temperature. By using the TiC nanoparticle FSC, both SWNT
horizontal arrays and randomly distributed networks can be
obtained. The chirality of the as-grown SWNTs were thermodynamically controlled to have fourfold symmetry. Further
optimization of growth condition resulted in an abundance of
(16,8) tubes with about a 74 % content. This FSC chemical
vapor deposition (FSCCVD) method has potential for realizing mass growth of SWNTs with controlled structures.

As one of the most promising materials in next-generation

nanoscale electronic systems,[1, 2] single-walled carbon nanotubes (SWNTs) are faced with two important challenges,
purity and production.[3] To solve these problems, a chemical
vapor deposition (CVD) system with more optimizable
parameters has been developed, including fixed[4] and fluidized beds,[5] and floating catalysts.[6] For fixed and fluidized
bed CVD methods, the purity of the SWNTs can be seriously
improved by catalyst design, such as bimetal catalysts (Co/
Mo) for (6,5) tubes[7] and vulcanized Co catalysts for (9,8)
tubes.[8] Furthermore, considering nucleation thermodynamics and growth kinetics, enrichment of either (12,6) tubes or
(8,4) tubes were obtained using Mo2C and WC catalysts,
respectively,[9] and (n, n 1) tubes were enriched under nearequilibrium growth conditions.[10, 11] Although thermodynamic
nucleation and kinetic growth processes can be controlled, the
effect of the support on the growth of SWNTs cannot be
excluded, and it is not easy to realize scale-up syntheses of
SWNTs with controlled structures.
Compared with fixed and fluidized beds, a floating
catalyst CVD (FCCVD) can continuously produce SWNTs
without any support.[12] Although scale-up syntheses of
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SWNTs have been well implemented for ferrocene FCCVD,
control of the structure is still unresolved because of two
important problems. One is the lack of design of the structures
and components of the catalysts. The liquid state of iron,
which is generally used as the catalyst in FCCVD, under high
temperature directly leads to a vapor-liquid-solid (VLS)
growth mechanism. Another problem that cannot be ignored
is the short dwell time of the catalysts, which does not allow
dynamic control, and also contributes the difficulty in
controlled growth of SWNTs in FCCVD.
Carbide catalysts have high melting points, and their
catalytic activity depends on specific species.[13] Different
from highly active catalysts, such as Mo2C and WC,[9] solid
carbide catalysts with low activity decrease the production
and accumulation of carbon free radicals on their surface,
thereby potentially making them good solid templates for
slow nucleation and growth of SWNTs. Herein, we develop
a rational approach for preparing a floating carbide solid
catalyst (FSC) for the controlled growth of SWNTs. The
titanium carbide (TiC) nanoparticle FSC is not sensitive to
the carbon source, and is directly obtained in the carrier gas
phase by decomposition and carbonization of a titanocene
dichloride precursor at high temperature. By using this TiC
FSC, SWNT horizontal arrays and randomly distributed
networks were obtained depending on the substrates used
for collection. The TiC FSC is a face-centered cubic structure
with relatively low activity and high solubility of carbon, and
its (2 0 0) plane has fourfold symmetry. The chirality of the asgrown SWNTs were thermodynamically controlled to have
fourfold symmetry as well. Further optimization of the growth
conditions resulted in an abundance of (16,8) tubes with about
74 % content. This FSCCVD method is a proven common
approach for obtaining a carbide catalyst in the gas phase and
will be further optimized to realize controlled growth of
SWNTs in the gas phase, which can accumulate quantities by
continuous introduction of catalyst precursors.
Specifically, a floating CVD reactor was designed as
shown in Figure 1 a. In this reactor, catalyst precursors and the
carbon source were introduced through two ports. The
substrates (quartz or silicon wafer with 300 nm SiO2 layer)
can be heated to different temperatures to capture catalyst
nanoparticles and SWNTs directly obtained from the mixed
gas. To keep the catalyst structure stable at high growth
temperature, TiC was used because it has a high melting point
of 3160 8C and can be easily synthesized using metal organic
precursors with low volatilization temperatures. The catalyst
precursor, titanocene dichloride powder, was heated to about
200 8C with a flow of argon gas passed through to carry the
evaporated vapor into the reactor. At the same time, hydrogen and ethylene were fed into the reactor from the other
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Figure 2. a) XPS spectra in the Ti 2p region and b) XRD pattern of the
as-prepared catalysts obtained at 950 8C with a flow of hydrogen
(400 sccm) and ethylene (0.9 sccm). The TiC standard card (JCPDS 650966) is also inserted. * indicates the signal from amorphous glass
substrate. c) AFM image of catalyst nanoparticles deposited on quartz
at 830 8C and corresponding size distribution statistics of more than
100 nanoparticles. d) High-resolution TEM image of several catalyst
nanoparticles. e) Enlarged image of one nanoparticle (red frame in e).
Inset: the corresponding FFT pattern. f) HRTEM image of a catalyst
nanoparticle with carbon layer. Inset: the corresponding FFT pattern of
the catalyst.
Figure 1. a) Schematic illustration of the designed FSCCVD system.
b) Schematic showing the formation process of carbide catalyst and
the growth of SWNTs on substrates. SEM images of SWNTs grown on
quartz (c) and Si/SiO2 substrates (d) at 830 8C.

port. With the increase of temperature, the vapor phase of
titanocene dichloride decomposes. Reduction and carbonization occur in the high-temperature zone and titanium
carbide is formed. Then the carbide catalysts are deposited
onto the substrate downstream (Figure 1 b). The growth of
SWNTs can occur both on the substrates and in the gas phase.
As a result, horizontal SWNT arrays and randomly oriented
SWNT networks were successfully obtained on ST-cut quartz
and Si/SiO2 substrates, respectively, at 830 8C (Figure 1 c,d).
At the same time, small amounts of SWNTs were collected
outside the reactor zone (see Figure S1 in the Supporting
Information), indicating a relatively low output in the gas
phase.
To confirm our design for carbide solid catalysts, X-ray
photoelectron spectroscopy (XPS) measurements were first
performed. As shown in Figure 2 a and Figure S2, Ti C bonds
(peaks at about 455 eV for Ti 2p3/2 and at about 461 eV for Ti
2p1/2) in the Ti 2p spectrum and C Ti bonds (peaks at about
282 eV) in the C 1s spectrum indicate the formation of TiC
under a high temperature of 950 8C.[14] The peak at 455.6 eV in
the Ti 2p spectra, which might be attributed to Ti O2 x bonds,
could be related to titanium re-oxidation in air of nanoparticles on the surface before the XPS measurement.[15]
Further analysis shows that titanium carbide forms before
CNT growth (for details see the Supporting Information).
Figure 2 b is the X-ray diffraction (XRD) pattern of the
catalyst obtained at 950 8C. The diffraction peaks are assigned
to the cubic TiC phase (JCPDS 65-0966), further confirming
the structure of the catalyst.
To realize effective controlled growth of SWNTs, the sizes
and activities of the catalysts should be evaluated. In terms of
Angew. Chem. 2020, 132, 10976 –10979

catalyst size, to avoid too much particle collision in the gas
phase and to obtain well-dispersed nanoparticles, the sublimation temperature and the flow rate of carrier gas were
optimized to be 200 8C and 150 sccm, respectively (see
Figures S3–S5). Besides, the effect of deposition temperature
was also studied by placing quartz substrates at different
positions of furnace (see Figure S6). The atomic force
microscopy (AFM) images of the deposited nanoparticles
show that after the formation of TiC in the center of the
furnace (950 8C), a relatively cold substrate (ca. 830 8C) is
beneficial for the deposition of high-density and small-sized
TiC nanoparticles. Fewer and also larger particles obtained at
temperatures higher than 900 8C can be explained by the
sintering effect of the nanoparticles at high temperature.
Under optimized conditions, uniformly distributed nanoparticles were obtained on quartz with an average size of
about 2.35 nm, which is suitable for SWNT growth (Figure 2 c). Transmission electron microscopy (TEM) was used
to further determine the crystal structure of the nanoparticles
obtained above. Figure 2 d is a TEM image of several
nanoparticles directly deposited on a 10 nm SiO2 grid. All
the nanoparticles present clear lattice fringes with particle
sizes of 3–5 nm. A high-resolution TEM (HRTEM) image of
the nanoparticle is shown in Figure 2 e (red frame). According
to the fast Fourier transform (FFT) pattern (see inset), both
the interplanar spacing [0.217 nm for (2 0 0), 0.25 nm for (1 1 1)
and 0.15 nm for (2 2 0) plane] and dihedral angles of the
nanocrystal match well with the face-centered cubic structure
of TiC. Another nanoparticle with a wrapped carbon layer
was also detected (Figure 2 f). The FFT pattern of the catalyst
(see inset) verifies again a TiC crystal with a [0 1 1] zone
axis.
Considering the activities of catalysts, TiC does not
promote the nucleation of SWNTs as well as TiO2 and other
carbide solid catalysts. They can grow SWNTs using ethanol
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as the carbon source, which is harder to decompose than the
ethylene used in our system. This low activity of TiC is
potentially helpful for thermodynamic nucleation and slow
growth of SWNTs. Therefore, control of chirality in the
synthesis of SWNTs, led by symmetry-matching nucleation
thermodynamically, can be discussed in detail. With a small
flow of ethylene (0.9 sccm), the flow rate of hydrogen (H2)
was optimized to be 250–400 sccm (see Figure S7) and the
position of the substrates set to grow SWNTs was optimized
to be at around 830 8C (see Figure S8) to obtain horizontal
SWNT arrays on quartz substrates with relatively high
densities. SWNTs with connected catalysts were easy to
detect on a 10 nm SiO2 grid (see Figure S9a). Energy
dispersive spectrometer (EDS) mapping images (see Figure S9b) demonstrate that the catalyst nanoparticle is a titanium-based compound. Figure 3 a is a typical SWNT with
a diameter of 1.67 nm. The enlarged image of the interface
between the catalyst and SWNT in Figure 3 b and the FFT
pattern of the catalyst nanoparticle (see inset) indicate that
the SWNT nucleated perpendicular to the TiC (2 0 0) plane. It
is clear that the TiC (2 0 0) plane has fourfold symmetry (inset
of Figure 3 a), from which a preferential growth of fourfoldsymmetric tubes can be predicted.[9] The morphology of the
SWNT array on the quartz substrate was further confirmed by
an AFM image (Figure 3 c). Raman spectra of the obtained
SWNTs excited by a 532 nm laser after transferring the
SWNT array to a Si/SiO2 (300 nm) substrate are shown in
Figure 3 d. The absence of a D-band and clear peaks in radial
breathing mode (RBM) region in the Raman spectrum
indicate high-quality SWNTs. The RBM peaks are mostly
concentrated at about 149 cm 1, consistent with the diameter
measured by TEM and AFM.

Figure 3. a) TEM image of a SWNT connected to a catalyst nanoparticle. Inset: an atomic model of the TiC (2 0 0) plane. b) HRTEM
image of the catalyst and the SWNT in a and corresponding FFT
pattern of the catalyst. Red lines trace the wall of the tube. c) AFM
image of SWNT array on quartz with height profiles. d) Raman line
mapping spectra with scan step of 5 mm of SWNTs on Si/SiO2
(300 nm) substrate (excitation laser: 532 nm). Inset: the SEM image
of SWNT array transferred to Si/SiO2 substrate with marks.
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To systematically investigate the chirality distribution of
SWNTs grown from TiC templates, Raman line mapping
measurements with several excitation lasers (488 nm, 532 nm,
633 nm, and 785 nm) were performed on three samples in
parallel. The results of the SWNTs grown under 400 sccm H2
are shown in Figure 4 a,b and Figure S10. The RBM peaks
show an obvious abundance at a Raman shift of around
149 cm 1 under a 532 nm laser and around 147 cm 1 under
a 633 nm laser. A chirality index of (16,8), which has the same
symmetry as the TiC (2 0 0) plane, can be assigned according
to the Kataura plot. The abundance of the (16,8) tube was
proven by several other methods. The SWNTs were transferred onto a grid with 2 micrometer sized holes (see Figure S11a). The TEM images of several suspended SWNTs and
the corresponding electron diffraction patterns (Figure 4 c;
see Figure S11) all demonstrate a single SWNT with a diameter of around 1.67 nm and diffraction patterns of a (16,8)
tube. Besides, SWNTs collected from 36 samples were
dispersed in sodium dodecyl sulfate (SDS) solution for
ultraviolet/visible/near-infrared (UV-vis-NIR) absorption
measurements (see Figure S12). An absorption peak at
1137 nm (ca. 1.09 eV) was detected, and assigned to the E22
optical transient of the (16,8) tube according to theoretical
calculations.[16] Overall, the content of the (16,8) tube was
estimated to be 73.5 % counting from 151 RBM peaks (see
Table S2).
The abundance of the (16,8) tube is mainly due to the
thermodynamic and kinetic preferences.[9, 17] According to
previous theoretical and experimental results,[9–11] better
symmetry matching leads to lower formation energy, which
means SWNTs with the same symmetry as the catalyst crystal
plane tend to grow thermodynamically. In this work, (16,8),
(12,8), (16,0), and (20,0) tubes with fourfold symmetry were
all detected by Raman spectroscopy, which match well with
the TiC (2 0 0) plane. (12,6) tubes were also found because of

Figure 4. Raman spectra in the RBM region, obtained using line
mapping with scan step of 5 mm and an excitation laser of a) 532 nm
and b) 633 nm. c) Typical TEM image of a SWNT. Inset: the corresponding electron diffraction pattern. d) An illustration of chirality
distribution of SWNTs obtained from Raman measurements.

 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2020, 132, 10976 –10979

Zuschriften
the sixfold symmetry of the TiC (1 1 1) plane. Details of all the
RBMs detected by Raman measurements are listed in
Tables S1 and S2. Furthermore, (2 m,m) tubes, which have
chiral angles of 19.18, are the fastest-growing tubes because
they have the most kinks. Growth of the (16,8) tube, with
a chiral angle of 19.18 and the largest diameter, is kinetically
promoted (Figure 4 d).[9, 17] Larger C/H ratio (see Figure S13)
shows no obvious enrichment, which might result from excess
carbon covering on the catalyst nanoparticles and the
formation of other nucleation sites. Smaller C/H ratio led to
few SWNTs with short lengths (see Figure S7d), which is
mostly possible to origin from a slow growth rate of achiral
tubes under near-equilibrium conditions.
In summary, a FSCCVD method was developed to
prepare carbide solid catalysts in the gas phase, and to
synthesize SWNTs with controlled structures. A titanium
carbide catalyst was prepared by using specific metal-organic
compounds as precursors and SWNTs with fourfold symmetry were grown thermodynamically from the (2 0 0) plane of
titanium carbide. Besides, (16,8) tubes, belonging to the
(2m,m) tube family, grew faster and were enriched to a purity
of 74 % because of the short dwell time of catalyst in the
floating system. This work provides a new direction for the
design of catalysts in FCCVD and offers a chance for
controlled growth of SWNTs in the gas phase. The combination of controlled growth and scale-up synthesis using
a floating system will, in the future, lead to real-world
applications of SWNTs.
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