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ABSTRACT: High-purity and well-graphitized single-walled
carbon nanotubes (SWCNTs) with excellent physiochemical
properties are ideal building blocks for the assembly of various
CNT macrostructures for a wide range of applications. We
report the preparation of high-quality SWCNTs on a large scale
using a floating catalyst chemical vapor deposition (FCCVD)
method. Under the optimum conditions, the conversion rate of
the carbon source to SWCNTs reached 28.8%, and 20.4% of the
metal nanoparticles were active for SWCNT growth, which are
15% and ∼400 times higher than those previously reported for
FCCVD synthesis, respectively. As a result, the prepared
SWCNTs have a very low residual catalyst content of ∼1.9 wt
% and a high rapid oxidation temperature of 717 °C. Using
these high-quality SWCNTs, we spun macroscopic SWCNT fibers by a wet-spinning process. The resulting fibers had a high
electrical conductivity of 6.67 MS/m, which is 32% higher than the best value previously reported for SWCNT fibers.
KEYWORDS: single-walled carbon nanotubes, high quality, carbon conversion rate, catalyst efficiency, electrical conductivity, fiber

Single-walled carbon nanotubes (SWCNTs) have at-
tracted intense research interest due to their unique one-
dimensional tubular structure and extraordinary physical

and chemical properties.1 The experimentally measured
Young’s modulus and tensile strength of SWCNTs have
reached 1470 and 45 GPa, respectively.2 With an electrical
conductivity of ∼107 S m−1 3 and ultrahigh current-carrying
capability several orders of magnitude higher than that of
copper, SWCNTs are highly attractive for use in electrical
conduction. The thermal conductivity of individual SWCNTs
has been measured to be over 2000 W m−1 K−1,4 about 5 times
that of copper at room temperature. In addition, the density of
SWCNTs is only approximately one-seventh that of copper,
making them very promising for lightweight, high-strength, and
highly conductive fiber applications.5 To fabricate high-
performance macroscopic SWCNT fibers, it is essential to
efficiently obtain high-purity, well-graphitized SWCNT raw
materials on a large scale.
Floating catalyst chemical vapor deposition (FCCVD) is a

continuous, scalable, and cost-effective technique for SWCNT
production.6 Different from the traditional supported CVD
technique, in a typical FCCVD process catalyst precursors are
decomposed to form nanoparticles that float in the reactor and

catalyze the growth of SWCNTs. Such floating catalysts have a
good contact with the surrounding gas-phase carbon
precursors, and therefore, a very high growth efficiency is
expected. However, there is usually a considerable amount of
residual catalyst (usually >10 wt %) remaining in the prepared
SWCNT samples, and the reported carbon conversion rates
have been very low, ranging from 0.9% to 9%,7,8 which
indicates that most of the carbon source gas passes through the
reactor along with the carrier gas9 or is converted to
byproducts. It is therefore highly desirable to increase the
carbon conversion rate and to minimize the content of residual
catalyst and amorphous carbon impurities, so that high-quality
SWCNTs are produced more efficiently.
Quite a few growth parameters, including temperature,10

carrier gas,11 carbon source,12 growth promoter,13 and catalyst
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precursor,14 have been reported to affect the growth of
SWCNTs by FCCVD. In this study, we used ferrocene and
thiophene as the catalyst precursor and growth promoter,
respectively, and C2H4 as the primary carbon source. A stable
and accurate feed of the ferrocene and thiophene was achieved
using an injection technique.15 H2 was used as a carrier gas to
etch the amorphous carbon deposited on the catalyst particles,
so that a longer lifetime of the catalysts was achieved.16 We
systematically investigated the effect of growth temperature on
the rate of carbon conversion, the efficiency of catalysts, and
the quality of SWCNTs obtained. Under the optimized growth
conditions, the carbon conversion rate and catalyst efficiency
reached 28.8% and 20.4%, respectively, which are both the
highest values ever reported. The SWCNTs had a very low
metallic impurity content of ∼1.9 wt % and a very high rapid
oxidation temperature of 717 °C, due to their high purity and
high degree of graphitization. Using these high-quality
SWCNTs as a raw material, we fabricated SWCNT fibers by
a wet-spinning process. The resulting long SWCNT fibers had
a high electrical conductivity of 6.67 MS m−1.

RESULTS AND DISCUSSION
Figure 1a shows an optical image of SWCNTs grown at 1200
°C that have aggregated to form a cotton-like mass. Figure 1b
shows a typical SEM image of the as-prepared SWCNT-1200

sample; a network of SWCNT bundles with diameters of tens
of nanometers is clearly seen. Typical TEM images in Figure
1c,d show that the tube walls are well-resolved and little
residual catalyst is observed. Based on the measurements of
100 isolated SWCNTs by TEM, a diameter distribution is
shown in Figure 1e. We can see that ∼90% have diameters in
the range 1.5−2.3 nm. Multiwavelength Raman spectra of the
SWCNTs are shown in Figure 1f. The RBM peaks originating
from metallic and semiconducting SWCNTs are highlighted
according to the Kataura plot.17 Both metallic and semi-
conducting nanotube-related peaks are detected, indicating
that the product is a mixture of metallic and semiconducting
SWCNTs. The RBM peaks excited by both 633 and 532 nm
are narrowly distributed in the range 110−146 cm−1. The
frequency distribution of 175 Raman RBM peaks excited with
633 nm irradiation is shown in Figure 1g, where we can see
that more than 90% of the peaks are distributed in the ranges
140 ± 8 and 116 ± 6 cm−1. We calculated the diameter (d)
distribution of the SWCNTs using the formula ω = 218.3/d +
15.9, where ω is the peak frequency,18 and the results (1.7−2.2
nm) are in good agreement with those from TEM
observations. The G-band peak shown in Figure 1f is very
sharp and intense, while the D-band peak is almost invisible.
Quantitatively, the intensity ratio of G to D bands (IG/ID)
reached 142, indicating a high degree of graphitization of the

Figure 1. Structural characterization of SWCNT-1200. (a) Optical image of the SWCNTs. Typical (b) SEM and (c, d) TEM images of the
sample. (e) Diameter distribution of the SWCNTs measured from 100 SWCNTs by TEM observation. (f) Raman spectra excited with 532
and 633 nm lasers. (g) Raman RBM frequency distribution (633 nm). (h) IG/ID map of an area of 50 × 50 μm2 measured with a step of 400
nm.
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SWCNTs. To confirm the uniformity of the SWCNT sample,
an IG/ID map was produced in an area of 50 × 50 μm2 with
steps of 400 nm (Figure 1h). The SWCNT sample shows IG/
ID ratios ranging from 70.7 to 174.8 with an average value of

114 (Figure 1h and Figure S1), indicating the high overall
quality of the sample. These highly pure and well-graphitized
SWCNTs would be an ideal material for the fabrication of
macroscopic conductive fibers.

Figure 2. (a) Dependence of the yield of SWCNTs on growth temperature. (b) Raman spectra (excited with 633 nm) of the SWCNTs
synthesized at different temperatures. (c) RBM frequency (633 nm) distribution from 30 points of each sample. (d) Typical TEM image of
SWCNT-1230.

Figure 3. (a) Representative TG curves and (b) content of the residual catalyst of the SWCNTs synthesized at different temperatures.
Comparison of the (c) carbon conversion rate5,20 and (d) catalytic efficiency of this study with those of a previous report.
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We studied the effect of growth temperature on the yield of
SWCNTs. Optical images of the SWCNTs synthesized at
1000, 1050, 1100, 1150, 1200, and 1230 °C are shown in
Figure S2. The yield of SWCNTs first increased with
increasing growth temperature and reached a maximum of
277 mg h−1 (Figure 2a) at 1200 °C and then decreased at 1230
°C. Figure 2b shows Raman spectra (excited with a 633 nm
laser) of the SWCNTs grown at different temperatures. The
IG/ID intensity ratios increased from 63 (SWCNT-1000) to
142 (SWCNT-1200) and then decreased to 126 for SWCNT-
1230. In Figure 2c, we show the frequency distribution of 30
RBM peaks for each SWCNT sample synthesized at different
temperatures. It can be seen that SWCNT-1150 and SWCNT-
1200 have the narrowest diameter distribution. There might be
some correlation between the higher yield and narrower
diameter distribution of these two samples, although this needs
further investigation.
TEM observations (Figure S3) show that the samples

synthesized at temperatures ≤1200 °C are composed of
SWCNTs. However, for the sample grown at 1230 °C, carbon
fibers (CFs, Figure 2d) and double-walled CNTs (DWCNTs,
Figure S3f) coexist with SWCNTs. An enlarged typical RBM
Raman spectrum of SWCNT-1230 (Figure S4) shows two
separate groups of peaks centered at 63−156 and 199−226
cm−1, which may be due to the outer and inner tube walls of
the DWCNTs,19 respectively.
We also investigated the effect of growth temperature on the

carbon conversion rate (ηc) and catalyst efficiency. The former
is defined as the molar ratio of produced SWCNTs (nCNT) to
the total carbon source (ntotal) fed into the system.5 The
masses of SWCNT product (MCNT) and carbon source
introduced are normalized for 1 h. The value of MCNT is
calculated by subtracting the residual metal catalyst as found
by TG analysis (Figure 3a) from the total yield of SWCNTs.

The details of carbon conversion rate calculations are
presented in the Supporting Information. The SWCNT-1200
sample shows the highest rapid oxidation temperature of 717
°C (at which the rate of weight loss reaches the maximum) and
the lowest residual catalyst (Figure 3b), due to its high degree
of graphitization and high purity. In addition, the calculated
carbon conversion rate reached 28.8% (Figure 3c), ∼15%
higher than that reported previously.20

The catalyst efficiency is defined as the percentage of the
catalyst that grows SWCNTs: i.e., the active catalyst. The
calculated values from this study together with those reported
previously are shown in Figure 3d. The blue symbols show the
catalyst efficiencies of Fe and Ni nanoparticles deposited on
substrates, which were reported to be in the range of 0.4−
10%,21−23 obtained by directly observing the percentage of
catalyst that grew CNTs. For the FCCVD method, Reguero et
al.7 reported a catalyst efficiency of ∼0.05%, as shown by the
orange symbol in Figure 3d. They assessed the catalyst
efficiency by assuming that the diameter of the catalyst is equal
to that of the grown CNTs. The total mass of catalyst was
calculated using TG, and the mass of active catalyst was
calculated by the diameter, length, and density of SWCNTs. In
fact, for FCCVD the catalyst size is generally much larger than
the diameter of the SWCNTs. As shown in Figure S3, the
catalyst size is not uniform, and the size distribution measured
from a TEM image is shown in Figure S5b. We used an
average diameter of 8.5 nm as the catalyst particle diameter.
The Fe catalyst efficiency ηFe was calculated based on Fe
nanoparticle size, SWCNT diameter, and SWCNT length. The
detailed calculations are given in the Supporting Information.
It is seen that SWCNT-1200 has the highest catalyst efficiency
of 20.4%.
The growth temperature may influence the synthesis of

SWCNTs in multiple ways. For example, carbon source

Figure 4. (a) Dependence of temperature on the Fe interatomic separation. (b) Carbon diffusion coefficients at different temperatures. (c)
Illustration of the diffusion of carbon atoms in a Fe catalyst at 1000, 1200, and 1230 °C.
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decomposition, aggregation and ripening of the catalyst, and
carbon diffusion rate are all related to the growth temperature.
In this work, however, the decomposition temperature of C2H4
and toluene is far below 1200 °C. In addition, the size of
catalyst nanoparticles does not show an obvious increase with
the increase of growth temperature (Figures S3 and S5),
possibly because that the aggregation of Fe nanoparticles is
also related to their interaction with carbon and the nucleation
and growth of SWCNTs. Therefore, we focus more on the
influence of temperature on the carbon diffusion rate.
To understand how temperature influences the carbon

diffusion rate, we used molecular dynamics to simulate the Fe
interatomic separation and carbon diffusion rate. A previous
study24 has shown that the Fe nanoparticles are liquefied at
over 1000 °C; therefore, we based our simulation on a liquid
Fe catalyst particle. Figure 4a and Figure S6 show that the
interatomic separation decreases linearly from 2.241 to 2.233 Å
when the temperature increases from 1000 to 1230 °C. This is
because Fe atoms vibrate at their equilibrium position, and the
vibration amplitude increases at higher temperatures, leading
to a smaller interatomic separation.
The calculated carbon diffusion coefficients at different

temperatures are shown Figure 4b. They tend to increase with
increasing temperature, which would lead to a higher growth
rate and yield of SWCNTs at higher temperatures. However,
our results show a maximum yield at 1200 °C. Combined with
simulation results, we take 1000, 1200, and 1230 °C as
examples to elucidate the influence of temperature on the yield
of SWCNTs, as shown in Figure 4c. We attribute the result to
the coupling effect of Fe interatomic separation and carbon
diffusion coefficient. The decreased Fe interatomic separation
leads to a higher barrier for carbon atom diffusion in the Fe
catalyst during the SWCNT growth, while the increased
temperature provides a higher diffusion driving force. The high
diffusion driving force overcomes the barrier of Fe interatomic
separation, resulting in a higher diffusion rate at higher
temperature and, hence, a higher SWCNT yield. To elucidate
the abnormal yield decrease for SWCNT-1230, we charac-

terized the microstructure of this sample under TEM. Figure
S7 shows some short CNFs and Fe nanoparticles wrapped with
amorphous carbon, which means that excess carbon has been
provided because of the high diffusion rate, which leads to the
growth of CNFs with much larger diameters, catalyst
poisoning, and a decreased SWCNT yield. Therefore, we
believe that an important reason for the maximum SWCNT
yield at 1200 °C is that the growth rate of SWCNTs increases
at higher temperature, due to the higher carbon concentration
and faster carbon diffusion rate.
Macroscopic SWCNT fibers were prepared by a wet-

spinning method,25 and a schematic showing the spinning
process is shown in Figure S8. Different from the previously
reported wet-spinning method, the acid-washing step to
remove residual catalyst is omitted in this study due to the
high purity and very low metal impurity content in our raw
SWCNTs. The liquid crystal solution of SWCNTs dispersed in
CSA by protonation with a concentration of 1.6 wt % is
anisotropic under cross-polarized light (Figure 5a). It was
extruded through a spinneret (180 μm diameter) at a rate of
0.07 mL/min into an acetone coagulant bath to form
macroscopic SWCNT fibers. The spun SWCNT fibers were
then wound on a PTFE roll (Figure 5b) and dried at 110 °C
for 24 h. The density of the fibers was measured to be 1.3 g
cm−3.
SEM images showing the morphology of the obtained

SWCNT fibers are shown in Figure 5c and Figure S9. The fiber
has a uniform diameter of ∼16 μm, and a high-magnification
image (Figure 5d) shows that the individual SWCNTs are
highly aligned along the axis of the fiber. SEM observation of
the cross section (Figure 5e) verified the high packing density
of the SWCNTs. At higher magnification, some sub-micro-
meter pores and cracks were seen in the fiber (Figure 5f),
which can be attributed to the nonuniform shrinkage of the
SWCNT fiber when the liquid crystal solution is extruded into
the coagulant bath. A TG curve of SWCNT fibers is shown in
Figure S10. We can see that the oxidation temperature

Figure 5. Characterization of SWCNT fibers prepared by wet spinning. (a) POM image of the SWCNT/CSA liquid crystal. (b) Optical image
showing an ∼20 m long SWCNT fiber wound on a PTFE roll. (c) Low-magnification and (d) high-magnification SEM images of the surface
of a SWCNT fiber. (e) Low-magnification and (f) high-magnification SEM images of the cross section of a SWCNT fiber.
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becomes lower, possibly due to the defects introduced during
the dispersion process of SWCNTs.
The electrical performance of the obtained SWCNT fibers

was measured using a four-probe method. As shown in Figure
6a, a high current density of 445 A mm−2 was achieved and the
average room-temperature electrical conductivity was 6.67 MS
m−1. The concentrations of SWCNT solution used for
spinning SWCNT fibers in this study were in the range of
1.0−1.6 wt %, and the fibers spun from the 1.6 wt % solution
showed the highest electrical conductivity (Figure S11). Figure
6b summarizes the previously reported electrical conductivities
of CNT fibers prepared by wet- and dry-spinning methods for
comparison with our fibers25−47 (detailed data are given in
Table S1). This shows that fibers fabricated using DWCNTs
and few-walled carbon nanotubes (FWCNTs) show the
highest electrical conductivity, possibly because the function-
alization of nanotubes during the dispersion process occurs
only on the outer shell, while leaving the inner tubes intact.48

Our SWCNT fiber shows the highest electrical conductivity
compared to the previously reported SWCNT fibers, ∼32%
higher than the best value of 5.0 MS m−1. We also investigated
the temperature-dependent resistance of our SWCNT fibers
(Figure 6c). The resistance at 300 K is defined as R0. We see
that the resistivity decreases with increasing temperature in the
range 4−82 K, showing semiconducting behavior. The
behavior in this region was interpreted by carrier hopping or
tunneling due to inter-SWCNT transport because electron−
phonon scattering was weak but increased with increasing
temperature. At T > 82 K, the resistivity increases with
increasing temperature, a metallic behavior. The resistance of
our SWCNT fibers and commercial Cu wires was measured at
300−400 K, which is the working temperature range of the

latter (Figure 6c), from which the temperature coefficient of
resistivity (TCR) was calculated. Our SWCNT fiber has a
TCR value of 1.37 × 10−3 K−1, which is 67% lower than that of
Cu wire. Figure S12 shows that the tensile strength of the
SWCNT fiber was 745 MPa with a maximum strain of 6.5%.
We also assembled a simple circuit using a 5 cm long SWCNT
fiber to replace partial copper wire, and a light-emitting diode
was illuminated successfully (Figure 6d).

CONCLUSIONS
We have developed an injection-FCCVD method using
ferrocene as the catalyst precursor, hydrogen as the carrier
gas, and ethylene as the carbon source for the efficient
synthesis of SWCNTs. At an optimum growth temperature of
1200 °C, the carbon conversion rate and catalyst efficiency
were 28.8% and 20.4%, respectively, much higher than those
reported previously. In addition, the prepared SWCNTs
showed a very low residual catalyst content of ∼1.9 wt %
and a high rapid oxidation temperature of 717 °C. Theoretical
calculations indicate that the diffusion coefficient of carbon in
an Fe catalyst, which is closely related to the growth
temperature, plays an important role in determining the
SWCNT growth rate and the synthesis efficiency. Using these
high-purity and well-graphitized SWCNTs as a raw material,
SWCNT fibers were fabricated by wet spinning. They had a
high electrical conductivity of 6.67 MS m−1, which is the
highest reported value for SWCNT fibers.

EXPERIMENTAL METHODS
Preparation of High-Quality SWCNTs. An injection-FCCVD

method49,50 was used to synthesize SWCNTs and a schematic of the
experimental setup is shown in Figure S13. A ceramic tube with a

Figure 6. (a) Current capacity of a SWCNT fiber. (b) Comparison of the previously reported electrical conductivities of CNT fibers together
with our result. (c) Temperature dependence of fiber relative resistance. (d) Illumination of an LED connected with a 5 cm long SWCNT
fiber.
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diameter of 40 mm and length of 800 mm was inserted into a
horizontal tubular furnace and used as a reactor. The furnace
temperature was increased to the preset growth temperature under
the protection of an Ar flow. A 4700 sccm amount of H2 carrier gas
and 8 sccm of the C2H4 carbon source were then introduced, and a
mixed solution containing toluene, ferrocene, and thiophene (Fe:S
molar ratio from 1 to 4), which serve as the liquid carbon source, the
catalyst precursor, and growth promoter, respectively, was injected
into the reactor using a syringe pump. The injection rate was ∼0.6 mL
h−1. SWCNTs grew from Fe catalyst nanoparticles and were carried
by the carrier gas to the low-temperature zone of the reactor. The
growth time was set to be 1 h. We investigated the effect of synthesis
temperature (1000, 1050, 1100, 1150, 1200, and 1230 °C) on the
SWCNT growth efficiency and the quality of the SWCNTs, which are
denoted as SWCNT-1000, SWCNT-1050, SWCNT-1100, SWCNT-
1150, SWCNT-1200, and SWCNT-1230, respectively.

SWCNT Fiber Spinning. To prepare the SWCNT fibers, as-
grown SWCNTs were mixed by a planet mixer (FlackTek SpeedMixer
DAC150.1 FVZ-K) with 99% chlorosulfuric acid (CSA, Sigma-
Aldrich) to form a spinnable liquid crystalline solution (Figure S14)
whose concentration was 1.0∼1.6 wt % and was characterized using a
Leica DP2700M polarizing optical microscope (POM). It was then
extruded through a needle with an inner diameter of 180 μm into an
acetone coagulating bath at an injection rate of 0.07 mL/min. The
fibers obtained were exposed to air to volatize residual acetone and
then wound on a rotating roller with an outer diameter of 19 mm,
whose rotation speed could be adjusted in the range of 0−300 rpm.

Characterization of the SWCNTs and Fibers. The SWCNT
samples were characterized using a WITec Alpha 300R Raman
spectrometer with 633 and 532 nm lasers. A NETZSCH STA449F5
thermal gravimetric analyzer (TGA) was used to characterize the
purity and oxidization resistance of the SWCNTs. A FEI Verios G4
scanning electron microscope (SEM) and Tecnai G2 F20 (operated
at 200 kV) transmission electron microscope (TEM) were used to
examine the morphology and microstructure of the samples. A four-
point probe connected to a Keithley 2401 source meter was used to
measure the electrical resistance of SWCNT fibers. To reduce the
measurement error of fiber diameter, we randomly cut several 5 cm
long fibers from an ∼30 m long fiber. Five points in each fiber were
randomly chosen to measure the diameter under SEM. We used the
average value of these measured diameters to calculate the electrical
conductivity of the fiber.
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