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S
ingle-wall carbon nanotubes (SWCNTs)
can be either semiconducting or me-
tallic, depending on their chirality. In

recent years, progress has been made on
the controlled synthesis of semiconducting
SWCNTs (s-SWCNTs) by selective etching.1�7

However, very few investigations on the
selective preparation of metallic SWCNTs
(m-SWCNTs) have been reported.8�10

m-SWCNTs have a high electrical conduc-
tivity (theoretically as high as ∼106 S/cm),
and the propagation of electrons in them is
ballistic, largely free from scattering over a
distance of thousands of atoms. Therefore,
they have many potential applications such
as in nanocircuitry, conductive polymeric
nanocomposites, and transparent conductive
films (TCFs) where it is believed they could
compete with the currently dominant indium
tin oxide technology.11 To realize this, the
availability ofm-SWCNTs is of vital importance,
and much effort has been made in the devel-
opment ofmethods for their synthesis includ-
ingmolecular charge transfer,10 electric field-
assisted chemical vapor deposition,9 tuning
catalyst morphology,8 changing carbon
source,12 etc. However, the repeatable pre-
paration of high-quality, high-purity
m-SWCNTs remains a big challenge, and the
selective growth mechanism is still unclear.
Compared with s-SWCNTs, the selective

growth of m-SWCNTs is much more difficult

owing to the relatively higher reactivity of
the latter. The production of a sample rich in
s-SWCNTs is mostly realized by preferen-
tially removing m-SWCNTs1,2,5,6 based on
the principle that m-SWCNTs are chemically
more reactive than s-SWCNTs. Therefore, it
seems impossible to harvest m-SWCNTs
using a selective etching approach. In our
earlier study, it was demonstrated that the
reactivity of a SWCNT is related to not only
its type (m- or s-) but also its diameter.13 It is
easy to understand that an etchant mole-
culewould preferentially react with SWCNTs
with smaller diameters (i.e., larger curva-
ture),14,15 due to weakened C�C bonding
induced by bond bending.13 Therefore,
the type and tube diameter are competi-
tive factors influencing the stability of
SWCNTs. From this point of view, it is
possible that small-diameter s-SWCNTs
can be selectively removed, while large-
diameter m-SWCNTs remain.
In this study, we prepared SWCNTs using

a floating catalyst chemical vapor deposi-
tion (FCCVD) method. It was found that the
diameter and type of the SWCNTs produced
were closely related to the experimental
parameters. Under optimum growth condi-
tions, m-SWCNTs with large diameters and
s-SWCNTs with small diameters were ob-
tained. In a subsequent experiment, hydro-
gen was introduced into the reactor as a
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ABSTRACT We report the bulk synthesis of a sample with a high

concentration of metallic single-wall carbon nanotubes (m-SWCNTs)

using a modified floating catalyst chemical vapor deposition method

with methane as the carbon precursor. By tuning experimental

parameters, such as species and flux of carrier gases, catalyst

concentration, growth temperature, etc., small-diameter semiconducting SWCNTs (s-SWCNTs) and large-diameter m-SWCNTs were obtained. Using

identical growth conditions, at a temperature of 1000 �C, it was found that the addition of hydrogen as an etchant gas resulted in the preferential removal
of the smaller diameter s-SWCNTs. As a result, a sample enriched with large-diameter metallic SWCNTs was obtained. The self-assembled fishnet-like

m-SWCNT network showed excellent optical transparency and electrical conductivity.
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mild etchant to remove the s-SWCNTs with small
diameters. As a result, m-SWCNTs with large diameters
were obtained as characterized by multiwavelength
laser Raman spectroscopy and absorption spectrosco-
py measurements. In addition, it was found that thin
films of the m-SWCNTs show excellent conductivity
and transparency.

RESULTS AND DISCUSSION

To realize the growth of small-diameter s-SWCNTs
and large-diameter m-SWCNTs by the FCCVD method,
we investigated the effect of growth conditions on the
type and diameter of the SWCNTs obtained (for details
see Supporting Information (SI.1), including species
and amount of the carrier gas used (Figures S1 and S2),
heating temperature of the catalyst precursor (ferrocene)
(Figures S3 and S4), the ratio of ferrocene to catalyst
precursor (Figure S5), and the concentration of the
methane carbon source gas (Figure S6). It was found
that the sublimation rate of ferrocene and the type of
carrier gas used are two key factors influencing the
structure of the SWCNTs synthesized. When helium
was used as the carrier gas, although both m- and
s-SWCNTs were obtained, the diameters of the former
were mostly larger than the latter. We then finely
optimized the heating temperature of ferrocene and
the helium gas flux used. Finally, an optimum growth

condition was fixed: a growth temperature of 1000 �C,
a CH4 flowof 30 sccm, a ferrocene heating temperature
of 170 �C, and a helium flow of 800 sccm. Figure 1
shows typical Raman spectra of the SWCNTs synthe-
sized under these conditions (denoted as He-SWCNTs)
with excitation laser wavelengths of 633, 532, and
785 nm. The origin of the radial breathing mode
(RBM) Raman peaks, from either m- or s-SWCNTs,
are highlighted according to the Kataura plot16

(Figure 1a�c). Since the diameter of a SWCNT is
inversely proportional to the frequency of its RBM
peak, it can be seen that the m-SWCNTs have larger
diameters than the s-SWCNTs, and the diameters of the
SWCNTs synthesized under helium flow are much
smaller than those synthesized with hydrogen as the
carrier gas5 (Figures S1 and S2). The possible reason for
this can be understood from CNT growth conditions. It
is well-known that the structure of SWCNTs is closely
related to the catalyst and growth environment.3,8,17

Harutyunyan et al. have demonstrated that the surface
energy anisotropy of specific facets of the Fe catalyst
could be changed by the He or Ar ambient gas,
resulting in dynamic changes of particle shape.8 As a
consequence, SWCNTs containing 91% m-type were
obtained using He as the carrier gas. In this study, it is
possible that helium gas leads to the formation of
smaller Fe catalyst particles, from which small caps

Figure 1. Laser Raman spectra of the SWCNT samples synthesized under different hydrogen/helium flux ratios: (a�c) RBM
bands with excitation laser wavelengths of (a) 633 nm, (b) 532 nm, and (c) 785 nm; (d) G band excited with a 633 nm laser.
He-SWCNTs: SWCNTs obtained using 800 sccm He. He-H2-SWCNTs: SWCNTs obtained using 300 sccm H2 þ 500 sccm He.
H2-SWCNTs: SWCNTs obtained using 800 sccm H2.
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can be more easily formed,18,19 and the catalyst with
sharp corners facilitates the growth of m-SWCNTs with
relative large diameters, although the detailed reason
is still unclear.8

Dai et al.20,21 and Hassanien et al.22 reported that
atomic H generated in plasma can selectively etch
away metallic and small-diameter SWCNTs. Our pre-
vious work and other work showed that hydrogen
can selectively etch away m-SWCNTs from coexisting
s-SWCNTs with similar diameters during FCCVD
growth, due to the higher reactivity of the former.6,23

In this study, the diameters of the s-SWCNTs are smaller
than those of the m-SWCNTs, so it is possible that the
large-diameter m-SWCNTs are chemically more stable
than the small-diameter s-SWCNTs. Therefore, we in-
troduced hydrogen during the FCCVD synthesis pro-
cess and studied its effect on the type of SWCNTs
obtained.
The Raman spectra of the SWCNTs obtained using a

H2 flow of 300 sccm and a He flow of 500 sccm are
shown in Figure 1 (denoted He-H2-SWCNTs). It can be
seen that the RBM peaks originating from s-SWCNTs
are undetectable in the spectra excited by the 633 and
532 nm lasers (Figure 1a,b). Although s-SWCNT peaks
were detected in the spectrum excited by the 785 nm
laser, the intensity ratio of the peaks originating from s-
and m-SWCNTs is about 50 times lower than that of
He-SWCNTs, where no hydrogen was introduced.
These results indicate that s-SWCNTs that are reso-
nantly enhanced with the above three excitations are

less abundant through hydrogen etching of small-
diameter s-SWCNTs (as schematically shown in
Figure 2a). Similar results were obtained from the G
band of the samples excited by the 633 nm laser, as
shown in Figure 1d. Compared with the spectrum of
He-SWCNTs, an additional peak appears at about
1540 cm�1 for He-H2-SWCNTs, which is characteristic
of m-SWCNTs. We also tried to further increase the
concentration of hydrogen by using a pure hydrogen
flow of 800 sccm, but in the sample obtained (H2-
SWCNTs), we can see (Figure 1a�c) that small-diameter
SWCNTs, both metallic and semiconducting, were
etched away due to the relatively harsher etching
conditions.
Using the inverse relationship between the RBM fre-

quency (ω) and the tube diameter (d), ω = 218.3/d þ
15.9,24 we are able to estimate the etching selectivity
of SWCNTs of different types and diameters. The results
show that, for the excited SWCNTs with diameters
in the range of 0.8�2.1 nm, the diameter-dependent
reactivity is of higher priority than the type-dependent
reactivity when the tube diameter difference is larger
than 0.4 nm. In this case, the small-diameter s-SWCNTs
would be preferentially etched by atomic hydrogen at
high temperature, while large-diameter m-SWCNTs
remain (Figure 2a).
Figure S7 shows a representative scanning electron

microscopy (SEM) image of the purified m-SWCNTs
(He-H2-SWCNTs). It can be seen that the nanotubes
are pure and form a random network. Transmission

Figure 2. (a) Schematic showing the selective removal of small-diameter s-SWCNTs from large-diameter m-SWCNTs
by hydrogen etching. (b) TEM image of the as-prepared He-H2-SWCNT sample. (c) Diameter distribution of the He-H2- and
He-SWCNT samples.
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electron microscopy observations (TEM, Figure 2b)
demonstrate that the SWCNTs have a uniform dia-
meter and very straight carbon layers. The diameters
of 150 SWCNTs were measured from the TEM images,
and a histogram of the diameter distribution is plotted
in the top part of Figure 2c. The diameters are distrib-
uted in the range of 0.8�2.1 nm and largely ranged in
1.1�1.6 nm (∼84%). In comparison, the diameter distribu-
tion for SWCNTs synthesizedwithHe shown in thebottom
part of Figure 2c is shifted to smaller diameters with the
number of tubes less than 1 nm increasing by ∼49%.
To further confirm the content of m-SWCNTs in

He-H2-SWCNTs, the optical absorption spectra of all
three samples were measured, and typical UV�vis�NIR
spectra obtained are shown in Figure 3a and b. The
spectroscopic characterization was performed using
SWCNT dispersed in a D2O containing 2 wt % sodium
dodecyl benzene sulfonate (for details, see ref 25 and
SI.2). As shown in Figure 3a and b, the peaks located at
1.2�2.4 eV correspond to the first van Hove singularity
transition of m-SWCNTs (M11), and the peaks at
0.5�0.8 and 0.8�1.2 eV correspond to the first and
second van Hove singularity transitions of s-SWCNTs
(S11, S22), respectively.26 It can be seen that the peak
area ratio of M11/S22 for He-H2-SWCNTs is obviously
larger than that for He-SWCNTs and H2-SWCNTs, which
suggests the enrichment of m-SWCNT content in
He-H2-SWCNTs, being consistent with the results of
laser Raman characterization. To estimate quantita-
tively the m-SWCNT content in these samples, the
background of the absorption spectra was subtracted
based on a nonlinear model27�29 and the resulting
m-SWCNT contents are shown in Figure 3c (for details,
see SI.2). A content of 88%m-SWCNTswas achieved for
the He-H2-SWCNTs, which is much higher than that for
He-SWCNTs (30%) and H2-SWCNTs (20%), indicating
that the m-SWCNT content has been enriched by the
in situ hydrogen etching of small-diameter s-SWCNTs.
Figure S8 shows the typical transport behavior of a
bottom-gated field effect transistor based on as-
prepared He�H2-SWCNTs (details see SI.3). Figure S8c
shows histograms of the statistical on/off ratios of the
FETs fabricated using the He- and He-H2-SWCNTs,
which indicates that the content of m-SWCNTs in the

He-H2-SWCNT is higher than that in the He-SWCNT
sample.
The m-SWCNTs are less sensitive to molecular ab-

sorption and chemical gating because charge transfer
does not significantly affect the charge density at the
Fermi level.30 In the widely pursued use of SWCNTs in
flexible TCFs,11,31 metallic SWCNTs are highly desired
because s-SWCNTs may bring higher contact resis-
tance and more molecular absorption that lead to a
decay of TCF performance. Hersam et al.32 and Sun
et al.33 have verified this point using SWCNTs obtained
by the density gradient ultracentrifugation postsynthe-
sis separation technique.34�36 Accordingly, a film of
sorted metallic HiPco SWCNTs demonstrated a sheet
resistance of∼231Ω/sq�1 at 75% transmittance com-
pared with a sheet resistance of ∼1340 Ω/sq�1 for a
film of unsorted HiPco SWCNTs at the same trans-
mittance.32 However, these m-SWCNTs underwent
solution-based physical and chemical treatments,
which inevitably introduce defects and contaminants
and shorten the SWCNTs to submicrometer lengths.
Thus, we studied the transparency and electrical con-
ductivity of TCFs produced using the m-SWCNTs ob-
tained in this work.
To harvest the m-SWCNT TCFs, we put a rolled-up

aluminum foil at the downstream of the quartz tube
reactor before the FCCVD synthesis process.6,37 As-
grown SWCNTs were carried out from the high-
temperature zonebymixedheliumandhydrogengases
anddeposited and self-assembled into a thin filmon the
surface of the aluminum foil. After a low-temperature
oxidation treatment, the SWCNT filmwas transferred to
a polyethylene terephthalate (PET) surfaceby stamping38

and immersed in hydrochloric acid to remove residue
catalyst particles, followed by doping with HNO3 (for
details, see Figure S9). Finally, a SWCNT TCF was
obtained, as shown in Figure S10. The transferred
SWCNT TCF is 145 � 110 mm in size. Figure 4a shows
a typical SEM image of them-SWCNT TCF, which shows
a two-dimensional (2D) fishnet-like CNT network. The
sheet resistance of the TCFs with and without HNO3

doping is plotted against the transmittance of the TCFs
at 550 nm in Figure 4b and Figure S11. Sheet resis-
tances of 14, 27, 55, 84, and 160Ωsq�1 were obtained

Figure 3. Absorption spectra of the as-prepared SWCNT samples at (a) low-energy and (b) high-energy regions. (c) Calculated
contents of m-SWCNTs in these samples.
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for the HNO3-doped TCFs at transmittances of 52, 63,
77, 82, and 90%, respectively. Comparative experi-
ments were performed using the solution-filtered
m-SWCNTs and self-assembled He-SWCNTs. The per-
formance of these two TCFs is also shown in Figure 4b.
It can be seen that the self-assembled m-SWCNT TCF
demonstrates the best optical transparency and elec-
trical conductivity. This excellent optical transparency
and electrical conductivity can be attributed to the
enrichment of the metallic tube content, high quality
of the m-SWCNTs (as shown in Figures 4a and 2b), and
the uniform, pure fishnet-like network.
A comparison of the performance of our m-SWCNT

TCFs with previously reported CNT-based TCFs38�46 is
given in Figure 4c. It can be seen that the performance
of our m-SWCNT films is comparable with the highest
value ever reported,38,44,45 where super acid45 or poly-
mer ink44 treatment was conducted. The desirable
optical transparency and electrical conductivity of
our m-SWCNT films can be ascribed to the formation
of a 2Dmetallic nanotube network. A percolation value
of metallic tube areal density for the formation of a
connected network can be calculated by the formula
Fth = 4.2362/(πLCNT

2 ),47 where Fth is the percolation
threshold areal density of CNTs, and LCNT is the average
length. Since the mean length of our SWCNTs is longer
than 10 μm (Figure S7) and the content of the
m-SWCNTs is about 88% as described above, the

percolation threshold Fth for forming a 2D m-SWCNT
network was calculated to be ∼0.12 μm�2, which is a
very low areal density. As shown in Figure S12, the areal
density of our SWCNT TCF with a transmission of 95%
is ∼4 μm�2, much higher than the percolation thresh-
old Fth of 0.12 μm�2. This suggests that the 2D network
can be readily formed by connecting metallic tubes in
the TCFs, which accounts for their excellent optical
transparency and electrical conductivity.

CONCLUSIONS

We demonstrate that the type and diameter of
SWCNTs can be controlled by tuning the species and
amount of the carrier gas during FCCVD synthesis.
Under an optimum condition, samples containing
large-diameterm-SWCNTs and small-diameter s-SWCNTs
were obtained. When H2 was introduced as an etch-
ant, the small-diameter s-SWCNTs were preferentially
removed. According to the results of absorption
spectroscopy characterization, the content of the
m-SWCNTs reached about 88%. A TCF based on the
enriched m-SWCNTs was prepared by a simple self-
assembly method. Due to their high quality and desir-
able fishnet-like network, the TCFs showed excellent
optical transparency and electrical conductivity. There-
fore, these enriched m-SWCNTs may find potential
applications in high-performance transparent conduc-
tive devices.

EXPERIMENTAL SECTION

Synthesis of m-SWCNTs. In order to obtain the optimumgrowth
conditions yielding large-diameter m-SWCNTs and small-
diameter s-SWCNTs, we studied the effect of growth conditions
on the diameter and type of SWCNTs, including sublimation
temperature of the catalyst precursor, species and amount of
the carrier gas, the ratio of ferrocene to growth promoter, and
the concentration of the carbon source (for details, see Support-
ing Information (SI.1)). To selectively remove the small-diameter
s-SWCNTs, 300 sccm H2 was introduced as an etchant. In brief,
the m-SWCNTs were synthesized with a FCCVD method using
methane as carbon source, ferrocene as catalyst precursor,

sulfur as growth promoter, helium as carrier gas, and hydrogen
as etchant. Mixed ferrocene and sulfur powder was pressed into
a tablet and placed at the upstream of a quartz tube reactor
inside a horizontal tube furnace. Helium was used as the carrier
gas. When the furnace temperature reached 1000 �C, the mixed
ferrocene/sulfur tablet (S = 0.5 wt %) was moved to a position
with a temperature of 170 �C, and the sublimated matter was
transported into the reaction zone by a 500 sccm helium flow.
At the same time, 30 sccm CH4 and 300 sccm H2 flow were
introduced as a carbon source and an etchant. The as-grown
SWCNTs were carried to the downstream of the quartz tube
reactor and deposited on anAl foil. After growing for 30min, the

Figure 4. (a) Typical SEM image of the self-assembled m-SWCNT TCF. (b) Sheet resistance as a function of transmittance (at
λ = 550 nm) of the TCFs based on the self-assembled m-SWCNTs, solution-filtered m-SWCNTs, and self-assembled
He-SWCNTs. (c) Transmittance versus sheet resistance of our m-SWCNT TCFs and those made from typical CNTs with
excellent properties reported in refs 38�46.

A
RTIC

LE



HOU ET AL. VOL. 8 ’ NO. 7 ’ 7156–7162 ’ 2014

www.acsnano.org

7161

furnace was cooled down naturally to room temperature under
the protection of a He flow.

Characterization. The morphology, structure, and type of the
as-synthesized SWCNTs were characterized using SEM, TEM,
multiwavelength laser Raman spectroscopy, absorption spec-
troscopy, and FET measurements. The detailed sample char-
acterization processes are described in the Supporting
Information (SI.3).

TCF Fabrication. The Al foil with deposited m-SWCNTs was
oxidized at 350 �C for 2 h under ambient atmosphere. Then, the
SWCNT thin film was transferred to a PET substrate by pressing,
and this was then exposed to oxygen plasma to obtain a
hydrophilic surface. The SWCNTmembranewas then immersed
in hydrochloric acid to remove residual iron catalyst and rinsed
with water. The TCF was treated by dipping in a 67% HNO3

solution for 30 min. The optical absorption spectra and trans-
mittance of the CNT TCFs were recorded using a UV�vis�NIR
spectrometer (Varian Cary 5000). The sheet resistivity of the
TCFs wasmeasured by a four-point probemeter (4-probe tech.).
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