CIS

A RTTCUL E S

Published on Web 10/28/2009

Facile and Scalable Route for Highly Efficient Enrichment of
Semiconducting Single-Walled Carbon Nanotubes

Hanxun Qiu,’ Yutaka Maeda,* and Takeshi Akasaka*t

Center for Tsukuba Advanced Research Alliance, University of Tsukuba, Tsukuba,
Ibaraki 305-8577, Japan, Department of Chemistry, Tokyo Gakugei University, Tokyo 184-8511, Japan,
and PRESTO, Japan Science and Technology Agency, Chiyoda, Tokyo 102-0075, Japan

Received August 15, 2009; E-mail: akasaka @tara.tsukuba.ac.jp

Abstract: Purely semiconducting single-walled carbon nanotubes (s-SWNTs) with a narrow diameter
distribution have been produced for HiPco SWNTs. A facile technique combining microwave irradiation
with mixed-acid-assisted dispersion has proven efficient for enrichment of s-SWNTs. Using this process,
both electronic type-dependent (metallic versus semiconducting) and diameter-dependent separation of
SWNTs were simultaneously realized. By mildly controlling experimental conditions, metallic single-walled
carbon nanotubes (m-SWNTSs) and smaller s-SWNTs were preferentially removed, yielding purely diameter
distribution-narrowed semiconducting nanotubes. Furthermore, the chemical structure of carbon nanotubes
was restored after thermal annealing, as indicated by Raman and UV absorption investigations. The dual
effects of semiconducting enrichment and diameter distribution narrowing, along with facile procedures,
make this method promising for large-scale separation of SWNTs and therefore for industrial fabrication of

nanotube-based electronics.

Introduction

Sixteen years after their discovery, SWNTSs continue to
fascinate the scientific community, mostly because of the unique
electronic properties of s-SWNTs.'™* However, no pure
s-SWNTs over metallic counterparts have been obtained directly
from any synthetic procedure. That shortcoming of present
technologies extremely hinders further studies and especially
limits the scalable applications for promising electronics that
are widely believed to be the best candidates to surpass modern
silicon devices. Recently, efforts have particularly been under-
taken to examine separation of carbon nanotubes with the aim
of obtaining SWNTs of a single type through selective removal
of either metallic or semiconducting nanotubes based on the
small differences in their chemical structures. These studies
typically involve covalent or noncovalent chemical functionaliza-
tions’~'* and physical techniques.'*”'® Unfortunately, these
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methods suffer from shortcomings of introducing additional
unwanted contamination, complex operating procedures, un-
scalability, or poor feasibility, which render them useless for
achieving large-scaled separation of SWNTs required in practical
applications. A more facile and easily scalable approach aimed
at achieving full semiconductor yield and optimum-diameter
nanotubes is needed and desired.

Because of the advantages it presents over conventional
chemical approaches, a microwave-induced technique has been
introduced into carbon nanotube chemistry, by which products
with a high yield and purity have been obtained by virtue of a
rapid reaction rate and a small amount of solvent used.'®”*
Nevertheless, few reports in the relevant literature describe separa-
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tion of SWNTs using microwave-assisted technique. Recently,
selective destruction of m-SWNTs was achieved by microwave-
irradiating a randomly networked SWNT film based on the
different dielectric constants of m-SWNTs and s-SWNTs, !
The studies seem capable of destroying m-SWNTs, however,
because of the strong aggregation of nanotube bundles compris-
ing both m-SWNTs and s-SWNTs, the incomplete removal of
m-SWNTs, and damage to s-SWNTs neighboring heated
m-SWNTs during irradiation are unavoidable. That shortcoming
has become a major roadblock to the fabrication of nanodevices
based on pure s-SWNTSs with chemical and electrical integrities.

To overcome this intractable problem, exfoliation of SWNT
bundles and homogeneous dispersion of SWNTs of different
types are crucial. As a popular chemical reagent, acid mixtures
typically composed of nitric acid and sulfuric acid with different
ratios in volume have played a significant role in improving
the dispersibility and solubility of carbon nanotubes, as studies
of carbon nanotube chemistry have widely investigated.**
Unfortunately, little attention to date has been given to
understanding the effectiveness of the acids in separating
SWNTs deliberately, except for reports explaining the stronger
chemical reactivity of metallic tubes toward nitric acid.”® We
herein demonstrate a method of subtly integrating mixed acids-
assisted dispersion and microwave irradiation, which exhibits
a high effectiveness in enriching semiconducting carbon nano-
tubes. Through our study, the high efficiency of the proposed
method in obtaining enriched s-SWNTs was clarified for the
first time. The retained product contains nearly 100% s-SWNTs
and has a much narrower diameter distribution than the starting
material. More importantly, the resultant material exhibits
distinct characteristics of SWNTs after thermal annealing,
indicating better chemical and electrical integrity. Both are
important for high-performance electronics. These findings
demonstrate that the microwave irradiation-acids dispersion
assisted method is useful for effective enrichment of s-SWNTs.
Its simplicity and high efficiency make it promising for realizing
industrial fabrication of nanotube-based electronics.

Experimental Section

Microwave irradiation was done in a modified microwave oven
(500 W, 2450 MHz) with a water-cooling system and a water-bath
isothermal setup. For safety reasons, the microwave oven was
placed and operated within a fume hood. The water bath was used
to maintain the temperature of reactions to be performed under a
mild condition (100 °C) instead of running in a refluxing manner
as done for functionalizing or cutting nanotubes reported previously,
which played a key role in minimizing damage to s-SWNTs during
treatment.
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The starting SWNTs prepared by the high-presure carbon
monoxide chemical vapor deposition method (HiPco) were obtained
commercially from Carbon Nanotechnologies, Inc. Both the sulfuric
acid and nitric acid were purchased from Wako Pure Chemical
Industrial, Ltd. All chemical reagents were used as received, unless
otherwise stated. In a typical reaction, 97% H,SO, and 60% HNO;
were slowly mixed in a 1:1 volume ratio with stirring in an ice
bath so as to maintain the temperature close to room temperature.
(The acid mixture is highly corrosive and strongly oxidative.
Extreme care should therefore be exercised during handling.)
Subsequently, 3 mg of pristine SWNTs were added into a flask
containing 30 mL of the aforementioned acid mixture. The solution
was ultrasonicated for 10 min at room temperature in which SWNTs
were well dispersed and debundled; then the flask loading the
solution was placed in a preheated water bath (nearly boiling) and
subjected to microwave irradiation in the microwave oven for a
series of 5 min intervals of 0—30 min. The solution treated for a
different time was then carefully diluted with copious amounts of
deionized (DI) water while being cooled by an external ice bath,
and vacuum filtered through a 0.45 ym HA filter (Millipore Corp.,
Ireland). This process was repeated a few times until the filtrate
was neutral. To obtain free-standing flexible SWNT films, the solid
was resuspended in methanol by ultrasonication, and vacuum
filtered with a 0.2 um poly(tetrafluoroethylene) (PTFE) filter. After
the buckypaper-like SWNTs were obtained by peeling the PTFE
filter off atomatically with the slow vacuum filtration, they were
dried overnight at room temperature in vacuum. As a final step,
thermal annealing treatments were conducted at 900 °C under Ar
atmosphere for 1 h, and at 350 °C in air for 30 min, respectively,
to eliminate any remaining absorbate. Hereto, the samples were
prepared for characterization measurements as discussed below.

Raman spectra for films made of the treated carbon nanotubes
by filtration in vacuum were recorded using a spectrophotometer
(LabRAM HR-800; Horiba Ltd.) with laser excitations of 514.5
and 632.8 nm. The solution-phase optical absorption data of SWNTs
dispersed in THF were recorded using a spectrophotometer (UV-
3150; Shimadzu Corp.) with a 10-mm path length Pyrex cell.
Scanning electron microscope (SEM) observations were conducted
using a field emission electron microscope (accelerating voltage,
5.0 kV; beam current, 10 A, S-4800; JEOL) by fixing specimens
to the sample holder with a piece of adhesive carbon tape (DTM
9101; JEOL Datum). The I—V characteristics of SWNT mem-
branes were recorded by the two tungsten-probes using a
parameter analyzer (E5270B; Agilent Technologies Inc.). For
better comparing and analyzing the results, all of the nanotube
membranes were clipped into the same size of 20 x 20 mm?, and
fixed onto the sample stage for the following measurement. The
sheet resistance (R,) was estimated in the low-current-low-bias linear
regime. The average SWNT membrane thicknesses (f) were measured
using a surface profiler (Alpha-Step 1Q; KLA Tencor Corp.).

Results and Discussion

To determine whether a mixture contains m-SWNTs or
s-SWNTs, Raman scattering is a powerful tool by which both
the diameter-dependent resonance radial-breathing mode (RBM)
located at a lower frequency and the tangential mode (G-band)
at a higher frequency can provide important data related to
nanotube characteristics.’° 2% Known as a Kataura plot, both
metallic and semiconducting HiPco SWNTs can be probed
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Figure 1. RBMs of Raman spectra for the treated and pristine samples obtained respectively at a 514.5 nm (a), and a 632.8 nm excitation wavelength (b).
Raman spectra for the pristine and annealed s-SWNTs measured at a 514.5 nm wavelength (c). The inset shows magnified RBMs with the semiconducting

(pink) and the metallic (blue) regions.

simultaneously using 514.5 and 632.8 nm excitations.?*** The
semiconducting and metallic types of nanotubes are, respec-
tively, in resonance around 150—220 cm ™! and 220—300 cm™!
with a 514.5 nm excitation. In contrast, lower RBMs correspond
to m-SWNTs and higher ones to s-SWNTs with a 632.8 nm
excitation. Figure 1a presents RBMs of the Raman spectra for
pristine and resultant materials, as measured using laser excita-
tion of 514.5 nm. The well-defined Raman peaks immediately
after short-duration sonication and without microwave irradiation
yet (0 min) demonstrate highly dispersed and less-bundled
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SWNTs in acid solutions. Nevertheless, it is apparent that, with
increasing treatment time, Raman peaks located in higher RBMs
are gradually depressed, and even vanish completely, while the
lower peaks are better retained, compared to the RBMs for
pristine SWNTs shown at the bottom of the figure. The
disappearance of peaks related to m-SWNTs in higher RBMs
and the intensification of features for s-SWNTs at lower
frequencies strongly indicate the preferential elimination of
m-SWNTs and the consequent enrichment of s-SWNTSs during
the treatment. It is also observed that the lower peaks from
s-SWNTs were upshifted slightly. This is expected to result from
the charge transfer between carbon nanotubes and the absorbed
ions, as confirmed by the fact that the peak shift was recovered
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Figure 2. Optical absorption spectra of the pristine (black) and annealed
s-SWNTs (red) both suspended in tetrahydrafuran.

after the removal of absorbates by heat treatment (see Figure
Ic). Additionally, the enrichment of s-SWNTs is evidenced by
line shape changes of the G-bands in the Raman spectra for the
pristine and the annealed s-SWNTs obtained after 15-min
microwave irradiation and thermal treatment at 900 °C in Argon,
as shown in Figure 1c. By contrast, the broad and asymmetric
G-band described as a Breit—Wigner—Fano (BWF) line shape
attributed to m-SWNTs shown for the pristine SWNTs (black
line) is absent from the treated sample (red line). A much
narrower G-band with a 4 cm™! upshift is present instead,
providing further evidence of the substantial enrichment of
s-SWNTs in the resultant material.*®3' The same conclusion
can be validated by Raman spectra recorded at 632.8 nm, as
portrayed in Figure 1b. It is particularly interesting that, aside
from the absence of m-SWNT peaks at lower frequencies, with
increased treatment time, the smaller diameter s-SWNTs
resonated at high frequencies become gradually featureless,
while the larger s-SWNTs survived. This implies that smaller
s-SWNTs could be destroyed preferentially over larger ones by
prolonging reaction times during the treatment because of the
higher radius of curvature and strain in the C—C bonding
configuration. Raman spectra lend firm credence to the fact that
s-SWNTs with much narrower diameter distribution have been
enriched with the destructive removal of m-SWNTs and the
highly reactive small s-SWNTs using the proposed method.
Optical absorption spectra of the pristine and the annealed
s-SWNTs suspended in THF were measured to characterize the
electronic states of the enriched s-SWNTs. Figure 2 presents
the UV—vis—NIR absorption spectrum of the pristine SWNTs
(black curve). In accordance with previous reports, it displays
the energy transitions between the van Hove singularities of
the density of states, typically the first transition of s-SWNTs
(Sy1) around 1000—1600 nm, the second (S,y) in 550—1000,
and the first metallic transition (M;;) in 450—650.** The
functionalization of SWNTs is known to always cause a great
loss of their original electronic properties because of the
saturation of double bonds induced by additions, especially in
the case of heavy functionalization, showing no characteristic
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in absorption spectra.>**73> Unlike those functionalizations of
SWNTs, the mild experimental condition applied in our study
aiming at effective enrichment of s-SWNTs over metallic ones
makes the intrinsic electronic structure of the treated SWNTs
restored just followed a high temperature annealing step, as is
evidenced by the pronounced characteristic absorption peaks
shown in Figure 2 (red curve). In comparison with the spectrum
of pristine SWNTSs, however, the absence of My, transition of
the annealed s-SWNTs points to significant elimination of
m-SWNTs during processing. Another interesting observation
is the weakness of the peaks indicated by pink arrows and the
slight up-shifts of the S;; semiconducting transitions in the
absorption spectrum of the annealed s-SWNTs, indicating that
the diameter-distribution narrowing of s-SWNTs has indeed
occurred with the selective removal of smaller s-SWNTs. What
the absorption spectra demonstrated substantially accords with
the Raman data discussed above.

Additionally, two-point probe conductivity measurements of
membranes made up of the annealed and unannealed enriched
s-SWNTs, as well as the corresponding annealed pristine
SWNTs were performed to prove the effectiveness of the
enrichment further. Figure 3 depicts the current—voltage (I—V)
traces for those membranes. The measured membranes’ thick-
nesses were normalized to 60 um for comparison. The conduc-
tivities of the enriched s-SWNT films are greatly reduced (red
curve), compared to the annealed pristine film (black curve).
After annealing, the conductivity was increased slightly (blue
curve), indicating the removal of absorbed impurities and integrity
of nanotube structures. The calculated resistance of the annealed
s-SWNTs is about 1670 Q, which is 8 times larger than that of
the pristine SWNTSs (resistance of about 195 €2). Although some
experimental process might increase the resistance, the great loss
in conductivity measured for these samples, to some extent,
validates elimination of m-SWNTs and the enrichment of s-SWNTSs
during treatment, which qualitatively agrees with the Raman and
UV—vis—NIR results described above.

Results of this study underscore the effectiveness of the proposed
method in enriching narrow diameter distribution s-SWNTs. We
attribute the preferential elimination of m-SWNTs and small
s-SWNTs to the joint employment of acid mixture and microwave
irradiation performed under mild conditions. As reported previ-
ously, the acid mixture was the most commonly used reagent
for obtaining highly dispersed and debundled SWNTs.** Tt was
also capable of destroying chemically reactive nanotubes with
small diameters.>® Alternatively, the microwave technique
exhibited the selective destruction of m-SWNTs.'”'® In this
study, the acid mixture promoted the dispersion and exfoliation
of the bundled nanotubes immediately following a few minutes’
sonication. Long-duration sonication should be avoided in order
not to introduce more defects to the carbon walls and conse-
quently cut nanotubes into short ones. When microwave
irradiation was applied to the homogeneous solution containing
less aggregated SWNTs, both m-SWNTs and s-SWNTs were
discriminated sufficiently. To realize the highly efficient enrich-
ment of s-SWNTs with fewer defects, however, the mild
experimental condition conducted in the study is crucial because

(33) Bahr, J. L.; Yang, J. P.; Kosynkin, D. V.; Bronikowski, M. J.; Smalley,
R. E.; Tour, J. M. J. Am. Chem. Soc. 2001, 123, 6536-6542.

(34) Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi, D. M.; Holzinger,
M.; Hirsch, A. J. Am. Chem. Soc. 2002, 124, 760-761.

(35) Kamaras, K.; Itkis, M. E.; Hu, H.; Zhao, B.; Haddon, R. C. Science
2003, 301, 1501-1501.

(36) Ziegler, K. J.; Gu, Z. N.; Peng, H. Q.; Flor, E. L.; Hauge, R. H.;
Smalley, R. E. J. Am. Chem. Soc. 2005, 127, 1541-1547.



Enrichment of Semiconducting SWNTs

20

——Annealed pristine SWNTs
——8-SWNTs
= Annealed 5-SWNTs

Current (mA)

A a8 Al e o B
Voltage (V)

3

ARTICLES
5
—— Annealed pristine SWNTs
4 —:z‘:lN:;vWNTO

w

Current (mA)

0 -

0.0 0.1 0203 04 05 0.6 0.7 0.8 09 1.0
Voltage (V)

Figure 3. Current vs voltage (I—V) characteristics of SWNT membranes with a normalized thickness of 60 um.

Figure 4. Typical FE-SEM images of SWNT membranes: (a) the thermally
annealed s-SWNTs, (b) high magnification of the indicated area in (a), (c) the
pristine SWNTSs obtained by filtering their methanol solution, and (d) the well-
aligned s-SWNTs showing an excellent mechanical characteristic.

it plays a key role in the resultant products. For functionalization
of SWNTs, the characteristic peaks in RBMs of Raman spectra
were only slightly observed because of the introduction of
functional groups and loss of intrinsic properties of nanotubes
resulting from the microwave irradiation applied under high-
temperature conditions, even though the reaction proceeded for
a short time.”* Consequently, neither SWNT type-preferential
separation nor diameter-dependent elimination was observed.
Using an isothermal setup in the present case, the reactions
occurred mildly at lower temperatures and for longer treatment
times, which allowed carbon nanotubes of different types to be
well dispersed in acid solutions. They were therefore sufficiently
discriminated. After 15 min exposure of microwave irradiation,
which was found to be the optimum time for the reaction
considering both the yield and purity of the resulting s-SWNTs,
nearly all m-SWNTs were destroyed selectively into graphitic
fragments showing no SWNT characteristics. Meanwhile those
smaller s-SWNTs with highly chemical reactivity were also
attacked preferentially over the larger ones. Therefore, the
survived s-SWNTs were diameter-narrowed and retained with
minimal damage and maximal yield. Following simple filtration
and thermal annealing steps, highly enriched s-SWNTs were
finally obtained, exhibiting both electronic and mechanical
properties as the pristine SWNTs do. Figure 4 presents typical
SEM images of the pristine (Figure 4c) and obtained s-SWNTs
(Figure 4a), both of which were measured at the same
magnification for better comparison. As shown in Figure 4a,
we can find few distinct nanotubes or their bundles at such a
low magnification and resolution level of the device. In the

further magnified image of the area shown in Figure 4a,
however, well-defined nanotubes are visible (see Figure 4b).
The sizes of the nanotube bundles were much smaller than those
of the pristine SWNTSs shown in Figure 4c, revealing not only the
occurrence of the homogeneous dispersion and the disaggregation
of SWNTSs during the treatment. The size also suggests the high
efficiency of separating s-SWNTs from the metallic counterpart.
The excellent mechanical property is demonstrated by attempting
to rip apart the s-SWNTs bulky membrane with tweezers, as
revealed in Figure 4d. The well-aligned nanotubes without discon-
nection under external tensile force evidently validate that the
enriched s-SWNTs obtained using the proposed method retain the
intrinsic properties of carbon nanotubes, indicating the reliability
and feasibility of the method in enriching s-SWNTs.

Conclusions

In summary, microwave-assisted treatment of as-received
HiPco SWNTs suspended in mixed acids has proven to be an
effective method for enriching s-SWNTs through preferential
elimination of m-SWNTs. To the best of our knowledge, this
is the first report clarifying the effectiveness of this method for
SWNT separation. By applying microwave irradiation to an
acid-mixture containing highly dispersed SWNTs, not only nano-
tube-type dependent separation, the enrichment of s-SWNTs,
but also diameter-dependent sorting, the diameter-distribution
narrowing, can be achieved simultaneously using a simple step,
making this method much more viable for scaled-up future
applications. More importantly, the mild condition employed
minimized damage to the carbon nanotube sidewalls induced
during the treatment. It simultaneously improved the separation
efficiency: the enriched s-SWNTs retain good chemical and
electrical integrity. Accordingly, the proposed method integrat-
ing the enrichment of s-SWNTs and the diameter distribution
narrowing into one procedure is the most promising technique
for future s-SWNT-based electronics.
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