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he unique electrical and mechanical
T properties of single-walled carbon

nanotubes (SWCNTs) make them
ideal candidates for novel molecular de-
vices." Each (n,m) nanotube can be consid-
ered to be a distinct molecule with a unique
structure because the indices n and m
specify the unique manner in which a single
layer of graphite is rolled up seamlessly to
form the carbon nanotube.? Applications of
SWCNTSs in nanoscale electronic devices re-
quire large-scale synthesis of low-defect-
level tubes at specified (n,m) chirality. This
requirement has not been fulfilled by cur-
rent SWCNT production techniques and re-
mains one of the central challenges in
SWCNT research. All current SWCNT pro-
duction techniques inevitably result in sig-
nificant contamination. SWCNTs produced
by chemical vapor deposition (CVD) are
contaminated with transition metal resi-
dues and amorphous silica or other sup-
ports, MgO, etc. SWCNT growth also gener-
ates a great amount of carbonaceous
impurities, such as amorphous carbon, car-
bon nanoparticles, multiwalled carbon nan-
otubes (MWCNTs), and graphite. Physical
and chemical properties of SWCNTs are
strongly affected by these impurities. Vari-
ous techniques have been explored to pu-
rify SWCNTs.>™'" A hierarchical flowchart for
SWCNT purification was proposed by Had-
don et al® However, crystalline or dense
amorphous oxide supports are difficult to
remove without using strong acids such as
HF. Purification by HF or HNO,;, commonly
used in many purification procedures,'>'®
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ABSTRACT A mild, four-step purification procedure using NaOH reflux, HCl wash, and oxidation by 4 mol %

molecular oxygen at 500 °C was developed to purify single-walled carbon nanotubes (SWCNTs) with narrow

semiconducting (n,m) distribution produced from cobalt-incorporated MCM-41 (Co-MCM-41) in order to obtain

bulk low-defect-density nanotubes. Three key features of Co-MCM-41 allow this mild purification technique: (1)

ultrathin silica walls versus dense silica or other crystalline oxide supports are soluble in dilute NaOH aqueous

solution, which avoids the damage to SWCNTs usually caused by using HF treatment to remove catalytic supports;

(2) the small metallic particles are easily dissolved in HCl, a significantly milder chemical treatment compared to

HF or HNO; (3) the high selectivity to SWCNTs with negligible multiwalled carbon nanotubes or graphite, which

facilitates the removal of undesired carbon species by selective oxidation. The effectiveness of this purification

procedure was evaluated by high-resolution transmission electron microscopy, scanning electron microscopy,

Raman, UV-vis—NIR, and fluorescence spectroscopy, solution redox chemistry on fractionated (6,5) tubes, and

SWCNT-based field effect transistor device performance. The results demonstrate that Co-MC(M-41 catalyst not only

provides tubes with narrow semiconducting (n,m) distribution but also allows a mild purification procedure and,

therefore, produces SWCNTs with fewer defects.

KEYWORDS: single-walled carbon nanotubes - purification -

chirality - defect - MCM-41

introduces defect sites in the nanotubes,
which affect their performance in electronic
applications. Molecular oxygen oxidation
methods'®"” cannot remove MWCNTs and
graphite because they have higher oxida-
tion temperatures than that of SWCNTs. The
metallic alloys or metallic carbides such as
Mo carbide'® are difficult to remove with-
out introducing defects to SWCNTs by HF
treatment. Although applying strong tip
sonication to disperse SWCNTs in a solu-
tion followed by high-speed centrifugation
can produce a small amount of SWCNTSs for
research, the process has a low purified
tube yield. A large fraction of samples is dis-
carded in centrifuge residues. It is also
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difficult to scale up the sonication plus high-speed cen-
trifugation process for bulk production.

We have developed a catalyst system that incorpo-
rates single metal cobalt into the pore wall of MCM-41
mesoporous molecular sieves by isomorphous substitu-
tion of silicon. It can produce SWCNTs within +0.05
nm diameter distribution."®"2? A recent comprehen-
sive analysis shows that they have the narrowest (n,m)
distribution for semiconducting tubes reported so far.*
SWCNTs produced by Co-MCM-41 are not only uni-
form in diameter but also contain <10% amorphous
carbon and graphite and no detectable MWCNTs.2'>?
Moreover, the amorphous silica-based catalyst (with ul-
trathin silica wall at about 1 nm)** is soluble in dilute
NaOH aqueous solutions. A considerably less aggres-
sive chemical treatment for SWCNTs is required com-
pared to the use of HF treatment to dissolve dense silica
or other crystalline oxide supports. The small metallic
particles produced are easily dissolved in HCl, a signifi-
cantly milder chemical treatment compared to use of
HF or HNO;

In this study, we took advantages of these key fea-
tures and developed a four-step procedure to purify
SWCNTSs produced from Co-MCM-41. The effectiveness
of this purification procedure was evaluated by Raman,
UV-vis—NIR, and florescence spectroscopy, high-
resolution transmission electron microscopy (HR-TEM),
and scanning electron microscopy (SEM). Moreover, the
purified nanotubes were separated by the DNA-assisted
method to obtain single chirality enriched samples.?>2¢
The solution redox titration analysis of the (6,5)-
enriched fraction was studied.?” A SWCNT-based field
effect transistor (FET) was fabricated from purified tubes
to demonstrate their potential for electronic device ap-
plications, using a method described previously.?®

RESULTS AND DISCUSSION

Four-Step Purification Procedure. Three issues need to
be addressed in the purification of SWCNTs synthe-
sized from Co-MCM-41: removal of the silica that com-
prises the MCM-41 matrix, cobalt metal residues, and
amorphous carbon. HF treatment is commonly used to
dissolve silica. Gas-phase oxidation based on the idea of
selective oxidation may be used to remove amorphous
carbon, and various acid washing methods may be
used to eliminate metallic residues. Here we first dis-
cuss procedures we used in each purification step and
then rationalize the sequence of the multiple-step puri-
fication approach.

The first step was the removal of MCM-41, an amor-
phous form of silica of T nm thickness. HF is widely used
to remove dense amorphous silica, although it obvi-
ously introduces defect sites on SWCNTs.'*'> Two
methods of using HF to remove MCM-41 from as-
synthesized SWCNTs were tested in this study. One
was to sonicate as-synthesized SWCNTSs in 48 wt % HF
for 2 h in a bath sonicator, followed by filtering diluted

HF solution (<0.1 wt %), which contains the SWCNTs.
The other was to sonicate the SWCNTSs in a dilute 10 wt
% HF solution for 8 h, followed by filtration in an at-
tempt to minimize the damage to SWCNTs caused by
HF.

Raman spectroscopy was used to evaluate the differ-
ent purification procedures. Three features in Raman
spectra of SWCNTs of interest to this work are the ra-
dial breathing mode (RBM) below 400 cm ™', the
disorder-induced band (D) centered near 1300 cm ™,
and the graphite-like band complex (G) located be-
tween 1580 and 1600 cm ™', The G band of SWCNTs
has multipeak features for semiconducting and metal-
lic tubes because of the symmetry breaking of the tan-
gential vibration when the graphite sheet is rolled.?®
Usually, the semiconducting tube line can be fitted with
a Lorentzian line shape, while the metallic feature is
usually fit using a Breit—Wigner—Fano (BWF) line
shape.?® The D band is used for characterization of de-
fective or functionalized sites, but no systematic study
has been carried out to correlate the presence of the D
band with specific defect sites (such as heteroatoms, va-
cancies, heptagon—pentagon pairs, kinks, the pres-
ence of impurities, etc.). 2° The Raman scattering inten-
sity (especially that of RBM peaks) becomes much
higher when the excitation energy (E,,.o, = hv,)
matches allowed electronic transitions of SWCNTs dur-
ing resonance Raman scatterings.”®

Raman spectroscopy studies (not shown) indicated
that both HF treatment methods greatly increased the
intensity and width of the D band in Raman spectra of
purified SWCNTs, suggesting that SWCNTs were dam-
aged by these HF treatments. Although the defects
caused by HF treatments may prove useful for SWCNT
functionalization, for better FET performance, SWCNTs
without significant defects are desired.

A milder treatment using T M NaOH to remove
MCM-41 silica was selected. About 1 g of as-synthesized
SWCNTs was mixed with 500 mL of 1 M NaOH solution
(20 g of NaOH, 250 mL of H,0, and 250 mL of ethanol)
and refluxed for 1 h, followed by filtration. The carbon
film collected on the 0.4-pm pore nylon membrane fil-
ter was redispersed in a new batch of 500 mL of 1 M
NaOH solution. After the second 1 h reflux followed by
filtration, the silica was successfully removed, as ob-
served in the TEM images shown in Figure 1. Figure
1C,D (samples after silica removal by NaOH) show the
presence of cobalt clusters. The cobalt concentration in
SWCNT samples after the silica MCM-41 removal is
very high (up to 23.5 wt %). Cobalt clusters in intimate
contact with SWCNTs are known to act as oxidation
catalysts in the presence of oxygen, lowering the oxida-
tion temperature of SWCNTs.3" This affects the effi-
ciency of the amorphous carbon removal process by se-
lective oxidation. Indeed, SWCNTs attached with cobalt
residues were destroyed in the presence of oxygen,
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Figure 1. TEM images showing the structure of SWCNTSs: (A,B) as-
synthesized SWCNT bundles with Co-MCM-41 catalysts, (C,D) SWCNT
bundles with cobalt clusters after silica removal, and (E,F) SWCNT

bundles purified after the second HCl wash.

even at 250 °C. Therefore, the second step of our purifi-
cation procedure was to eliminate cobalt residues.

H,SO,, HNO,, HF, and HCl have been used by re-
searchers to remove metallic residues.”®™"® Usually,
strong oxidative acids such as H,SO,, HNO;, and HF
are required for large metal particles covered by thick
graphite carbon layers, and they introduce many defect
sites and carboxyl groups on side walls of SWCNTs af-
ter acid washes."?"'> Because Co-MCM-41 produces
smaller metal particles,?* we expected that a less oxida-
tive acid, HCl, could be used. After the first HCl treat-
ment, cobalt clusters originally exposed to the atmo-
sphere, which could act as catalysts for SWCNT
oxidation under oxygen treatment, were eliminated.
An oxidation treatment is then possible to remove the
amorphous carbon species deposited during SWCNT
synthesis and minimize the loss of valuable nanotubes.
However, other Co clusters covered by thick layers of
carbon, either amorphous or graphite, cannot be re-
moved in the first HCl treatment. Carbon layers cover-
ing cobalt clusters must be removed in order to make
the clusters accessible to HCI.

www.acsnano.org

In order to optimize the selective oxida-
tion treatment, we studied the efficiency of us-
ing 4% O, in He to remove amorphous car-
bon. Many gas-phase oxidation methods have
been explored by researchers.®'® The key
problem, as pointed out by Haddon et al.2 is
that the metal particles catalyze low-
temperature oxidation of carbon indiscrimi-
nately, resulting in destruction of SWCNTs.
About 50 mg of Co-MCM-41 samples contain-
ing SWCNTSs was loaded into a quartz tube
placed inside a tubular furnace. Helium was
flowed through the tube, and the tempera-
ture of the furnace was ramped up to the de-
sired temperature (from 250 to 700 °C). Then,
4% O, balanced to 1 atm by He was intro-
duced for 30 min at a flow rate of 50 sccm. Af-
ter oxidation, the samples were cooled in He
to room temperature and analyzed by Raman
spectroscopy. Figure 2A shows Raman spectra
of as-synthesized SWCNT samples after oxida-
tion at different temperatures.

We initially intended to use thermal gravi-
metric analysis (TGA) to quantify different car-
bon species. However, TGA is not successful
due to the interference of cobalt residues at-
tached to nanotubes.?' To assess the efficiency
of amorphous carbon removal by oxidation,
two quality indices were calculated from the
Raman spectra: RBM/(D+G) and D/G.
Researchers®?32 have proposed that the inten-
sity ratio of D and G bands (D/G) is related to
the sp? carbon cluster sizes in the graphite
sheet and is nearly proportional to defect site
density. However, an accurate quantitative
method to determine the concentration and the qual-
ity of SWCNT from Raman spectra is still not available.
The resonance effects on the Raman spectra make it
hard to calibrate the intensity of RBM with the concen-
tration of SWCNT in samples. Moreover, the relationship
between the D band and specific defect types is still un-
clear, and defect components could be either resonant
or nonresonant. In the present study, all SWCNT
samples had about the same SWCNT chirality distribu-
tion (shown in fluorescence and absorption spectros-
copy analysis) and the same amount and type of de-
fects before the oxidation treatment. Therefore, any
change in SWCNT structure and defects caused by oxi-
dation can be directly correlated with the changes in
the intensities of RBM and D bands. Thus, the ratio be-
tween the integrated areas of the RBM and the sum of
D and G bands (RBM/(D+@G)) were used to evaluate the
amount of SWCNTs remaining in the sample after oxi-
dation. The area ratio between the D and G bands
(D/G) was used as an indication for the amount of
amorphous carbon in the sample.
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Figure 2. (A) Raman spectra of SWCNTs on Co-MCM-41 after oxida-
tion by 4% O, for 30 min at different temperatures. (B) Correlation
between SWCNT quality indices and oxidation temperature.

iC

The correlation between the two quality indices
and the oxidation temperatures is shown in Figure 2B.
The RBM/(D+@) ratio increased with the oxidation tem-
perature from 250 to 500 °C. At higher oxidation tem-
peratures, the RBM/(D+G) ratio began to decrease as
the oxidation temperature increased. On the other
hand, the D/G ratio continually decreased at increasing
oxidation temperatures below 500 °C. However, there
was a slight increase in D/G ratio as the oxidation tem-
perature increased above 500 °C, followed by decreases
again at 700 °C. The change can be explained on the ba-
sis of the different oxidation temperatures for different
carbon species. Nanotubes are harder to be oxidized
than amorphous carbon. At temperatures below 250
°C, only amorphous carbon was removed, and SWCNTs
were not attacked. The RBM intensity, reflective of
SWCNTs, did not change, while the D band, correlated
with amorphous carbon, decreased. The G band, corre-
lated with ordered carbon in SWCNTs and graphite, also
remained unchanged after oxidation at low tempera-
tures. Thus, there was an increase of RBM/(D+G) ratio
and a decrease in D/G ratio in Figure 2B. When the tem-
perature was higher than 500 °C, oxidation of SWCNTs
resulted in the decrease of the RBM/(D+G@G) ratio. The

) VOL. 1 = NO.4 = CHEN ET AL.

oxidation of SWCNTs could introduce defects on the
side wall or convert them completely to CO,. These de-
fects and/or production of amorphous carbon would in-
crease the D/G ratio. At 700 °C, both SWCNTs and amor-
phous carbon were oxidized quickly. However, graphite
is not attacked until around 900 °C.2* The fast removal
of amorphous carbon causes the D/G ratio to decrease
again. Considering the balance between amorphous
carbon removal and oxidative damage to SWCNTs, oxi-
dation in 4% O, was an effective treatment for cleaning
amorphous carbon from our SWCNT samples at tem-
peratures between 400 and 500 °C.

Since oxidation in 4% O, at 500 °C was shown to re-
move most of the amorphous carbon, as indicated by
the Raman spectrum in Figure 2, this oxidative treat-
ment was applied after MCM-41 and Co removal. Be-
cause each oxidation treatment unavoidably damages
some tubes, a single oxidation step is preferred to mini-
mize SWCNT damages. A recent X-ray absorption spec-
troscopy study on the mechanism of cobalt clusters
growth on Co-MCM-41 catalysts*>3® indicated that the
amorphous carbon most likely forms on large metallic
cobalt species resulting from the fast reduction and mi-
gration of Co®>* and surface Co®" species in the cata-
lyst. After oxidation in 4% O,, cobalt clusters covered by
amorphous carbon are exposed to the atmosphere,
and thus should be easily removed by a second HCI
treatment.

Therefore, the complete purification process devel-
oped in this study consists of a four-step procedure:

(1) as-synthesized SWCNTs are refluxed in 1 M NaOH so-
lution twice for 1 h each to remove silica, followed by fil-
tration; (2) the carbon products collected on the filter
are then dispersed in 37% HCl solution and refluxed for
8 h, followed by filtration; (3) the carbon collected from
filter is then oxidized by 4% O, at 500 °C for 30 min to
remove the amorphous carbon covering the metallic
cobalt clusters; and (4) the products after oxidation are
refluxed in 37% HCl solution for 8 h to remove cobalt
residues exposed after the oxidation treatment.

Evaluation of Purification Procedure. As-synthesized
SWCNTs and samples after each purification step were
characterized by TEM, SEM, Raman, UV-vis—NIR ab-
sorption, and fluorescence spectroscopy to evaluate
the performance of each purification step. The TEM im-
ages in Figure 1 show that the silica is completely re-
moved by NaOH wash. After silica removal, SWCNTs
were contaminated by cobalt clusters. Most of the co-
balt residues were removed after the double HCl wash.
SEM images in Figure 3 were taken directly from carbon
films coated on filters after different purification steps.
They are consistent with the TEM images. Figure 3A,D
(samples after silica removal by NaOH) show many
white spots, indicating the presence of cobalt clusters
(as confirmed by elemental analysis). After the HCl treat-
ment, most of white spots disappeared, as shown in
Figure 3C,E. Energy-dispersive spectrometry (EDS) data
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Figure 3. SEM images of SWCNT samples during purification: (A) after
silica removal by NaOH, (B) after the first HCl wash, and (C) after the
second HCl wash. (D,E) Higher resolution images of (A) and (C), respec-

tively.

from SEM images were used for both qualitative el-
emental identification and semiquantitative composi-
tion estimates. The results of the compositional analy-
sis are shown in the Supporting Information, Figure S1.
After silica removal, the sample contained as much as
23.5 wt % cobalt residues. After the first HCl wash, the
cobalt concentration only dropped to 18.4 wt %, indi-
cating that most of the cobalt clusters were covered by
carbon and not accessible to HCI. After oxidation and
the second HCl wash, the cobalt concentration dropped
to 2.2 wt % or 0.5 atom %, indicating that oxidative re-
moval of the carbon covering cobalt clusters was effec-
tive and that those cobalt clusters exposed were re-
moved by the second HCl wash. The remaining 2.2 wt
% cobalt consists most likely of cobalt particles covered
with graphite, which cannot be eliminated by selective
oxidation followed by HCl treatment and require other
purification methods. The silicon concentration was ap-
proximately 0.2 wt %, showing that silica was almost
completely removed. EDS indicated that the final puri-
fied SWCNT samples consisted of 88.1 wt % of carbon
and about 6.7 wt % oxygen. Oxygen signals most likely
originate from hydroxyl or carboxyl groups introduced
to the SWCNT surface during purification and from the
water adsorbed in the sample.

Figure 4 shows Raman spectra recorded after each pu-
rification step. Purified carbon films on filter papers show
more intense RBM peaks compared with those from as-
synthesized catalyst powers. (7,5) tubes may contribute
significantly to the RBM peak shown in Figure 4 at

www.acsnano.org

266 cm ™', because they are the most abun-
dant semiconducting tubes identified in fluores-
cence spectroscopy. The Raman excitation en-
ergy (at 532 nm) is also close to their allowed
electronic transitions. Minor changes were ob-
served in Raman spectra recorded after each
subsequent purification treatment, which dem-
onstrate that the final purification procedure did
not produce significant defects in the SWCNT
(no significant D band increase) and that the
SWCNT structure was well preserved (insignifi-
cant RBM changes). The intensity of BWF line
shape (G band) changes among samples as
shown in Figure 4. The BWF component was ini-
tially found to be intrinsic to individual metallic
SWCNTs.*” It also changes due to bundling/de-
bundling effects.>® For the four-step purification
procedure, tubes are all bundled. Neither metal-
lic nor semiconducting selectivity is found in
neither UV-vis—NIR nor florescence spectros-
copy. We reason that the change of BWF com-
ponents in Figure 4 is due to the electron dona-
tion and withdrawal from metallic SWCNTSs
during NaOH and HCI treatments. Similar phe-
nomena have been reported previously. *°
There are still no standard methods to ac-
curately evaluate the purity of SWCNT
samples. Haddon et al.*® proposed solution-phase NIR
spectroscopy to quantitatively compare the purity of
bulk SWCNT materials. Several issues, however, compli-
cate this method. First, there are no defect-free SWCNT
reference samples available. This means that NIR cannot
give an absolute determination of SWCNT purity, but
rather a relative comparison among samples. Second,
a more serious problem is that the interband electronic
transitions of SWCNTs change drastically following
chemical functionalization of SWCNTSs that can occur
during dispersion in solutions,* oxidation by acids or
doping by halogens, and even the physical environ-
ment such as a high pressure.*? Although the S,, tran-

RBM

G band
! : h
266 cm’ for (7,5)

(5) 2nd HCI reflux

(4) after oxidation

Intensity,a.u.

(3) 1st HCI reflux

(2) after silica removal

(1) as-synthesized
™ D band

200 400 600 800 1000 1200 1400 1600
Raman shift, cm™

Figure 4. Raman spectra of SWCNT samples after different
purification steps.
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Figure 5. (A) Solution-phase UV-vis—NIR spectra for SWCNT samples
at different purification stages. (B) Purity index (AA(S)/AA(T)) of
SWCNT samples. Labels (1)—(5) correspond to the sample numbers in
Figure 4.

sition of SWCNT may be less susceptible to incidental
doping,*° the effect of purification procedures involv-
ing oxidation by acids and dispersion in solutions on
the S,, transition is still unclear. Clarifying these issues
is beyond the scope of this study. To assess defect lev-
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els, we simply adopted a modified method suggested
by Haddon et al.,* utilizing the S,, interband transition
for purity evaluation. UV-vis—NIR spectra of SWCNT
samples at different purification stages are shown in
Figure 5A. The region between two dotted lines is the
S,, interband transition for tubes identified in SWCNTs
produced on Co-MCM-41. AA(T) is the total area of the
S,, band including SWCNTSs and carbonaceous impurity
contributions. AA(S) is the area of the S,, spectral band
after linear baseline correction. *° A purity index ratio
AA(S)/AA(T) from the S, bands of SWCNT samples is
shown in Figure 5B. The as-synthesized SWCNTSs have
an index of 0.11, compared with SWCNTs having an in-
dex ratio of 0.057 and 0.095 in ref 43. After silica re-
moval, HCl wash, and oxygen oxidation, the purity in-
dex increases to 0.15, suggesting that some
carbonaceous impurities have been removed. After
the second HCl wash, the purity drops back to 0.105.
This change may result from defect sites introduced in
the HCl wash. However, the effect of acid wash on the
S,, interband transition also cannot be ruled out. More
information about the defect level in our samples was
studied in solution redox reactions, as discussed below.
One of the key advantages of SWCNTs produced
from Co-MCM-41 is that they have a narrow semicon-
ducting (n,m) distribution. 2*> This provides a good start-
ing material for separating SWCNTs by chirality and
various electronic device fabrication. We applied fluo-
rescence spectroscopy to monitor the chiral distribution
of semiconducting tubes during the purification proce-
dure. Figure 6 illustrates the two-dimensional fluores-
cence-excitation map for the aqueous dispersion of
SWCNT samples at different purification stages with ex-
citation scanned from 300 to 850 nm and emission col-
lected from 900 to 1600 nm. The resonance behavior

10,5
(10,5) ori B

08 g6

(8,7)
(9,5)

(10,2)
(8.3)
(7.5 0

(6,5)

-

Figure 6. Fluorescence intensity map as a function of excitation and emission wavelength for SDBS-micellarized SWCNTSs in
D,0 at different purification stages: (A) as-synthesized, (B) after silica removal by NaOH, (C) after the first HCl wash, (D) af-

ter oxidation, and (E) after the second HCl wash
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of both excitation and emission events results in spikes
corresponding to the transition pair from individual
(n,m) SWCNTs. (n,m) assignment on the map is based
on previous experimental and theoretical studies.****
Figure 6 shows that narrow chirality distribution
SWCNTs were produced on Co-MCM-41. Five spectra
were recorded at the same intensity scale, and the simi-
lar spectral patterns also indicate that the chirality dis-
tribution is not altered during our purification steps.

Overall, the four-step purification procedure used
in this study provides purified SWCNTs with a narrow di-
ameter distribution for applications where this is re-
quired. It is the special properties of the Co-MCM-41
catalyst that make this purification procedure feasible.
First, MCM-41 is composed of amorphous silica, and the
walls are very thin, about 1 nm. 2* Compared with
dense silica or other crystalline oxide supports used in
many other SWCNT synthesis methods, MCM-41 silica is
much easier to remove by milder treatments than HF
treatment. This helps to minimize the defects produced
during HF treatment. Second, Co-MCM-41 produces sig-
nificantly fewer large metallic particles, as discussed in
our previous report.* Small metallic clusters in Co-
MCM-41 minimize the production of MWCNTs and
graphite, which was confirmed by TGA of the as-
synthesized samples.>* MWCNTs and graphite cannot
be removed easily from SWCNTSs by selective oxidation.
Third, small cobalt clusters can be removed by milder
acid treatments. The metallic alloys or metallic carbides
are difficult to remove without damaging SWCNTs
through strong oxidative acid treatments.

Chiral Separation and Redox Titration Analysis. Separation
of SWCNTs by chirality to obtain SWCNT samples with
a single chirality type is crucial for many potential appli-
cations and fundamental studies that require defined
SWCNT structures. A DNA-assisted separation method
may solve this problem.?>?° It should be simpler to ob-
tain a single (n,m)-type tube from a starting material
with a narrow chirality distribution, which contains lim-
ited tube types, than from samples having tubes of
many different chiralities. SWCNTs grown on Co-
MCM-41 show a narrow chirality distribution, as con-
firmed by fluorescence measurements. The purified
SWCNT samples were processed in an attempt to sepa-
rate tubes by chirality.

The DNA separation method is based on the fact
that a particular single-stranded DNA (d(GT),, n =
10—45, G is guanine, T is thymine) self-assembles into
an ordered supramolecular structure around individual
SWCNTs. For metallic tubes, the discrete negative
charges on the DNA create an electrostatic field along
the tube axis, which induces a positive screening image
charge in the nanotube. As a result, the net linear
charge density of the DNA—SWCNT hybrid is reduced
from that of the DNA wrap alone. For semiconducting
tubes, the lower polarizability of the nanotube, com-
pared with that of the surrounding water, results in an
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Figure 7. UV-vis—NIR spectra demonstrating the separation
of SWCNTs from Co-MCM-41 by chirality using a DNA-
assisted method. The trace labeled as “Purified SWCNTs”
was the unfractionated starting SWCNT solution. Traces la-
beled f25, f35, f50, and f65 were from different fractions of
anion-exchange chromatography. The inset shows an image
of fractions f25 and f50.

increase in the effective linear charge density of the
DNA—SWCNT hybrid relative to that of the DNA wrap
alone, based on an image charge analysis for adjacent
dielectrics. This fundamental difference provides a way
to separate them by using ion-exchange chromatogra-
phy. SWCNTs with different chiralities can be enriched
in different fractions of a solvent by passing through the
ion-exchange column, because of their different inter-
action with the chromatography column.

Purified SWCNTs were processed as described in
the Methods section. Different fractions from the anion-
exchange chromatographic separation were analyzed
by UV-vis—NIR spectroscopy, as shown in Figure 7.
Based on the empirical Kataura plot developed by Weis-
man et al.,*® fraction f25 had two major pairs of (S;,5,,)
peaks. They were (6,5) at (992 nm, 574 nm) and (8,3) at
(967 nm, 674 nm). Fraction f35 had two strong peaks
from metallic tubes at 458 and 507 nm. The strongest
(511, 25) pair in fraction f50, at (1040 nm, 653 nm), was
from (7,5). The peak at 1131 nm was probably from an
overlap of S;; from (7,6) and (8,4) with corresponding
S,, at 731 and 597 nm, respectively. Fraction f65 was
enriched with a single chirality of (8,4) at (1128 nm, 597
nm). Intensity comparison suggested that the major
species in SWCNTs produced on Co-MCM-41 were (7,5),
(7,6), and (8,4).

Redox titration analysis of fractionated SWCNT was
used to estimate their defect levels.?” For optically the
same amount of (6,5) tubes from Co-MCM-41 and com-
mercial available CoMoCAT SWCNTs, (6,5) is the only
chiral type that we can purify from both samples at the
present time; we found that the former has ~20% less
reducing equivalent than the latter. Since the number
of reducing equivalents is determined by the number of
valence electrons, the redox titration result indicates
that Co-MCM-41 SWCNTs yield higher optical density
per valence electron. This result can be interpreted
qualitatively using the simple classical oscillator model.
For a given oscillator, its imperfection (or defect level) is
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Figure 8. Transfer characteristics of a SWCNT-FET. The open
and solid curves are forward and backward voltage scans, re-
spectively. The bias was 0.5 V. Inset shows the schematic
cross section of the SWCNT-FET device.

described by a quality factor Q, which determines the
amplitude of oscillation. The higher the Q value, the
higher the oscillation amplitude. We treat defects as im-
perfections that lower the Q value. A change in SWCNT
redox potential, which is determined by the electronic
structure, may affect redox titration. Since in both UV-
vis—NIR absorption and fluorescence measurements,
no noticeable changes in the E,, and E,, position of the
tubes in our samples were observed, we reason that
the electronic structure and redox potential of tubes
are not different from those synthesized/purified by
others. On the basis of this model,?” it suggests that va-
lence electrons in the Co-MCM-41 SWCNT have higher
Q values, and therefore the material itself has lower de-
fect levels.

Fabrication of SWCNT-Based FET. The fabrication of
SWCNT-based field-effect transistors (SWCNT-FETSs) is a
promising application of SWCNTs. Purified SWCNT
samples from Co-MCM-41 after the second HCl wash
were tested for preliminary device demonstration.
SWCNTSs were dispersed by sonication in dichloroet-
hane and then spread on a substrate with predefined
electrodes. The inset in Figure 8 shows the schematic
cross section of the SWCNT-FET. The device has tita-
nium source and drain electrodes separated by 300 nm
on top of 10 nm SiO,, and a Si backgate.”® The typical
device transfer characteristics (/45 vs V) at Vg4, = 0.5V,

METHODS

The Co-MCM-41 catalyst was prepared following the proce-
dure described previously.'? The reducibility of cobalt in Co-
MCM-41 was found to be highly sensitive to synthesis param-
eters (such as pore size of MCM-41, pH, and silica source
used).2**? One optimized synthesis condition was used to pro-
duce C16-Co-MCM-41 (C16 chain surfactants were used) with 1
wt % cobalt loading (analyzed by inductively coupled plasma
(ICP) at Galbraith Laboratories, Inc.), showing a high structural or-
der with an average pore diameter of 2.85 and 0.1 nm full width
at half-maximum pore size distribution (by BJF method®*?). Co-
balt reduction showed a single peak in the temperature-

M) VOL. 1+ NO.4 = CHEN ETAL.
-

N
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measured under ambient conditions at room tempera-
ture, are shown in Figure 8. The open and solid curves
represent forward and backward voltage scans, respec-
tively. It demonstrates a high subthreshold swing S =
dV,/d(log 1) at 275 mV/dec. The current Iy, is 0.38 WA,
which is significantly improved compared with those
obtained with previous devices.*” The hysteresis shown
in Figure 8 can be attributed to the charge trapping by
water molecules around the nanotubes, as suggested
by Kim et al.*® Unlike conventional transistors made
from bulk materials, SWCNT-FETSs are sensitive to their
environment.?® Defects in SWCNTs compromise their
performance. Large-scale production of high-purity
SWCNTSs without defects is desirable. This preliminary
result suggests that SWCNTs synthesized using Co-
MCM-41 and purified as described here with high pu-
rity and minimized defects show potential for electronic
device applications.

CONCLUSION

A four-step purification procedure using 1 M NaOH
reflux, 37 mol % HCl wash, and oxidation by 4 mol %
molecular oxygen at 500 °C was developed to purify
SWCNTs from Co-MCM-41. SWCNTSs have a narrow di-
ameter distribution, and the major semiconducting spe-
cies are (7,5), (7,6), and (8,4). Special properties of the
Co-MCM-41 catalyst enable this purification procedure.
Unlike dense silica or other crystalline oxide supports,
amorphous silica of 1 nm thickness comprising the wall
of MCM-41 can be dissolved in a mild NaOH reflux,
which avoids the damage of SWCNTSs usually caused
by HF treatment. Small metallic clusters produced in Co-
MCM-41 minimize the production of MWCNTs and
graphite. Cobalt clusters can be removed by a mild
HCI treatment combined with selective 4 mol % molec-
ular oxygen oxidation at 500 °C without damaging
SWCNTSs through strong oxidative acid treatments. Pu-
rified SWCNTs were separated into single chirality-
enriched fractions using a DNA-assisted method. The
redox test performed on (6,5) tubes suggests a low de-
fect level. SWCNT-FETSs fabricated using purified tubes
indicate that the SWCNT device has a high subthresh-
old swing at 275 mV/dec and a current /4, at 0.38 pA,
exhibiting potential for electronic device applications.

programmed reduction (TPR) experiment, with the temperature
of maximum reduction rate at 808 °C.>*

The starting SWCNT samples were obtained on Co-MCM-41
by an optimized synthesis method described in previous
publications.?"?? For a typical batch, 200 mg of fresh Co-MCM-41
was heated to 500 °C and reduced isothermally for 30 min in
flowing hydrogen at 1 atm. After prereduction, the catalyst was
purged with argon and then heated to 800 °C in flowing argon.
CO (99.5% from Airgas) was introduced at 6 atm to grow SWCNT
for 1 h. The CO feed was first passed through a carbonyl trap to
eliminate iron pentacarbonyl originating from the CO container.

Five synthesis batches, weighing about 1 g, of Co-MCM-41
loaded with carbon were mixed. The total carbon loading on
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the catalyst is about 1.25 wt % from 1 wt % Co loading catalyst.
The MCM-41 template, cobalt clusters, and carbonaceous impu-
rities were removed by a sequence of purification procedures.
Fifteen weight percent of total carbon products were lost dur-
ing purification steps due to the oxidation of amorphous carbon
and residues left on filter papers. On average, we obtained 10
mg of purified SWCNTSs from 1 g of catalysts. Details of each pu-
rification procedure are given in the Results and Discussion sec-
tion. After each purification step, SWCNTs were characterized
by TEM, SEM, Raman, UV-vis—NIR, and fluorescence
spectroscopy.

High-resolution TEM images of SWCNTs were collected on a
Tecnai F20 200 kV microscope from Philips. The solid samples
were dispersed in ethanol by sonication, and 0.05 mL of this sus-
pension was dropped on a copper mesh coated with an amor-
phous holey carbon film. The ethanol evaporated prior to the
TEM analysis.

Experiments in this work showed that purified SWCNTSs had
enough conductivity to avoid electrical charge buildup; thus,
they were not coated with gold. SEM images of purified SWCNTs
were obtained using EDS collected with an EDAX Phoenix Pro
EDS/imaging system (EDAX, Mahwah, NJ) on a JEOL JXA-8600
electron microprobe (JEOL, Peabody, MA). EDS data were used
for both qualitative element identification and semiquantitative
compositional estimates. All images were collected at an acceler-
ating voltage of 10 kV. Beam currents ranged from about 275
pA for higher resolution images to about 5 nA for EDS
acquisitions.

Raman spectra of SWCNTs were recorded using an excita-
tion wavelength of 532 nm on a LabRam instrument from Jobin
Yvon Horiba equipped with an Olympus confocal microscope.
Generally, the laser beam was focused on the sample with a 50X
microscope objective (laser spot size =~ 1-2 um). An exposure
time of 15 s with three spectra accumulations was used on as-
synthesized SWCNT samples. A shorter exposure time was used
on purified SWCNTs to avoid Raman signal saturation. As-
synthesized SWCNT samples were first ground into a homoge-
neous powder and then pressed into thin wafers. Purified
SWCNTSs were measured directly on carbon films coated on 0.4
wm pore nylon filters after filtration. Raman spectra were ac-
quired from five randomly selected spots to confirm the sample
homogeneity and the reproducibility of the spectra.

The quality of SWCNTSs was also evaluated by UV-vis—NIR
spectroscopy modified from the method proposed by Haddon
et al*® Ten milligram samples of different SWCNTs were sus-
pended in 20 mL of 1% sodium dodecyl benzenesulfonate
(SDBS)/D,0 (99.9 atom % D, Sigma-Aldrich) solution and soni-
cated using a cup-horn ultrasonicator (SONICS, VCX-130) at 20
W for 30 min. After ultrasonication, the suspension was centri-
fuged for 1 h at ca. 53000g to obtain a stable and semitranspar-
ent SWCNT dispersion. The UV-vis—NIR absorption spectra were
measured on a Varian Cary 5000 UV-vis—NIR spectrophotome-
ter. The (n,m) distribution of SWCNTSs was monitored using a fluo-
rescence spectrometer. Fluorescence spectroscopy measure-
ments were conducted on a Jobin-Yvon Nanolog-3
spectrofluorometer equipped with an InGaAs near-infrared
detector.

Purified SWCNTs were processed to be separated by chiral-
ity. About 1 mg of single-stranded DNA d(GT),, mixed with 1
mg of the purified SWCNTs was sonicated for 120 min at a power
of 8 W to yield 0.2-0.4 mg/mL DNA—SWCNT solution. Insoluble
materials were removed by centrifugation, which also removed
any remaining metal particles present.?” Different fractions from
anion exchange chromatography separation were analyzed by
UV-vis—NIR spectroscopy. In order to probe the defect level in
SWCNT samples, a (6,5)-enriched fraction was studied in redox ti-
tration. For comparison, the (6,5)-enriched fraction was also ob-
tained in a similar way from commercially available CoMoCAT
SWCNTSs. Redox titration on the two different (6,5) samples us-
ing KIrClg was carried out according to the published proce-
dure.?” For quantitative comparison, the concentration of each
sample was adjusted so that the optical density at 990 nm, the
E,, transition of the (6,5) tubes, is 1 for both samples.

www.acsnano.org

The purified SWCNTs were also dispersed by sonication in
dichloroethane and then spread on a substrate with predefined
electrodes. FET characteristics were measured following a proce-
dure described elsewhere.?®
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