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carbon nanotubes (SWCNTs),' signifi-

cant efforts have been directed to-
ward attempts to synthesize SWCNTSs of
controlled chiral angle. In particular, inter-
est in chirality control is driven by the strict
requirement to have a narrow distribution
of SWCNT diameters, or a small number of
chiralities, for enabling nanoelectronic
applications.2”* Recent work indicates that
one of the key parameters for SWCNT chiral-
ity control is the initial characteristics of
catalyst particle.>® For chemical vapor depo-
sition techniques (CVD), Li et al.> demon-
strated that changing the size of their Co-
MCM-41 catalyst particle (by altering the
synthesis temperature through the range
of 550—950 °C) allows for control of the pro-
duced SWCNT diameters over the range
from 0.6 to 2 nm. Chiang and Sankaran® re-
ported that varying the composition of the
NisFe . catalyst particle strongly affects dis-
tribution of produced SWCNT chiralities,
namely a decrease of x leads to a narrower
distribution of produced chiralities and a
decrease in the mean SWCNT diameter.
However, fine control of the chirality distri-
bution through manipulation of the catalyst
has proven to be highly demanding, and
so alternative techniques for shaping the
distribution during the production process
are desirable.

In this paper we report tuning the distri-
bution of produced SWCNTs for the anodic
arc production method using an applied
magnetic field. SWCNTSs synthesized in an-
odic arc are typically reported to have prop-
erties superior to those produced by CVD,
including for the typical measures for qual-
ity of nanotubes (smaller defects, higher
flexibility and strength) as well as a signifi-
cantly higher production rate because the

S ince the discovery of single-walled
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ABSTRACT We report a method for tuning the distribution of single-wall carbon nanotubes (SWCNTs)

produced by the anodic arc production method via the application of nonuniform magnetic fields to the gap

region during synthesis. Raman, ultraviolet—visible—near-infrared absorbance and near-infrared fluorescence

spectroscopies were used to characterize samples together with scanning electron microscopy. Application of the

nonuniform magnetic field 0.2—2 kG results in a broadening of the diameter range of SWCNTs produced toward

decreased diameters, with substantial fractions of produced SWCNTSs being of small diameter, less than ~1.3 nm,

at the highest field. The ability to tune production of the arc production method may allow for improvement in

achievable SWCNT properties.
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graphitization process occurs at a signifi-
cantly higher temperatures and should thus
be more advantageous for practical
applications.” " Unfortunately, the arc
method for SWCNT synthesis has tradition-
ally had a disadvantage as compared to
other SWCNT production techniques in that
it lacked the degree of tunability and con-
trol over the synthesized product demon-
strated for those other production methods.
Recently, however, different methods
for control of anodic arc synthesis have
been reported. It was shown that the an-
ode composition and structure,®'? back-
ground gas composition and pressure,” 34
and electric field parameters'” affect the
production yield, diameter range, and as-
pect ratio of the synthesized SWCNTs. Par-
ticularly significant progress in control of arc
synthesis was demonstrated using the ap-
plication of external magnetic fields to the
arc;'®" this magnetically enhanced dis-
charge was demonstrated to be able to con-
trol the aspect ratio of SWCNTSs.'® Nano-
tubes synthesized in magnetically
enhanced arc were two times longer than
those produced without magnetic field.'
In this work we report a new method
for chirality control of SWCNTSs synthesized
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Figure 1. Schematic presentation of the electrode geometry
and magnetic field configuration with typical photographs
of the arc without/with an applied magnetic field. Numeri-
cally simulated magnetic field distribution is also shown (2-
dimensional large-scale distribution of the magnetic field
was simulated using FEMM4.0 software, by David Meeker,
dmeeker@ieee.org).

using a magnetic-field-modified anodic arc reactor.
Our experimental setup allows the application of static
magnetic field in the interelectrode gap of up to 2 kG.
By changing the strength of the static applied field the
diameter distribution of the arc product can be con-
trolled. The SWCNT samples synthesized at different
magnetic fields were analyzed using scanning electron
microscopy (SEM), photoluminescence (PL),

ultraviolet—visible—near-infrared absorbance
(UV—vis—NIR) and Raman spectroscopy.

RESULTS AND DISCUSSION

Produced materials were analyzed as both col-
lected from the synthesis and post suspension as an
aqueous dispersion. Figure 2a shows Raman spectra
and SEM images of the as-produced samples (not puri-
fied) obtained with and without magnetic field. The
SEM images show that both samples are enriched with
SWCNTSs ropes. Raman spectra of the samples with (B =
1.2 kG) and without magnetic field had similar shapes.
Detailed comparison of spectra, however, shows that a
slight 1D peak was observed at ~1330 cm ™" in the non-
zero B sample, while no such peak was observed for
the B = 0 sample.'®'® Separately, the 1G line is observed
to be located at slightly different wavenumber shifts in
the two samples, with the primary peak at 1580 cm™'
and a shoulder at 1557 cm™' for the B = 0 sample and
slightly upshifted peaks at 1585 and 1562 cm™' for the
nonzero B samples (note, that this difference might oc-
cur due to the calibration procedure). The presence of
1G indicates that the excitation at 514 nm is predomi-
nantly in resonance with the E33 semiconducting transi-
tions and not metallic nanotubes.?’ 2D peaks were ob-
served around 2665 cm™! for both samples. Full range
UV—vis—NIR spectra are shown in Figure 2b.

Detailed comparison of SWCNTs synthesized with
and without magnetic field was carried out using
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Figure 2. (a) Raman spectra of as-produced samples without/with magnetic field together with SEM images of SWCNT ropes;
(b) full range UV—vis—NIR absorbance spectra of the purified samples produced without/with magnetic field. Although
the Raman spectrum is relatively unaffected, the presence of the field dramatically alters the distribution of chiralities ob-
served via their optical electronic peak positions in the UV—vis—NIR spectra.
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Figure 3. The evolution of UV—vis—NIR (a) and PL spectra (b) of the purified samples produced at different magnetic field
strengths, 0—2 kG, is shown. With increasing magnetic field strength the diameter distribution is increasingly skewed to-
ward smaller diameter nanotubes that are visible both in the shifting of peak positions (absorbance) and in the observa-

tion of fluorescence.

UV—vis—NIR and NIR fluorescence spectrometry. The
evolution of UV—vis—NIR and PL spectra of the puri-
fied samples produced at different magnetic field
strengths from 0 to 2 kG is shown in Figure 3a,b. We
first consider SWCNTSs produced in the absence of mag-
netic field (B = 0). The UV—vis—NIR spectrum of the B
= 0 sample shows spectra typical for arc-produced
SWCNTSs with peaks observed in the optical absorption
bands corresponding to metallic (in vicinity of 650 nm)
and semiconducting (around 900 nm) SWCNTSs, respec-
tively. As is typical for many synthesis methods, the B
= 0 sample was enriched with semiconducting tubes
around the roughly 2:1 ratio expected from the combi-
natorial probabilities when wrapping the graphene
sheet. The apparent purity by the Haddon method, re-
vised denominator = 0.141,%" was ~72% for this
sample, indicating that the dispersed SWCNTs are well
purified by the dispersion and centrifugation process
steps. The result that negligible fluorescence is mea-
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sured from the B = 0 sample, the linear features vis-
ible correspond to first and second order Rayleigh scat-
tering, deserves a moment of discussion. It should be
noted that the spectrofluorometer used in this study is
unable to detect SWCNTs produced by the arc without
a magnetic field due to their relatively large diameter,
~1.5 nm typical for arc method production,’ which
fluoresce from their S;; transitions at wavelengths be-
yond the long wavelength range of the InGaAs array de-
tector (~1600 nm).

Now let us consider the evolution of spectra with in-
crease of magnetic field. First, the UV—vis—NIR spec-
trum of the nonzero B sample demonstrates overall de-
crease of peak intensities corresponding to decrease
of SWCNT production yield of both metallic and semi-
conducting nanotubes. Second, both UV—vis—NIR and
PL spectra indicate that an increase of B-field leads to
production of a greater variety of semiconducting
SWCNT diameters with an overall shift to smaller diam-
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Figure 4. UV—vis—NIR spectra of purified nonseparated samples without (a) and with (b) magnetic field. Semiconducting/metal
separated samples without (c) and with (d) magnetic field. The sample without an applied magnetic field separates in a manner typi-
cal for electric arc synthesized nanotubes as previously reported in the literature.’*??> The sample synthesized in the magnetic field
separates differently due to the altered distribution of diameters; this effect is driven by both the intrinsic change in buoyancy with
diameter and the altered interactions with cosurfactants by the diameter change.

eters. This is evidenced by the appearance of new peaks
in the nonzero B samples with peak positions around
800 nm on UV—vis—NIR spectra and new chiralities ob-
served on PL spectra.

To better characterize the produced materials, addi-
tional processing to separate enrich semiconducting
and metallic fractions?* was performed. Below in this
section we consider results obtained using the separa-
tion of semiconducting and metallic SWCNTSs described
in the Experimental Methods section. Three layers
formed in the test tube after electronic type separa-
tion are schematically shown in Figure 4c,d by green
(bottom layer containing mostly semiconducting
SWCNTSs), blue (upper layer - metallic SWCNTSs), and
red (medium-mixture) colors. UV—vis—NIR spectra of
three layers are also presented in Figure 4c,d (green
curve, semiconducting SWCNTSs layer; blue curve, metal-
lic SWCNTs layer; red curve, mixture layer). It is seen in
Figure 4c (B = 0 sample) that well pronounced peaks in
semiconducting and metal SWCNT bands were ob-
served in corresponding layers of the test tube. In con-
trast, the UV—vis—NIR spectrum of the nonzero B
sample showed reduced peak features in the layer
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where the typical metallic arc separated and was simi-
lar to that from graphenic-like structures.?* This indi-
cates that the population of typical arc diameter metal-
lic SWCNTSs was significantly reduced by the application
of the magnetic field. The spectrum from the semicon-
ducting layer had greater variety of peaks in compari-
son with the B = 0 sample, which correspond to pro-
duction of semiconducting SWCNTs with smaller
diameter.

Thus both UV—visi—NIR and PL indicate that a mag-
netically enhanced anodic arc yields a broader spec-
trum of diameters of synthesized SWCNTs and smaller
diameters compared with that without a magnetic field.
We believe that such behavior is closely related to the
change of catalyst particle motion in the presence of a
magnetic field. We hypothesize that the magnetic field
leads to acceleration of the magnetic catalyst particles
toward the magnet poles and thus its faster removal
from the gap. It is unclear whether such a decrease of
residence time for the catalyst particle presence in the
gap leads to a decrease in the average diameter of the
particles in the gap and thus to a decrease of SWCNT di-
ameters similar to that in ref 6 or whether the distribu-
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tion is affected through a nucleation process. It was ob-
served that the amount of the nanotubes produced
under the same conditions (e.g., current, voltage, cata-
lyst composition) in the presence of the magnetic field
is comparatively much smaller to that of the no-field (B
= 0) samples. However this observation does not
clearly favor either scenario and thus cannot help dis-
criminate the primary cause.

Another complication to determining the root cause
of the diameter distribution change is that the magnetic
field also strongly affects the plasma through multiple
mechanisms. First, the plasma parameters (such as den-
sity and electron temperature) are directly affected.?” We
expect that electron temperature will not be affected sig-
nificantly while electron density may increase in the cen-
ter of the arc.'® However, and more importantly in our
opinion, the large gradient of the magnetic field in the
configuration used (optical imaging of arc reshaping is
shown in Figure 1) substantially alters the discharge
(plasma) geometry and symmetry. Lastly, as mentioned
above, the magnetic field interacts with magnetic par-
ticles in the low temperature zone at the periphery of the

EXPERIMENTAL METHODS?

Experimental Setup for SWCNTs Synthesis. The experimental setup
of the anodic arc reactor [see Figure 1] consists of an
anode—cathode assembly placed in a stainless steel flanged
chamber capped at both ends. In our setup, the cathode is a
stainless steel rod and the anode is a hollow carbon rod filled
with a mixture of carbon and Y—Ni catalyst in a C:Ni:Y = 56:4:1
ratio (yttrium powder, 40 mesh, 99.9%, ACROS ORGANICS; nickel
powder, 300 mesh, spherical, ALFA). The total catalyst loading
was ~24% (mass basis). A detailed description of the system can
be found elsewhere.?® In all experiments reported in this contri-
bution the samples were produced at a helium pressure of 66.5
kPa; the arc current and the voltage during the synthesis were 55
A and 30V, respectively. Samples were produced both with
and without the application of the magnetic field. Permanent
magnets 5 X 5 X 2.5 cm? with different strengths were used to
create, and vary the strength of, a nearly axial magnetic field in
the discharge gap of about 0.5 cm as shown schematically in Fig-
ure 1. Magnetic fields in the gap prior to initiating synthesis
were 0.2, 0.6, 1.2, and 2 kG (as measured by a Gaussmeter). Arc
durations were 120 s. Samples consisting of deposits from vari-
ous parts of the experimental setup (magnet surface, near cath-
ode area, and chamber walls) were collected after each arcing,
and the chamber was cleaned. Samples were subsequently ana-
lyzed in the solid state with SEM and Raman spectroscopy and
were postprocessed into aqueous dispersion by UV—vis—NIR
and PL spectroscopy techniques.

SWCNTs Characterization Methods. Raman spectroscopy was per-
formed on a micro-Raman system?® based on a 200 mW air-
cooled argon ion laser, with holographic optics, a 0.5 m spec-
trometer, and a liquid nitrogen cooled CCD detector with a
matrix size of 1100 X 330 pixels; wavelength 514 nm, which cor-
responds to the energy of 2.33 eV. Raman measurements cov-
ered the range of 1200—2800 cm ™' and were carried out on bulk
samples of arc-produced carbon soot.

Scanning electron microscopy (SEM) images were acquired
on a Hitachi S-4700-1I FE-SEM equipped with electron backscat-
ter detector using acceleration voltages ranging from 1 to 30 kV
(2.5 to 1.5 nm resolution, respectively). Ultrahigh resolution im-
ages (1280 X 960 pixels) were taken with an acceleration volt-
age of 5 kV and electron current of 20 pA.

Dispersion of the nanotubes into aqueous 2% (mass/vol-
ume) sodium deoxycholate3*3! (DOC) solution was performed
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arc.2® Thus, there is further limitation in the interaction
time of the catalyst (if it was pulled by the magnetic field)
due to the altered plasma distribution. While this work
demonstrates a clear effect of the magnetic field on
SWCNT diameter, experiments and simulations to further
isolate the effects of the magnetic field on the plasma and
the diameter distribution are planned to allow elucida-
tion of the primary underlying mechanism.

CONCLUSIONS

The distribution of SWCNT chiralities produced in an-
odic arc synthesis was demonstrated to be affected by
the application of a magnetic field to the region of the
arc plasma. At fields up to 2 kG, increasing the magnetic
field was found to result in dramatically increased produc-
tion of smaller diameter (about 1 nm) SWCNTs. It is signifi-
cant that application of a relatively weak, 0.2—2 kG, and
nonuniform magnetic field can alter the produced distri-
bution of SWCNTs in such a dramatic fashion, and sug-
gests that there is substantial opportunity for tuning the
arc parameters in arc discharge production to synthesize
SWCNTSs with many kinds of desired properties.

similarly to previous reports.?? To disperse the SWCNTs, samples
were tip sonicated in an ice bath for 1 h at ~1 W/mL of applied
power, after which the resulting rich black liquid is a mixture of
SWCNTs, amorphous and graphitic carbon impurities, and cata-
lyst. This sonicated suspension was subsequently centrifuged in
a Beckman J-2 centrifuge for 2 h in a JA-20 rotor at a speed of
1885 rad/s and a temperature of 10 °C; this removes large and
dense impurities, while individualized SWCNTSs are selectively re-
tained in the supernatant. Dispersed and purified samples were
used, or diluted with additional surfactant solution, for
UV—vis—NIR absorbance and near-infrared fluorescence spec-
troscopies to characterize the chirality distribution of the dis-
persed SWCNTs.

UV—vis—NIR absorbance spectra were measured in transmis-
sion geometry on a PerkinElmer Lambda 950 UV —vis—NIR spectro-
photometer over a wavelength range of 185—1880 nm. Optical ab-
sorption spectra were recorded at 1 nm increments with an
instrument integration time of at least 0.16 s per increment. In all
measurements the incident light was circularly polarized prior to
the sample compartment, the spectra was corrected for both dark
current and background, and the reference beam was left unob-
structed, with the subtraction of the appropriate reference sample
performed during data reduction. Uncertainty in measurements is
typically within the line width of the figures.

NIR fluorescence spectra were measured using a Horiba
Jobin Yvon nanolog-3 spectrofluorometer with liquid-nitrogen
cooled InGaAs array detector and a 450 W xenon lamp. To ac-
count for differences in concentration, reduce in-filter effects,
and improve visibility of nanotubes emitting at wavelengths
longer than 1350 nm, fractions were diluted to a common absor-
bance (A = 0.1/cm at 775 nm) with 1% DOC in D,0. Bandpass
on the excitation and emission slits was set to 10 nm, and a long-
pass filter was used to restrict excitation light from the detector
train. All fractions were measured in a 10 mm square quartz
cuvette.

The separation of metallic and semiconducting SWCNTs
was performed following the methods adapted from Arnold
et al.? and Yanagi et al.3 Density gradients were created by lay-
ering a density modifier, iodixanol, purchased as OptiPrep (5,5'-
[(2-hydroxy-1-3-propanediyl)-bis(acetylamino)]-bis-[N,N’-
bis(2,3dihydroxylpropyl-2,4,6-triiodo-1,3-benzenecarboxamide])
(Sigma-Aldrich), ranging as 1 mL of 40% (mass/volume, 1.21
g/mL), 2 mL of 32% (1.17 g/mL) iodixanol containing the
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SWCNTs, and 20 mL of 30% iodixanol (1.16 mg/mL) in centri- 16. Keidar, M.; Levchenko, I.; Arbel, T.; Alexander, M.; Waas,
fuge tubes. The concentration of surfactants were 1.25% sodium A.M;; Ostrikov, K. Increasing the Length of Single Wall
dodecyl sulfate (SDS, Sigma) and 1.25% sodium cholate (SC, Carbon Nanotubes in a Magnetically Enhanced Arc
Sigma) in the top layer, 1% SDS and 0.5% DOC in the SWCNT in- Discharge. Appl. Phys. Lett. 2008, 92, 043129/1-043129/3.
jection layer, and 0.75% SDS and 0.75% SC in the bottom layer. 17. Karmakar, S.; Kulkarni, N. V.; Nawale, A.B.;P; Lalla, N. P.;
Centrifugation was typically carried out in a swinging bucket Mishra, R;; Sathe, V. G; Bhoraskar, S. V.; Das, A. K. A Novel
SW.32 Ti rotor (Beckman Coulter) at 20 °C and 3351 rad/s Approach Towards Selective Bulk Synthesis of Few-Layer
(~126000G) for 19 h. After the centrifugation, fractions were col- Graphenes in an Electric Arc. J. Phys. D: Appl. Phys. 2009,
lected by hand pipetting from the top. 42,115201/1-115201/14.

Unless stated otherwise, the standard uncertainty through- 18. Mohiuddin, T. M. G.; Lombardo, A.; Nair, R. R,; Bonetti, A,;
out this contribution is denoted by error bars equal to one stan- Savini, G.; Jalil, R;; Bonini, N.; Basko, D. M.; Galiotis, C;
dard deviation. Marzari, N.; et al. Uniaxial Strain in Graphene by Raman
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