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High-Purity Diamagnetic Single-Wall Carbon Nanotube Buckypaper
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We describe a novel purification process for single-wall carbon nanotube (SWNT) materials that removes
non-nanotube carbon and reduces ferromagnetic impurities to levels at which native SWNT magnetic
properties predominate. Ferromagnetism is reduced from 1.04 to less than 0.013 emu/g by magnetic
gradient filtration. This procedure creates samples of sufficient quality for spectroscopies such as nuclear
magnetic resonance (NMR). The overall cleanliness and purity of the material is confirmed through NIR
absorption spectroscopy, X-ray diffractionsdilling experiments with yields exceeding 90%, and high-
resolution’*C NMR.

Introduction microwave heating, mechanical filtration, and heat treatment
] in a vacuum or oxidative environmelt:13 However, a
Single-wall carbon nanotubes (SWNTSs) have generated g anhitic coating commonly found around ferromagnetic

significant interest because of their unique electrical, thermal, ca(a1yst particles shields the particles from acid dissolution.
and mechanical propertiés® These superior characteristics Attempts to remove this graphitic coating often result in

can be compromised in the presence of impuriti_es, such_ Sgamage or destruction of SWNTsAlthough some groups
amo_rphous carbon_or ferromag_netlc catalyst particles, which applied magnetic filtration, the efficiency was low such that
are introduced during synthesis. For example, the electrone o magnetism still dominated the magnetic moment of the
spin resonance (ESR) signal is absent in catalyst—cont(:umngsamme for fields of order a few Testrl” To circumvent

samples, and a similar effect is seen for nuclear magnetic ;g problem, other researchers synthesized nanotubes using
resonance (NMR) in which a broad line with about 1500 non-ferromagnetic catalysts such as Rh/Pd or RHPt.
ppm of anisotropy is observed for nonpurified SWNT  ajhough this enables an NMR investigation of the nano-

materials’® Measurement of the specific heat is obscured at e the thermal and electrical properties are still dominated
low temperature because of nuclear hyperfine interactions, the metaliic catalyst particles. Also, the small diameter

in metallic impurities’ Small amounts of magnetic impurities (average of 0.85 nm) of these nanotubes renders them
can alsc_) m_fluence_ nanot_ube electn_cal properties through ;g itable for endohedral filling, which is an interesting way
Kondo-like interactions with conduction electroffs. to functionalize nanotubes. By using isotopically enriched
Various purification methods have been employed to 13C, researchers have made SWNT materials from which
remove magnetic impurities, such as chemical treatment,NMR Signa|s can be observed after magnetic processing
using standard techniques common to biochemical fi€lds.
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slower rates (20, 10, and 3 mL/min) while iron granules are
refreshed after each cycle. Finally, suspensions are filtered through
a 0.45um nylon membrane to recover the SWNTSs, which are then
annealed at 650C for 30 min in a dynamic vacuum+2 x 1076
Torr) to remove residual DMF. We refer to the resulting samples
Iron granules as “purified”. The instrumentation is laboratory scale; the purifica-
tion starts with~200 mg of pretreated material and produces a
final yield of 10-20 wt %.
| A variety of methods are used to measure the effect of our
e 3 purification procedure on impurity content. Magnetometry probes
Stopper <— Electromagnet the permanent moments associated with residual catalyst particles
and is performed in a Quantum Design physical property measure-
.o ‘( ment system (PPMS). Thermogravimetric analysis (TGA) measures
'.__, FIOW _rate the total metal content (TA Instruments SDT 2960, ramp speed
10°C/min at 70 sccm air flow), and the atomic constituents of the
metal particles are identified using an Oxford energy dispersive
X-ray spectrometer (EDS) on a scanning electron microscope (JEOL
6400). Estimation of the SWNT content in each sample is obtained

These purification methods are insufficient to achieve the using absorbance spectroscopy (V".‘man pary 5000-U¥=NIR
spectrophotometer) utilizing the rapid purity assessment méthod.

levels of purity necessary for eIectric_and thermal applicatiqns X-ray diffraction (XRD, copper K X-ray with wavelengthi =
and for the study of standard nonenriched nanotube materialsy s4 A) is used to measure the relative increase of the SWNT bundle
The high cost and low yield of SWNT materials provided content due to purification by normalizing to the residual content
by these methods make them ill-suited for mass production. of graphitic nanoparticles and multiwall nanotubes. We also measure
In this paper, we present a new purification regimen that by XRD the fraction of bundled SWNTSs that fill upon exposure to
successfully removes99% of ferromagnetic or superpara- @ vapor of Go molecules, which is sengitive to surface gleanliness.
magnetic impurities, yielding diamagnetic nanotube samplesAs @ final measure of sample quality, NMR experiments are
while also improving overall sample purity. Our method performed in ordgr to demonstratg the low _c_atalyst cor_wtent a_nd to
combines conventional air oxidation and chemical treatmentsfurthe'r.Cha”’wte“Ze the magnetically purified materials. High-
with magnetic gradient filtration. In magnetic gradient resolution'3C NMR spectra are recorded on an ASX200 Bruker

filtrati . L h bes | pectrometer using magic angle spinning (MAS NMR). Spin lattice
litration, a suspension containing the nanotubes is passe 1 relaxation is measured at room temperature by saturation

through. a .bed of iron b?ads in the presence of'a 1.1 T recovery experiments to distinguish the contributions of metallic
magnetic field. A locally inhomogeneous magnetic field, and semiconducting nanotuliés.

which is produced around the iron beads, is used to trap
remnant magnetic impurities. Ferromagnetic catalyst par- Results
ticles, which have survived chemical purification due to the

presence of a protective graphitic coating, are attracted to_ F19uré 2 shows a dramatic reduction in ferromagnetic
the iron beads with a magnetic forfe= v(i-B), whereji impurity content upon purification. To ensure the accuracy

is the magnetic moment of the particle @B the magnetic ~ ©f these data, we purified a large quantity of SWNTSs so the
field whose local gradient is maximized by the iron beads. diamagnetic moment of the sample can be accurately

The method also works efficiently with suspensions of larger "€Selved above the diamagnetic background of the sample
diameter SWNTs that can subsequently be filled with holder. The relative diamagnetic contribution of the holder

molecules to form high-purity, bulk “peapod” materials. ~ Was approximately 50% that of the sample (Figure 2a) and
varied less than 2.5% upon loading the holder 10 times.
Figure 2b shows the mass-normalized magnetic moment
after subtraction of the sample holder contribution from the
We obtained SWNT samples from Carbon Solutions (Pll- raw data. The pretreated sample is dominated by permanent
SWNTs) produced by the electric arc discharge technique using amoment contributions, whereas purified samples show a net
Ni/Y catalyst in a 4:1 atomic percent ratio. As-received materials diamagnetic response in fields exceeding 0.3 T. The satura-
were already subjected to proprietary purification methods by the tion permanent moment is obtained by subtracting the high-
vendor and will heretofore be referred to as “pretreated.” Our field linear diamagnetic component from the mass-normal-
purification procedure begins with oxidation in air at 580 for ized maanetic moment as shown in the inset of Fiaure 2b
10—-30 min with a final yield of 46-60 wt %. The resulting . g . 9 o
Purification reduces this moment nearly 2 orders of magni-

materials are then sonicated in concentrated hydrochloric acid .
(37.3%) at 60°C for 40 min to dissolve bare catalyst particles, (Ude from 1.04 to 0.013 emu/g. We find reasonable agree-

filtered through a 1.2:m polycarbonate membrane, washed with Ment with the latter when material from six separately

distilled water, and dried at 108C for 5 min. Next, we create  purified samples is combined to form a larger sample,

suspensions by adding 6:0.2 mg/mL N,N-dimethylformamide yielding a permanent moment of 0.012 emu/g.

(DMF) and sonicating at 60C for 3—5 h. We also compare the overall purity of pretreated and
The dispersed SWNT solutions are filtered through a 1.1 T magnetically purified materials using TGA, EDS, absorption

magnetic gradient apparatus (Figure 1) contagjrar} cmhigh filter

bed of iron granules (99.98% purity~2 mm, Alfa Aesar). The (20) Landi, B. J.; Ruf, H. J.; Evans, C. M.; Cress, C. D.; Raffaelle, R. P.
solutions are passed through the apparatus 3 times at progressively —~ J. Phys. Chem. B005 109, 9952.

controller

Figure 1. The magnetic gradient filtration setup.

Experimental Section
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Figure 2. (a) Raw magnetic hysteresis loops of pretreated SWNTSs (8.18 mg, black line), magnetically purified SWNTs (11.56 mg, red line) and the empty
sample holder (blue line). Thé-axis has units of raw emu, and is not divided by sample mass to explicitly reveal sample holder contributions to the raw
data. (b) Mass-normalized magnetic moments of the pretreated sample (black line) and the magnetically purified sample (red line). The inget shows th
saturated permanent moment of the remaining catalyst particles in the mag-purified material obtained by subtracting the linear diamagsetit hégpon
magnetic fields. Magnetization data are takerT at 300 K.

spectroscopy, and XRD. Metallic content is estimated from obtain the ratio of absorbance values for the peak maxima
TGA assuming Ni and Y are oxidized to NiO and:0% of S, and My bands, AzzAwm11, as indicated in Figure 3a
during TGA up to 1000C and shows a reduction from-3.0 and substitute them into the empirical fitting equation for
wt % in pretreated materials to 1.3% in purified samples. arc-SWNT in the paper. We find the absolute SWNT mass
TGA residues are further weighed in an external microbal- fraction in the carbonaceous material increases from:50
ance to corroborate the TGA analysis. Because magnetic7% in the pretreated sample to #17% in the magnetically
catalysts are metallic, it is surprising that metal content purified sample. The measured increase in the nanotube
reduction during purification is within a single order of content is consistent with the result from the relative
magnitude, whereas the permanent moment is reduced byevaluation method of Itkis et &.Using the integrated peak-
nearly 2 orders of magnitude. To understand this discrepancy,to-background strength at the,$eak, choosing spectral
we evaluated TGA residues by EDS. In each residue, two cutoffs at 0.96 and 1.46 eV, we find the peak-to-background
measurements are taken from separate areas, each measuringtio increases from 0.112 in the pretreated material to 0.175
~2500 um?, to ensure good statistics. Using internal in the magnetically purified materials, which is arb0%
standards, we find the Ni:Y ratio to be 20:1 in pretreated increase in the relative nanotube content.
samples. This result is somewhat surprising because the In Figure 3b, buckypapers of pretreated and purified
material originates from an arc-furnace with a cored graphite material are compared by XRD. When normalized to the
rod containing a 4:1 NiY ratio. It is not clear whether the intensity of the graphitic onion peak 2= 25.6°),% the
synthesis process or the subsequent purification regimen useéhtensity of the SWNT rope peak §2= 5.6°) in the
by Carbon Solutions Inc. for their PHSWNT product are  magnetically purified sample is 2.4 times greater after
the source of this Ni enrichment. In any event, we find that purification than the intensity of the same peak prior to
our purification procedure reduces the Ni:Y ratio from 20:1 purification. The sharp peak ab2= 26.2 due to multiwall
to 2:1. This disproportionate reduction in Ni content during nanotubes (MWNTS) is present only in the pretreated
magnetic purification could explain the larger proportional spectrum, indicating efficient removal during purificati&n.
reduction in permanent moment versus metallic content, asMWNTSs, which tend to grow from large catalyst particles,
discussed below. would be easily attracted to iron granules during magnetic
Although developed for magnetic purification, our pro- filtration. These XRD results indicate increased SWNT
cedure also improves other benchmarks of sample purity andcontent relative to other graphitic carbon species, in accord
quality. Optical absorbance shows an improvement in SWNT with the optical absorbance data.
abundance, XRD shows enhanced crystallinity indicating The filling of SWNTs with Gy fullerenes can provide a
improved SWNT content, filling experiments show efficient qualitative measure of SWNT cleanliness. Prior work has
formation of peapod structures indicating clean SWNT shown that efficient filling of carbon nanotubes requires open
surfaces, and3C MAS NMR confirms the absence of the tubes and a clean surfageHere, filling is accomplished by
ferromagnetic catalyst particles as well as the predominanceannealing at 650C for 6 h under conditions previously
of the clean SWNTSs in purified materials. reportec®* In Figure 3c, XRD of powder samples shows a
Optical absorbance shows that our new purification method strong reduction in the intensity of the (10) SWNT rope peak
increases SWNT content relative to other carbonaceous
species. For these studies, samples are annealed 4C900 (21) gﬁlfhw'z%égeg;ahgdgéh Ng"%u aSribFﬂgffzrgbeS,él\,ﬂé Jaamon, M. A
for 5 h in vacuum to heal defects that can influence the (22) zhou, O.: Fleming, R. M.; Murphy, D. W.; Chen, C. H.; Haddon, R.
absorbance spectruthSamples are then sonicated in DMF C.; Ramirez, A. P.; Glarum, S. F5ciencel994 263 1744.
for 3 h to aconcentration of 0.01 mg/mL. Following the ~(23) Smith, B.W.; Luzzi, D. EChem. Phys. Let200q 321, 169.

; - - (24) Smith, B. W.; Russo, R. M.; Chikkannanavar, S. B.; Luzzi, DJE.
rapid SWNT-purity assessment method of Landi et%ale Appl. Phys2002 91 (11), 9333.
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Figure 3. (a) NIR absorption spectra for the SWNT-content estimation. (b) XRD of the pretreated (black line) and the magnetically purified samples (red
line). (c) XRD patterns of the purified SWNT control sample and the peapod sample for evaluation @f fiien@ efficiency. Inset shows a typical TEM
micrograph of the peapods.

(20 = 5.6°) after filling. This signal attenuation, which arises
due to interference between the structure factor of the
hexagonal lattice of SWNT bundles and the Bessel function
of the form factor of Gy, can be used to calculate the fraction
of filled nanotubes$® In the present case, we calculate a filling
fraction of 95%. This high value indicates that the SWNTs s . .
in the material are clean, especially at open ends and large ° %0 100 150
side-wall defectd® and that the interior diameter of PII-
SWNTs is sufficiently large to accommodatgoCA repre-
sentative TEM micrograph of the peapod sample appears in
the Figure 3c inset, showing dense filling of SWNTs with

Cso.

The magnetically purified SWNT materials produced in w X
the current work, which have as low as 50 ppm of remnant S e
ferromagnetic Ni-enriched catalyst particles and are diamag- 1000 500 Y —500
netic, should be suitable for a number of experiments that ppm
have historically been difficult to conduct. Figure 4 shows Figure 4. High resolution'3C MAS NMR spectrum of the magnetically

Fhe - purified sample at room temperature. The inset presents the magnetization
the hlgh resolutionSC MAS NMR data recorded on the recovery as a function of relaxation delay. The limited number of sidebands

magnetically purified powder. The isotropic chemical shift (single) shows a chemical shift anisotropy typical fo? sarbon and no

of the s carbon is observed at 116 ppm referenced to TMS, additive source of broadening, which is consistent with a high-quality

which is in good agreement with previous experimental and Mat"a®

theoretical valuegs1826A reduction of the full width at half-  according to the literatufé8down to 25 ppm is consistent

maximum of the isotropic line from typically 50 ppm With alow content of magnetic impurities in our materials.

The inset of Figure 4 presents the magnetization recovery

(25) Kataura, H.; Maniwa, Y.; Abe, M.; Fujiwara, A.; Kodama, T.; Kikuchi, ~after saturation as a function of the relaxation delay at room
K.; Imahori, H.; Misaki, Y.; Suzuki, S.; Achiba, YAppl. Phys. A temperature. Because the nuclear spin lattice relaxation time
2002 74, 349. T, of the carbon is sensitive to the presence of conduction

(26) Besley, N. A.; Titman, J. J.; Wright, M. 0. Am. Chem. So2005 _ A )
127, 17948. electrons, a faster relaxation is expected for metallic nano-

Relaxation delay [s]
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tubes compared to semiconducting nanot®é®©ur data
are consistent with a double exponential decay where
2.9 s andl, = 31s in metallic and semiconducting SWNTSs,
respectively.

Discussion

Magnetization studies confirm that magnetic gradient
filtration effectively reduces ferromagnetic impurity content
in SWNT material to 0.013 emu/g. We obtain a rough
estimate of ferromagnetic metal content by initially assuming
that the ferromagnetic component arises from Ni with a
saturation moment of50 emu/g (the value for bulk N#.
The corresponding ferromagnetic metal content is the
~50 ppm, which is much smaller than the residual weight
of the samples after carbon is removed during TGA
measurements.

To understand this discrepancy, we note that TGA

measures total metallic content, regardless of whether or no
that material is ferromagnetic. Because PII-SWNTs are

produced under conditions far from equilibrium, one may
expect catalyst metallic composition will vary on the basis
of local conditions during synthesis and that deviations
from the phase rule probably exftFor the pretreated

sample, EDS shows that TGA residues after heating in air

to 1000°C have a Ni:Y atomic ratio of 20:1. In such samples,
one expects the majority of catalyst particles to be ferro-
magnetic®® In contrast, TGA residues from the magnetically
purified materials contain lower Ni:Y ratios of 2:1. It is
known that Y rich Y-Ni alloys show very weak itinerant

Kim et al.

estimate SWNT content to be #17 wt % in magnetically
purified materials. Carbon impurities in the magnetically
purified material consist of amorphous carbon and graphitic
onions as confirmed by XRD and TEM. The graphitic onion
content was calculated to bed61 wt % from XRD, TGA,
and TEM. The remaining content, 22 7 wt %, is most
likely amorphous carbon. The susceptibilities of amorphous
carbon and graphitic onion are approximately 62106
and—2.1 x 1075, respectively?*?Pure Y has a paramagnetic
susceptibility of 187x 1078 emu/g at room temperatufé.
Assuming 0.5 wt % pure Y in the sample, this accounts for
~1 x 1078 emu/g of the observed signal. Assuming that the

n purified material is composed of these four constituents, the

resultant calculated susceptibility for SWNTs is approxi-
mately —5 x 10°® emu/g. Analytical theory shows the
magnetic susceptibility of SWNTs scales with radfuend

is highly sensitive to carrier concentration due to Van Hove

iSingularities in the band structure. A zero-doping, zero-

temperature, orientationally averaged estimate of SWNT
diamagnetism for a mean diameter of 1.4 nm is ap-
proximately—0.64 x 10-6 emu/g. This value is well below

our measurement, although temperature and doping can affect
this theoretical estimate significantly.

Conclusion

Numerous spectroscopies such as ESR and NMR require
highly pure SWNT samples. We describe a new purification
method of single-wall carbon nanotube materials, air oxida-

ferromagnetism, or Pauli paramagnetism, depending on thetion—hydrochloric acid treatment followed by magnetic

Y content and temperatuf@Ni,Y, NisY, Ni;Y,, and NgY

filtration, which reduces the ferromagnetic catalyst content

are all paramagnetic at room temperature. In the magnetically®y nearly 2 orders of magnitude. Moreover, we find the new
purified materials, it can be reasonably assumed that thePurification method significantly increases SWNT content
composition of the nanoparticles varies over some range_relatlve to pretreated materials and yields clean surfaces

Most of the particles with average or higher Y content would

suitable for filling experiments. Although the current yield

provide a paramagnetic contribution, whereas the smalliS ~5 mg/h because of the laboratory-scale experimental

number of remaining Ni-rich particles would be weakly
ferromagnetic consistent with the data.

setup, there should be no limiting factor for mass-production
as long as large volume SWNT dispersions are stable and a

With these purified samples, we can also make some Sufficient magnetic field can be generated.

estimates of SWNT diamagnetic susceptibility, which may

be compared with theory. From the slope of the magnetiza-

tion curves, the overall sample susceptibility-48.1 x 1076
emu/g for pretreated samples, and2(9 4+ 0.42) x 10°©

emu/g for magnetically purified samples at room temperature.
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