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ABSTRACT

A controlled and scalable multistep purification method has been developed to remove iron impurity and nonnanotube carbon materials from
raw single-walled carbon nanotubes (SWNTs) produced in the HiPco (high-pressure CO) process. In this study, iron nanoparticles, coated by
carbon, are exposed and oxidized by multiple step oxidation at increasing temperatures. To avoid catalytic oxidation by iron oxide of carbon
nanotubes, the exposed and oxidized iron oxide is deactivated by reaction with C 2H2F4 or SF6. The iron fluorides are removed by a Soxhlet
extraction wit h a 6 M HCl solution. The purity and quality of each sample were determined by thermogravimetric analysis (TGA), Raman
spectrometry, ultraviolet −visible-near-IR (UV −vis −near-IR) spectrometry, fluorescence spectrometry, and transmission electron microscope
(TEM) spectroscopy. The purity and yield of SWNTs are improved due to reduced catalytic activity of the iron oxide. Greater iron oxide
removal also resulted from oxidation at higher temperatures.

In recent years, single-walled carbon nanotubes (SWNTs)
have been intensively studied because of their many potential
applications. The high-pressure CO (HiPco) process, where
Fe(CO)5 is used as catalyst, is one of the most productive
methods for SWNT production.1-3 However, the iron and
nonnanotube carbon impurities in the produced material need
to be removed without damaging the SWNT. To remove
catalyst (typically iron, cobalt, and nickel) and obtain high-
purity SWNTs, many purification methods have been
reported previously.4-26 A common approach has been to
use strong oxidation followed by an acid treatment. An
oxidative treatment of raw SWNT material is effective in
removing nonnanotube carbon and exposing the metal
catalysts by removing carbon coating. However, nanotubes
can be lost or damaged during the oxidation process. It is
desirable that a scalable cleaning method only removes
carbon impurities and metal catalysts without damaging
nanotubes.

In this study, we report a scalable multistep purification
method to remove metal catalysts and remove nonnanotube
carbon from raw HiPco SWNTs. Our scalable multistep
purification method includes two processes: oxidation and
deactivation of metal oxides. In the oxidation process, metal
catalysts coated by nonnanotube carbon are oxidized by O2

and exposed in multiple steps with increasing temperature

steps (150°C through 350°C). In the deactivation step,
exposed metal oxides are deactivated by conversion to metal
fluorides through reacting with C2H2F4, SF6, or other fluorine-
containing gases to avoid the catalytic effect of iron oxide
on SWNT oxidation. The proposed mechanism of purifica-
tion is shown in Scheme 1.

Figure 1 shows the thermal gravimetry analyses of raw
HiPco SWNTs in N2/O2, N2/O2/C2H2F4, and N2/O2/SF6 as
function of time during heating. Weight gain during the initial
heating is caused by the oxidation of iron particles. We found
that all raw HiPco material is burned out at 325°C in air
within less than 5 min without fluorine-containing gases. It
is well-known that purified SWNTs will not oxidize at
temperatures lower than∼350 °C,12 so the catalytic effect
of iron oxide on nanotube oxidation is obvious. However,
when 5% C2H2F4 or SF6 gas was added into the N2/O2, the
weight loss was less than 40% after heating at 350°C for 6
h. This means that C2H2F4 and SF6 can efficiently deactivate
the iron oxide and suppress the oxidation rate of SWNTs.

In our purification experiments, the samples (typically
10∼40 g) were placed in a 5 in.-diameter quartz reactor
which was centered in a 6 in.-diameter horizontal quartz tube
in a furnace. Nitrogen (1 L/min) was flowed both inside and
outside of the reactor and maintained at atmospheric pressure.
After purging the sample with 1 L/min N2 at 150°C, 200
mL/min O2 and 50 mL/min SF6 were turned on for 1 h. After
this oxidation step, O2 was turned off and the temperature
was then ramped to 175°C within half an hour while 50
mL/min SF6 was maintained to deactivate the exposed metal
catalysts. After this deactivation step, O2 was turned on again
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for 1 h while the temperature was maintained at 175°C.
The oxidation/deactivation processes were repeated with a
25 °C increase up to 350°C. The temperature and gas flow
rate changes were controlled by a LABVIEW program. The
finished sample was then cooled in N2. Finally, the exposed
metal was removed by 6 M HCl Soxhlet extraction for 12
h. The purified SWNT was extracted with hexane and dried
in a vacuum at 50°C for 24 h.

The purity and quality of each sample were documented
by TGA, Raman, UV-vis-near-IR, and transmission elec-
tron microscope (TEM) spectroscopy. The purity of the
cleaned sample is typically higher than 98 wt % with a
carbon yield near 70%. TGA data was recorded with a TA
Instruments Q500-TGA analyzer. In all experiments, samples
(typically ∼10 mg) in an alumina pan were heated in dry
air (100 mL/min) to 800°C at a rate of 5°C/min. Figure 2
shows the weight loss behavior of raw and purified SWNTs
in dry air. This set of data demonstrates that the purified
samples are stable in air at temperatures as high as∼450
°C and their Fe contents are reduced from 30 wt % to
approximately 1 wt %. TEM images were also obtained with
a JEOL 2010 TEM at 100 kV. The samples were prepared
by sonicating SWNTs in acetone and dropping the suspen-
sion onto lacey carbon grids. As shown in Figure 3, metal
particles are identified as the dark particles. The metal
particles are aggregated and associated with large fullerenes
in the raw materials. In the purified sample shown in Figure

3b, metal particles and fullerenes are absent. Rough edges
on the nanotubes are likely due to a small amount of
remaining nonnanotube carbon and large fullerenes. In
addition, the software from Smart Imaging Technologies was
used to measure the size of metal particles in raw materials.
The diameter distribution of metal particles is shown in
Figure 3c. The average diameter was found to be∼3 nm.

Raman, UV-vis-near-IR and fluorescence spectra show
that there is little damage to the nanotube during the
purification process. Raman spectra were collected with a
Renishaw micro-Raman spectrometer equipped with a 780
nm laser and are shown in Figure 4. Typical SWNT Raman
features are observed for the tangential modes and radial
modes near 1591 and 200 cm-1, respectively. The D-peak
(1291 cm-1) can be activated by disordering in the sidewall
of the SWNT and identified with sidewall defects. We found
that the ratio of the D-peak (1291 cm-1) to G-peak (1591
cm-1) decreases after purification. We also observed a change
in relative intensity for various peaks of the breathing mode
from raw material to purified samples, which suggests that
the content of smaller diameter SWNTs has increased relative
to the larger diameter ones. However, it is likely that this
relative intensity change is due to a different coupling of
the electronic resonance enhanced spectra to the Raman laser
(782 nm) rather than to a relative change in tube diameter
populations in the purified sample. In fact, electronic spectra
such as UV-vis-near-IR spectra and fluorescence spectra,

Scheme 1. Chemical Reaction in the Oxidation and Deactivation Processesa

a The black color represents the carbon shell. The white curve on the black cycle represents a seam on the carbon shell. The white cycle
is metal particle, metal oxide or metal fluoride. During oxidation the carbon shell reacts with the oxygen and produces carbon dioxide, and
the metal is converted into metal oxide. During deactivation, the fluorine-containing gas converts the metal oxide into metal fluoride and
deactivates the metal catalyst.

Figure 1. TGA of raw HiPco tubes heated in different gases. (a)
20% O2, (b) 20% O2 and 5% C2H2F4, (c) 20% O2 and 5% SF6, (d)
temperature.

Figure 2. (a) TGA of raw and purified tubes heated in the dry air.
(b) Raw material, samples purified with 20% O2 and 1% SF6.
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which we believe to be more reliable measures of tube
diameter distribution, shown in Figure 5 and Figure 6
respectively, indicate that small diameter tubes are prefer-
entially lost or functionalized in the purification process.
UV-vis-near-IR spectra were obtained with a Shimadzu
UV-3101 PC spectrometer. SWNT samples were dispersed
in 1 wt % SDS surfactant, homogenized for 1 h, sonicated
for 10 min in a cup-horn sonicator (Cole-Parmer CPX-600),
and centrifuged for 4 h at29000 rpm. The decant (the upper
75% to 80% of supernatant) was adjusted to pH)10 for
UV-vis-near-IR experiments.27 Figure 5 shows the UV-
vis-near-IR spectra of SWNTs as raw material, 20% O2 and
5% C2H2F4 cleaned, 20% O2 and 5% SF6 cleaned, and 20%
O2 and 1% SF6 cleaned samples. The spectra between 800
nm and 1300 nm wavelength show the first van Hove
transition, E11. From (b) to (d), the carbon yields decrease
from 68% to 36%, as shown in Table 1, while the peaks
corresponding to the smaller diameter tubes decrease as well,
especially the peak near 1100 nm. These UV-vis-near-IR
spectra indicate a preferential loss of smaller diameter tubes

during the purification process. This indicates that the
reactivity of the single-walled carbon nanotube is directly
related to the pi-orbital mismatch caused by an increased
curvature, which causes smaller diameter nanotubes to be
more reactive. We performed fluorescence spectroscopic
measurements with a J-Y Spex Fluorolog 3-211 equipped
with an indium-gallium-arsenide near-infrared detector
cooled by liquid nitrogen.28 Emission intensity was measured
as a function of emission wavelength (from 800 to 1570 nm),
with excitation wavelength 669 nm, 1-nm steps and 3-nm
spectral slit widths. Samples were prepared by the same
method as those for UV spectra. Figure 6 shows the
fluorescence spectra of SWNTs as raw material, sample
cleaned with 20% O2 and 5% C2H2F4, sample cleaned with
20% O2 and 5% SF6, and sample cleaned with 20% O2 and
1% SF6. There are no shifts in frequency between the purified
sample and the raw material, which indicates that little
sidewall damage and defects were produced by the purifica-
tion process. In addition, we noted that peaks near 952 nm
decreased as the carbon yield decreased from 68% to 36%,

Figure 3. TEM images of (a) raw material and (b) purified sample, treated with 20% O2 and 5% SF6.
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as shown in Table 1. It indicates that (8, 3) nanotubes, which
correspond to 952 nm, are more easily oxidized. Both Figure
5 and Figure 6 show that, during oxidation, smaller diameter
nanotubes are readily oxidized as compared with larger
diameter nanotubes.

In general, all purification methods of raw SWNT product
expose the metal catalyst by oxidation. However, since metal
oxides act as oxidizing catalysts, it is inevitable that some
SWNTs will be lost. The yield of the purification procedure

is highly dependent on controlling the oxidation process to
prevent hot spot development and accelerated oxidation. In
this cleaning process, control of catalytic oxidation is
achieved by using a fluorine-containing gas to convert iron
oxide into iron fluoride. In addition, during the oxidation
and catalyst deactivation processes, we found that the
progress of the reaction could be monitored by FT-IR
spectroscopy of the effluent gases. This allows an in-situ
investigation of gas-phase chemistry and enables the fol-

Figure 4. Raman spectrum of the raw and purified SWNTs: (a) raw material, (b) purified tubes with 20% O2 and 5% C2H2F4, (c) with
20% O2 and 5% SF6, (d) with 20% O2 and 1% SF6.

Figure 5. UV spectra of raw and purified SWNTs in 1% SDS at pH)10: (a) raw material, (b) purified tubes with 20% O2 and 5% C2H2F4,
(c) with 20% O2 and 5% SF6, (d) with 20% O2 and 1% SF6.
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lowing of carbon etching without exposure of the sample to
air. Because nonnanotube carbon is mostly large fullerenes

for HiPco material, these impurities are more easily oxidized
than are SWNTs. Therefore, at the beginning of the oxidation

Figure 6. Fluorescence spectra of raw and purified SWNTs in 1% SDS at pH)10: (a) raw material, (b) purified tubes with 20% O2 and
5% C2H2F4, (c) with 20% O2 and 5% SF6, (d) with 20% O2 and 1% SF6.

Figure 7. FI-IR spectra of CO2 peak area between 3800 and 3500 cm-1. In this experiment, we purify the raw material by 20% O2 and
5% SF6 and successively increase the temperature to 325°C.

Table 1. Carbon Yields of Different Purification Methodsa

procedure raw Fe wt % purified Fe wt % SWNT yield

multistep with 20% O2 and 5%C2H2F4 30% 1.5% 68%
multistep with 20% O2 and 5% SF6 30% 0.3∼1.3% 62%
multistep with 20% O2 and 1% SF6 30% 0.2∼0.5% 36%

a The SWNT Yield Is Defined as the Percentage of Purified SWNT to the Raw SWNT Excluding Metal.
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process, most of the CO2 and CO gas results from the
oxidation of large fullerenes.

Figure 7 shows a series of FT-IR spectra of gas purification
products as a function of time. From these spectra we follow
carbon etching and monitor the oxidation reaction. This has
allowed the optimization of the purification gas ratio and
oxidation temperature. Table 1 shows carbon yields for
different conditions. It is clear from these data that achieving
the lowest iron contents results in the loss of small diameter
nanotubes.

Our study provides a scalable multistep method for
purifying raw SWNT samples. Characterization of purified
material by using TEM, TGA, UV-vis-near-IR, fluores-
cence, and Raman spectroscopy clearly shows that the
cleaned SWNTs have little sidewall damage. Iron content
of approximately 1 wt % with approximately 70% SWNT
yield can be achieved by in-situ fluoride deactivation of iron
oxide catalyst particles.
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