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Abstract

Very high purity single-walled carbon nanotubes (SWNTs) were obtained from HiPco SWNT samples containing Fe

particles by a two-step purification process. The raw and purified samples were characterized using high resolution

transmission electron microscopy (HRTEM), Raman spectroscopy and thermogravimetric analysis (TGA). The pu-

rified sample consists of �0.4% Fe and the process does not seem to introduce any additional defects. The N2 ad-

sorption isotherm studies at 77 K reveal that the total surface area of the purified sample increases to 1587 m2/g from

567 m2/g for the raw material, which is the highest value reported for SWNTs.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Single-walled carbon nanotubes (SWNTs) have

been receiving much attention due to their re-

markable mechanical properties and unique elec-

tronic properties. Bulk nanotubes have been

investigated in high strength composites [1,2], gas

storage [1,3–6] and high surface area catalysts [7]

and their potential in all these areas appears to be

promising. These applications require availability
of large quantities of SWNTs at reasonable prices,

and large scale production processes are under

development across the world. A high pressure CO

disproportionation (HiPco) process is one such

development [8,9] to meet the increasing demand
for SWNTs. This process is based on the decom-

position of Fe(COÞ5 to form iron clusters for the

catalytic production of SWNTs from CO at about

1000 �C. Early production results [8,9] indicated
an iron content of up to 30% by weight and this

group has also reported a purification protocol

[10]. Several other purification procedures [5,11,12]

have reported an iron content of 2–6 wt% for
purified HiPCo samples. Du et al. [5] used the

purification protocol in [10] and reduced the Fe

content to 3.5 wt%. The procedure consisted of an

acid treatment to remove the metal, filtration,

washing with water, and drying in vacuum; this

procedure reportedly reduced the percentage of the

open pores available in the raw samples, as shown

by Ar adsorption isotherms. Yudasaka et al. [11]
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found that high vacuum heat treatment of HiPco

tubes for 5 h at 2000 �C reduces Fe content to 2%
while the diameter of SWNTs increased substan-

tially. The mechanism for the diameter swelling

was not presented. This group also performed [12]

a different purification approach for the HiPco
material with HCl-washing after air oxidation

which provided a purified sample with 6 wt% iron.

This sample showed a 65% increase in the total

surface area (861 m2/g) compared to the raw ma-

terial, as determined by N2 adsorption isotherms.

In general, the reported surface area for

SWNTs in the literature until now is not high. Luo

et al. [7] measured a BET (Brunauer–Emmett–
Teller) surface area of 180 m2/g for SWNTs pre-

pared by CO disproportionation followed by

HNO3 treatment and air oxidation. SWNTs from

an arc discharge process, after HCl treatment,

were shown to have a surface area of 483 m2/g [6].

Basca et al. [13] obtained 790 m2/g for a sample

that contained single- and double-walled nano-

tubes. Other studies indicate a BET area of only
15–250 m2/g, as summarized in [14]. Compared to

these, the measurements by Du et al. [5] on the

purified HiPco samples exhibit the highest surface

area to date at 861 m2/g. Surprisingly, these values

are lower than the surface areas of commercially

available activated carbons (�1000 m2/g) while

theoretical estimates [14] for SWNTs seem to be

much higher; for example, Monte Carlo molecular
simulations show a BET area as high as 3000 m2/g

for open nanotubes of 3 nm diameter with a 0.4

nm spacing between the walls of two adjacent

tubes. This indicates a need for improved methods

to purify the as-grown nanotubes and open the

ends in order to improve the adsorptive capacity.

In the present work, we use a two-step purifi-

cation procedure for the HiPco SWNTs that re-
duces the iron content to <1 wt%. The first step is
designed to debundle the nanotube ropes by a

dimethylformamide (DMF)/ethylene diamine

(EDA) treatment. The second step involves a HCl

treatment and wet oxidation to remove metals and

amorphous carbon, thus opening the pores. N2

adsorption studies reveal nearly a factor of 3 in-

crease in the total surface area for the purified
material. We have obtained a surface area of 1587

m2/g which is the highest reported for SWNTs to

the best of our knowledge. Large surface areas and

pore volumes are advantageous in gas storage

applications, catalyst development and waste re-

moval by adsorption. An example of the latter is

the processing of CO, NOx, etc from crew cabins in

long duration space flights.

2. Experimental work

Step 1: A solvent mixture of 200 ml DMF

(Aldrich, 99.9%) and 100 ll EDA (Aldrich, 99+%)
was used to suspend 100 mg raw HiPco SWNTs

and this solution was stirred for 18 h followed by a
6.5 h sonication. The solution was then centrifuged

and the solvent mixture was decanted. The pre-

cipitates were centrifuged and decanted twice with

methanol as the washing solvent. The entire pro-

cedure was repeated once more. The amine and

amide groups in these solvents can interact with

the p-electrons on the surface of the carbon

nanotubes. Therefore, this procedure helps to
loosen the nanotube bundles.

Step 2: Next, the DMF/EDA-treated SWNTs

were suspended in 250ml of 37%HCl (Aldrich) and

sonicated for 15min to get the nanotubes dissolved.

The stirred solution was heated to 45 �C for 2 h. The
solution was then diluted with double distilled

water and cooled to room temperature because the

centrifuge tubes cannot tolerate a high concentra-
tion of acid. The solution was centrifuged and de-

canted four times with double distilled water. The

SWNTs were dried in air and placed in a quartz

boat located at the center of a quartz tube con-

nected to a water bubbler. A stream of wet air was

fed into the quartz tube with the tube maintained at

225 �C for 18 h and then the SWNTs were cooled to
room temperature. The HCl treatment removes the
metals and the wet air oxidation removes the

amorphous carbon. This aspect of the purification

procedure (i.e., the entire step 2) was repeated three

more times, but with the wet air oxidation part

modified slightly each time (325 �C for 1.5 h; 425 �C
for 1 h; skipping the step, respectively).

High resolution transmission electron micros-

copy (HRTEM) was used at various stages of the
purification process to keep track of the quality of

the SWNTs. The samples were also analyzed using
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Raman spectroscopy as described in [15]. Ther-

mogravimetric analysis (TGA) (Perkin-Elmer TGA

Pyris 1) was performed to determine the impurities,

and decomposition temperature and rate. The

sample was loaded in a platinum pan for weight loss

measurement. The sample was burned with a
ramping rate of 25 �C/min in the temperature range
50–1025�C.Ambient air with 20ml/min was used as
carrier gas for characterizing the metal impurities.

The nanopore structures were determined by ad-

sorption of N2 at 77 K using Micromeritics ASAP

2010 surface analyzer. The sample was loaded in a

quartz tube evacuated to 10�6 Torr and cooled with

liquid nitrogen to 77 K. N2 gas (99.9995%) was
incrementally released into the quartz tube for ad-

sorption measurements at different relative vapor

pressures. Calculation of surface area, pore size

distribution, and pore volumes was done from this

characterization as outlined in [16].

3. Results and discussion

Fig. 1 shows HRTEM images and Raman

spectroscopy results for raw HiPco material and

purified samples after the two-step process. TEM

images show particles of Fe or carbon-coated Fe in

the raw material while these are not seen in the

purified sample. Raman spectra in the high fre-

quency region show tangential mode D band at

1335 cm�1 as well as characteristic narrow G band
around 1585 cm�1. The D band structure may be

due to the amorphous carbon introduced during

growth as well as nanotubes with open caps or

wall defects. The intensity ratio IG/ID increases

slightly, after the two-step purification process,

due to the removal of amorphous carbon and

opening of the gaps. The curve fitting results in-

dicate an increase in the 1547 cm�1 component,
commonly believed as the contribution from

nanotubes of smaller chiral angles [17]. It is pos-

sible that some of the SWNTs undergo preferential

reconstruction as an annealing process. There is no

indication that the purification steps create any

new defects.

The diameter distribution estimated from the

radical breathing modes (RBM) ranges from 0.93
to 1.35 nm. The peaks corresponding to diameters

of 0.94, 1.01, 1.10 and 1.16, 1.22, 1.35 are seen. A

change in relative intensity for various peaks in the

Fig. 1. HRTEM images and Raman spectroscopy results (514 nm excitation) for raw and purified HiPco SWNTs.
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RBM region has been observed (both 514 and 782

nm excitation) indicating the ratio of small dia-

meter nanotubes has increased after purification

relative to larger diameter tubes. Such a change

has been reported previously [10,18]. Another in-

teresting observation is that the spectra, both in
tangential and RBM regions, are blue-shifted by

about 10 cm�1 after the purification. This may be

related to a decrease in internanotube interaction

after the bundles are dispersed by the DMF/EDA

treatment.

The TGA results (Fig. 2) indicate a 22 wt% Fe

content in the raw HiPco material which dropped

to 0.4% after the two-step purification process.
The early weight gain in the raw material is due to

conversion to metal oxides. The metal impurities

in the raw material lower the decomposition tem-

perature and increase the decomposition rate. The

purified material with very little metal is thermally

more stable towards oxidative destruction than the

raw SWNTs. Experiments also show that longer

sonication periods resulted in lowering the de-
composition temperature and raising the rate as

expected due to the resulting shorter fragments of

nanotubes.

Fig. 3 shows N2 adsorption isotherms for the

raw HiPco material and a sample purified using

the complete two-step process. For comparison, an

isotherm for a sample that was subjected only to

Step 2 (HCl treatment and wet oxidation) is also

shown; step 2 alone is similar to the procedure in

[10]. All isotherms are clearly of Type IV showing

a hysterisis loop at high values of P=P0 [16]. In the
intermediate pressures, the uptake of N2 gradually

increases with P=P0. The adsorptive capacity im-
proves significantly as expected upon purification.

At P=P0 ¼ 0:2 for example, the volume adsorbed
increases from 161 cm3/g STP for the raw material
to 441 cm3/g STP for the completely purified

sample. The 2.75-fold increase in capacity matches

the increase in BET surface area discussed below.

It is also evident that a substantial fraction of this

improved capacity can be attributed to the de-

bundling effects of the DMF/EDA treatment. The

peak capacity at P=P0 reaches 1000 cm3/g STP

(¼ 1250 mg/g) for the purified sample.
Fig. 4 presents the pore distribution data cor-

responding to the N2 adsorption isotherms in

Fig. 2. Thermogravimetric analysis results.

Fig. 3. N2 adsorption isotherms (77.6 K) for the raw SWNTs

and a sample purified using the complete two-step process.

Isotherm for a sample which skipped Step 1 (DMF/EDA

treatment) and was subjected only to the HCl treatment/wet

oxidation (Step 2) is also shown for comparison.

Fig. 4. Pore distribution corresponding to Fig. 3.
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Fig. 3. The computed pore structure properties are

listed in Table 1. The total BET surface area of

raw HiPco is 577 m2/g which compares with a

value of 524 m2/g for HiPco material previously

reported by Yang et al. [12]. Any minor differences
in the raw material properties between our data

and those of [5] and [12] may be attributed to

batch-to-batch variations of a process that is

constantly undergoing improvements. Remark-

ably the total surface area of our completely pu-

rified sample is 1587 m2/g which is nearly twice

that of the previous best values for HiPco or other

SWNTs (861 m2/g in [12]). If the DMF/EDA
treatment is skipped and only the acid treatment/

wet oxidation is performed, we only see a total

area of 968 m2/g. It is clear that the debundling

process by the DMF/EDA treatment is effective in

increasing the external area as well as the efficiency

of the metal and amorphous carbon removal

process of the loosened bundles. The total pore

volume also increases upon purification. Both Fig.
3 and Table 1 reveal the presence of micropores.

The mesopores, obtained by subtracting the mi-

cropore volume from the total, constitute the

major fraction of the pores. There is a significant

number of pores of diameter >30 nm in the raw

sample, yielding an average pore size 7.4 nm. The

purification process results in pores of much

smaller size (see Fig. 4) pushing the average pore
size down to 3.9 nm.

Yin et al. [14] presented Monte Carlo molecular

simulations of N2 adsorption at 77 K for nano-

tubes of 0.6–3 nm diameter and internanotube

separation of 0.4–3 nm. Although they considered

a square array, which is a highly contrived scene-

rio, their results reveal interesting insight into

adsorption mechanisms. For a given SWNT di-
ameter, the adsorptive capacity increases with

nanotube separation according to their simula-

tions. Yin et al. [14] parametrized their simulation

results for adsorptive capacity at P=P0 ¼ 1 as:

w ðmmol=gÞ ¼ 9:146f D
p
1

�"
þ G
D

�2
� rcc

#
;

where f is a packing parameter (taken as 0.415

from Fig. 12 in [14]), D and G are nanotube di-

ameter and separation in Angstroms, and rcc is the
Lennard-Jones length parameter for carbon–car-

bon interaction (3.769 �AA). If we take an average
diameter of 1.1 nm and a conservative G/D of 1.0

to represent our results, then we get an adsorption

capacity of 38.9 mmol/g (871 cm3/g STP). The

experimental results from Fig. 3 is about 1000

cm3/g STP.

4. Concluding remarks

Applications such as gas adsorption, catalysis,
storage of H2, Li and other metals have been

speculated since the discovery of SWNTs. All these

applications require high specific areas and pore

volumes. The BET surface area of SWNTs re-

ported in the literature have been small. Recent

availability of HiPco SWNTs promises to provide

bulk quantities of large surface area material. We

have presented a two-step purification, first to
debundle the nanotubes with a DMF/EDF treat-

ment and a second step of acid treatment followed

by wet oxidation. This procedure has yielded

SWNTs with a BET area of 1587 m2/g which is the

highest value reported for nanotubes.
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