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Abstract

Multiwall carbon nanotubes grown by the catalytic decomposition of acetylene over supported Co catalyst were subjected to wet and
dry oxidation in order to remove the unwanted products and the catalyst traces. The effects of the purification treatment on the Co content

Ž . Ž .was monitored by physical methods: Rutherford Backscattering Spectrometry RBS , Particle Induced X-Ray Emission PIXE and
Ž .X-Ray Fluorescence XRF . The purified products were investigated by microscopic methods: TEM, Scanning Electron Microscopy

Ž . Ž .SEM , Energy Dispersive Spectroscopy EDS and STM. The KMnO rH SO aqueous oxidation procedure was found to be effective in4 2 4

reducing the Co content while damaging only moderately the outer wall of the nanotubes. Treatment in HNO rH SO yields a3 2 4

bucky-paper like product and produces the increase of the Si and S content of the sample. q 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

w xThe discovery of carbon nanotubes a decade ago 1
marked the beginning of a new and very prolific research
area bringing together scientist from the fields of nanos-
tructures, fullerene science, physics, chemistry and materi-
als science. The exciting properties of carbon nanotubes
w x2,3 and the wide range of the likely applications of these
nano-objects ranging from nano-electronics to nano-elec-
tromechanical systems, fully justify the intense research
interest that lead to the publication of several thousands of
papers and several books on this topics.

Most of the widely used nanotube production methods:
w x w xthe arc method 4 , the laser ablation 5 , and the catalytic

Ž . w xchemical vapor deposition CVD 6 , are based on the use
of transition metal catalysts. Following the production of
carbon nanotube containing material, usually, some chemi-
cal purification method has to be used for removing the
unwanted products like amorphous carbon, graphitic parti-
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cles, catalyst traces, etc. The presence of impurities may
influence the properties of the nanotubes and by this the
behavior of any device built from this material. For practi-
cal applications of carbon nanotubes, the availability of
analytic tools and methods for the rapid monitoring of the
purification procedure and of the consequences of the
purification on the structure of the nanotubes themselves is
of paramount importance. In the present paper, we report
on the use of Rutherford Backscattering Spectrometry
Ž . Ž .RBS , X-Ray Fluorescence XRF , Particle Induced X-Ray

Ž . Ž .Emission PIXE , Scanning Electron Microscopy SEM
Ž .and Energy Dispersive Spectroscopy EDS , TEM and

STM for the monitoring of the purification process and for
the investigation of the modification induced by this pro-
cess in the carbon nanotubes.

2. Experimental conditions

Carbon nanotubes were synthesized by the catalytic
decomposition of acetylene as carbon source at 700 8C
over zeolite supported cobalt-containing catalysts. For
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Ž .thicker tubes 2.5% Co KZ50 and KZ60 , for thinner tubes
Ž .2.5–2.5% Co–V mixture KZ61 on faujasite type zeolites

w xwere used 7 . Separation of nanotubes and catalyst parti-
cles was carried out by repeated dissolution of the support
in hydrofluoric acid and filtering. The zeolite-free nan-
otube samples were subjected to KMnO rH SO aqueous4 2 4

w xoxidation procedure 8 in order to remove the amorphous
carbon and graphitic particles. As an alternative to remove
amorphous carbon, the catalyst-free material was oxidized
in air. Oxidation in air was carried out at 400 8C, for 21 h
Ž .sample labeled ACB . For some samples, the first, wet
oxidation was followed by soaking in a mixture of cc.

Ž .HNO rH SO 1:1 vrv for 15 min applying ultrasonic3 2 4

mixing. After this, the reaction was carried out at 80 8C for
4 h followed by filtration, washing and drying at 120 8C
overnight. The purification treatments applied to the differ-
ent samples are detailed in Table 1. Increasing numerals
after the dot in the sample name denote increasing number
of treatments applied to samples from a certain family.

Nuclear analytical methods traditionally used in the
semiconductor industry: RBS and PIXE were used in
combination with XRF to monitor the changes of the Co
content of several nanotube samples after the various
chemical purification steps. A series of calibration samples
prepared by ball milling of Co salts with active carbon
were used to build calibration curves for RBS, XRF and
PIXE.

The RBS measurements were carried out using 3550
keV 4 Heq ions with the scattering angle of 1658 taking
advantage of increase of about six times in the cross-sec-
tion of He ion for carbon at this energy. Another benefit of
using high energy ions is that the mass resolution for
heavy elements is better than in the case of low energy
ions. During the measurement, the vacuum in the scatter-
ing chamber was better than 1=10y4 Pa using liquid N2

cooled traps along the beam path and around the wall of
the chamber. Backscattered He ions were detected using an
ORTEC surface barrier detector mounted in Cornell geom-

w xetry. The RBX code 9 was used for the evaluation of the
RBS spectra.

The RBS method is unable to separate the neighboring
elements in the periodic system, especially the ones with

larger atomic masses. Therefore, X-ray emission methods
Ž .XRF, PIXE were used to determine the elemental com-
position of the samples. XRF is a simple and quick method
to determine the average composition, practically no sam-
ple preparation is necessary. Its disadvantage is that re-

Ž .quires relatively large amounts of samples 50–100 mg . A
Cd-109 radioisotope induced X-ray spectrometer was used
and the characteristic X-rays were detected by a Canberra
7333E detector. PIXE is a common method for trace ele-
ment analysis of small amount of samples, with very low

Ž .limits of detection ;1 ppm . The proton beam with
energy of 2.5 MeV was produced by the 5 MV van de
Graaff accelerator of KFKI RMKI. The X-ray detection
system was the same, which had been used in the XRF
measurements.

Ž .TEM and high resolution TEM HRTEM were used to
investigate the modifications in the structure of the carbon
nanotubes due to the purification treatment, and in an
attempt to locate the catalyst particles present in the sam-
ple after the purification. HRTEM studies were performed

Ž .in a Philips CM20 Fig. 1a and b and in a JEOL 200CX
Ž .Fig. 1c microscope, both operating at 200 kV.

A JEOL JSM 840 SEM equipped with an Ortec System
5000 EDS was used to characterize the surface of the
purified carbon nanotube material after washing, filtering
and drying and to perform microanalysis.

The local electronic structure of the chemically treated
carbon nanotubes was probed by a Nanoscope STMrAFM.
The samples were prepared by sonicating the carbon nan-
otube containing material in toluene; droplets of the sus-
pension were dispersed on HOPG and the solvent was left
to evaporate. The topographic STM examination was car-
ried out in ambient air using mechanically prepared PtIr
tips, typical values of I s200 pA and U s800 mV weret b

used.

3. Results and discussion

The steps of wet chemical purification applied to re-
move the amorphous carbon proved to be useful for the
reduction of the catalyst content, too. The dry oxidation

Table 1
Wet chemical purification steps applied to the different nanotube samples

Sample Zeolite removal KMnO rH SO 0.3 KMnO rH SO 0.1 HNO rH SO4 2 4 4 2 4 3 2 4
Ž .in HF equivalent KMnO equivalent KMnO 1:1 vrv4 4

KZ50.0 q y y y
KZ50.1 q q y y
KZ50.4 q q q y
KZ60.0 q q y y
KZ60.1 q q y q
KZ61.0 q q y y
KZ61.1 q q y q
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Fig. 1. TEM images of MWCNTs synthesized by the catalytic decompo-
sition of acetylene using cobalt-containing catalysts. Co particles covered

Ž . Žwith graphitic carbon in image b and encapsulated in MWCNT in
. Ž .image a are denoted by arrows. a After repeated dissolution of the

Ž . Ž . Ž .support in hydrofluoric acid and filtering KZ50.0 , b like a , followed
by two steps of aqueous oxidation in KMnO rH SO solution, in the4 2 4

first step 0.3, while in the second step 0.1 equivalent KMnO was used4
Ž . Ž . Ž .for the oxidation KZ50.4 , c like a and after dry oxidation in air

Ž .ACB .

resulted in the increase of the relative Co content due to
the reduction of the carbon content while the oxidized Co
was not removed. The RBS, XRF and PIXE results are

summarized in Table 2. One may remark that the Co
concentration after the removal of the zeolite varies from
sample to sample, in particular, the sample grown on

Ž .Co–V catalyst KZ61.0 and KZ61.1 has the lowest Co
content. The low Co content in these samples is not
compensated by V content; the EDS results did not evi-
denced V in these samples. The lower Co content of the
KZ61 samples can be attributed to the smaller diameter of
these tubes, which is associated with a smaller axial chan-
nel diameter. A significant fraction of the Co content is
found as metallic particle inclusion in the axial hollows of

Ž .the nanotubes Fig. 1a . One may remark a systematic
difference between the RBS and XRF data. The higher
values of Co content given by RBS may be attributed to Fe
impurity in the Co, these two elements have atomic masses
too close to each other to be clearly separated by RBS
even at the high ion energy used in the present measure-
ments, while XRF and EDS can separate the two atomic
species. As seen from Table 2, no chemical treatment, or
combination of treatments, could completely eliminate the
Co from the samples. Fig. 1b shows that even after two
wet oxidation steps encapsulated metallic particles still can
be found in the sample. These could be eliminated only
after the complete destruction of the tubes. The dry oxida-
tion of the carbon nanotubes produces a larger thickness of

Ž .damaged region in the outer wall of the nantubes Fig. 1c .
Moreover, in the regions with numerous defects local

w xAhollowsB may be produced during dry oxidation 10 .
STM investigation of the nanotube samples subjected to

wet oxidation shows: the perfect nanotubes—these are
usually straight bundles of few wall or single wall carbon

Ž .nanotubes—are not damaged Fig. 2 , while the thicker
and heavily curved tubes show a pronounced variation of

w xthe local electronic properties along the tube axis 10 . This
is attributed to the attachment of functional groups to the
defect rich regions on the outer wall of the nanotubes. In
the case of wet oxidation treatment with KMnO rH SO ,4 2 4

Žthese functional groups are oxygen-containing groups –
. w xOH, –COOH, –COOR and –COR 11 .

When the last wet purification treatment is done with
HNO rH SO , a Abucky-paperB like product is obtained3 2 4

after washing, filtering and drying. As evidenced by SEM

Table 2
Ž .Co residue weight percentage in the different nanotube samples

Sample_ RBS XRF PIXE
Ž . Ž . Ž .method wt.% wt.% wt.%

KZ50.0 1.9 2.1 2.5
KZ50.1 1.6 1.1 0.9
KZ50.4 1.1 0.8 0.8
KZ60.0 2.5 1.6 –
KZ60.1 1.4 0.7 –
KZ61.0 0.8 0.3 –
KZ61.1 0.8 0.4 –
ACB 6.9 4.3 –
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Ž .Fig. 2. Constant current STM image I s200 pA, U s800 mV, Pt Ir tip of a bundle catalytically grown single wall carbon nanotubes after two steps oft t

wet oxidation. The uniformity of the gray shade along the individual tubes shows that the tubes were not attacked by the chemical treatment. The average
line-cut taken in the rectangle marked on the right hand side detail shows a distance of 2.8 nm between the individual tubes building up the bundle.

examination, the two sides of this product have different
topography and the Si impurity content, as measured by

Ž .EDS, also shows some systematic differences Table 3 .
The relative concentration values given by the EDS were
converted to values of absolute concentration using the Co
content as internal calibration standard. While the concen-
tration of Co, Fe, and S does not show significant differ-
ences from one side of the bucky-paper to the other, both

Ž . Ž .for KZ60 Co catalyst and for KZ61 Co–V catalyst ,
the Si content of one side is 2 to 5 times higher. The
HNO rH SO treatment produces the increase of the S3 2 4

content to about 0.3–0.4 wt.%. This may be attributed to
the attachment of S containing functional groups. Further

investigations are needed to decide which functional group
is responsible for the formation of the bucky-paper struc-
ture.

4. Conclusions

Catalitically grown carbon nanotubes were subjected to
wet and dry chemical purification for the removal of
unwanted carbonaceous products and of the catalyst parti-
cles. Wet oxidation is effective in achieving both goals and
produces a relatively moderate damage of the outer wall of
the nanotubes. Various physical analytical methods: RBS,
PIXE, XRF, TEM, HRTEM, SEM, EDS and STM were

Table 3
EDS concentration values of Si, S and Fe

Element Concentration Concentration Concentration Concentration Concentration Concentration
Ž . Ž . Ž . Ž . Ž . Ž .wt.% KZ60.0 wt.% KZ60.1 wt.% KZ60.1 wt.% KZ61.0 wt.% KZ61.1 wt.% KZ61.1

Side C Side D Side A Side B

Si 0.08 1.24 2.30 0.56 1.09 0.20
S 0.01 0.27 0.30 0.15 0.40 0.39
Fe 0.48 0.16 0.12 0.13 0.12 0.12
Co 1.6 0.7 0.7 0.3 0.4 0.4

Ž .Relative values were converted to absolute values using the Co concentration measured by XRF Table 1 .
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used to investigate the material resulted after the purifica-
tion. RBS, PIXE and XRF were found to be equally
suitable for monitoring the changes in the Co catalyst
content, however, RBS may be unsuitable if mixed transi-
tion metal catalyst are used.

The catalyst particles encapsulated in the central chan-
nel of the carbon nanotubes cannot be removed even if
repeated treatments are applied. STM measurements show
that the outer surface of the thin, defect-free carbon nan-
otubes is not damaged by the wet oxidation, while the
tubes containing numerous defects are selectively attacked
in the defect rich regions.

The HNO rH SO treatment produces the functional-3 2 4

ization of the outer surface of nanotubes with S containing
groups and causes a nonuniform Si buildup in the bucky-
paper like product.
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