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The Electron Cyclotron Resonance (ECR) plasma is a relatively new and scalable technique which opens up
possibilities for a more environmentally friendly and rapid method of nanotube purification. We report a single
step, dual purification and functionalisation technique using nitrogen-ECR plasma and compare results to those
from standard RF plasma via Raman, Thermal Gravimetric Analysis (TGA), X-ray Photon spectroscopy (XPS)
and static contact angle measurement. The purity of the nanotubes was evaluated by TGA which showed ∼96%
for the N-ECR treated and ∼91% for the N-CCRF. Defects introduced by plasma exposure acted to functionalise
the nanotubes by nitrogen attachment as evidenced by Raman, XPS and static contact angle measurements. The
impact of nitrogen ion bombardment with two different plasma ion energies is fingerprinted by the defects induced
in the nanotube matrix. [DOI: 10.1380/ejssnt.2009.337]
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I. INTRODUCTION

Single walled carbon nanotubes (SWCNT) offer many
potential applications due to their unique structure and
properties [1]. However the lack of high purity nanotubes
poses a barrier to such developments. As-grown nan-
otubes contain high levels of impurities such as metal
nanoparticles and amorphous carbon [2], the amount de-
pending on the growth mechanism such as the arc dis-
charge, laser ablation, catalytic chemical vapour deposi-
tion (CCVD), plasma enhanced chemical vapor deposi-
tion (PECVD) and others [3] and their purification re-
mains a major challenge. The traditional chemical meth-
ods of purification rely on strong acid treatment which
has limited efficacy. Plasma-based methods offer alterna-
tive purification routes whereby activated radicals and/or
ion bombardment can decompose impurities into volatiles
and simultaneously, depending on gas composition, mod-
ify the nanotube surface chemical composition to enable
functional group attachments. Plasma processing has the
particular advantage of avoiding the use, and subsequent
disposal, of hazardous chemicals used in wet chemical
methods. Various precursors, such as oxygen–argon mix-
tures [4, 5], hydrogen [6], fluorine, ammonia, nitrogen,
H2O [7–9] or only oxygen [10] have been reported. Ra-
dio frequency (RF) generated plasmas are the standard
method for surface modification in many disparate fields.
Nitrogen is most extensively used to produce CNx nan-
otubes which are vital for a range of electronic and bio-
logical applications [11, 12].

In this work, a novel Electron Cyclotron Resonance
(ECR) plasma process is investigated in order to obtain
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both purification and functionalisation in a single step
technique and results are compared with exposure to a
standard capacitively coupled RF (CCRF) plasma sys-
tem. The morphology, structural properties and purity of
the untreated and plasma treated nanotubes have been in-
vestigated by Raman Spectroscopy and TGA. The surface
reactivity after the nitrogen plasma treatment is demon-
strated by the XPS and the contact angle measurements.

II. EXPERIMENT

Arc discharge [13] produced single walled carbon nan-
otube (SWCNTs) from CarboLex Inc (U.S.A.), was used
throughout this study. The SWCNT’s (taken as powder)
initial purity was evaluated by the thermo-gravimetric
analysis (TGA). For the plasma treatment the samples
were prepared by first dispersing the nanotubes in N-N;
dimethlylformamide (DMF) solution in the ratio 1:1, fol-
lowed by ultra-sonication for 10 minutes and was finally
drop dried on an n-type Si(100) wafer before being loaded
into the ECR system for plasma treatment. The nitro-
gen plasma was generated using a 2.45 GHz ECR plasma
source and the plasma power varied, under constant mag-
netic field conditions. The condition for maximum purifi-
cation were achieved with a microwave power of 100 W
at 0.2 mTorr. The CCRF nitrogen plasma was obtained
for input powers that resulted in a DC self-bias of −100
V at 10 mTorr. These untreated (UT) and treated nan-
otubes (N-ECR and N-CCRF) were investigated using a
high resolution x-ray photon spectroscopy (XPS), (Sci-
enta ESCA300), equipped with a hemisheperical energy
analyser, Al Kα x-ray source. The thermal analysis for
the UT and plasma treated samples were carried out with
Pyris 1 TGA analyzer (Perkin Elmer). The initial sample
for test weighed 1 mg. The tests were performed un-
der flowing nitrogen atmosphere at a temperature range
between 90-900◦C with a linear heating of 10◦C/minute.
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Raman spectra were measured using a 633 nm red laser
in the back scattering mode. Static water contact an-
gle measurements were obtained using the sessile drop
method (Cam 200.optical contact angle meter).

III. RESULTS AND DISCUSSION

A. Thermogravimetry Analysis (TGA)

Figure 1(a) shows the TGA of the untreated and
treated samples while Fig. 1(b) shows the derivative of the
TGA. For the UT case, the initial burn off temperature
is <300◦C and this can be attributed to the soot amor-
phous carbon and soot associated with the nanotubes.
The weight loss of the UT at 900◦C is ∼12.4% which ac-
counts for the metal catalyst and some metal nanoparti-
cles encapsulated in carbon which, may not be completely
burnt off. The N-ECR purified samples show two step
weight losses, the first step occurring at 360◦C while the
second step at 622◦C. The initial burn off at 360◦C can
be attributed to the gradual removal of soot and asso-
ciated amorphous carbon. We have observed the initial
burn off temperature for the nitrogen treated SWCNT is
increased by >∼60◦C which can be due to the removal of
soot and amorphous carbon partially by the ion bombard-
ment. A second step at 622◦C is due to the loss of –OH or
–COOH functional groups [14] and oxidation of metal par-
ticles. The final weight loss for the N-ECR treated SWC-
NTs was ∼96% with the remaining 4% thought to contain
remnant metal nanoparticle residues. Similar results were
obtained for the CCRF treated nanotubes which showed
∼91% weight loss at 1000◦C. Figure 1(b) represents the
derivative of the TGA. Since the maxima, dW/dT , for the
untreated nanotubes is broad, the exact SWCNT burn-
off temperature cannot be determined and is estimated as
∼585±5◦C. The dW/dT maximum is observed at 636◦C
which is the burn off temperature for the N-ECR treated
nanotubes, an increase of 50±5◦C compared to the un-
treated nanotubes. Nikolaev et al. [14] have attributed the
increase in the oxidation temperature to the higher ther-
mal stability of the nanotubes and in our case it therefore
suggests the ECR plasma process does not result in signifi-
cant damage. For the N-CCRF the dW/dT maxima is ob-
served at 520◦C, a decrease in the thermal stability com-
pared to both the UT and the N-ECR treated samples,
due possibly to oxygen uptake at active sites created by
the nitrogen plasma, upon exposure to atmosphere. The
potential difference between sample and plasma is much
higher in the RFCC case (>100V) compared to ECR (few
volts) and hence ion bombardment is likely to be much
more energetic and a possible source of extra defect gen-
eration as a source for active site oxygen uptake.

B. X-ray Photon Spectroscopy (XPS)

Figure 2(a) shows the wide energy scan (WES) XPS
of the untreated and the plasma treated SWCNT. Fig-
ures 2(b), 2(c) and 2(d) represent the C 1s, N 1s and O
1s core levels of the same samples respectively. The in-
tensity of carbon decreases and the peak broadens, after
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FIG. 1: (a) Thermal Gravimetric Analysis (TGA) curve. The
inset represents the TGA of the untreated SWCNT. (b) The
derivative of the TGA curves for the untreated and nitrogen
plasma treated SWCNT.
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FIG. 2: (a) XPS survey spectra, measured at normal incidence
(90◦), UT (untreated), and plasma treated SWCNT. (b), (c),
(d): The XPS spectra of the same samples at C 1s, N 1s and
O 1s core levels respectively.

nitrogen plasma treatment indicating the removal of the
amorphous carbon surrounding the metal particles and
the nanotubes. In the WES for the untreated sample, no
peaks related to the catalyst particle (nickel and yttrium)
are observed, but these peaks are visible for the plasma
treated samples. XPS, being a surface technique cannot
probe catalyst particles which are embedded in the carbon
but as this encapsulation is removed, the metal particles
become exposed and their peaks get stronger. In the N-
ECR treated sample the total metal concentration (at. %
conc.) of nickel and yttrium is ∼4%, in agreement with
the TGA (residue ∼4%). The atomic concentration of
nitrogen increases from 0.95 at. % to 13.10 at. %.

It has been shown [15] that the nitrogen substitutes the
carbon in the planar, graphite like environment. Also Ter-
rones et al. [16] have shown that both multiwall nanotubes
and graphite, treated in a nitrogen atmosphere, are chem-
ically reactive because of the pyridine like defects. The
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FIG. 3: shows the D and G band of the Untreated and nitrogen
plasma treated SWCNT samples respectively. The inset shows
the RBM for the same samples between of the frequency 100-
250 cm−1 respectively

increase in the nitrogen can be attributed to the substi-
tution of the N in the carbon sheet, at the defect sites.
There is a substantial increase in the oxygen concentration
of the plasma treated nanotubes from 7.21 at. % (UT) to
40.26 at. % for the N-ECR treated SWCNT. The defects
created by the plasma bombardment are highly reactive
and can also chemisorb oxygen upon exposure to atmo-
sphere [17] and also observed in our previous work [18]
for vertically aligned nanotubes treated by nitrogen RF
plasma. The nitrogen plasma creates not only nitrogen re-
lated defects but also leaves carbon dangling bonds that
might act as the active sites for the oxygen adsorption.
In the case of RF plasma the at. % conc. of oxygen is
greater than that of nitrogen.

C. RAMAN SPECTROSCOPY

Figure 3 shows the Raman spectra for the UT and the
plasma purified single walled nanotubes where the D-peak
is indicative of induced defects while the G-peak is asso-
ciated with the tangential graphitic mode. The increase
or decrease in the D to G intensity ratio (ID/IG) can
be used to indicate structural changes made to the nan-
otubes. The radial breathing mode (RBM) which is a sig-
nature of SWCNT [19] is observed in both the untreated
and the N-plasma treated samples at the low wave num-
ber (100-200 cm−1). There are five to six RBM observed
at 116.4, 133.06, 144.13, 160.71, 173.9, 188.24 cm−1 re-
spectively. The diameters of the RBM, from d (nm) =
248/ν (cm−1) [20], range from 2.1nm to 1.3 nm. For the
plasma treated samples the RBMs are up shifted and the
peak at ∼174 cm−1 disappears indicating the removal of
smaller diameters. The G-band is double peaked with two
components G− and G+. The G− (1538 cm−1) and G+

(1577.9 cm−1) for the untreated SWCNT is up shifted to
G− (1540 cm−1) and G+ (1580.5 cm−1) and this is at-
tributed to nitrogen chemisorption on the nanotube sur-
face after the N-plasma treatment [21]. Since nitrogen can

A B

FIG. 4: (a) The static contact angle of the Untreated SWCNT
and (b) the contact angle of the nitrogen plasma treated
SWCNT.

easily accept an electron, it attaches to the active carbon
in the graphitic sheets leading to co-valent side wall func-
tionalisation. A similar observation is shown by Khare
et al. with the SWCNT treated by ammonia microwave
glow discharge plasma [8, 22]. A small intermediate D
peak is observed at 1310 cm−1 for the untreated single
walled up shifted to 1313.6 cm−1.

The exposure of nanotube to the plasma has both phys-
ical and chemical effects. The chemical effect leads to
chemical reaction between the nitrogen species and the
nanotube surface creating functional groups and the phys-
ical effect of ion bombardment leads to the formation
of defects [23, 24]. The up shift in the D and G peak
can be attributed to the nitrogen functionalisation which
takes place along with purification. The ID/IG for the
UT SWCNT is 0.08 which increased to 0.17 for the N-
ECR and to 0.28 for the N-CCRF treated nanotubes. An
increase in the ID/IG ratio indicates enhanced surface
defects, which can be due to the N chemisorption and
consequent uptake of oxygen on the CNT surface leading
to a high degree of functionalisation [25].

D. CONTACT ANGLE MEASUREMENT

The change in the wettability of the nanotube surface
by the nitrogen ion bombardment is obtained by static
contact angle measurement. The nanotubes which are
hydrophobic in nature are made hydrophilic by the func-
tionalisation due to the nitrogen plasma. Figures 4(a) and
4(b) show contact angle of the untreated SWCNT and the
nitrogen plasma treated nanotubes respectively. The con-
tact angle, the angle between the surface of the nanotube
and the water droplet for the UT was measured to be 108◦
and the angle for the plasma treated is 72.5◦. The nan-
otubes that were untreated (raw) already possess some
defects on the surface. The surface of the nanotubes is
covered by active C atoms and C–C which are covalently
bonded. The N2 introduced dissociates into 2[N] and ini-
tially reacts with the active C or the dangling C present,
simultaneously breaking the C–C covalent bonds. Since
the system is not an ultra high vacuum (UHV) there may
be the presence of O2 from the air. By turning on the
plasma the O2 immediately dissociates as O2 = 2[O] and
have a much higher tendency to react (as it is more elec-
tronegative than carbon) with the active C atoms on the
surface walls of the SWCNT than the nitrogen which is
allowed in to the chamber as the dissociation energy of
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the oxygen is less than the dissociation energy of nitro-
gen [26].

IV. CONCLUSION

We have reported a novel, single step, plasma treatment
using ECR plasma which results in side wall functionalisa-
tion and purification (∼96%), and is much simpler than
the wet chemical treatment. Similar purification levels
(∼91%) are also obtained using a standard RF plasma
but at the cost of significantly higher defect generation.
ECR plasma treatment has also been shown to simultane-
ously functionalize the nanotubes thus offering an efficient
dual-purpose single step technique. Spectra from Raman

and XPS validate the functionalisation occurring at the
defects created by the nitrogen plasma where nitrogen
species irradiation enhances the chemical reactivity of the
nanotube surface enabling the attachment of functional
groups. The Raman showed an increase in the defects
for the both ECR and CCRF. The difference in the level
of defects between ECR and RF is considered due to the
much higher ion bombardment energy in the latter. This
shows the energy of the ion bombardment is an impor-
tant factor in the defect generation and increased surface
activity of the nanotubes. Reducing the ion energy is pos-
sible in the RF case but at the cost of much lower species
(radical and ionic) flux and more detailed investigation
is required to elaborate the purification-functionalisation
dependence on ion energy-flux and neutral flux densities.
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