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A novel process of surface modification for multiwalled carbon nanotubes (MWCNTs) by using electron
cyclotron resonance plasma is proposed. The process uses a H2/O2 gas mixture as etching gas and applies a
bias voltage of -250 DCV to the process stage to extract and accelerate hydrogen and oxygen cations. The
generated high density and high incident energy cations are employed to create defects on the surface of
nanotubes through ion bombardment. The oxygen cations with high reduction potential are simultaneously
applied, oxidizing the surface of the nanotubes so as to form functional groups on the side walls most effectively.
Additionally, being far from the plasma sheath, the MWCNTs can be maintained at a lower temperature to
prevent from being decomposed under the high energy plasma. The efficiency of this method was systematically
analyzed using X-ray photoelectron spectroscopy, scanning electron microscopy, transmission electron
microscopy, Raman spectroscopy, and thermogravimetric analysis. The experimental results have shown that
the proposed method is a highly effective way to functionalize MWCNTs, resulting in the nanotubes with
high concentration of oxygen-containing functional groups and minimal structural damage within very short
process time.

1. Introduction
Because of their fascinating mechanical and electrical proper-

ties,1 for the past decade carbon nanotubes (CNTs) have been
considered as promising materials for many different applica-
tions.2-5 One of the key difficulties for application is the required
separation of a single tube from agglomerated bundles by
dispersing them in an aqueous or polymer matrix. Until recently,
most approaches have attempted to functionalize the nanotubes
by way of chemical modification, fluorination, and polymer
wrapping.6-8 The theory behind this is that the formation of
polar functional groups on the surface of CNTs enhances their
solubility and dispersion abilities in water or polymers. At
present, the chemical modification method is the most common;
in this process, CNTs are normally refluxed or sonicated in a
strong acid, such as HNO3 and/or H2SO4, to introduce oxygen-
containing functional groups, such as -CdO, -C-OH, and
-COOH, to the surface. However, the harsh conditions inherent
in this method may introduce wall damage, decreasing their
stability and even cleaving them into shorter pieces.9-11 Wet
processes may also give rise to some unfavorable issues such
as waste treatment, as well as time and cost efficiency issues.

As compared to the chemical modification processes, plasma
treatment has gained lots of attention recently because it is a
solvent-free, time efficient, versatile, and environmentally
friendly procedure for surface modification.12-26 In addition,
this method can provide the greatest opportunity to scale up
the production if the system is optimized. Therefore, plasma
treatment has been used for a long time in deposition and etching

processes in many industrial fields. In most cases for surface
modification, CNTs are normally treated through exposure to
the plasma. The generated ions, radicals, and UV light in plasma
interact with the CNT surface, creating active defect sites and
bonding functional groups to these sites.18 Although plasma
treatment has been shown to be effective in facial modification
of CNTs, some have mentioned that it may cause serious
structural damage due to the high energy and temperature plasma
within very short time.18,21 An alternative that circumvents these
issues is placing the nanotubes away from plasma sheath and
extracting plasma ions by applying a bias voltage so as to reduce
temperature, radiation, and ion density. However, in most
designs, plasma sources are working at around 0.1-1 Torr
pressure, which leads to low mean-free-path; this in turn leads
to low etching efficiency if the alternative is applied. Active
plasma at higher-vacuum pressure may be an optimal solution,
but this results in a low density plasma that cannot be activated.

ECR plasma system has been a popular etching method in
many applications because, with divergent magnetic flux and
high bias voltage, this system can possess excellent features of
high ionization efficiency, high density plasma generation in
low-pressure vacuum, and effective plasma ion extraction and
transportation.27 These give the advantages that the positive or
negative ions can be easily extracted and transported toward
the specimen with high incident energy; the specimen can be
placed far from plasma sheath and then treated at relative low
temperature. These advantages are very important for conducting
a highly efficient etching process and causing no severe
structural damage of the specimen. On the basis of this idea,
we propose a method to manage the difficulties in plasma
treatment of CNTs mentioned above.

The method involves using ECR plasma system and applying
an H2/O2 gas mixture as an etching gas to generate high density
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and high incident energy hydrogen and oxygen cation stream
to create high density defects on the surface of multiwalled
carbon nanotubes (MWCNTs) through highly efficient ion
bombardment with minor negative consequences. Because of
their high reduction potential, oxygen cations are simultaneously
used to oxidize the MWCNT surface so as to form oxygen

functional groups with high concentration on the side walls.
For comparison, acid treatment using HNO3/H2SO4 solution was
also conducted for 9 h to functionalize MWCNTs. The resulting
surface structure was analyzed by X-ray photoelectron spec-
troscopy (XPS). The morphology changes were observed using
scanning electron microscopy (SEM) as well as transmission
electron microscopy (TEM). In addition, Raman spectroscopy
was used to monitor the formation of defects, and thermogravi-
metric analysis (TGA) was carried out to measure the thermal
stability of the MWCNTs.

2. Experimental Section

2.1. Plasma Treatment. The ECR plasma apparatus is
shown in Figure 1. The MWCNTs, provided by a commercial
company, were grown by thermal chemical vapor deposition.
As can be seen in Figure 1, 0.05 g samples of pristine MWCNTs
were transported in a crucible and placed on the process stage
in the vacuum chamber of the ECR plasma system. To ensure
a sufficient density of plasma and an adequate mean free path,
chamber pressure was held at 4.2 × 10-3 Torr. The output power
of the microwave generator was set at about 750 W, and 2.45
GHz microwaves were introduced into the plasma chamber
through a quartz window. The magnetic coil was arranged
around the periphery of the chamber, and the magnetic flux

Figure 1. Schematic of the ECR plasma apparatus.

Figure 2. SEM images of (a) the pristine MWCNTs, and the MWCNTs treated by (b) the ECR plasma for 5 min, (c) the ECR plasma for 20 min,
and (d) the acid treatment (HNO3:H2SO4 ) 1:3 (v/v)) for 9 h.

18432 J. Phys. Chem. C, Vol. 112, No. 47, 2008 Tseng et al.

http://pubs.acs.org/action/showImage?doi=10.1021/jp8028165&iName=master.img-000.jpg&w=193&h=174
http://pubs.acs.org/action/showImage?doi=10.1021/jp8028165&iName=master.img-001.jpg&w=503&h=400


density was 875 Gauss to meet the ECR condition at the
microwave frequency used. A H2/O2 gas mixture with a flow
ratio of 25/25 (sccm/sccm) was used as an etching gas. A bias
voltage of -250 DCV was applied to the stage to extract and
accelerate the hydrogen and oxygen cations in the plasma toward
the specimens. Once the stage temperature reached 400 °C, the
plasma treatment was conducted for 5 and 20 min.

2.2. Acid Treatment. 0.02 g of pristine MWCNT powder
was immersed in 10 mL of HNO3/H2SO4 (HNO3:H2SO4 ) 1:3
(v/v)) solution, and the CNTs/acid mixture was then ultrasoni-
cated for 9 h at room temperature. Subsequently, the mixture
was diluted with deionized water and filtered by using a 0.2
µm porous polytetrafluoroethylene (PTFE) membrane disk to
remove the excess acid from the solution. At last, the deposited
black powder was washed from the disk filter using ethanol
and then dried at 110 °C on a hotplate for 16 h.

2.3. Material Characterization. To observe the morphology
changes, the samples of pristine MWCNTs and the MWCNTs
treated by the ECR plasma and acid treatments were measured
by using a SEM (JEOL, JSM-6500F). Before the measurement,
each sample was sonicated in ethanol for 30 min and dispersed
onto a silicon wafer. Meanwhile, the microstructures of the
samples were characterized by TEM (JEOL JEM-2100).
The samples were prepared by dispersing and then depositing
the black powder on lacy carbon grids by using ethanol.

XPS (Perkin-Elmer model PHI 1600) was performed to
determine the chemical changes on the surface of nanotubes.
Being a sensitive technique, XPS is used to probe material from
the surface down to 5 nm deep so as to estimate the extent of
aromatic group formation on the surface of the nanotubes. Prior
to measurement, each specimen was attached to Scotch tape to
avoid dispersion of the nanotubes in the vacuum chamber.
Monochromated Al KR radiation (hν ) 1486.6 eV) was used
as the photon source, and photoelectrons were collected at an
angle of 54.7° relative to the normal direction of the specimen
surface. The energy resolution of the system was set to 0.2 eV.
During C1s spectrum analysis (Spectral Data Processor (SDP)
v4.0, XPS international, LLC), background noise was subtracted
by using the “Linear” mode in the range between 281.5 and

293 eV, and the component peak fitting was performed by using
Gaussian line shapes.

Raman spectroscopy (Jobin YVON LabRam HR800) pro-
vided a rapid way to monitor the defect formation of MWCNTs.
The exciting source was an Ar laser (514 nm) focused (50×)
to a 2 µm spot size. All spectra were collected with five
accumulations of 3 s each. TGA (TA Q500) was used to
characterize the changes in thermal stability with a heating rate
of 10 °C/min in air flow (60 mL/min).

3. Results and Discussion

As shown in Figure 2a, the SEM image shows that the pristine
MWCNTs are highly tangled with nearly endless tubes and with
diameters ranging from 15 to 30 nm. After the ECR plasma
treatment for 5 and 20 min, there is no obvious change in
morphology (Figure 2b and c), and this indicates that the ion
bombardment of the ECR plasma treatment in this study is
moderate. Figure 3a and b shows the TEM images of the pristine
MWCNTs and the MWCNTs treated by the ECR plasma for 5
min. The microstructures of the samples are observed to have
a high density of defects; both are composed of many cylindrical
graphite layers. The images confirm that the microstructures
and the diameter distribution of the nanotubes are without
obvious change after the ECR plasma treatment. By contrast,
after the acid treatment for 9 h, the MWCNTs (Figure 2d) are
obviously shorter, and the diameter distribution ranges from
approximately 25 to 30 nm. This leads to a larger average
diameter than that of the pristine MWCNTs. These results match
previous studies, which suggest that the harshness of the acid
treatment reduces the length, narrows the diameter distribution,
and increases the average tube diameter of the CNTs.10,11

In Figure 4, the XPS survey spectra reveal the presence of
carbon and oxygen on the pristine MWCNTs and the MWCNTs
treated by the plasma and acid treatments. The spectra are
normalized with respect to C 1s intensity for comparison
purposes. It is observed that, as compared to the pristine
MWCNTs, the plasma and acid treated nanotubes have higher
concentrations of oxygen on the surface (up to ∼50%). With
reference to previous studies,18,28 the C 1s spectrum (Figure 5)

Figure 3. TEM images of (a) the pristine MWCNTs and (b) the MWCNTs treated by the ECR plasma for 5 min.
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of the MWCNTs treated by the ECR plasma for 20 min is
deconvoluted into five Gaussian peaks centered at 284.5 ( 0.2,
285.1 ( 0.2, 286.2 ( 0.2, 287.2 ( 0.2, and 288.9 ( 0.2 eV.
Here, the main peak at 284.5 eV originates from the graphite
signal. The peak at 285.1 is assigned to sp3 carbon atoms. The
peaks at 286.2, 287.2, and 288.9 eV correspond to hydroxyl,
carbonyl (or ether), and carboxyl (or ester) signals, respectively.
With a total intensity of about 4-8%, the peak assigned to
π-π* shakeup bonds is also observed at 290.4 eV.19,29 The
peak at 283.2 eV is assigned as carbidic carbon.30

The C 1s spectra of the four MWCNT samples are shown in
Figure 6, and the curve-fitting results are given in Table 1. It is
noted that the [O]/[C] ratio in the table is based on the relative
percentage of three carboxyl groups to all of the carbon atoms
detected.21,28 Interestingly, as demonstrated in the table, the
oxygen functional groups have already been grafted on the
MWCNT surface with a concentration of about 11.2% prior to
shipment through acid treatment for purification purpose. When
the sample is treated by using the ECR plasma for 5 min, the
XPS measurement results show that the concentration of
oxygen-containing groups increases from 11.2% to 31.1%.
Meanwhile, the concentration can increase up to 59.8% when
process time increases to 20 min. As compared to the sample
treated by the acid treatment, the MWCNTs treated by the ECR
plasma for 20 min receive more oxygen-containing functional
groups on the surface of the nanotubes. Furthermore, the

percentage of amorphous carbon is observed to be reduced. It
is obvious that the sample treated by the ECR plasma for 20
min has a higher graphite content (27.1%) and less amorphous
carbon (13.1%) than the acid treated sample. The results support
that this method is highly effective in introducing oxygen
functional groups and simultaneously removing carbon impurities.

In general, functional groups are expected to be covalently
bonded to the defect sites on the end and side wall of CNTs.31

To better understand the extent of defects in the nanotubes, the
Raman spectra of the untreated and treated MWCNT samples
are presented with two characteristic peaks, D and G bands. It
is known that the intensity of the D band, in the range
∼1300-1400 cm-1, is correlated with structural disorder
originating from any defect and amorphous carbon on the walls
of MWCNTs, and the G band (∼1500-1600 cm-1) is related
to the graphite signal.32 It is further suggested that the intensity
of the D band is defect-activated and the broad line-width of it
indicates the high content of carbon impurity, such as amorphous
carbon, nanocrystalline graphite, charcoal, and vitreous car-
bon.32,33 Furthermore, the ID/IG ratio is a good indicator of the
defect density on nanotube walls.33

As reported in Figure 7 and Table 1, after the MWCNTs are
treated by the ECR plasma for 5 min, the measurement of
Raman spectroscopy displays a higher ID/IG ratio (1.06) than
that of the pristine MWCNTs (0.88). This increase may reflect
the fact that the plasma treatment can introduce high density
defects on the surface of the nanotubes effectively, even as
compared to the acid treatment. It is observed that when the
process time of the ECR plasma treatment increases to 20 min,
the ID/IG ratio value decreases to 1.00. As suggested by Osswald
et al.,33 this decrease may be due to the removal of the
amorphous carbon layer coating on the surface of the MWCNTs.
Note that the spectra are normalized with respect to G band
intensity.

As shown in Figure 8, the results of TGA show that, with a
decomposition temperature of 600 °C, the pristine MWCNT
sample is more thermally stable toward oxidative degradation
than the MWCNT samples treated by the ECR plasma for 5
and 20 min. However, the difference between the untreated and
ECR plasma treated samples is marginal. It is known that the
oxidation stability correlates with the combing effect of defects
and the diameter of the nanotubes.10 With the same diameter

Figure 4. XPS survey spectra of the pristine MWCNTs and the ECR
plasma and acid (HNO3:H2SO4 ) 1:3 (v/v)) treated MWCNTs.

Figure 5. XPS C1s spectrum of the MWCNTs treated by ECR plasma
for 20 min. The curve deconvolution suggests the presence of five
chemical species: (1) graphite, (2) sp3 carbon, (3) hydroxyl groups, (4)
carbonyl groups, and (5) carboxyl groups.

Figure 6. XPS C1s spectra of the MWCNTs treated by different
treatments.
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distribution, these results support that the defects can be
introduced to the surface of nanotubes by the plasma treatment
and the concentration increases with treatment time. Meanwhile,
the slight decomposition temperature decrease also depicts that,
after the plasma treatment, the nanotubes still have almost the
same structural integrity as the pristine sample. This matches
the observation results of SEM (Figure 2a-c) and TEM (Figure
3).

On the other hand, after the MWCNTs are treated by HNO3/
H2SO4 solution for 9 h, the oxidation reaction occurs at ∼628
°C. The increase of the oxidization reaction temperature may
reflect the fact that there is significant structural change during

acid treatment so that the MWCNTs with smaller diameter are
oxidized and then destroyed in the harsh environment. Therefore,
only nanotubes with large diameters remain but with shorter
lengths (cf. Figure 2d), because of their higher stability, which
helps to retard defect propagation on the walls of the nanotubes.
This also raises the concerns that material loss can be massive
and some properties, such as electrical conductivity, can be
unavoidably altered.34,35 By contrast, based on the various
characterization techniques, the ECR plasma treatment can
introduce dense defects and functional groups on nanotube
surface without causing large structure damage, and the
structural integrity and most natural properties of the nanotubes
may thus be preserved from the effects of the ion bombardment
and oxidization.

It is noted that the presence of the uncertainties in the results
of XPS, Raman spectroscopy, and TGA may slightly change
the data provided above. Uncertainty analysis based on sufficient
experiments data is required to revise the process parameters if
the proposed method is to be applied for practical uses. Although
the analysis has not been conducted yet, the present results are
still reliable enough to characterize the performance of this
method qualitatively.

4. Conclusion

In conclusion, this study presents an overview of the surface
modification of MWCNTs by the ECR plasma. We have found
that, as compared to the harsh acid treatment using HNO3/H2SO4

solution with a process time of 9 h, the presented ECR plasma
treatment can graft higher concentration of oxygenated groups
on nanotube surfaces (∼60%) with very short process time (20
min) and without observable negative effects. This is because,
with low working pressure, the divergent magnetic flux, and
the application of the high negative DC bias voltage (-250
DCV), this method can produce high density and high incident
energy hydrogen and oxygen cations to create dense defects on
the surface of the nanotubes through ion bombardment. In
addition, the high reduction potential oxygen cations are capable
of oxidizing the surface of CNTs so that functional groups can
form on the side walls effectively. The SEM and TEM
characterization results have shown that the proposed method
is adequate for our purposes in that the structure and morphology
changes of the resulting materials are almost negligible. Most
importantly, the results of Raman and TGA reveal that this
method tends to create defects allowing functional groups to
effectively form on the nanotube surface, while the thermal
stability changes between the pristine and the plasma treated
samples are marginal.
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