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A B S T R A C T

Multiwalled carbon nanotubes (MWCNTs) were treated with an atmospheric pressure

plasma source using an argon/water mixture. Optical emission diagnostics has shown that

hydroxyl radicals (OH) were the major reactive species in the plasma. The structural

changes in MWCNTs were monitored by micro-Raman spectroscopy. The observed varia-

tion of the D and G band intensity ratio and position dispersion with plasma treatment

time was ascribed to the change in structural disorder on MWCNT surfaces. Scanning elec-

tron microscopic study showed that some defects can be induced in MWCNTs during

plasma treatment. Results of thermogravimetric analysis indicated that atmospheric pres-

sure OH plasma is as effective as traditional wet methods for purifying MWCNTs.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Since the discovery of carbon nanotubes (CNTs), numerous

research activities have been devoted to the development of

chemical modification methodologies [1–19]. Among these

methods, oxidation has been regarded as a critical step in

the functionalization and purification of CNTs for many

applications. The electronic density of states, reactivities,

and solubility of modified CNTs can be affected by the oxy-

gen-containing functional groups produced on their surfaces

[6–12]. To date, most of the oxidation procedures have been

performed in a solvent environment. On the other hand, quite

a few dry (non-solvent) oxidation processes involving oxygen

have been performed using techniques such as air-oxidation

[5–7], ozone oxidation [8,9] and plasma oxidation [6,16–18].

The studies of the interaction of hydroxyl radicals (OH)

with CNTs have been carried out in both solution [12] and va-

por [19] phases. With a ferrous salt and hydrogen peroxide

mixture (Fenton reagents), the growth of –OH and other oxy-

gen-containing functional groups has been identified by
er Ltd. All rights reserved
.

infrared spectroscopy [12]. Direct treatment of CNTs with

alcohol and water vapors at high temperature and low pres-

sure has proved that OH radicals can efficiently remove amor-

phous carbon impurities in CNTs [19–21]. It is known that OH

radicals can etch the carbon atoms with dangling bonds [22].

In this paper, we report the use of a compact atmospheric

pressure plasma source to generate atmospheric pressure OH

radicals for purifying multiwalled carbon nanotubes

(MWCNTs). The degree of purification of MWCNTs was exam-

ined by micro-Raman spectroscopy, thermogravimetric ana-

lyzer (TGA), and scanning electron microscopy (SEM).

Instead of using the typical Raman analysis approach com-

paring the peak intensity variation and frequency shift of

the modes of interests [14,15,23,24], we adopted the unique

relationship between structural disorder and Raman disper-

sion effect to monitor the degree of purification of MWCNTs.

Since only inert gas and water but no solvents or strong acids

were used, atmospheric pressure plasma is considered to be a

potential green technology for CNT modification and

purification.
.
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2. Experimental

Atmospheric pressure OH radicals were produced by mixing

water vapor with Ar carrier gas (99.995%) in a quartz tube

0.25 inch in diameter (Fig. 1). The discharge was sustained

by a radio-frequency (RF) power source (13.56 MHz). RF power

was kept around 130 W. The flow rate of Ar was kept at 3 slm.

Optical emission from the plasma was directed to a scanning

monochromator (Jobin Yvon, Triax320) by an optical fiber. The

signal was amplified by a thermal electrically cooled charge-

coupled device (CCD, Jobin Yvon). The slit width was fixed

at 0.01 mm. The exposure time was adjusted from 500 ms to

5 s to improve the signal-to-noise ratio. Production of OH rad-

icals was optimized by monitoring the emission intensity of

OH at 309 nm.
Fig. 1 – Atmospheric pressure plasma setup.
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Fig. 2 – Optical emission of Ar/H2O plasma. Left: Ar transitions be
MWCNTs were used as-received (claimed purity >99.5%,

Functional Materials Division, Mitsui & Co., Ltd, Japan) or

purified by a standard procedure of using H2O2 and HCl [21].

Cellulose nitrate membrane filters (pore size 0.45 lm) were

used to isolate MWCNTs from impurities in solution. The

purified MWCNT powder was pressed into pellets 0.5 mm in

thickness and 1 cm in diameter. The MWCNT pellet was

placed very close to the plasma jet so that it was almost en-

tirely immersed in the plasma flame. Plasma-treated

MWCNTs were characterized by a confocal Raman micros-

copy module (Jobin Yvon) with a He–Ne laser (632.8 nm) and

an Ar ion laser (514.5 nm and 488 nm) to cover the excitation

energy (eL) range from 1.96 to 2.54 eV to observe dispersion ef-

fect. The CCD exposure time was varied from 20 to 60 s. The

Raman signal was averaged with measurements from nine

different locations in each sample. The degree of purification

of MWCNTs was monitored by TGA (DuPont TA, Q50). SEM

was used to inspect the surface morphology change of

plasma-treated MWCNTs.

3. Results and discussion

3.1. Plasma temperature measurement

Fig. 2 shows the plasma optical emission spectra of Ar be-

tween 400 and 650 nm [25] and OH radical around 309 nm

[26]. The excitation temperature (Tex) obtained from the Boltz-

mann plot of Ar transitions was around 4000 K. From the

amplitude ratio between two peaks (306.5 and 306.9 nm) of

OH, the rotational temperature (Trot) was estimated to be

1100 K [26].

In a weakly ionized gas at low pressure, e.g., 10�6�10�3

Torr, the collision rate between electrons and neutral mole-

cules is insufficient to reach thermal equilibrium. Conse-

quently, the electron temperature can be one to two orders

of magnitude higher than the neutral and ion temperatures.

However, at atmospheric pressure, the collision rate is suffi-

ciently high for effective energy exchange between the elec-

trons and neutral molecules, so that Tex and Trot approach

to each other [27]. This explains the observed high Trot in

atmospheric pressure plasma.
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3.2. Raman analysis

Both the D and G bands were analyzed by fitting with a

Lorentzian profile. The time dependence trends of the D and

G band intensity ratio, band positions, and linewidths
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Fig. 3 – The time dependence trends of the ID/IG ratio with plasm

MWCNTs.
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Fig. 4 – (A) ID/IG ratio versus kex of as-received MWCNTs. (B) The

(A)) of as-received MWCNTs. (C) ID/IG ratio versus kex of purified

dispersion (the slopes in (C)) of purified MWCNTs.
(FWHM) can be derived from the evolution of the correspond-

ing band profiles.

3.2.1. Intensity ratio
The D band intensity represents the existence of defects

and other disorder-induced effects for any type of carbon
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[28–34]. The increased ratio of the D band intensity to the G

band intensity (ID/IG) is the key evidence for sidewall func-

tionalization, due to the increased sp3-content in the sp2

framework of the CNT sidewalls [3,10,28]. The plasma treat-

ment time dependence of ID/IG trends of both as-received

and purified MWCNTs show maxima at around 15 min with

kex = 632.8 nm (Fig. 3). In contrast, only slight variation of ID/

IG was observed with kex = 514.5 nm or 488 nm.

In disordered carbon materials, it is known that the sensi-

tivity of measuring ID/IG is lower using shorter kex [30]. This

explains why the red kex can shed more light on variations

of the ID/IG ratio in MWCNTs than green or blue kex. It has also

been pointed out that in disordered carbon materials, the

more that the disorder increases, the lower the ID/IG ratio dis-

persion [31]. The intensity ratio dispersion trends (ID/IG versus

kex) of as-received and purified MWCNTs are plotted in Fig. 4A

and C, respectively. The positive slopes (unit: nm�1) obtained

from the fitted lines in Fig. 4A and C are called the ID/IG ratio

dispersion, i.e., the rate of change of the ID/IG ratio with re-

spect to kex, adisp ¼
oðID=IGÞ

okex
. Fig. 4B and D show the time depen-

dence trends of adisp for as-received and purified MWCNTs,

respectively. The positive rate of change of adisp with respect

to time (
oadisp

ot ¼
oðID=IGÞ
okex@t , unit: nm�1 min�1) before the maximum,

can be ascribed to the process of plasma purification. Amor-

phous carbon and other impurities are removed by the plas-
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Fig. 5 – The time dependence trends of the D and G band positi

bottom: purified MWCNTs.
ma. Thus disorder decreases with increasing ID/IG ratio

dispersion. After the maximum, the negative
oadisp

ot can be inter-

preted as a process of increasing disorder, possibly due to

plasma-induced defect formation on MWCNT surfaces.

3.2.2. Band position
The time dependence trends of D and G band positions are

illustrated in Fig. 5. This shows that only the D band, but not

the G band, has good linear trends. As-received samples show

more deviation from linear trends with plasma treatment

time than purified ones. The oscillatory trend in the G band

position of as-received MWCNTs is especially evident. The

slopes of the fitted lines in the D band are negative and posi-

tive for as-received and purified MWCNTs, respectively. Usu-

ally the more that disorder increases, the less the D band

position disperses [31]. In disordered carbon materials, the

G band position dispersion is proportional to the degree of

disorder [32]. However, in CNTs, the G band is non-dispersive

and its position is not sensitive to kex [33].

The wavelength-dependence trends of the D and G band

positions are plotted in Fig. 6. As expected, the D band dis-

perses to lower wave numbers with increasing laser kex [34].

The band position dispersion, i.e., the rate of change of band

position with respect to kex, bdisp ¼ @xD
@kex

(unit: cm�1 nm�1), is

obtained from the slopes of the fitted lines in Fig. 6. The
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averaged D band bdisp (from t = 0 to 25 min) is �0.18 ± 0.01

cm�1 nm�1 (equivalent to bdisp ¼ @xD
@�ex

= 46 ± 3 cm�1 eV�1, if

wavelength kex is replaced by energy eL using electron volts

as the unit in Fig. 6) for purified MWCNTs. For as-received

samples, the averaged D band bdisp is �0.20 ± 0.02 cm�1 nm�1
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(equivalent to 50 ± 3 cm�1 eV�1). The larger deviation of the

dispersion value in as-received samples than that in purified

ones can be ascribed to the presence of impurities such as

amorphous carbon, catalysts, and defective CNTs. Compared

with published D band bdisp data for single-walled carbon
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nanotube (SWCNT) (51 ± 2 cm�1 eV�1) [35] and MWCNT

(45 cm�1 eV�1) [32], the MWCNT dispersion values obtained

in this work using three kex values are quite reasonable.

The time dependence trends of bdisp for the D and G bands

(Fig. 7) also illustrate the two opposite processes (purification

and disorder formation) as discussed in the intensity ratio

dispersion relationship. In as-received samples, the positive

rate of change of the D band bdisp (
@bdisp

@t ¼
@xD
@kex@t, unit: cm�1

nm�1 min�1) before the maximum, is due to the process of

plasma purification. After the maximum, the negative
@bdisp

@t

can be interpreted as the formation process of plasma-in-

duced disorder, which is also the reason for the negative
@bdisp

@t observed in purified MWCNTs.

Although the linear relationship of the G band data in

Fig. 6 is very poor, its
@bdisp

@t trend behaves like that of the D

band, if we force the linear regression on the G band wave-

length-dependence data in Fig. 6. It has been reported that

in hydrogenated amorphous carbon, the G band dispersion

is sensitive to topological disorder, which arises from the size

and shape distribution of sp2 clusters [36]. In disordered car-

bon materials, the variation of the G band position is related

to the change in vibrational frequency of the band gap of p

states from sp2 groups [30] and the G band dispersion is pro-

portional to the degree of disorder [31]. In Fig. 5, the G band
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purified MWCNTs.
position of purified MWCNTs blue-shifts with plasma treat-

ment time, which is consistent for all three wavelengths.

However, it is known that the G band is not dispersive and

its position is not sensitive to kex in CNTs [33]. Thus the ob-

served G band dispersion in this work (@xG
@t ranges from 0.04

to 0.12 cm�1 min�1 in Fig. 5;
@bdisp

@t = �4.4 · 10�4 cm�1 nm�1

min�1 in Fig. 7) could be related to the plasma-induced (de-

fect) disorder formation. For as-received samples, no clear

trend can be followed, possibly due to the interference from

impurities. The small negative
@bdisp

@t value (�4 · 10�4 cm�1

nm�1 min�1) of the G band in purified MWCNTs indicates that

the nanotube surface is only moderately affected, but not se-

verely etched, by the OH plasma, since the G band only dis-

perses in more disordered carbon materials [31].

3.2.3. Linewidth
No apparent trends in the variation of FWHM with plasma

treatment time and kex were found in the D and G bands

(Fig. 8), except the red-excited D band data, which slightly de-

crease with plasma treatment time. Although it is known that

the G band FWHM decreases with increasing excitation en-

ergy in disordered carbon materials [31], we did not see such

a trend in this work. Even though MWCNTs are purified by

plasma, we believe that the structure on MWCNT has also
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been damaged by plasma to some extent, which causes the

oscillatory trends in FWHM. This argument will be verified la-

ter in the discussion of SEM data.

3.3. Thermogravimetric analysis

The thermogravimetric curves of four kinds of MWCNT

samples (as-received, purified, plasma-treated, and purified-

plasma-treated) are shown in Fig. 9 with the percentage

weight and derivative weight change in MWCNTs as a func-

tion of temperature (TGA conditions: air = 60 ml/min, temper-

ature range of 50–900 �C, at a rate of 20 �C/min). Plasma

treatment time was 25 min. The MWCNT samples started to

decompose at around 715 �C (as-received), 640 �C (purified),

and 630 �C (plasma + as-received and plasma + purified). At

820 �C (purified and plasma-treated) and 875 �C (as-received),

the MWCNT samples were completely decomposed. The inset

graph in Fig. 9 shows the weight loss of MWCNT samples be-

tween 50 and 600 �C. From the weight loss below 500 �C in the

as-received samples, we estimate that the amount of amor-

phous carbon is very small (�0.1%). The loss between 500

and 715 �C is due to the rapid decomposition of CNTs [18].

From the derivative curves in Fig. 9, it appears that plasma

is more effective than wet chemicals (H2O2 + HCl) in the puri-

fication of MWCNTs. This also reflects the fact that some

impurity residues still remain using the wet purification

method. The amount of impurity residues in MWCNTs after

wet treatment is a further three-fold reduced with plasma

treatment. The plasma treatment time used for TGA samples

is 25 min.

3.4. SEM analysis

Fig. 10 shows a series of SEM pictures taken with different

plasma treatment times. Some defects were produced in

MWCNTs after wet purification. It appears that plasma-in-

duced damage of MWCNTs is enhanced in as-received sam-

ples. The purified MWCNTs remain almost intact unless

with prolonged exposure under plasma. The observed

enhancement is due to the fact that the impurities in CNTs

(amorphous carbon, dangling bonds, and defects) are more

reactive than the well-structured sp2 carbon networks.

From the defects observed by SEM, we believe that the low

decomposition temperatures for plasma-treated MWCNTs in

TGA can be ascribed to the effect of defect-accelerated oxida-

tion reactions. Plasma-induced defects in MWCNTs are highly

reactive. Thus, it appears that plasma-treated samples are

‘‘cleaner’’ than wet-purified ones. The plasma-induced defect

formation also accounts for the observed oscillatory FWHM

values mentioned in Section 3.2.3. Nevertheless, we believe

that, with appropriate control of plasma parameters such as

treatment time, gas flow rate, and RF power, the damage in-

duced by plasma treatment can be minimized and impurities

can be effectively removed.

3.5. Reaction mechanisms and spectral shift

So far, the mechanisms of plasma–CNT interactions are

still not fully understood. According to the Raman dispersion,

TGA, and SEM evidence observed in this work, we believe that
OH plasma not only selectively reacts with impurities such as

catalysts and amorphous carbon, but also attacks highly

defective sites, carbon atoms with dangling bonds, and nano-

tube ends of MWCNTs. It is known that the OH etching rates

of amorphous carbons and other impurities are faster than

that of nanotubes [37]. The significant change of sp3-content

in the sp2 framework of the CNTs causes the variation of dis-

ordered structure. Therefore the content of nanotubes can be

increased by plasma purification.

In plasma-treated MWCNTs, the sp2 carbon networks are

susceptible to attack by metastable Ar and OH. If a functional

group is formed on the surface, the electron density on the

C@C bonds would shift, depending on the nature of the newly

attached functional group. For example, –OH has electron

donating tendency to enhance the resonance of the aromatic

ring structure, and a blue-shift in C@C vibrational frequency

is expected. If other kinds of oxygen-containing bonds, such

as –COO– and –C@O, were formed on the surface, the electron

density on the C@C bonds would shift (i.e., delocalize) to the

newly-formed bonds (conjugation effect) and thus the G band

position should red-shift. On the other hand, if a functional

group originally attached to the C@C bond was removed via

the abstraction reaction with OH, the G band position should

shift in the opposite direction. We believe that the observed G

band dispersion trend is a compromised result between bond



Fig. 10 – SEM pictures of MWCNT samples with different plasma treatment times (from top to bottom, t = 0, 15, and 25 min).

Left (A, B, C): as-received MWCNTs; right (D, E, F): purified MWCNTs.
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formation and destruction by OH plasma. The fact that @xG
@t of

purified MWCNTs is positive in Fig. 5 suggests that –OH may

have grown on the MWCNT surfaces.

The distribution of the nanotube diameter may well be an-

other factor influencing the shift of band positions. It is

known that different dispersion values correspond to nano-

tubes with different diameters and thus different electronic

transitions in response to laser kex [35]. The observed disper-

sion values of MWCNTs are the contribution from a collection

of nanotubes with diameters of various sizes. Therefore, most

of the spectral characteristics of diameter-dependence are

not so evident in MWCNTs. If OH plasma could effectively re-

move the outer layers and thus reduce the mean diameter of

MWCNTs, we should be able to observe the red-shift of band

positions. It has been reported that air-oxidation can lead to

opening and thinning of the MWCNTs from the nanotube

ends [5,6]. We have observed the similar result in this work

by SEM. In carbon materials other than CNTs, it is known that

plasma oxidation has a preferential etching tendency on de-
fect sites containing sp2 bonded carbon [38]. However, at this

moment, it is still too early to draw a conclusion that the ob-

served shift of band positions in OH plasma-treated MWCNTs

is due to the change of nanotube diameters.

4. Conclusions

The degree of purification and plasma-induced defect forma-

tion of MWCNTs are correlated with the D and G band inten-

sity ratio and band position dispersion effect. OH plasma

simultaneously plays a role in the removal of impurities and

creation of structural disorder in MWCNT samples. The ob-

served morphology change of MWCNTs by SEM can interpret

the low TGA temperature values observed in plasma-treated

MWCNT samples. It indicates that atmospheric pressure plas-

ma is an alternative way to remove impurities without using

solvents or toxic chemicals, and which leads to a more eco-

nomical and greener way for carbon material purification

processes.
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