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Abstract High incident energy hydrogen and/or oxygen

cations are generated by electron cyclotron resonance

system, and then used to highly efficiently modify multi-

walled carbon nanotubes (MWCNTs). The effects of var-

ious H2/O2 gas compositions on the modification process

are studied. A systematic characterization method utilizing

a combination of X-ray photoelectron spectroscopy (XPS),

scanning electron microscopy, Raman spectroscopy, and

thermogravimetric analysis (TGA) is used to evaluate the

effects of various H2/O2 gas compositions on MWCNT

functionalization. The Raman results show that the ID/IG

ratio is directly affected by H2 concentration in gas mix-

ture, and the treatment applying a H2/O2 gas mixture with

ratio of 40/10 (sccm/sccm) can yield the nanotubes with the

highest ID/IG ratio (1.27). The XPS results suggest that the

gas mixture with ratio of 25/25 (sccm/sccm) is most

effective in introducing oxygen-containing functional

groups and reducing amorphous carbon. The TGA suggests

that the structural change of the treated nanotubes is mar-

ginal by this method with any gas condition.
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Introduction

Recently, nanostructured materials have attracted intensive

attention in many applications because of their unique

properties [1–4]. As one of the most promising materials,

and to make the best use of their singular properties, carbon

nanotubes (CNTs) can be modified or prepared by different

processes to meet the requirements of specifically potential

applications [5–7]. The process of facially modifying the

nanotubes through changing their surface structure is a

relatively simple technique and has been widely investi-

gated [8–10]. The main premise behind these methods is to

affix highly polar functional groups to the surface of the

nanotubes to enhance their polarity so as to disperse them

in the aqueous or polymer matrix. Currently, acid treatment

is the most commonly used technique for this process.

However, it is mentioned that the use of harsh acids would

give rise to issues concerning the drastic changes of the

structural integrity, length, and even useful properties of

the nanotubes [11–15].

Recently, plasma treatment has been proven to be an

attractive alternative and has become increasingly popular

in the functionalization of CNTs because the procedure is

solvent-free, time-efficient, versatile, and environmental

friendly [16–23]. To date, many approaches have been

investigated to demonstrate the viability and performance

of plasma treatment for surface functionalization of CNTs.

In these studies, various gases, such as N2 [17], H2 [18], O2

[19–21], NH3 [16, 19, 20], and CF4 [19, 23] have been

used. Generally, the plasma is generated using glow dis-

charge, radio frequency discharge, or microwave discharge
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at low-vacuum pressure. The high-energy particles gener-

ated in the plasma can then satisfy the chemical bonding

energies on the surface of the tubes thereby initiating

chemical reactions. In addition, their density and energy

can be readily regulated by external parameters, such as the

electromagnetic frequency, power, and gas pressure, to

achieve optimum conditions for the required production

scale and efficiency [16]. However, some studies mention

that the nanotubes could be overheated by hyperthermal

plasma [19, 21].

In our previous study, through using H2/O2 gas mixture

as etching gas, electron cyclotron resonance (ECR) plasma

treatment was shown effective to functionalize multi-wal-

led carbon nanotubes (MWCNTs) with minor negative

consequences in nanotube structure [24]. In the process,

high incident energy hydrogen and oxygen cations gener-

ated and extracted by ECR plasma system were used to

create free radical defects on the surface of the MWCNTs

through ion bombardment; oxygen cations with the high

reduction potential present in the ion stream were simul-

taneously involved in initiating covalent bonding reactions

on the surface of the tubes. The ratio of H2 to O2 is critical

to the process because it directly correlates with the com-

position of the generated cations. In this study, the effect of

gas composition on the functionalization process is inves-

tigated, by providing various H2/O2 gas mixtures to the

treatment through the control of gas flow ratio. Further-

more, the manner in which the gas conditions correlate

with morphology and structural changes of the nanotubes

will be studied through the use of some advanced

instruments.

Experimental

Samples of pristine MWCNTs weighing 0.05 g sourced

from a commercial organization were loaded into the

stainless steel crucible and placed on the process stage of

the ECR plasma system as shown in Fig. 1. Chamber

pressure was maintained at 4.2 9 10-3 Torr. The 2.45 GHz

microwave with output power of approximately 750 W was

inserted into the plasma chamber through a quartz window.

H2 and/or O2 gas mixtures were fed as etching gases with

controlled gas flow ratios of 50/0, 40/10, 25/25, 10/40, and

0/50 (H2/O2 (sccm/sccm)), which are equivalent to H2

concentrations of 100, 80, 50, 20, and 0 vol.%, respectively.

A bias voltage of -250 V was applied to the process stage.

When the stage temperature reached 400 �C, each sample

was treated for 5 min. The ionic current was monitored

using a current ammeter connected to the process stage.

In order to evaluate the surface morphology and structural

changes, the samples were dispersed on a silicon wafer using

ethanol and measured using scanning electron microscopy

(SEM) (JEOL, JSM-6500F). The microstructure of the

pristine sample was characterized by transmission electron

microscopy (TEM) (JEOL, JEM-2100) through dispersing

sample powders on Lacey carbon grids using ethanol. X-ray

photoelectron spectroscopy (XPS) was performed to deter-

mine the chemical changes at the surface of the nanotubes.

Thermogravimetric analysis (TGA) (TA-500) was applied to

investigate the changes in thermal stability with a heating

rate of 10 �C/min and an air flow of 60 mL/min. Raman

spectroscopy (Jobin YVON LabRam HR800) was used to

evaluate structural defects in the CNTs.

Results and Discussion

As shown in Fig. 2, the SEM (Fig. 2a) and TEM (Fig. 2b)

images show that the pristine MWCNTs are highly tangled

with diameters ranging from 15 to 40 nm. The TEM image

(Fig. 2b) also shows that the nanotubes are with densely

distributed defects. After the ECR plasma treatment with a

H2/O2 ratio of 40/10 (sccm/sccm), as depicted in Fig. 2c, d,

the morphologies, structural and the diameter distributions

of the sample do not show any observable difference in

comparison with those of the pristine sample. In contrast to

Fig. 2b, the TEM image in Fig. 2d shows that the disper-

sion ability of the nanotubes is increased after the plasma

treatment so that the nanotube bundle can be significantly

separated. Meanwhile, the insignificant change in mor-

phology and structure can also be observed when sample is

treated with any gas condition.

Figure 3 shows the XPS survey spectra of the untreated

and the ECR-plasma-treated MWCNTs. It is noted that the

spectra showing the presence of carbon and oxygen on the

treated and untreated samples are normalized with respect

Fig. 1 Schematic of the ECR plasma apparatus
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to C 1s intensity for comparison purposes. In contrast to the

spectrum of the pristine MWCNTs, a higher concentration

of oxygen is introduced to the surface of the nanotubes

treated by the ECR plasma using any gas composition.

As a reference spectrum, the XPS C 1s spectrum of the

pristine MWCNTs was recorded and is shown in Fig. 4.

Based on the previous studies [19, 25], the spectra are

deconvoluted into five Gaussian peaks centered at 284.5,

285.1, 286.2, 287.2, and 288.9 eV. Here, the main peak at

284.5 eV originates from a graphite signal. The peak at

285.1 eV is attributed to sp3 carbon [19–21, 25]. The peaks

at 286.2, 287.2, and 288.9 eV correspond to hydroxyl,

carbonyl (or ether), and carboxyl (or ester) groups,

respectively. A peak attributed to p–p* shake-up bonds is

observed at 290.4 eV [20, 26]; and the peak at 283.2 eV

originates from carbidic carbon [27]. Meanwhile, the

deconvolution results also show that the oxygen functional

groups have been grafted onto the surface of the pristine

MWCNTs with a concentration of approximately 11.2%.

This is consistent with the description provided by the

vendor that the raw materials were treated using mild acids

prior to shipment. Furthermore, the results show that the

MWCNTs are still composed of approximately 40%

amorphous carbon.

For a detailed comparison, all C 1s spectra of the

MWCNT samples are presented in Fig. 5 and the calculated

results are summarized in Table 1. Note that the [O]/[C] ratio

given in Table 1 is based on the relative percentage of three

carboxyl groups to the total number of carbon atoms detec-

ted. As shown in Fig. 5 and Table 1, after the samples are

treated by the plasma treatment, the XPS measurements

show that the concentrations of the graphite, sp3 carbons, and

oxygen-containing functional groups are different accord-

ing to the gas mixture composition. Also, it is clear that

when the samples of the MWCNTs are treated with a H2/O2

ratio of 25/25 (sccm/sccm), the highest concentration of

Fig. 2 a SEM and b TEM

images of the pristine

MWCNTs, c SEM, and d TEM

images of ECR-plasma-treated

MWCNTs with 5 min exposure

under H2/O2 gas compositions

of 40/10 (sccm/sccm)

Fig. 3 XPS survey spectra of the pristine MWCNTs and the ECR-

plasma-treated MWCNTs under various H2/O2 (sccm/sccm) gas

compositions

Fig. 4 XPS C 1s spectra of the pristine MWCNTs and the five

chemical species: (1) graphite; (2) sp3 carbons; (3) hydroxyl groups;

(4) carbonyl groups; and (5) carboxyl groups
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oxygenated functional groups is achieved whilst the con-

centration of amorphous carbon is minimized.

Note that the amount of surface defects is important for

functional groups to form on the nanotube surface [10]. In

order to evaluate the formation of defects on the nanotube

surface by the ECR plasma treatment using different gas

compositions, the Raman spectra of the pristine and the

plasma-treated MWCNTs are presented in Fig. 6. Two

characteristic peaks are observed and attributed to the D

and G bands. The spectra have been normalized with

respect to the G band for comparison. The intensity of the

D band, at frequencies around 1,344 cm-1, is correlated

with structural disorder of CNTs, which originates from the

defects including disordered materials, poor graphitization,

functionalized carbon, and the amorphous carbon on the

sidewall of nanotubes [28–30]. The G band at frequencies

around 1,572 cm-1 is activated by the graphite signal [30].

It is suggested that the ID/IG ratio is closely associated with

the defect density on the walls of the MWCNTs [30].

Therefore, the intensity ratio can be used to evaluate the

formation of defects which are preferential sites for

functionalization.

As expected, all ID/IG ratios are increased after plasma

treatment with any gas composition. As shown in the inset

of Fig. 6, the ID/IG ratio increases from 1.03 to 1.27 when

the H2 concentration increases from 0 to 80 vol.%. Note

that the ion density is very important for surface etching.

By comparing the ionic current, it is found that current

increases from 0.12 to 0.47 A while the H2 concentration

increases from 0 to 100%. This shows that the ion density

of the cation stream increases as H2 concentration increa-

ses. This leads to higher ID/IG ratio when H2 concentration

of the etching gas is higher. However, it is also shown that

the ratio decreases to 1.08 when the nanotubes are treated

with pure H2 gas (H2/O2 of 50/0 (sccm/sccm)). This could

be because the ion bombardment under this gas condition

can heavily etch the surface of the nanotubes to the extent

that the concentration of amorphous carbon coated on the

Fig. 5 XPS C 1s spectra of the pristine MWCNTs and the ECR-

plasma-treated MWCNTs after 5 min of exposure under various H2/

O2 (sccm/sccm) gas compositions

Table 1 The MWCNT specimen treated under various H2/O2 gas compositions; the characterization results of XPS; and the ID/IG ratio of

Raman spectra

Specimen (H2/O2

(sccm/sccm))

XPS Raman

sp2 (%) sp3 (%) –C–O (%) –C=O (%) –COO (%) [O]/[C]a (%) (ID/IG)

0/50 44.2 44.6 \0.1 9.4 1.7 11.1 1.03

10/40 40.5 39.5 11.9 0.8 7.3 20 1.05

25/25 42.8 26.1 13.8 17.3 \0.1 31.1 1.07

40/10 36.8 49.1 0.6 0.5 12.9 14 1.27

50/0 30.8 54 2.1 11 2.2 15.3 1.08

Pristine 48.8 40 1 8.4 1.8 11.2 0.89

a [O]/[C]: the ratio of oxygenated groups to the total number of carbon atoms detected

Fig. 6 Raman spectra of the pristine MWCNTs and the ECR-plasma-

treated MWCNTs after 5 min of exposure under various H2/O2

(sccm/sccm) gas conditions
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surface could thus be raised from 40 to 54% as shown in

Table 1. The thick amorphous carbon can prevent defects

from further forming on the surface during ion bombard-

ment so that the ID/IG ratio is significantly smaller than that

of the nanotubes treated with the etching gas containing

20 vol.% oxygen (ID/IG = 1.27, H2/O2 of 40/10 (sccm/

sccm)). Apart from their involvement in ion bombardment,

the generated oxygen cations can also act as highly reactive

chemical species which form covalent bonds with the

amorphous carbon and then nanotube surface. More spe-

cifically, the amorphous carbon layer is more reactive than

the cylindrical walls to form volatile products with the

oxygen cations. The products are then pumped out by the

vacuum system. Thus, as shown in Table 1, treatment

using a H2/O2 mixture can increase the concentration of

oxygenated functional groups whilst also reducing the

concentration of amorphous carbon. On the other hand,

treatment with pure O2 gas (with the exception of

increasing the ID/IG ratio) does not yield any other obvious

effects in regard to the purity of CNTs and the concen-

tration of functional groups when compared with the

pristine MWCNTs. This indicates that a H2/O2 mixture not

only facilitates defect formation but also promotes covalent

bonding in this case. Therefore, even with the addition of

20 vol.% H2 (H2/O2 of 10/40 (sccm/sccm)) in gas, there is

still a significant removal of amorphous carbon and for-

mation of oxygen-containing groups on the nanotube

surface.

Figure 7 shows the weight-derivative curves of TGA

analysis on the pristine MWCNT samples and the ECR-

plasma-treated MWCNTs. The results show that with a

decomposition temperature of 600 �C, the pristine MWCNT

samples are the most thermally stable with respect to

oxidative degradation. Correspondingly, the MWCNTs

treated by the ECR plasma with a gas composition of 40/10

(sccm/sccm) have the lowest decomposition temperature

(594 �C). It should be noted that the oxidation stability is a

function of the combined effect of defects and the diameter

of the nanotubes [12, 31, 32]. With the same diameter dis-

tribution, the results are in agreement with the hypothesis

that the decrease of the oxidation reaction temperature is

mainly a result of the defects produced by the plasma

treatment. The marginal differences between untreated and

treated samples reflect the fact that the effect of gas com-

position on structural integrity of the nanotubes is

insignificant in this case.

Conclusions

In this article, the effects of various H2/O2 gas composi-

tions on the functionalization of MWCNTs using ECR

plasma system are studied. The results of Raman spec-

troscopy show that the cation treatment is effective in

introducing defects to the nanotube surface; and this is

affected by H2 concentration in gas mixture provided.

Meanwhile, with a H2/O2 mixture of 40/10 (sccm/sccm),

the treatment can produce nanotubes with highest ID/IG

ratio (1.27). As demonstrated by the characterization

results of XPS, the gas composition strongly correlates

with the functionalization extent and amorphous carbon

removal. As compared to the other gas composition applied

in this study, the treatment using a H2/O2 mixture of 25/25

(sccm/sccm) is found to be the most effective gas mixture

to graft oxygen-containing functional groups and remove

the amorphous carbon on the surface of the nanotubes.

Specifically, by using this gas condition to conduct the

plasma treatment, the highest concentration of 31.1% (after

5 min exposure) of oxygenated functional groups on the

surface of CNTs is achieved. In addition, the amorphous

carbon can also be significantly removed. On the other

hand, the results also indicate that the structural and mor-

phological changes, if any, are marginally effected by this

method with any gas composition.
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