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Abstract 
Structure, chemical, and physical properties of Multiwalled Carbon Nanotubes (MWCNTs) after 

modification by dielectric barrier discharge (DBD) at atmospheric pressure is investigated using 
Transmission Electron Microscopy (TEM), Raman and Uv-vis-NIR spectroscopy. Effects of plasma 
treatment time on MWCNTs are analyzed. TEM result shows that during the short period of plasma 
treatment time of 5 minutes, the tube surface experienced a few damages. With increase in plasma 
treatment time, the tube surface is damaged to a certain extent. Intensity ratio, ID/IG through Raman 
analysis shows a good agreement with TEM. The values of ID/IG of the modified MWCNTs are larger than 
those of pristine MWCNTs. An increase of ID/IG indicates that considerable defects are produced on the 
surfaces of MWCNTs. The treated MWCNTs has energy band gap compared to zero band gap of 
untreated MWCNTs. It is believed that the defect site of MWCNTs can modify the electronics properties of 
MWCNTs from being metallic to semiconducting structure, which is applicable for almost all electronics 
device applications. 
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1. Introduction 
Carbon nanotubes (CNTs), first discovered by Iijima [1] in 1991, are one of the most 

potential candidates for many new devices such as sensors [2-3] , field effect transistors  
(FET) [4-6] and field emission displays [7]. CNT can be divided into two types according to the 
number of their wall layer; single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs). SWCNTs are made up of one-atom thick layer of graphene which  
rolls up to create a seamless cylinder with diameter of 0.4-2nm and length in order of 1-
100microns [8]. MWCNTs are composed of multiple layers of graphene wrapped up together to 
form a cylindrical shape that is concentrically nested. The structure of CNTs may have 
seamless one or more coaxial cylindrical sheets of graphene with an aspect ratio typically larger 
than 100. These crystalline, tubular carbon structures have amazing mechanical, chemical, 
thermal, and electrical properties [9], [10]. Since the finding of the carbon nanotubes in 1991 by 
Iijima [1], researchers have been struggling for better comprehension of their basic properties 
and applications in numerous fields of science and technology [4], [11-12]. CNTs have excellent 
mechanical, electrical and thermal properties because of their strong bonding structure of 
carbon atoms. A carbon atom in a CNT possesses six electrons, two of which are located in the 
first orbital and the other four fill the sp

2
 orbital [13-14]. Still, there are many major obstacles in 

exploring the possibility of CNTs in industrial applications such as being uncontrollable in its 
chirality- a key factor whether the CNT will be metallic or semiconducting. Semiconducting CNT 
is important for almost all electronics device applications, such as in field effect transistor (FET) 
because only semiconducting channel conductance can be controlled or modulated by the  
gate [15].  
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Theoretically, SWCNT can be either metallic or semiconducting depending on its 
chirality. Its band gap also can vary from zero to about 2 eV. Band gap of CNTs are subject to 
circumferential quantum confinement, which depends on the diameter of the tube. MWCNT, 
which consists of multiple roll layers, is usually classified as zero band gap due to the restriction 
on the relative diameters of each individual tube. Initial study by Martel et al [16] reported that 
MWCNTs typically show no gate effect due to its large tube diameter, but structural defects of 
MWCNTs can make them operate as FET.  

The analysis on defects and impurities into CNT could offer a possible route to change 
and tune its electronics properties. The creation of new energy levels in the band gap with 
associated electronics states is an important stepping-stone in the manufacturing of electronics 
devices. For instance, nitrogen doping of carbon nanotubes can be used to activate the v-CNT 
tips, which allows the tuning of its electronics properties [17]. Exposing nanotube films to vapors 
from harsh chemicals can modify the electronics properties of CNT [18]. The substitution of 
carbon atoms by boron dopants is capable to modify the electrical and structural properties of 
CNT [19]. Many methods have been developed to modify and create defects onto MWCNTs. 
Several methods have been used to modify the surface characteristics of CNTs such as 
electrochemical [20], fluorination [21], polymer wrapping [22] and plasma treatment [23-24]. 
Plasma treatment offers several benefits including short duration of treatment time, non-
polluting process, and ability to operate at room temperature. It’s also offer a wide range of 
grafted functional group depending on the plasma parameters such as type of gases used, 
applied power, duration of treatment and gas pressure. During the treatment process, the C=C 
bond of CNTs is attacked by the excited molecules and generates radicals during plasma 
discharge, producing open ends and defect sites as main sites for functionalization [23]. Among 
the various methods used to generate plasma, dielectric barrier discharge (DBD) plasma 
method is the simplest and most flexible plasma. This technique is characterized by the 
existence of at least one dielectric material in contact with the discharge between cylindrical or 
two planar electrodes connected to high voltage power supply. 

In this study, defects structures of MWCNT were created using dielectric barrier 
discharge plasma treatment. The aim of the present work is to study the possibility of modifying 
the electronics properties of metallic MWCNT by using DBD treatment at atmospheric pressure. 
The surface chemical and physical properties changes occurring on MWCNT after modification 
were investigated by using TEM, Raman Spectroscopy and UV-vis-NIR Spectroscopy.  

 
 

2. Experimental Details 
Multi-walled carbon nanotubes (MWCNTs) were prepared by chemical vapour 

deposition with the Co-Mo/MgO as catalyst with diameter distribution of 12.8 ± 4.2 nm [25]. The 
experimental apparatus for DBD treatment was specifically made as plate-to-plate type having 
an electrode size of 60mm diameter with 5mm thickness. Both electrodes were covered by wire 
mesh, specified as 325 meshes per inch and 0.035 mm wire diameter (#325, 0.035). Wire mesh 
was used to cover the electrodes so that more homogeneous discharge entire the electrode 
could be obtained [26]. Glass plate with 2 mm thickness was used as dielectric barrier. The gap 
spacing and the helium flow rate were kept constant at 2mm and 1 l/m, respectively. Plasma 
was produced at a discharge voltage of 3-15 kV and a frequency 50 Hz with a step-up 
transformer. The voltage applied to the electrodes was measured using a high voltage probe. 
The discharge current and lissajous figure were measured by placing a 50 Ω resistor and 0.22 
µF capacitor between the bottom electrode and ground, respectively. The waveform of the 
applied voltage and discharge current were recorded using a PicoScope 5242A.The MWCNTs 
samples were exposed to the DBD plasma for various time intervals in the range of 5-10 
minutes. In Figure 1(a), the schematic of the experimental setup is presented. Meanwhile, 
Figure 1(b) shows the applied voltage and current characteristics of DBD at 2 mm discharge 
gap and 6 kV of peak voltage, and the image of generated plasma. From the waveform, the 
mode of the discharge is in filamentary mode due to the existance of several pulse in both 
positive and negative half cycles [26]. 
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Figure 1. (a) Schematic of the experimental set-up for DBD plasma treatment; (b) Voltage and 
discharge current waveform of DBD, and the image of generated plasma 

 
 
The structures of pristine and modified MWCNTs were characterized by using 

Transmission Electron Microscopy (TEM) and Raman spectroscopy. UV-vis-NIR Spectroscopy 
studies were employed to investigate the energy band gap of modified MWCNTs using Tauc’s 
plot. TEM was performed by dipping a holey-carbon TEM grid into a colloidal suspension of the 
MWCNTs. Sample images were shot using a TEM Hitachi HT7700 field-emission gun, 
transmission electron microscope operating at 297 kV. Using a CCD camera, which is mounted 
on a GIF 200 electron energy loss spectrometer, the images were captured. 

Raman spectroscopy studies were conducted in order to investigate the defect structure 
of the sample. The MWCNT samples were analysed by using a Raman Horiba Xplora Plus 
system with excitation line set to λ = 532 nm and magnification set to 40x. Detailed scans from 
300 cm

-1 
to 4000 cm

-1 
were conducted on each MWCNT sample. The ultraviolet-visible-near 

infrared (UV-vis-NIR) spectra were acquired using a Shimadzu UV Spectrophotometer with 
samples being prepared by tip sonication of the MWCNTs for 20 minutes. 
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3. Results & Discussions 
Practically, charged ions and electrons produced during the plasma treatment should 

affect the CNT surface morphology physically and chemically. In this study, structural damage 
(e.g. sidewall damage) was induced by plasma treatment, and surface modifications were 
generated. In addition, the degree of damage was observed increased along with plasma 
processing time, obviously demonstrated from TEM measurements. As seen in Figure 2, there 
was an increase in defects on the MWCNTs surface in 5 minuntes and 10 minutes treatment 
time respectively, compared to smooth surface of pristine MWCNTs. Through the short 5 
minutes duration of plasma treatment time, the tube surface experienced some damages and 
structural distortion as indicated by red arrow. With increase in plasma treatment time, the 
morphology of CNT evidently changed. When treated for 10 minutes, the tube surface got 
damaged to a certain extent. The number of structural distortion got increased and the structure 
of MWCNTs become disordered. During plasma treatment, defect structures were created on 
the MWCNT graphite layers due to the collision of high energetic ions from the plasma. 
Consequently, this led to other defects such as dangling bonds, and since these interlayers 
cross-link, they may experience sp3 defects, leading to bents or irregular graphitic structures. 
The interaction between excited species during plasma treatment such as radicals, electrons, 
ions and UV light with the CNT surface can break the C-C bonds and form active sites for the 
bonding of functional group. 
 
 

   
 

(a) 
 

(b) 
 

(c) 
 

Figure 2. TEM micrographs of (a) pristine MWCNTs (b) after 5 minutes treatment (c) after 10 
minutes treatment 

 
 

To demonstrate the presence of defects in the modified MWCNTs, Raman 
characterization was performed. The Raman D band (Disorder) was found at 1350 cm

-1
.  

Figure 3 shows the amorphous carbon and structural defects. Meanwhile, the G band (Graphite) 
was located at 1570 cm

-1
, related to graphite structures and stemmed from tangential shearing 

mode of the carbon atoms [27-28]. In the spectra of this MWCNT, D’ band appeared at 1610 
cm

-1
 as a small shoulder of the G band. Similar to D band, the D’ band also had been ascribed 

as the disorder features of graphitic sheets. The details of Raman analysis is summarized in 
Table 1. The values given in parentheses in Table 1 are the full width at half maximum (FWHM) 
of the D band. The decrease in FWHM of the D band is suggestive of the decreased sp

2
 

character. This decreasing pattern also corresponded to a decrease in the diameter of MWCNT, 
clearly related with a higher structural disorder. The fraction of integrated intensities of the D 
and G bands, ID/IG, can be used to evaluate the density of defects in the CNT structure. With 
greater value of the ID/IG ratio, there will be higher defect density in CNT [29].  

The values of ID/IG for the modified MWCNTs were larger than for pristine MWCNTs. 
The ID/IG ratio for pristine MWCNTs was close to 0.67, which then increased to 0.79 and 0.98 
after 5 minutes and 10 minutes treatments, respectively. An increase of ID/IG showed that 
significant defects were produced on the surfaces of MWCNTs. Thus, plasma surface 
modification indeed raises defects in the CNT structure. As shown by TEM in Figure 2, a large 
density of defects in the most outermost layer including wall irregularities, twisting and collapse 
had been created after modification process. This shows that results obtained from TEM 
analysis agreed with the results obtained by Raman. 
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In order to demonstrate the functional group that may attach to the sidewall of 
MWCNTs, the FTIR spectrum measurements were performed on the pristine MWCNTs and 
after 10 minutes treatment. As shown in Figure 4, the transmittance at 3430 cm−1 in both 
spectra was identified to O-H stretching vibration, which could be due to the water absorption 
from the surroundings on MWCNTs surfaces. In the spectrum of the MWCNTs-He, the peak 
observed at 1210 cm-1 is attributed to C-O stretching while the presence of COOH group was 
confirmed by the presence of small peak at 1738 cm-1 which is corresponding to C=O bond. 

 
 

Figure 3. Raman Spectra of (a) Pristine MWCNTs (b) 5 minutes treatment (c) 10 minutes 
treatment 

 
 

Table 1. Summary of Raman Analysis for Pristine and Modified MWCNT using DBD Plasma 
Treatment 

Sample D band (cm
-1
) G band (cm

-1
) D’ band (cm

-1
) ID/IG 

Pristine 1344 (64.5) 1575 1609 0.67 
5 minutes 
treatment 

1344 (56.0) 1575 1609 0.79 

10 minutes 
treatment 

1344 (44.9) 1575 1609 0.98 

 
 

 
 

Figure 4. FTIR spectrum for pristine and after 10 minutes treatment 
 
 
Generally, a pure He plasma does not comprise any chemically reactive species and 

not chemically terminated with carbon atoms during plasma treatment. In this study, plasma 
treatment was implemented at atmospheric pressure. Thus, all oxygen species incorporate to 
MWCNTs after plasma treatment can be attributed to the disruption of O2 and water vapor from 
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ambient atmosphere. These results reveal that the impurities, oxygen and water vapor from 
surrounding of atmosphere contribute to the existence of defects in MWCNTs. Longer treatment 
will lead to higher defect structure and structural disordered. 

Ultraviolet spectrum in Figure 5 shows the optical transmittance curves as a function of 
wavelength for MWCNT of different treatment times. The pristine MWCNTs demonstrated low 
transmittance intensity compared to treated MWCNTs. For 5 minutes and 10 minutes 
treatments of MWCNT, it was observed that high transmission (T>40%) occurred in the 
wavelength range of 400-1000 nm, indicating the transmission of light through the MWCNTs 
intensification with reduction of energy. There was severe drop in transmittance at 300 nm 
corresponded to the π plasmon absorbance. 
 
 

 
 

Figure 5. UV/vis/NIR Transmittance spectra for pristine MWCNTs, 5 minutes treatment and 10 
minutes treatment 

 
 

From UV-vis transmittance spectra, the band gap energy can be determined by using the Tauc 
relation. It is a convenient way of studying the optical absorption spectrum of a material. 
According to the Tauc relation, the absorption coefficient (α) for direct band gap material is 
given by:  

 
𝛼ℎ𝑣 = 𝐵(ℎ𝜐 − 𝐸𝑔)𝑝        (1) 

 
where Eg is the band gap, constant B is difference for different transition, hv is energy of photon 
and p is an index that depends on the nature of electronics transition responsible for the 
reflection. The absorption coefficient (α) is defined by using the Lambert-Beer law. It can also be 
determined from the optical transmittance. The fundamental absorption, which relates to the 
transition of electrons from valence band to the conduction band, can be used to determine the 
energy band gap of material. 

 
𝛼 =  − ln 𝐴/𝑑         (2) 

 
where A is the absorbance, A=-log T; T is the transmittance determined from the UV-visible 
spectrum and d is the path length of the quartz cuvette. The value of band gap was obtained 
from the extrapolation of the best linear parts of the curves at α = 0 near the band edge region. 
Band gap is the most important parameter in the physics of semiconductors, especially for those 
widely used in nanoelectronics applications [1-3]. For individual CNT, theoretical calculations 
and experimental results have shown that the fundamental energy gap is zero in metallic CNT, 
and on the order of about 0.5 eV in semiconducting CNT [4-6]. All the bands have a direct band 
gap, which permits electronic transitions between the valence and conduction band to proceed 
without the interference of photons. From Tauc plot in Figure 6, it can be seen that the pristine 
MWCNT has zero band gap, which denotes that the MWCNTs are metallic. While for 5 minutes 
plasma treatments the band gap increases to about 0.14 eV. The band gap decrease to 0.08 eV 
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for MWCNTs treated at 10 minutes duration. This transition of band gap to the value larger than 
zero shows that plasma surface treatment is potentially used as method to modify the 
electronics structure of MWCNTs from being metallic to semiconducting structure. The defects 
site of MWCNTs will modify the electronics states and optical transitions of the CNTs, which will 
result in forbidden transitions rather than allowed transitions of metallic CNTs. Nevertheless, it is 
worth to note that it is sufficient to have only little structural defects to modify the electronic 
properties of MWCNTs. Therefore, the duration for plasma treatment supposedly to be 
monitored and controlled so that higher structural defect can be avoided that seems to revert 
the MWCNTs from semiconducting back to the metallic CNTs. Based on the above finding, the 
recommended time duration of plasma treatment should be less than 5 minutes in order to 
obtain the fundamental energy gap of 0.5 eV for semiconducting CNT. 
 

 
 

Figure 6. Tauc plot ahv
1/2

 as a function of hv for (a) pristine (b) 5 minutes treatment (c) 10 
minutes treatment 

 
 

4. Conclusion 
MWCNTs have been successfully modified via a relatively simple technique. TEM, 

Raman and FTIR observations confirm that structural defects will be created after modification 
process using DBD at atmospheric pressure. There will cause a higher degree of disorder in the 
treated MWCNTs structure, as indicated by the Raman spectra. The treated MWCNTs also 
have energy band gap compared to zero band gap of untreated MWCNTs. It is believed that the 
defect site of MWCNTs can modify the electronics properties of MWCNTs. This study also 
suggest that longer time treatment in atmospheric pressure should be avoided in order to 
prevent severe structural damage of MWCNTs. 
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