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The growth of multi-walled carbon nanotube (MWCNT) and carbon nano structures is 

investigated in methane (CH4) environment at low pressure using arc discharge process for 

arc currents 50, 70 and 90A. Plasma density and temperature areestimated by optical 

emission spectroscopy to determine the contribution of arc current and ambient 

environmenttowards the growth of MWCNT and nano structures. The grown samples at 

different arc currents are analyzed by transmission electron microscopy, scanning electron 

microscopy, Raman spectroscopy, Fourier Transform Infrared spectroscopy, 

thermogravitic analysis and x-ray diffraction. An improvement in structure quality in term 

of defects and increase growth of MWCNT is observed in CH4 ambient environmentwith 

increasein arc current. For arc current 90A, the well aligned and straight MWCNT along 

with graphene are detected. 
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1. Introduction 
 

The carbon nano materials are the center of attention due to their unique structure, 

properties and prospects for applications such as nanodevices, nanoelectronics, energy conversion 

devices, supercapacitors, non-volatile memory devices, hydrogen storage, flat-panel displays, 

material strengthening,micro- and nano-electromechanical systems[1-4]. The carbon nanomaterials 

contain incredible versatility in their structure and dimensions which attribute them unique 

properties such as mechanical strength, electrical conductivity and thermal or optical properties[3, 

5, 6]. Various techniques have been developed for the growth of carbon nanotubes and 

nanomaterials such as arc discharge, chemical vapor deposition (CVD) and laser ablation[5, 7, 8]. 

All synthesis methods contain three major ingredients carbon source, catalyst nanoparticles and 

energy input. In the case of solid carbon source the synthesis method is high temperature method 

which involves the sublimation of solid source. Whereas for carbon source in liquid or gaseous 

phases, the synthesis methodsare medium or low temperature methods[5]. Numerous studies on 

synthetic techniques e.g. arc discharge and catalytic chemical vapor deposition (CCVD) to grow 

high purity carbon nanotubes have been done[9]. Among several developed methods for the 

growth of carbon nano structures, arc discharge is the flexible and promising technique to yield 

highly graphitized carbon nanotubes and nano structures with fewer structural defects due to the 

very high temperature of arc plasma which provides suitable environment for the growth of carbon 

nanotubes and nano materials[4, 6, 10].In arc discharge process a mixture of nanotubes with 

different structures i.e. diameter and chiral angle is produced and sorting of these different 
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nanotubes is difficult task. In ideal condition, the carbon nanotubes features (diameter, chirality, 

defects, length) and location  should be controlled directly at the synthesis stage which is not 

achieved yet due tothe complexity of the process and phenomenon involves in growth of 

nanotubes[5]. Therefore, the control growth of carbon nanotube and nano structure is still an 

unresolved issue by arc discharge method[11]. In spite of long-standing efforts the gray areas 

persist in understanding the growth mechanisms[5]. High influx of plasma species and high 

temperatures playkey role in the growth of nano structures. In order to realize and optimize the 

application of carbon nanotubes, the contribution of physical parameters such as ambient gas and 

pressure, electrode geometry, input power, gas flow, inter electrode distance, dynamics of plasma 

species etc. [6, 9] towards the growth of nanotubes and structures is need to explored and 

understand.  

The hydrocarbon gases  are widely used as precursor to grow the carbon naotubes using 

CVD and plasma enhanced chemical vapor deposition (PCVD) techniques [11-13].In this 

investigative work, the synthesis of multi-walled carbon nanotubes (MWCNT) by arc discharge 

process in methane (CH4) environment for different applied arc currents is studied to exploit the 

potential of CH4 towards the growth and structure of MWCNT. The CH4 gas serves as source of 

carbon and hydrogen, as the good quality MWCNT are synthesized in hydrogen environment [11]. 

The plasma temperature and density are determined for different input powers by in situ optical 

emission spectroscopy. The synthesized MWCNT for different input powers are analyzed by 

microscopic and spectroscopic techniques to explore the influence of arc current and ambient gas 

on the growth and structure quality of carbon nano structures. 

 

 
2. Experimental 
 

The arc discharge is produced between two 4N graphite rods in CH4 environment at lower 

pressure 500torr for arc current 50, 70 and 90A. The solid graphite rod with diameter 11mm is 

used as cathode whereas the hollow graphite rod with outer diameter 6mm and inner diameter 4 

mm is used as anode. The optical spectra of arc plasma generated at different applied arc currents 

are recorded for  integration time 300ms using Ocean Optics HR4000, 200-650nm, 0.1nm in 

optical range 300-650nm. By using bi-convex lens of focal length 15cm,the radiations are focused 

into the optical fiber of diameter 600μm connected to the optical spectrometer. The MWCNT 

samples synthesized at different experimental conditions are collected form cathode deposit and 

characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), 

x-ray diffraction (XRD) analysis, Raman spectroscopy, Fourier Transform Infrared (FTIR) 

spectroscopyand thermogravitic analysis (TGA) to investigate structure, quality and thermal 

stability of the grown carbon nanotubes. 

 
 
3. Results & Discussion 
 

3.1 Optical Emission Spectral Analysis 

 

The arc discharge is initiated by bringing the graphite electrodes in contact and then 

separated immediately. The combined effect of the high current density and relatively high 

resistance of the individual contact spots causes localized heating and rise the temperature of the 

connected surfaces, which vaporizes the material at the contact areas and causes the sublimation of 

graphite anode.The plasma temperatures and densities are calculated by in situ optical emission 

spectroscopy[5]for applied arc current 50, 70 and 90A at ambient pressures 500torr with CH4 as 

feedstock & background gas. As inside the arc plasma, the dynamics is governed by the applied 

electric field associated to input power and pressure gradient[12, 13]. The spectral line at different 

position in spectra are observed with change in arc current due to change in the dynamics of the 

plasma species. From the captured optical spectra,the spectral lines corresponding to neutral 

carbon  atoms (CI 473.4 & 473.5nm), singly ionized carbon ions (CII 358.4,  426.7 & 553.5nm) 

and doubly ionized carbon ions (CIII 388.3, 415.2 & 467.3nm) are used to determine the plasma 
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temperature and density of the corresponding species in the carbon arc plasmas. The processed 

recorded spectra for arc current 50, 70and 90A in CH4 ambient environment at pressures 500torr 

with labeled peaks are given in Figure 1.  
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Fig. 1. Optical emission spectra of arc plasma for arc currents 50, 70 and 90A  

 

 

The plasma temperature and densities for applied arc currentsare estimated by Boltzmann 

intensity ratio method (as given in Eq. 1) and Saha equation (as given in Eq. 2) respectively 

[12]under the special circumstances of local thermodynamic equilibrium (LTE), which is tested 

according to McWhirter’s Criterion [12].  
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where ‘T’ is the plasma temperature, Ei &Em are the higher level energies of two different 

transitions of same ionization state as either CII or CIII, λij&λmn are the emitted wavelengths, 

Aij&Amn are the transition probabilities of higher level,   &   are the degeneracies, Iij&Imn are the 

intensities of emitted wavelengths and k is the Boltzmann constant.  
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Where ne is the plasma density, me is the mass of electron T is the plasma temperature, E
i+1, 

&E
i
  

are the higher level energies of singly ionized carbon atom (CII) and  neutral carbon atom (CI) 

respectively, χ
i
 is the first ionization energy of carbon, λ

i+1
 ‘&λ

i
 are the emitted wavelengths by CII 

and CI species, A
i+1

&A
i
 are the transition probabilities of higher level for CII and CI,     &   

are the degeneracy of the higher energy levels for CII and CI, I
i+1

&I
i
 are the intensities of emitted 

spectral lines, h is the Plank’s constant and k is the Boltzmann constant.  
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Fig. 2. Plasma density and temperature for arc current 50, 70 and 90A  

 

 

The estimated values of the plasma temperatures and densities for arc currents 50, 70 and 

90A are plotted graphically in Figure 2.A linear increase in plasma temperature with increase in 

arc current is observed. The plasma density is found in the range of 1.73x10
21

 to 5.0x10
23 

cm
-3 

as 

arc current increases for 50 to 90A.A small increase in the plasma density is observed with 

increase in arc current form 50 to 70A however, a rapid increase in the plasma density[4, 6]is 

observed for further increase in the arc current form 70 to 90A as depicted in Figure 2.The 

increase in applied arc current increases the energy flux at the anode surface and arc radius which 

in turn enhances the ablation of the anode and accelerate the ablation of anode [14]. During arc 

discharge the CH4 molecules decompose into carbon and hydrogen[15]. The increase in the arc 

current enhances the decomposition and ionization of residence gas and as a result provides more 

carbon species with in the plasma volume.  

 

3.2 Analysis of Grown MWCNT and Nano structures 

 

The synthesized samples are analyzed by JEM-2100, 200kv class TEM with probe size 

0.5nm. For the TEM analysis, the specimens are prepared by sonication of synthesized sample 

material in ethanol for 15 minutes.The closed end MWCNT along with different carbon nano 

structures such as carbon nano capsules, carbon onion and graphene stakes are observed as shown 

in Figure 3. The MWCNT are found with outer diameter <20nm and inner diameter <10nmas 

shown in Figure 3(a, b and c). The carbon nano structures as nano-capsule with diameter 

~10nmand nearly spherical nano onion with diameter ~35nm and graphene are also spotted as 

illustrated in Figure 3(d, e and f). The inter-wall spacing in observed MWCNT and carbon nano 

structures is determined in the range of 0.34nm. For higher arc current 90A fully developed 

MWCNT with fewer defects are observed as compared to the MWCNT grown for lower arc 

current i.e. 50 and 70A as shown in Figure 3(a and b) .  

Form TEM microscopic analysis, the improvement in the wall alingment and growth rate 

is observed with increase in the arc current form 50 to 90A. For higher arc current the temperature 

of cathode surface is higher which anneals the poorly aligned tubular structures and leads to 

formation of fully developed well aligned MWCNT.  However, for high arc current, increase in 

the growth of nano structures and graphene is also observed. 
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Fig. 3. Transmission electron micrographs of synthesized MWCNT for arc current (a) 50A, (b) 70A 

and (c- f) 90A 

 

 

Fig. 4 shows the XRD spectra of MWCNT samples grown for arc current 50, 70 and 90A. 

The strong peak for plane  00   and low intensit  peaks for planes   00 ,   0  ,  00   at position   

 6  ,     ,      and      respecti el  for angle  θ are obser ed [16]. XRD characterization are carried 

out b   iemens   000  iffractometer for  -ra s of wa elength  .     . The recorded     spectra 

(a) (b) 

(c) (d) 

(e) (f) 
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are processed and characterized using Eva Diffrac Plus software. The strong peaks at   6.    

correspond to the (002) graphite plane indicate the presence of strong graphitized structures in all 

prepared samples.  
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Fig. 4. XRD Spectra of synthesized MWCNT for arc current 50A, 70A, 90A  

 

 

The Fig. 5 shows the d-spacing profile of synthesized MWCNT with increase in the arc 

current from 50 to 90A.The d-spacing is found in range of 0.336 to 0.340 nm which is higher than 

the graphitic lattice and in consistent with the TEM micrographs in which the average distance 

between the outer walls of MWCNTs is 0.34nm. The higher value of d-spacing is observed for 

MWCNT grown for arc current 90A, which shows the increase in the growth of MWCNT with 

small diameter, as the interwall spacing for MWCNT with small diameter is higher[17]. 
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Fig. 5.Variation in d-spacingof MWCNT synthesized for arc current 50, 70 and 90A 

 

 

The asymmetry in the (002) peak profile is due to the presence of the different carbon 

nano crystalline structures and defective sites of ill-organi ed nanotubes as obser ed in T M 

micrographs. The presence of peak at about  θ   .    in all XRD spectra shows the presence of 

hexagonal ring structure [18]. 

The synthesized MWCNT are analyzed by JEOUL SEM operated in range of 10kV to 15kV.  The 

randomly oriented carbon nanotubes with high aspect ratios and density along with nano particles, 

amorphous carbon, graphene flakes are observed.  

Figures6(a, b and c) shows the scanning electron microscopic images of the synthesized 

MWCNT sample for arc current 50, 70 and 90A respectively. An increase in density and growth of 

carbon nanotubes is observed with increase in arc current form 50 to 90A. However, beside the 
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enhancement in the growth of carbon nanotubes, an increase in the growth of graphene flakes is 

also detected for higher value of arc current as shown in Figure6(c). 

 

 

 

 

Fig. 6. Scanning electron micrographs of MWCNTs synthesized at ambient pressure 

 500torr for arc current (a) 50A, (b) 70A and (c) 90A 

 

 

Raman spectroscopic analysis is performed for synthesized MWCNT samples using 

HO IB  Jobin Y on’s Modular  aman spectrometer equipped with He -Ne laser of wavelength 

632.8nm and energy 14.7mW in frequency range 200 to 3750cm
-1

. The spectral lines in region of 

(c) 

(a) 

(b) 
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1325 to 1330cm
-1

, 1580 to 15900cm
-1

 and 2630 to 2680cm
-1

 named as D-line, G-line and Gʹ-line 

respectively are observed in all recorded Raman spectra of MWCNT samples as shown in Figure 

7. 
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Fig. 7. Raman spectra of synthesized MWCNT for arc current 50, 70 and 90A 

 

 

The strongest G-line in the region of 1580 to 1590cm
-1

 identifies the presence of highly 

graphitized nano tubes and structures in the grown samples. The high intensity D-line in the region 

of 1325 to 1330cm
-1

 refers the presence of poorly organized graphitic structures. However, D-line 

is also considered as intrinsic feature of MWCNT Raman spectrum because the curved nature of 

the graphite sheets increases the intensity of D-line due to enhancement in the electron-phonon 

coupling [19].The Gʹ-band shows the presence of the crystalline graphite in form of one or 

multilayer of graphene [20] in the samples as observed in TEM microscopy. It is observed that the 

intensity of D-line relative to intensity of G-line is increased with increase in arc current. The 

increase in the intensity of D-line can be attribute presence of defective structure and increase in 

the growth of carbon nanotubes with smaller diameter and carbon nanostructures such as carbon 

onions, capsules, which is in agreement with the transmission electron microscopic analysis. An 

increase in the relative intensity of the Gʹ-line with respect to G-line is also observed as depicted in 

Figure 7. The relative increase in the Gʹ-line intensity illustrates the enhancement in the growth of 

graphene [21, 22] as arc current increases. Figures 8(a and b) show the shift in D and G-lines 

respectively with respect to arc current.  
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Fig. 8:Variation in (a) D- and (b) G- line positions with respect to arc current 
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A downshift in D -line positions at higher arc current and upshift in G-line with increase in 

arc current is observed. The downshift in D-line at higher arc current indicates rise in the growth 

of MWCNT with small diameter and increase in the growth of graphene flakes[23]. The upshift of 

G-line shows the increase in the growth of nano structures. Figure 9 presents the variation in the 

intensity ratio of D-line and G-line with respect to arc current respectively. An increase in the 

values of ID/IG ratio are obtained for the synthesized MWCNT samples with increase in the arc 

current, which indicate the presence of amorphous carbon, nano crystallites and graphene stacks.  

The Raman spectral analysis of synthesized MWCNT samples infer an improvement in the 

structure of the carbon nanotubes and increase in the growth of the graphite crystallite and 

graphene with increase applied arc current. The downshift in D -line position with increase in the 

arc current represents the improvement in structural quality of grown MWCNT.  However, the 

high ID/IG ratios show that the synthesized samples contain the MWCNT along with graphite 

crystallites, carbon nanostructures and amorphous carbon. 
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Fig. 9.Variation in intensity ration of D and G lines with respect to arc current 

 

 

Figure 10 shows FTIR spectra of MWCNT prepared for arc current 50, 70 and 90A. The 

samples for the FTIR spectroscopy are prepared by grinding the MWCNT material (powder) with 

300mg potassium bromide (KBr) and pressed into to pellet of diameter 1 cm by applying load of 

10 tons for 1minute. The Perkin Elmer Instruments Spectrum one FTIR spectrometer equipped 

with KBr detector and controlled by spectrum V5.3.1 software is used. Each recorded 

spectrograph is the average of 10 scans in the range of 400 to 4000cm
-1

.  
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Fig. 10: FTIR spectra of synthesized MWCNT for arc current 50A, 70A and 90A 
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The spectral peaks in the the region of 1560-1580cm
-1

 and at 1460cm
-1 

represents the C–C 

vibrational modes associate to the carbon skeleton of the MWCNT [24-27]. The vibration at ~ 

1620cm
-1

 refere to the presence of C=C group [28]. 
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Fig. 11: Variation in peak at positions 1440cm

-1
 and 1635cm

-1
 with respect to applied arc current. 

 

 

Fig. 11 shows variation in peaks at positions 1450cm
-1

 and 1635cm
-1

. The broadening and 

downshift in spectral lines associated to C–C stretching mode at 1450 cm
-1

 and C=C stretching 

mode at ~ 1635cm
-1

 is observed with increase in arc current.The downshift and broadening in the 

peak associated to C–C stretching mode indicates the increase in the growth of the carbon nano 

tubes and carbon nano structure with increase in applied arc currents. The downshift in the peaks 

shows the presence of nano structures with curved surfaces, finite size and presence carbon species 

of various bond lengths. The broadening in the peaks corresponds to the relative abundance of the 

nano structures with different dimensions in sample materials prepared at different experimental 

conditions.  

The thermal gravimetric analysis (TGA) of grown MWCNT is performed by PerkinElmer 

Paris 1 system to calculate the weight loss percentage and decomposition temperatur. Figure 12 

shows the resulst of TGA test for grown MWCNT. The decomposition temperature is found at 

point  7 °C. 
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Fig. 12: Thermogravimetric (TGA) percentage weight loss and 1st derivative curves with respect to 

temperature 

 

 

Form Figure 12, it is observed that only 20% sample material is decompsed upto 

temperature 600 
o
C, which shows the high thermal stabilty and presence of MWCNT as major 

product in the sample material [29, 30]. The initiation temperature for the sample material is found 
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in the region of 400 to 425 
o
C, whcich shows the presence of the amophous carbon and other nano 

structures i.e. nano onions and nano particles as obseved in electron microscopic characterization.  

From different anaylsis of the grown MWCNT, It is observed that the structural quality of 

grown MWCNT is improved with increase in the arc current from 50 to 90A. The higher arc 

discharge current raises the temperature of the cathode surface, which anneals the poorly oriented 

nanotube structures into properly aligned MWCNT. During the arc discharge process, the CH4 

molecules decompose and ionized and serve as feedstock and enhance the cathode deposit which 

in turn increases the growth of carbon nanotubes. The growth of graphene can attribute to the 

presence of hydrogen which eliminates due of dissociation of CH4 molecules [31].The atomic 

hydrogen coupled with incident carbon ions on the cathode surface and ceased the formation of 

closed structures which in turn leads to the increase in yield of graphene. 

 

 

4. Conclusion 
 

The closed end MWCNT with tube diameter <20nm along with other nanostructures as 

onions, capsules, nano particles, amorphous carbon and graphene are grown by arc discharge 

process in CH4 environment at pressures 500torr for arc currents 50, 70 and. An increase in the 

growth and improvment in the structure quality of nanotubes in term of defects and alignment is 

observed with increase in the arc current. For arc current 90A, the high temperature of cathode 

surface provides sufficient temperature conditions to anneal the nano structures and leads to 

formation well aligned tube structures.  
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