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Growth of small diameter multi-walled carbon nanotubes by
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Multi-walled carbon nanotubes (MWCNTSs) are grown by arc discharge method in a controlled methane environment.
The arc discharge is produced between two graphite electrodes at the ambient pressures of 100 torr, 300 torr, and 500 torr.
Arc plasma parameters such as temperature and density are estimated to investigate the influences of the ambient pressure
and the contributions of the ambient pressure to the growth and the structure of the nanotubes. The plasma temperature and
density are observed to increase with the increase in the methane ambient pressure. The samples of MWCNT synthesized
at different ambient pressures are analyzed using transmission electron microscopy, scanning electron microscopy, Raman
spectroscopy, Fourier transform infrared spectroscopy, and X-ray diffraction. An increase in the growth of MWCNT and a
decrease in the inner tube diameter are observed with the increase in the methane ambient pressure.
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1. Introduction

Carbon nanotubes and nanostructures have great poten-
tial and incredible versatility!!?! for different technological
applications, such as nano electronic devices,>*! fuel cells,
purification and filtering systems, sensors,!! data storage, bio-
engineering applications, ®! nanomaterials, and composites, !}
due to the uniqueness of their geometries and structures.!!]
Arc discharge plasma is used extensively in a variety of ap-
plications, such as surface modification, micro and nano fab-
rication, thin film deposition, ion implantation, sources of par-
ticles and radiations (ions, electrons, excited atoms, radicle,
molecules, x-rays, etc).[®!11 It is also a simple and effec-
tive technique to grow high quality nanotube structures!!?!
compared with the other techniques such as chemical va-
por deposition!'3-131 and laser ablation.['®] The arc discharge
is a versatile technique suitable for the large-scale produc-
tion of high-quality carbon nanotubes.!'”] The high influx
of carbon species in arc plasma provides a suitable envi-
ronment for the growth and development of nanotubes and
nanostructures.>18:191 However, the main obstacle is the
lack of control of growth and less understanding of the
growth mechanisms of nanotubes and structures during arc
discharge.!"'?! To realize the full potential and for optimized
applications, the controlled and selective growth of carbon
nanotubes and nanostructures is the basic requirement.[!3 For
the optimized growth and better understanding of the growth
mechanism, the influences of the experimental parameters in-
cluding residence gas, background pressure, applied voltage

and current, electromagnetic field, electrode dimension, [201
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etc. on the product need to be explored.!”!! The growth of
nanostructures during arc discharge depends not only on the
ambient environment but also on the dynamics of the carbon
species. Thus, understanding the kinematics of carbon species
and the role of ambient gas pressure in the nucleation of nanos-
tructures is of great importance. >/

In this paper, the growth of a multi-walled carbon nan-
otube (MWCNT) is investigated with methane serving as
the background and feedstock gas. The contributions of the
methane (CH4) ambient pressure to the structural geometry of
growing MWCNT and to the plasma dynamics are discussed.

2. Experimental procedure

The MWCNTs are synthesized by arc discharge gener-
ated between two SN (99.999%) pure graphite electrodes in
a controlled CHy4 environment. The graphite rods with diam-
eters of 11 mm and 9 mm are used as the cathode and the
anode, respectively. The discharge is carried out at a dc arc
current of 90 A for CH4 ambient pressures 100 torr, 300 torr,
and 500 torr. The plasma temperature and density are deter-
mined by optical emission spectroscopy. The optical emission
spectra are recorded under each experimental condition by fo-
cusing the radiation from the carbon discharge plasma onto
the optical fiber connected to the optical spectrometer using
a bi-convex lens. The grown structures of MWCNTs are col-
lected from the cathode surface and subjected to analysis by
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), x-ray diffraction (XRD), Raman spec-

troscopy, and Fourier transform infrared (FTIR) spectroscopy.
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3. Results and discussion

Figure 1(a) shows the optical emission spectra of car-
bon arc plasmas generated between two graphite electrodes at
the ambient pressures of 100 torr, 300 torr, and 500 torr with
methane as the feedstock and background gas. The spectra are
recorded in the spectral range from 350 nm to 650 nm with
an integration time of 300 ms. The plasma temperatures and
densities at different CH4 ambient pressures are determined
under the special consideration of local thermodynamic equi-
librium (LTE) tested according to McWhirter’s criterion. [?!
The Boltzmann intensity ratio method and the Saha equation
are used respectively to determine the plasma temperature and
density with the relative intensities of emitted spectral lines

from carbon species in the arc plasma.
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Fig. 1. (color online) (a) Optical emission spectra and (b) electron tem-
peratures and density profiles of the arc plasmas at the pressures of
100 torr, 300 torr, and 500 torr.

Figure 1(b) shows the plasma temperatures and density
profiles with respect to the CH4 ambient pressure. The plasma
temperature and density are observed to increase with the
increase in the methane ambient pressure, as illustrated in
Fig. 1(b).

During the arc discharge, the CH4 molecules decompose
into C and H,**! in the plasma region due to the inelastic
collisions with electrons, which provides more carbon species
within the plasma volume and enhances the Ohmic heating
mechanism.[>! The increase in the ambient pressure also con-
fines the plasma in a smaller region and causes the increase of

the heat flux at the anode surface, which in turn enhances the
ablation at the anode surface. The confinement of the plasma
species in a smaller region of the gap between the electrodes
leads to the increase in electron temperature and density. 6!
The high ambient pressure also causes a change in the electron
energy density function, which increases the number of elec-
trons carrying average energy.!>’! In the arc discharge plasma,
owing to the presence of a strong electric field, the plasma
temperature and density are higher along the central line of
the discharge and the plasma outflows in the radial direction.
During the plasma operation, the partial pressure of the CHy
molecules decreases due to the dissociation and ionization of
the CHs molecules. At the same time, the partial pressures
of the hydrocarbon molecules C,H, (n =1, 2, 3, ...) and
H; molecules increase. A higher concentration of the H gas
within the chamber leads to a lower temperature of graphite
rods due to their good thermal conductivity. The increase in
the chamber pressure also confines the plasma in a small re-
gion and leads to the increase of the heat flux at the anode
surface which in turn enhances the anode ablation. The con-
finement of the plasma species in a certain region between the
electrodes causes the increase in the plasma temperature and
density. %] However, the plasma temperature and density ris-
ing with the increase in the ambient pressure is due to the in-
crease in the decomposition of the CH4 molecules, which pro-
vides more carbon species and confines the arc plasma to a cer-
tain region between the electrodes. The closed-end MWCNTs
are detected in TEM microscopic analysis along with nanopar-
ticles and amorphous carbon, as shown in Figs. 2 and 3. Fig-
ure 2 shows the MWCNTs synthesized at the ambient pressure
of 100 torr. The outer and the inner diameters of the observed
nanotubes are found to be in the ranges from 7 nm to 20 nm
and from 2.5 nm to 5 nm, respectively.

Figure 3 shows the TEM images of grown MWCNTs at
the ambient pressure of 500 torr. Highly graphitized MWC-
NTs with an average tube diameter in the range from 10 nm to
20 nm and an inner diameter less than 1 nm are observed. The
surface contamination of the nanotubes with amorphous car-
bon is also seen with the increase in the CH4 ambient pressure.
The TEM images show that the growth of the carbon nanotube
with a smaller inner tube diameter is increased with the in-
crease in the CH4 ambient pressure from 100 torr to 500 torr.
However, at a high ambient pressure of 500 torr, the surface
contamination of nanotubes is also enhanced.

Figures 4(a)—4(c) show the scanning electron microscopic
images of the MWCNTs synthesized at the ambient pressures
100 torr, 300 torr, and 500 torr, respectively. A high density of
MWCNTs along nanoparticles and amorphous carbon can be
observed.
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Fig. 4. Scanning electron microscopic images of MWCNTSs synthesized at the ambient pressures of (a) 100 torr, (b) 300 torr, and (c) 500 torr.

An increase in the nanotube density is detected with the
ambient pressure of CHy rising from 100 torr to 500 torr. Be-
side this, the amorphous carbon and nanoparticles are also ob-
served to increase with ambient pressure increasing. Accord-
ing to the optical emission spectral analysis of the arc plasma,
the plasma temperature is observed to rise as the ambient pres-
sure goes up. This shows that the increase in the ambient
pressure in turn increases the plasma temperature and den-

sity which contributes to the increase in the growth and struc-

tural quality of carbon nanotubes and nanostructures. Figure 5
shows the XRD spectra of the MWCNTs synthesized at the
ambient pressures of 100 torr, 300 torr, and 500 torr. An
intense peak at position ~ 26.5° and several relatively weak
peaks at positions ~ 42.5°, ~ 44.5° and ~ 54.5° for 26 asso-
ciated with graphitic planes (002), (100), (101), and (004) 28]
respectively are detected for each recorded XRD spectrum. A
prominent increase in the intensity of peak is observed with the

increase in the ambient pressure. The peak at position ~ 26.5°
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corresponds to the (002) graphite plane, which evidences the
presence of the graphitized structure.

T
—— 500 torr
—— 300 torr
— 100 torr

8000

4000

Intensity/arb. units

0
20

40 50 60
20/(°)

Fig. 5. (color online) XRD spectra of MWCNTSs synthesized at the am-
bient pressures of 100 torr, 300 torr, and 500 torr.

Figures 6(a) and 6(b) show respectively the downshift
in angle 260 and the variation in full width at half maximum
(FWHM) for the peak corresponding to the (002) plane with
respect to the CH4 ambient pressure.
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Fig. 6. (a) Angle 20 and (b) FWHM of the peak associated with the
(002) plane of the synthesized MWCNT versus the ambient pressure.

A downshift of the peak associated with the (002) plane
towards a low angle is observed with the ambient pressure in-
creasing from 100 torr to 500 torr, as depicted in Fig. 6(a).
The peak position shifting towards a lower angle shows that
the growth of carbon nanotubes and graphitic nanostructures
increases with ambient pressure increasing. The d-spacings

in a range from 0.336 nm to 0.340 nm are estimated, which
are in agreement with the TEM measurements. An increase in
the line width of the (002) peak with the increase in the am-
bient pressure is observed, as shown in Fig. 6(b). The shift
towards a lower angle and broadening in the peak associated
with the (002) plane show that the growth of carbon nanotubes
and structures increases with the increase in the ambient pres-
sure.

Figure 7 shows the Raman spectra of the MWCNTSs syn-
thesized at the ambient pressures of 100 torr, 300 torr, and
500 torr. The spectral lines at positions ~ 1330 cm™!, ~
1585 cm™!, and ~ 2660 cm ™!, called D-line, G-line, and G*-

29,301 respectively, are observed. The strong G-lines at po-

line, |
sition ~ 1585 cm™! in all Raman spectra confirm the presence
of carbon nanotubes and graphitic structures in the prepared
samples. An increase in the intensity of the G-line is detected
with the increase in the ambient pressure, which shows an in-
crease in the MWCNT. The high intensity of the D-line at po-
sition ~ 1330 cm ™! shows the presence of a poorly-organized
graphitic structure. However, the D-line is also considered as
an intrinsic feature of the MWCNT Raman spectrum, as the
curved nature of the graphite sheets leads to the increase in the
intensity of the D-line due to the enhancement in the electron—
phonon coupling.3!! The increase in the intensity of the D-
line with the increase in the ambient pressure can be ascribed
to the presence of defective structures and the increase in the
growth of carbon nanotubes with smaller diameters. The posi-
tion of the D-line in the Raman spectrum strongly depends on
laser excitation energy Ejaser, and the location of the D-line for
MWCNT can be expressed as @p = 12854 26.5E ;. >!! The
Raman analysis shows that Ejagr is 1.95 €V, thus the position
of the D-line should be at 1335 cm™!, which is close to the
observed peak in the Raman spectrum.
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Fig. 7. (color online) Raman spectra of MWCNTSs synthesized at pres-
sures of 100 torr, 300 torr, and 500 torr.

The presence of the G*-band shows that the synthesized
sample also contains the crystalline graphite in the form of
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a monolayer or multilayers of graphene sheets'*?! as observed

by the TEM microscopy. Thus, the presence of the MWCNT is
inferred from the Raman spectra in all the synthesized samples
along with graphite crystallites, nanostructures, and graphene.
An increase in the relative intensity of the G*-line with the
rise in the ambient pressure demonstrates the increase in the
growth of graphene stacks. 3]

Figure 8(a) shows the variation in the intensity ratio of D-
line to G-line with the ambient pressure. The high Ip /I ratios
show the presence of disorder structures, amorphous carbon,
nanocrystallites, and graphene stacks in the synthesized sam-
ples. A first-increase-then-decrease in the Ip/Ig ratio is ob-
served with the increase in the ambient pressures from 100 torr
to 300 torr and then to 500 torr. A decrease in the line width of
the D-band is seen with the increase in the ambient pressure as
shown in Fig. 8(b). From the Raman spectral analysis, it fol-
lows that the growth of the graphite crystallite and graphene
stacks increases with the increase in the CH4 pressure.
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Fig. 8. Variations in (a) Ip /I ratio and (b) FWHM of the D-line for the
MWCNT versus the ambient pressure.

The FTIR spectra of the MWCNTs synthesized at the
pressures of 100 torr, 300 torr, and 500 torr are shown in Fig. 9.
The spectral lines in the following ranges: 3740-3840 cm™!,
3400 cm~!, 2920 cm~!, 2850 cm™!, 1630 cm~!, 1560-
1580 cm™!, 1420-1460 cm !, 1380 cm ™!, 1160-1170 cm ™!,
1110 cm™!, and 1050 cm ™! in the FTIR spectra of the synthe-

sized samples are observed. There is no spectral line detected
in the range of 1750-2750 cm .
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Fig. 9. (color online) FTIR spectra of MWCNTSs synthesized at pres-
sures of 100 torr, 300 torr, and 500 torr.

In the FTIR spectra of CNTs, the peaks in the region of
1560-1580 cm~! and at 1460 cm™! represent the C-C vi-
brational modes associated with the carbon skeleton of the
CNTs. 34371 The peak at ~ 1620 cm™! indicates the presence
of the C=C group,*#! which shows the contribution of the sp’
hybridization.
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Fig. 10. Shifts of the peaks around (a) 1625 cm™! and (b) 1450 cm™!
with the ambient pressure.

The broadening, downshift, and decrease in the height of
the peak at position ~ 1625 cm™! associated with the C=C
stretching mode are observed with ambient pressure increas-
ing from 100 torr to 500 torr, as shown in Fig. 10(a). How-
ever, broadening and a little upshift of the peak at position
~ 1450 cm ™! corresponding to the C—C stretching mode are
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found with the increase in the ambient pressure, as shown in
Fig. 10(b). The downshift and broadening of the peak at posi-
tion 1630 cm™! indicate the increase in the growth of carbon
nanotubes with the increase in the ambient pressure.

4. Conclusion

The MWCNT growth by arc discharge technique is in-
vestigated at different ambient pressures of the CHy gas. An
increase in the plasma temperature and density is found with
the increase in the CHy4 ambient pressure. The microscopic,
spectroscopic, and XRD analyses of the synthesized MWC-
NTs show that the increase in the CH4 ambient pressure leads
to the increase in the growth of the MWCNT with a small
inner diameter. However, surface contamination and growth
of nanoparticles and amorphous carbon also increase at high
pressure.
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