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Abstract Carbon nanotubes have long attracted great scientific interest because of their simplicity,

ease of synthesis and unique properties. The novel properties of nanostructured carbon nanotubes

including its high surface area, stiffness, tensile strength, thermal and electrical properties which

become suitable for the application in the fields of energy storage, hydrogen storage, electrochem-

ical supercapacitor, field-emitting devices, transistors, nanoprobes and sensors, composite material,

templates, etc. In this study, carbon nanotubes were synthesized through arc discharge plasma with

two different configurations, transverse and axial field, applied across arc plasma synthesis process

to enable a much rapid rate growing of tubular carbon multi-walled carbon nanotubes (MWCNTs).

TEM, FESEM, RAMAN, FTIR and XRD were used to investigate the morphology and structural

evolution of the MWCNT samples produced with different synthesis environment. Introduction of

magnetic field during the MWCNTs synthesized through arc discharge plasma technique has also

been found to enhance the carbon nanotube growth, increase the high aspect ratio and its chemical

stability, and shows potential for regulating the number of walls formed.
� 2018 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon nanotube is one of carbon allotropes with extraordi-
nary electrical, thermal and mechanical properties [1]. The
tubular shape of the carbon nanotube is built up by covalent

bonds with hexagonal miniature, giving them high tensile
strength with Young’s Modulus potentially reaching 1 TPa
[2], inversely proportional to diameter and dependent on chiral

angles. There are several techniques used to synthesize carbon
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nanotubes including laser ablation [3], chemical vapor deposi-
tion (CVD) [4], plasma enhanced CVD [5], thermal growth [6],
and arc discharge plasma [7,8].

Arc discharge plasma is one of the most efficient techniques
to grow MWCNTs [9]. However, this technique is facing major
issues such as the growth of controlled CNT structures and the

presence of impurities including graphene and nanohorn [10].
The arc discharge process to grow MWCNTs depends on
applied conditions including background gas [11–13] ambient

pressure [14,15], mechanism of electrode separation [16], and
amount of current flow [17]. The selection of ambient condi-
tions to synthesize carbon nanotube is crucial in order to grow
high quality MWCNTs for specified applications. By main-

taining appropriate experimental conditions, high density
and well aligned MWCNTs could be grown by incorporating
magnetic fields into the arc discharge plasma technique [18].

On the other hand, as presented in the majority of reports,
MWCNTs can grow even without the support of a catalyst.
Primarily, the alteration of experimental parameters results

in different plasma conditions and spatial distribution, as well
as carbon nucleation and growth in the time and space
domain. Ambient conditions have a great influence on the

diameter of carbon nanotube [19]. Ambient pressure plays a
critical role in the arc synthesis process since the mean free
path is easily affected by background plasma pressure. Carbon
nanotubes grow in extreme high temperature media. In this

case, arc discharge plasma is an efficient technique to grow car-
bon nanotubes as the carbon plasma is enriched with carbon
ions that support nucleation of carbon nanotube structure

[20]. However, the motion of charged particles resulting from
the arc discharge plasma is certainly affected by magnetic field
and hence can potentially enhance the growth of carbon nan-

otube [21]. Through applying magnetic field, the lifetime of
electrons in target vicinity certainly can be increased [22]. This
can be realized by adding permanent magnet behind the cath-

ode target. Therefore, the fundamental understanding of the
relationship between arc plasma and growth process of carbon
nanotube is an important research objective. Hence, this study
investigates the effect of transverse and axial magnetic fields on

the growth of MWCNT structure.

2. Experimental

Vacuum chambers provide controlled conditions for experi-
mental processes to take place. In this study, a stainless-steel
chamber was used to synthesis MWCNTs as depicted in

Fig. 1. The chamber consists of four main ports; two ports
were used for electrode connections, the others were used for
the motor connection and viewing port. A Thorlab MTZ-25

motorized stage with a 25 mm maximum displacement and
precision up to ±5 nm was used to control the movement of
the anode and therefore vary the anode–cathode separation.
The anode and cathode consisted of high purity graphite of

diameter 9 mm and 12 mm respectively. The anode featured
an inner hole of diameter 5.5 mm. This ensures smaller interac-
tion area on the anode side relative to the cathode side in order

to create diffusive arc phenomena [23]. This will enhance
anode erosion and increase cathode deposition therefore
increase formation of CNTs. After the transverse/axial mag-

netic field was established by putting permanent magnet
NdFeB in between electrodes until reach field strength 30 mT
measured by Teslameter, within the vacuum chamber, the
chamber was evacuated with rotary and diffusion pumps until
the base pressure of 10�5 mbar was reached. The butterfly

valve connected to the vacuum pump and chamber was then
used to control the ambient environment pressure up to
required value, which was then maintained throughout the

arc discharge process.
An arc plasma was generated across the anode and cathode

gap by applying the touch ignition technique at potential 12 V

and current flow 70 A. The Teflon anode stand was attached to
the motorized stage while the cathode stand was fixed on the
opposite site. The arc discharge experiments were carried by
first making contact between two graphite electrodes. The

anode and cathode were then slowly separated (to approxi-
mately 0.05 mm) to allow ignition of arc plasma. The move-
ment was controlled by motorized stage at a speed of 2.5

mm/s to adjust the anode position. Following arc plasma igni-
tion, the electrode separation was maintained at approximately
1 mm by moving the anode forward to compensate for the

mass loss by deposition on the cathode surface. The experi-
ment was repeated several times to collect sufficient samples
for further microscopic and spectroscopic analyses including

electron microscope (FESEM and TEM), Raman spec-
troscopy, X-Ray diffraction (XRD) and Fourier transform
Infrared (FTIR) spectroscopy. Result of the samples collected
and analyzed is discussed in the next section.

3. Morphology and structural evolution

MWCNTs grown by arc discharge plasma techniques are per-

ceived to have high quality nanotube structure with predomi-
nantly straight tube growth. As observed by TEM images,
MWCNT samples prepared in an air environment at ambient

pressures 10�2, 1 and 102 mbar in the absence of external mag-
netic fields mostly grow as a mixture of amorphous carbon and
carbon nano-onion. At an ambient pressure of 10�2 mbar,

long MWCNT structures reach several micrometers in length
and nano-onion is observed. At a pressure of 1 mbar,
MWCNTs grow with fine structure and fewer impurities.

The tubes were observed to grow up to few hundreds nanome-
ters only. Less nano-onion growth was observed under this
condition. In areas where MWCNTs mostly formed, smaller
amounts of graphene stakes and CNT bundles were observed,

while in areas where graphene mostly formed, much less nan-
otube growth was observed. At a pressure of 102 mbar, results
show MWCNTs grown in a mixture with other carbon nanos-

tructures such as graphene, carbon nano-onion, and amor-
phous carbon. Branched nanotubes are also commonly
found under these conditions. Fig. 2(a) shows a TEM image

of MWCNT obtained by discharge in an air environment
under an axial magnetic field at an ambient pressure of 10�2

mbar. The image clearly shows straight MWCNTs with a
small inner diameter of 2.20 nm and an outer diameter of

12.68 nm with an interspacing layer of 0.34 nm. As the ambi-
ent pressure increased further, changes to the inner-tube size
and diameter are clearly evident (Fig. 2(b) and (c)). The varia-

tion of tube dimensions including length and diameter based
on direct measurement from TEM micrograph using software
ImageJ is shown in Figs. 3–4. The alteration of tube dimen-

sions according to the changes of ambient pressure and mag-
netic field configuration is also discussed.



Fig. 1 (a) Schematic of experimental setup for synthesis of MWCNTs and (b) and (c) axial and transverse magnetic configuration.
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Fig. 3 shows the trend of average CNT diameter synthe-
sized under different ambient pressures and magnetic field con-

figuration. The magnetic field strength was maintained at 30
mT. The trend shows that carbon nanotubes grow with outer
diameters in the range 16–20 nm in the absence of an applied
magnetic field, B0. On the other hand, results show the diam-

eter of CNT decreased to approximately 12–14 nm with an
applied transverse magnetic field, BT. Further reduction in
CNT diameters was observed with an applied axial magnetic

field effect where tube diameter noticeably reduced to approx-
imately 10–12 nm. Ambient pressure also significantly affects
the growth of the carbon nanotube structure. The trend shows

that at low ambient pressure (10�2 mbar) tube diameter is lar-
ger, average 19.21 nm, than at higher ambient pressure (102

mbar), average 15.83 nm, in absence of magnetic field.

The reduction in tube diameter may occur as a result of
increases in plasma pressure and the effect of external magnetic
field on the arc plasma [24]. The effect is more prominent
under axial magnetic fields compared with transverse fields

as the direction of magnetic field lines follow the flow direction
of carbon ions toward the anode terminal. This effect inevita-
bly increases the pressure of plasma thus limiting tube growth

in the radial direction.
Fig. 4 shows the trend of average CNT length when grown

under different magnetic configuration in different ambient
pressures from 10�2 to 102 mbar. The graph shows that synthe-

sis in the absence of magnetic field promotes the growth of
long carbon nanotube structures with an average length of
650 nm. When a magnetic field is applied across the arc dis-

charge plasma, results show that the CNT length decreases
by approximately 100 nm. However, ambient pressures of 1
and 102 mbar result in longer tube structure, approximately

550 nm, under the influence of the transverse magnetic field,
while the axial magnetic field results in tube structure with
an average length of approximately 500 nm.

Fig. 5 shows the aspect ratio (length/diameter) of carbon
nanotubes synthesized in an air environment under different
magnetic configurations and ambient pressures. The trend
reveals that, in the absence of an applied magnetic field, low

aspect ratio CNTs were obtained in this experiment.



Fig. 2 TEM micrograph of MWCNT obtained under axial magnetic field configuration at ambient pressure (a) 10�2 mbar (b) 1 mbar

and (c) 102 mbar (inset shows the FESEM image of MWCNTs under similar experimental conditions).
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Significant changes can be observed as the aspect ratio of
CNTs increased with applied transverse and axial magnetic
fields at ambient pressures of 1 and 102 mbar. Moreover, the

highest aspect ratio of CNTs observed in this experiment
under the influence of axial magnetic field at an ambient pres-
sure of 10�2 mbar indicates substantial long tube structure

growth in the specified condition.

4. Raman analysis

Raman spectroscopy is a powerful tool to characterize carbon
nanotubes. Fig. 6 shows the Raman spectra obtained for
CNTs synthesized under different ambient pressures from

10�2 to 102 mbar with different magnetic configuration, trans-
verse (BT) and axial (BA). The Raman spectroscopy analysis
was carried out by exciting samples using argon-ion laser at

a wavelength of 514.5 nm. The spectra show Raman shift for
wavenumbers ranging from 1200 cm�1 to 1800 cm�1, and
depict two prominent peaks represented as D band (1350
cm�1) and G band (1580 cm�1). The G band represents vibra-

tion in the plane of sp2 in the graphitic structure while D band
represents the vibration out of the plane of graphitic structure
[25]. The increase in D band intensity indicates the phenomena
of structural imperfection in the carbon nanotube structure.

On the other hand, the increase in the G band peak intensity
infers increase in ordered graphitic structure of carbon. Con-
versely, a weak G band represents less ordered tube structure

and the increase in amorphous carbon. Referring to the
Raman spectra of CNTs grown in absence of magnetic field
effect, B0 shows improvement in graphitic structure as ambient

pressure increases from 10�2 to 102 mbar indicated by the high
rise in G band with increasing ambient pressure. On other
hand, improvement in graphitic structure is observed at low

ambient pressure of 10�2 mbar as shown in Fig. 6 for the
CNTs samples prepared under transverse magnetic field, BT.
Under the influence of axial magnetic field BA, a high rise in
graphitic CNT structure was observed under ambient pres-

sures of 10�1 and 1 mbar.
Table 1 summarizes the Raman features for different condi-

tions applied to synthesize CNTs under the influence of an

external magnetic field. The G band in sp2 nanocarbon is
affected by strain on the structure [26]. Biaxial tensile stress



Fig. 3 MWCNTs’ average diameter versus applied magnetic field configuration for Transverse magnetic field (BT), Axial magnetic field

(BA) and absence of magnetic field in different ambient pressures measured by TEM.

Fig. 4 MWCNTs’ average length versus applied magnetic field configuration for Transverse magnetic field (BT), Axial magnetic field

(BA) and absence of magnetic field in different ambient pressures measured by TEM.
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results in a downshifted G band while compressive stress
results in upshifted of Raman frequency. The downshift of G
band is observed for CNTs synthesized under the influence

of axial magnetic field BT at ambient pressures of 1 and
10�1 mbar was from 1573 cm�1 to 1568 cm�1. This downshift
of G band indicates the increase in tensile stress resulting from

elongation of tube structure. Alternatively, the intensity ratio
between D and G bands (indicated by ID/IG) represents the
level of defects in tube structure. Low ID/IG indicates tube
structure growth with fewer defects while a high intensity ratio
is indicative of high level of defects in tube structure. Fig. 7

shows the trend of ID/IG ratio for different magnetic configu-
rations applied and under different ambient pressures. As illus-
trated in the Fig. 7, CNTs synthesized in the absence of

magnetic field, B0 have shown a gradual increase in ID/IG ratio
as ambient pressure is increased from 10�2 to 102 mbar. In



Fig. 5 CNT aspect ratio for different applied magnetic field

configurations and ambient pressure.

Table 1 Raman features of CNTs samples for wavenumber

from 1200�1 to 1800 cm�1.

Magnetic field

(30 mT)

Ambient

pressure

(mbar)

D band

(cm�1)

G band

(cm�1)

ID/IG

No Magnet applied 10�2 1352 1580 0.26199

10�1 1330 1572 1.46315

1 1355 1563 0.63152

101 1355 1580 1.02909

102 1348 1580 0.84214

Transverse magnetic field 10�2 1344 1565 0.79463

10�1 1347 1579 0.53803

1 1347 1580 0.73972

101 1356 1583 0.60100

102 1356 1580 0.15117

Axial Magnetic field 10�2 1345 1579 0.39636

10�1 1339 1576 0.51341

1 1337 1573 0.17515

101 1331 1568 1.42381

102 1337 1568 0.57893
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contrast, in case of applied transverse magnetic field BT, the
ID/IG ratio is decreased steeply as ambient pressure rose from
10�2 to 102 mbar. This indicates a reduction in the tube struc-

ture defect level under applied transverse magnetic fields. In
the presence of an axial magnetic field effect, BA, the trend
shows ID/IG ratio largely stabilized at a low level, although

the results for ambient pressure 101 mbar show a high rise in
defect level. A similar pattern is observed in the absence of
magnetic field, B0. The results show the influence of applied

magnetic field on the arc discharge plasma in reducing the
defect level of the resulting carbon nanotube structure.
Fig. 6 Raman spectra for CNT sample synthesize in v
Low values of full width half maximum (FWHM) in the G
band are associated with MWCNT samples grown with

improved of structural quality [27]. The results show that most
of MWCNTs formed using this technique have good structural
quality and low FWHM especially when the plasma discharge

was conducted at a low pressure of 0.01 mbar. Wider G bands
obtained at ambient pressure 0.1 mbar, which indicates a low
structural quality of MWCNTs obtained which correlate with
ariant magnet configurations and ambient pressures.



Fig. 7 ID/IG for MWCNT samples synthesized in variant

magnetic field configurations and ambient pressures.

Fig. 8 Trend of FWHM of G-band in Raman spectra of

MWCNT samples synthesized in variant magnetic field configu-

rations and ambient pressures.

Fig. 9 XRD spectra of CNTs synthesized under variable ambient pr

field (b) transverse magnetic field and (c) axial magnetic field.
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the rise in D band as shown in the Raman spectra denoted in
Fig. 6 (indicated by the red line). However, the applied mag-
netic field at ambient pressure 0.1 mbar results in significantly

higher structural quality of MWCNTs as indicated by FWHM
in Fig. 8 compared with MWCNTs formed in the absence of
magnetic field.

5. XRD and FTIR analysis

The X-Ray diffraction (XRD) is a spectroscopic technique

that can be used to investigate the crystal properties of carbon
nanotube structure. The repeatable atomic arrangement
referred to as crystal structure diffracts the X-ray beam result-

ing in increased peak intensity at specified diffraction angles
(2h) related to the specific lattice of the crystal structure. In this
case, the XRD spectra shown in Fig. 9 depicts strong peaks at

a diffraction angle of 26�, which represents diffraction by the
basal plane (0 0 2) from the atomic graphite layer (ref no
JCPDS no. 75-1621) [28]. The plane (0 0 2) refers to the gra-
phene layer rolled to form carbon nanotubes structure. The

shifting of the X-Ray diffraction angle permits inference of
the interlayer distance of the MWCNTs measured based on
common Bragg equation:

nk ¼ 2d sinh ð1Þ
where n is an integer referring to the order of diffracted beam,
k is the wavelength of X-rays (1.54 Å), h refers to the diffracted
angle and d is the spacing between graphene interlayer,

referred to as the d002 spacing. Table 2 outlines the analysis
data obtained from XRD spectra of MWCNT samples synthe-
sized in different ambient pressures and magnetic

configurations.
Referring to Fig. 9, the XRD spectra show that the crys-

tallinity of MWCNTs grown in the absence of magnetic field
increases with increase in ambient pressure from 10�2 to 102

mbar as indicated by the rise in peak (0 0 2) intensity as shown
in Fig. 9(a). A similar trend is observed for samples grown
under applied axial magnetic fields. Meanwhile, MWCNTs

grown under transverse magnetic fields demonstrate moderate
crystallinity for the plane (0 0 2) intensity detected to be main-
tained for all applied ambient pressures. The angular shift of
essures and magnetic field configurations (a) absence of magnetic



Table 2 XRD details of MWCNTs synthesized under transverse and axial magnetic field configuration at ambient

pressure ranging from 10�2 to 102 mbar.

Magnetic Field (30 mT) Ambient

pressure

(mbar)

2h (�) d002 (Å) Crystallite

size (nm)

Crystallite

size/d002

CNT

walls

No Magnet applied 10�2 26.0388 3.42211 12.5053 36.57750 18.2887

10�1 26.0136 3.42537 11.6456 34.03061 17.0153

1 25.9963 3.42761 11.3238 33.06854 16.5342

101 26.0092 3.42594 11.4669 33.50263 16.7513

102 26.0004 3.42708 12.3211 35.98635 17.9931

Transverse magnetic field 10�2 26.0342 3.42271 11.1078 32.48430 16.2421

10�1 26.2971 3.38908 10.7166 31.65106 15.8255

1 26.1252 3.41099 10.5220 30.87692 15.4384

101 25.9942 3.42789 10.9190 31.88523 15.9426

102 26.0187 3.42472 12.5698 36.73832 18.3691

Axial Magnetic field 10�2 25.9243 3.43697 12.8398 37.39351 18.6967

10�1 26.0681 3.41833 11.9195 34.90264 17.4513

1 26.0866 3.41595 10.2849 30.13729 15.0686

101 25.9930 3.42804 12.6332 36.88776 18.4438

102 26.0326 3.42291 12.6732 37.06003 18.5300

178 M.S. Roslan et al.
2h indicates the change of plane (0 0 2) interlayer space as dis-
cussed earlier. As calculated using equation (1), the d002-

spacing of MWCNTs is maintained at 3.425 Å in the absence
of transverse magnetic field, whereas in presence of a trans-
verse magnetic field, the MWCNTs grow with a smaller d002
spacing of 3.414 Å, while in the presence of an axial magnetic
field, the d002 spacing is measured maintained at 3.424 Å as an
average, which is slightly smaller than that of crystalline gra-

phite (3.53 Å) [29].
The crystallite size, L002 is calculated by from FWHM using

the Debye–Scherer formula with a constant K for spherical
crystal cubic symmetry [30]:

L002 ¼ Kk
BðhÞcosh ð2Þ

where k is the wavelength, h is the diffracted angle, and B is
FWHM. By dividing the number of stacking graphite crystal-

lites L002 by the d002 spacing, the number of walls in formed by
carbon nanotubes can be estimated [31] as illustrated in
Fig. 10. However, MWCNTs consist of tubular structure

formed by growth of multiple graphene layers, thus dividing
crystallites L002 by the d002 spacing will only shows total layers
formed under the radial cross section of MWCNTs. Therefore,
Fig. 10 Cross section of crystallite carbon nanotube radial tube

structure.
the actual number of layers formed by CNTs could be approx-
imated by the formula.

CNT walls ¼ 0:5
L002

d002

� �
ð3Þ

Fig. 11 shows the trend of MWCNT wall for variations in
pressure and magnetic field configuration calculated from the
XRD data. These data are supported by HRTEM micro-

graphs of MWCNT layers as shown in Fig. 11(b). The trend
of CNT walls shows higher wall formation under a low pres-
sure of 10�2 mbar. The number of walls decreased as the pres-

sure increased to 1 mbar. As the ambient pressure increased to
102 mbar, the number of nanotube walls increased again in
range of 18–19 walls. The synthesis of MWCNTs under an
axial magnetic field (indicated by the blue line in Fig. 11) grows

a larger number of nanotube walls as compared to the absence
of magnetic field. In the presence of a transverse magnetic field
(indicated by the red line), the number of tube walls is signifi-

cantly reduced. The graph infers that the number of MWCNT
walls can be regulated by varying applied magnetic field and
configuration.

Fourier transform Infra-red Spectroscopy (FTIR) was
employed to characterize bonding exhibited by grown CNTs.
The FTIR studies on MWCNTs [26] were performed using a

Perkin Elmer FTIR machine where the results are depicted
in Fig. 12. The pellets are prepared by mixing CNTs with
KBr. The CNT samples were scanned ten times using a spec-
tral range from 450 cm�1 to 4000 cm�1. The peak in the region

1430–1650 cm�1 corresponds to C‚C stretching of MWCNT,
whereas the peak at 1560 cm�1 represents the stretching vibra-
tion of C‚C [32]. The peak at 1564 cm�1 is associated with the

skeletal vibrational of graphene sheets [33]. The peak at 1637
cm�1 also corresponds to C‚C stretching vibration [34]. In an
air ambient environment, the results show rise in peak at posi-

tion 1450 cm�1 in Fig. 12(a) indicating an increase in growth of
MWCNTs with decrease in ambient pressure from 102 to 10�2

mbar. This result is in agreement with the FESEM analysis

which shows an increase in MWCNT diameter and length as
ambient pressure decreased to 10�2 mbar. In the presence of
transverse magnetic field, the intensity of peak at 1450 cm�1



Fig. 11 Number of walls of MWCNTs (a) calculated based on XRD data synthesized in different ambient pressure and magnetic

configuration and (b) HRTEM micrograph under axial magnetic field at pressure 10�2 mbar.

Fig. 12 FTIR spectra of MWCNTs synthesized under variable ambient pressure and magnetic configuration (a) absence of magnetic

field (b) transverse magnetic field and (c) axial magnetic field.
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corresponds to stronger stretching vibrations is increased with
an increase in ambient pressure from 10�2 to 102 mbar. In the

presence of axial magnetic field, the trend of FTIR spectra
shows an increase in intensity for peak 1450 cm�1 as ambient
pressure increased from 10�2 to 101 mbar as shown in
Fig. 12(c). It is observed from FTIR spectra that a strong

absorption peak at 1637 cm�1 attributed to C = C stretching
vibration appears in the presence of external transverse and
axial magnetic fields during synthesis of MWCNTs. This

shows increased chemical stability as the C‚C bonding in
MWCNTs is strengthened by the influence of magnetic fields
applied during the growth of MWCNTs in arc discharge

plasma.
The comparison of this study with other research work

done is presented in Table 3. Volotskova et al. have applied

customized magnetic field to create different plasma temper-
ature and density regions thus induce different growth zone
and eventually separate CNTs with other nanomaterials
[35]. Zhang et al. applied magnetic field 10G to separate
CNTs with different diameter synthesized by altering the

position of magnet within plasma [36]. Keidar et al. have
applied magnetic field to enhance CNT growth and increase
the length of SWCNTs [37] by creating strong plasma con-
finement and increase plasma density therefore increase car-

bon ion flux to catalyst surface during growth process and
create long CNT structure. Volotskova et al. have reported
successful fabrication of controlled growth of SWCNTs with

different chiralities and diameters [38]. In present study, the
number of walls can potentially being controlled by applying
magnetic field.
6. Summary

In summary, a straightforward magnetic field assisted arc dis-

charge plasma technique used to synthesize MWCNTs has



Table 3 The effect of magnetic field on the growth of CNTs structure.

Method to

synthesis

Magnetic field strength Background

precursor

gas

Ambient

pressure

Catalyst Major observation Ref

Arc Discharge

Plasma

30 mT (Axial and

Transverse)

Air 10�2–102

mbar

No

Catalyst

Shifting Number of CNTs’ Walls

formed

This Work

Arc Discharge

Plasma

1.2 kG (Transverse) He 500 Torr Y/Ni Separation of CNTs with other

nanostructure

[35]

Arc Discharge

Plasma

10 G (Transverse) Ar-H2 30 kPa Fe/Mo Diameter Control of CNTs Growth [36]

Arc Discharge

Plasma

0.4 T (Axial) He 500–700

Torr

Y/Ni Increase the length of CNTs [37]

Arc Discharge

Plasma

0.2–2 kG (Transverse) He 300–500

Torr

Y/Ni Tuning the distribution of CNTs

formation

[38]
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been successfully tested. MWCNTs grown by the arc discharge
process are highly crystalline and have a fine, straight struc-

ture. The aspect ratio of MWCNTs could increase twofold
with the application of an external magnetic field and the num-
ber of CNT walls potentially being regulated by external mag-

netic field effect. The intensity ratios of MWCNTs are
decreased, showing a reduction in structural defects and an
increase in graphitic structure when MWCNTs are grown

under transverse and axial magnetic fields. Furthermore, mean
crystallite size is reduced to few nm with an increase in ambient
pressure from 10�2 to 1 mbar. Moreover, the number of nan-
otube walls is estimated from XRD data which is increased

with a rise in ambient pressure from 1 to 102 mbar. In addition,
the FTIR spectra show increased chemical stability with the
second peak rise at 1637 cm�1 corresponding to C‚C stretch-

ing vibration in samples grown with the assistance of magnetic
fields. Future work will focus on process optimization and con-
trol for the synthesis of high quality MWCNTs with growth of

controlled number of walls that promotes unique electrical
conductivity, flexibility, excellent electrocatalytic activity and
mechanical integrity for vast possible applications including
transparent electrodes, lightweight display panel, and flexible

solar cells.
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