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In this study, multiwalled CNT bundles were synthesized with an alumina-supported Fe2O3 catalyst by using a floating catalyst
chemical vapor deposition (FCCVD) technique. The metal catalyst was synthesized by dispersing Fe2O3 on alumina support.
Ethylene molecules were decomposed over different amounts of metal nanoparticles in a FCCVD reactor. The CVD
temperature was elevated from 600°C to 1000°C. The large active surface area of the metal nanobuds promoted the
decomposition of a carbon precursor and the fast growth of CNT bundles. Least dense bundles of varying heights were observed
at lower CVD temperatures of 600°C and 700°C. At 800°C, CVD process conditions were found suitable for the fast
decomposition of hydrocarbon. The relatively better yield of well-structured CNTs was obtained with a catalyst weight of 0.3 g
at 800°C. Above 800°C, CNT forests start losing alignment and height. The forest density was also decreased at temperatures
above the optimum. The elemental composition of CNT bundles revealed the presence of carbon, aluminium, oxygen, and iron
in percentages of 91%, 0.76%, 8.2%, and 0.04%, respectively. A very small ID to IG ratio of 0.22 was calculated for CNTs grown
under optimized conditions.

1. Introduction

CNTs have been extensively researched for their unique
physical and chemical traits. The characteristics like good
electrical conductivity, mechanical strength, surface area,
and chemical stability make CNTs an attractive material for
high-end engineering devices [1–4]. In the past years, CNTs
have been produced through arc discharge, laser ablation,
fluidized bed CVD, fixed-bed CVD, plasma enhanced CVD,
etc. [1–6]. Each one has its own merits and drawbacks.
CVD is the most widely used method for the production of
a high-carbon yield with selective growth. It is a relatively
low-cost approach among the reported methods of synthesis

of CNTs [5, 6]. During CVD synthesis of CNTs, a carbon
precursor decomposes over a pure or mixed metal catalyst
in a high-temperature environment. The released carbon dif-
fuses into catalytic particles and recrystallizes on the catalyst
surface in the form of nanotubes. The quality and quantity of
the as-grown CNTs can be governed by manipulating the
reaction parameters, such as the type of the carbon precursor,
temperature, catalyst type, catalyst synthesis method, catalyst
composition, particle size, and type of support [5, 6].

CVD-based synthesis of CNTs is a two-step process:
preparation of the catalyst and the actual reaction for the
nucleation of nanotubes. The nucleation step involves the
dissociation of hydrocarbons over nanoparticles of a catalyst
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supported by a transition metal or an inert powder (Al2O3,
MgO, or SiO2). A support to the catalyst is generally required
to minimize the sintering of the metal catalyst, to enhance the
mechanical strength of the catalyst, and to disperse the active
phases of the catalyst. The metal catalysts are synthesized
using the following techniques: sol-gel [7], metalloorganic
CVD [8], impregnation [9], green synthesis, and coprecipita-
tion [10]. A catalyst can also be synthesized in situ by decom-
posing the volatile metalloorganic compounds in a CVD
reactor during the production of CNTs. The in situ synthesis
of a catalyst is referred to as the floating catalyst CVD tech-
nique [11]. The nanosized powders of the metal catalysts
have also been directly used to produce CNTs rather than
through in situ synthesis [12].

Iron, nickel, and cobalt are the most commonly used
metal catalysts for the CVD synthesis of CNTs. At higher
temperatures, these metals exhibit high carbon solubility
and diffusion and produce a better CNT yield. Also, having
high melting points and low vapor pressures, these transition
metals can drive a CVD process with a variety of carbon pre-
cursors even at lower temperatures. Other anticipated bene-
fits of these metal catalysts include their strong adhesion
with nanotubes as compared to other transition metal cata-
lysts. These properties result in high process efficiency, nar-
row tube diameter, and high curvature of CNTs [13]. The
solid organometallocenes are also being used to catalyze the
CVD reaction. The materials include ferrocene, nickelocene,
and cobaltocene. Since these catalysts release the nanoparti-
cles of metals without requiring a support, the activity of
the catalyst increases due to nanoparticles completely
exposed by the carbon precursor. Generally, the tube diame-
ter of CNTs can be controlled by optimizing the size of the
catalyst particles [14, 15]. Other metal catalysts such as Al,
Cu, Mg, Mn, Mo, Cr, Ag, Au, Sn, Pt, and Pd have also been
reported to catalyze the decomposition of carbon precursors
for CNT growth [16, 17]. Pirard et al. [18] deliberated on the
kinetics of the MWCNT growth process in a fixed-bed CVD
reactor with a horizontal tube alignment. A mixture of
hydrocarbon, hydrogen, and helium was passed over an
alumina-supported compound catalyst (Fe-Co/Al2O3). The
decomposition of hydrocarbon did not happen without
introducing a catalyst in the reaction. The activation energy
of the CVD reaction was estimated at about 135 kJ⋅mol-1.
Sharif Zein et al. [19] synthesized MWCNTs by using a fluid-
ized bed CVD technique. Ethylene was decomposed over an
alumina-supported iron catalyst. Although the growth of
MWCNTs without the use of a metal catalyst is possible in
an arc-discharge technique, the mass production of relatively
pure CNTs inevitably requires a metal catalyst in all
well-known production techniques. The selection of an
appropriate catalyst is perhaps the most significant step in
the CNTs’ growth process. The type of the catalyst explicitly
determines the rate of decomposition of the carbon precur-
sor, yield of CNTs, diameter distribution, and quality CNTs.

Kathyayini et al. [20] conducted experiments on cobalt
and iron catalysts under the same CVD process conditions.
Considerably higher catalytic activity was observed with
cobalt for the decomposition of acetylene under similar reac-
tion conditions. Furthermore, the activity, carbon yield, and

growth parameters of a catalyst also varies with the type of
carbon feedstock [21, 22]. To promote the catalytic activity
in CVD-based processes, different catalyst supports are used
to increase the active surface of the dispersed catalyst [23–
25]. These supports include Al2O3, SiO2, and MgO. In a
catalyst-supported system, the catalyst-substrate interaction
plays a crucial role in defining the morphology and structural
properties of the catalyst and CNTs. Cheng et al. [26] synthe-
sized wide and long ribbons and ropes of single-walled
CNTs. A catalytic decomposition technique was used to pro-
duce CNT bundles of 100mm diameter and 3 cm length. Fer-
rocene was vaporized and mixed with benzene, thiophene,
and hydrogen. The mixture was carried into the reaction
tube, the carbon precursor was catalytically decomposed,
and MWCNT bundles were produced. The atomic iron was
produced by reducing ferrocene with hydrogen gas. The iron
particles were agglomerated into nanoparticles, which were
used to decompose a carbon precursor for the production
of CNTs. Delzeit et al. [27] grew MWCNT bundles on differ-
ent substrates through a thermal CVD technique. An ion
beam sputtering technique was used to prepare multilayered
metal catalysts from Al, Fe, and Ni. The underlayers of Al
were used as a support, whereas Fe and Ni were used as an
active catalyst. The active catalyst was sputtered to form
nanoparticles (<10nm) on Al support. This Al-Fe combina-
tion supported the growth of CNTs in bundled form.

Usman et al. [28] synthesized aligned bundles of
nitrogen-doped MWCNTs by using an aerosol-assisted
CVD technique. Toluene and acetonitrile were nebulized to
produce aligned MWCNTs with a ferrocene catalyst. The
thermogravimetric analysis showed 3% to 6% ferrocene
impurities in the final product. The bamboo-like structures
of CNTs were improved further with an increase in nitrogen
content. However, Raman and XRD analysis revealed the for-
mation of structural defects with nitrogen doping. The ferro-
cene impurities existed in the form of Fe2O3, a-Fe-Fe3C, and
g-Fe. Yadav et al. [15] used a mixture of FcH and acetonitrile
for the synthesis of nitrogen-doped nanotube bundles. How-
ever, impurity-free CNTs were reported in their work. Point
et al. [29] used an electron cyclotron resonance-assisted CVD
technique for the synthesis of CNT bundles. A mixture of
ethanol, ferrocene, and benzylamine was thermally decom-
posed to produce CNT bundles [18]. The nitrogen concen-
tration and CVD temperature showed good control over
the structural properties of CNT bundles. The reported work
was aimed at the production of MWCNT bundles by decom-
posing ethylene with the Fe2O3/Al2O3 catalyst. Alumina was
used to support the metal catalyst and improve the chemical
activity. It also serves as a base for the nucleation of CNTs. A
floating catalyst CVD technique was used to produce CNTs
with an alumina-supported catalyst by changing the CVD
temperature from 600°C to 1000°C. The catalyst weight was
varied from 0.1 g to 0.5 g, and CVD process time was fixed
for 1 hour.

2. Materials and Methods

2.1. Synthesis of Metal Catalyst. All the chemicals were
obtained from Sigma-Aldrich. A coprecipitation technique
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was used to produce a metal catalyst by dispersing Fe2O3 over
an alumina support. The composition of the catalyst was
decided after a brief review of the published literature. The
search of past literature reveals that the catalyst, formed from
Fe2O3 and Al2O3 at a ratio of 6 to 4, is the best for the produc-
tion of a better yield of good quality MWCNTs [30–32]. A
similar mass ratio of the reactants was used to produce a
metal catalyst. Aluminium nitrate (Al(NO3)3·9HO) and iron
nitrate (Fe(NO3)3·9H2O) were used as starting materials. The
desired weights of both of iron and aluminium nitrates were
dissolved separately in 3D water under constant stirring at
300 rpm. The stirring was carried out at room temperature.
After 20min of stirring, homogenous solutions of iron nitrate
and aluminium nitrate were produced. Both solutions were
mixed together and placed on a hotplate. Substantial stirring
of the solution was carried out by maintaining the solution
temperature at 80°C. An isothermal evaporation takes place
under continuous stirring. The mixture was filtered, washed
with distilled water, and heated in an oven for 12 hours at
100°C. The final product was ground into a powder of nano-
sized particles. The average particle size remained in the
range of 15nm to 20nm. The calcination of the catalyst pow-
der was carried out in an electric furnace. The cabinet tem-
perature was sustained at 650°C for 6 hours. The calcined
catalyst was tested for its chemical composition, surface mor-
phology, elemental distribution, and active sites.

2.2. Synthesis of Nanotubes.A horizontal FCCVD reactor was
used to synthesize MWCNT bundles by decomposing ethyl-
ene molecules over an Fe2O3/Al2O3 catalyst. The effect of the
process parameters, such as catalyst weight, process temper-
ature, and process time, on the growth of CNT bundles was
quantified using different characterization techniques. A
FCCVD reactor (OTF-1200-80mm) with a horizontal tube
arrangement was used to produce CNT bundles. A schematic
of the experimental setup is shown in Figure 1. It was com-
posed of a splittable zone tube furnace with an 80mm diam-
eter quartz tube, which can achieve faster heating up to
1200°C and create a thermal gradient by adjusting the zone
temperature. A precision temperature controller in the setup
can provide 30 segments of heating and cooling steps with
±0.5°C accuracy. One end of the quartz tube was connected
to a gas-mixing system where flowrates of argon, hydrogen,
and ethylene gases were controlled by gas flowmeters. The
other end of the tube was extended to the fume hood through
a water channel. The ethylene was cracked over the
Fe2O3/Al2O3 catalyst for nucleation of MWCNTs under the
operating conditions summarized in Table 1.

The experiments were started with 0.1 g of catalyst. The
catalyst was placed in a high-heating zone of the tube fur-
nace. Argon gas was fed through the quartz tube at a flowrate
of 250 sccm. The temperature of the reaction zone was ele-
vated to 600°C at the rate of 15°C per minute. Once the cho-
sen temperature was sustained, ethylene and hydrogen were
also introduced into the quartz tube at flowrates of 100 sccm
and 250 sccm, respectively. Ethylene and hydrogen were sup-
plied for 60min and the argon supply remained open even
after the growth process was over. The furnace was allowed
to cool down to ambient temperature under a continuous

supply of argon. Figure 2 shows the complete thermal profile
of the heating cycle of the tube furnace for a CVD tempera-
ture of 800°C. After 12 hours of cooling, the argon supply
was stopped and the carbon product was collected from the
quartz tube. The collected samples were stored in glass con-
tainers and labeled according to the experiment conditions.

The synthesis process was first optimized for the CVD
process temperature and then for the catalyst weight. The
CVD temperature was varied from 600°C to 1000°C, and
MWCNT bundles were produced by fixing the catalyst
weight and process time at 1 g and 60min, respectively. Once
the optimum process temperature was identified, the catalyst
weight was varied in the range of 0.1 to 0.5 g to identify the
optimum value for the production of well-structured
MWCNT bundles.

3. Results and Discussion

3.1. Characteristics of Metal Catalyst. During FCCVD syn-
thesis of CNTs, decomposition of hydrocarbon and forma-
tion of CNT bundles were activated by the Fe2O3/Al2O3
catalyst. The ethylene molecules were dissociated catalyti-
cally on Fe2O3 nanoparticles, which were dispersed over
Al2O3 support. On heating, Fe2O3 nanoparticles were
reduced to pure metal and the free carbon diffused into the
nanoparticles of the metal. The appearance of carbon density
gradients, dissolved in metal nanoparticles, drove the carbon
diffusion deep into the metal particles [30–32]. The diffused
carbon precipitated out from the nanoparticles in the form
of CNTs. To avoid dangling bonds, the carbon precipitated
out from the least reactive facet of the catalyst particles for
the formation of a nanotube.

In a CVD process, the growth of nanotubes is achieved
through catalytic decomposition of hydrocarbons on a cata-
lyst surface without the occurrence of spontaneous aerial
pyrolysis [33]. The restriction of the gas pyrolysis to the sur-
face of the catalyst can be controlled by deliberately selecting
carbon sources, catalyst type, CVD reaction temperature,
hydrocarbon flowrate, and catalyst weight. The catalyst of
the given study was examined through scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), and mapping. SEM was used to study the morphol-
ogy of the metal catalyst. The elements in the catalyst and
their weight percentage were found using EDX analysis.
Mapping images were also produced to detect the major ele-
ments in the catalyst composition and the dispersion of iron
nanoparticles on the alumina support.

SEM micrographs of the surface of the metal catalyst are
shown in Figure 3. FESEM micrographs confirmed the
growth of Fe2O3 nanoparticles on Al2O3 support. The magni-
fied FESEM micrograph revealed that the nanoparticles were
almost of the same size. The particle size was measured in the
range of 15 nm to 20nm. These nanobuds and other active
sites on the alumina support promoted the activity of the
Fe2O3 catalyst. The hydrocarbon quickly decomposed by
releasing carbon, which precipitated out in the form of nano-
tubes at lower activation energies. The nanobuds gave a large
active surface area, which was favorable for the fast growth of
CNT bundles. The rough surface of the alumina support was
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also supportive of the strong interactions between gases and
solids, even at lower activation energies, for nucleation of
nanotubes [34]. Hussein et al. [35] reported that the use of
mixed metal oxides is not only attractive as a catalyst, but
as a catalyst support as well. In such catalysts, good disper-
sion of catalyst particles over stable support is expected,

which possesses both acidic and basic groups. Therefore,
during the synthesis of CNTs, the reaction kinetics follows
the path requiring minimum energy for the initiation of the
nucleation of CNTs.

The elemental composition and relative weight percent
of the catalyst components was studied by generating the
EDX spectrum. EDX analysis is based on the X-ray spec-
trum, which is generated by bombarding the sample with a
focused beam of electrons. This analysis provides a localized
chemical composition of the sample. An EDX spectrum of
the catalyst of mixed metal oxides is shown in Figure 4.
The major elements and their concentration at a specific
point on the catalyst are given in Table 2. The catalyst was
composed of iron, oxygen, and aluminium. The weight of
these elements was measured at about 33.81%, 21.70%, and
44.49%, respectively. These findings infer the formation of
metal oxide in the catalyst.

Elemental mapping of the as-synthesized catalyst was
carried out at a microstructural level with a FESEM-based
EDX technique. The elemental maps can be used in display-
ing the distribution of elements in the textural context,
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Figure 1: Schematic of the FCCVD reactor for the production of CNT bundles.

Table 1: Process parameters for CVD synthesis of MWCNT
bundles.

Process Variation

Weight of the catalyst 0.1 to 0.5 g

CVD process time 60min

CVD process temperature 600 to 1000°C

Ethylene flowrate 100 sccm

Argon flowrate 250 sccm

Hydrogen flowrate 250 sccm

Room temp.

200

400

600

Te
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Figure 2: A typical temperature profile of the horizontal FCCVD
process.

Figure 3: FESEM illustration of the catalyst of mixed metal oxides.
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particularly for showing compositional zonation. The maps
of the catalyst provided the spatial distribution of the ele-
ments throughout the catalyst. The mapping images of the
tested catalyst are shown in Figure 5. These images show that
the catalyst is formed of O, Al, and Fe in the catalyst. Further-
more, the images also confirm that iron species are uniformly
dispersed on the alumina surface. The uniformly dispersed
iron with high concentration, as observed in EDX analysis
and elemental mapping, is supportive of the high yield of
CNT bundles. Kouravelou and Sotirchos [36] tested two
compositions of the Fe2O3/Al2O3 catalyst for the production
of CNTs. It was reported that both compositions are equiva-
lent with respect to the rate of decomposition of the carbon
precursor. However, a better carbon yield was possible with
the catalyst having a high concentration of Fe2O3. Abad
et al. [37] and Kierzkowska et al. [38] revealed that the
Fe2O3/Al2O3 catalyst with a high wt.% of Fe2O3 exhibits
high catalytic activity and promotes the decomposition of
the hydrocarbons.

Alumina is a better catalyst support than other metallic
materials. It provides support for the high dispersion of metal
nanoparticles and density of active sites [33, 39]. Chemical
interactions between the Al2O3 support and the metal cata-
lyst expedite the oxidation process taking place at the inter-
face of the metal catalyst and Al2O3 support [40]. Alexiadis
and Verykios [31] revealed that a strong interaction between
the catalyst and support phases is important for both the
quality and quantity of CNTs. Both materials are equally
important and effectively participate in a CVD reaction for
the nucleation of CNTs. Mattevi et al. [41] preferred alumina
over silica and other similar kinds of materials for catalyst
support. Recent in situ analyses of the production of CNTs

with different carbon sources and catalysts have also
strengthened the claim of Mattevi et al. [41]. Nevertheless, a
study by Noda et al. [42] reported that the oxide substrates
are more likely used for physical support to the metal cata-
lyst; however, they can play some chemical roles in the nucle-
ation of CNTs. Contrarily, Kumar and Ando [43]
emphasized more on the structure and chemical state of the
support than the type of metal. Zhao et al. [44] suggested that
although CNTs can be produced with mixed metal oxides
having lower iron oxide content, it is difficult to increase
the growth rate, yield, and length of nanotubes without
increasing the iron content in the catalyst. They concluded
that if the iron content of the catalyst is high, more and more
catalyst particles will act as “seeds” for the nucleation of
CNTs at a fast rate.

Tessonnier and Su [45] deduced a crystallographic rela-
tionship between catalyst particles and the number of car-
bon layers for the CVD growth of nanotubes. Since high
CVD temperatures are maintained to ensure the crystalline
growth of nanotubes, the carbon source should be such that
it does not thermally decompose into amorphous carbon at
a high temperature. The amorphous carbon poisons the
metal particles by reducing their catalytic activity. Under
optimized CVD conditions, the mixed metal oxides pro-
mote the growth rate of CNTs and prevent catalyst particles
from deactivating by removing the carbon from the surface
of the catalyst. If a CVD process is carried out at tempera-
tures exceeding the optimum, thermal degradation of the
catalyst can happen either due to the formation of active
phase crystallites or due to a collapse of the pore structures
of the support. The collapse of solid-state reactions of the
active phase of the catalyst with support is also possible at
very high CVD temperatures.

3.2. Characteristics of Bundled CNTs. The nucleation of
nanotubes happens in three steps, namely, cap nucleation,
cap lift-off, and tube lengthening. The poisoning of the cata-
lyst affects the length and purity of CNTs. It is detrimental to
the CNTs’ growth process. It prevents the carbon precursor
from accessing the catalyst, and consequently, it prevents
the cap lift-off and growth of nanotubes. The optimized
CVD temperature helps in minimizing the poisoning and
encapsulation of the catalyst particles during nucleation of
CNTs. The most common growth mechanism of carbon fila-
ments is the catalytic decomposition of the precursor and
bulk carbon diffusion into the catalyst particles [46, 47].
The precursor molecules decompose and release carbon
and hydrogen at the frontally exposed surface of the catalyst.
The active carbon atoms dissolve and diffuse into the catalyst
and precipitate at its trailing end in the form of nanotubes.
Since the catalyst particles were having high thermal conduc-
tivity, the exothermic decomposition of ethylene may gener-
ate some temperature gradients across the particle by
increasing the process temperature. Since the solubility/diffu-
sion of carbon atoms in the catalyst is temperature depen-
dent, the high precipitation of carbon into nanotubes takes
place in the low temperature zones of the catalyst.

The formation and length of CNTs are driven by the
carbon concentration gradients across the catalyst. CNTs

Table 2: Elemental composition of the catalyst of mixed metal
oxides.

Element Weight% Atomic%

Oxygen 33.81 54.76

Iron 44.48 26.94

Aluminium 21.71 18.30

Total 100 100

Energy (keV)

In
te

ns
ity

 (a
.u

.)

Fe

Fe

O Al

0 2 4 6 8 10 12 14

Figure 4: EDX spectrum of the catalyst of mixed metal oxides.

5Journal of Nanomaterials



keep on growing unless the leading face of the catalyst is poi-
soned by the amorphous carbon. At this point, the CNT for-
est stops growing and the continuing CVD process adds
impurities to the product. The denseness and height of the
forest also depends on the CVD temperature. In this study,
the effect of the CVD temperature on CNT parameters was
examined in the range of 600°C to 1000°C by fixing the cata-
lyst weight at 0.3 g. The least dense bundles of different
heights were obtained at 600°C and 700°C CVD tempera-
tures. As shown in Figure 6, very few CNT bundles grow at
600°C. At 700°C, the growth of CNTs was increased and sev-
eral CNT bundles of varying lengths and directions were seen
in SEM micrographs. At these temperatures, the catalyst

SEM image
Mag = 50Kx

Oxygen mapping

Iron mapping Aluminum mapping

(μm)

Figure 5: Elemental maps of the catalyst of mixed metal oxides.
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Figure 6: SEM micrographs of MWCNT bundles synthesized at
600°C and 700°C CVD temperatures.

Figure 7: SEM micrographs of MWCNT bundles synthesized at a
CVD temperature of 800°C.
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Figure 8: EDX spectrum of MWCNT bundles grown at a CVD
temperature of 800°C.
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might not have fully activated and/or the decomposition of
hydrocarbon molecules did not take place at the rate required
for a dense and aligned growth of the CNT forest [48]. With a
further increase in temperature, CVD conditions became
suitable for the fast decomposition of hydrocarbon. At a
CVD temperature of 800°C, the catalytic activity of the metal
catalyst was appreciably increased. As shown in Figure 7, the
dense and aligned growth of the CNT forest was noticed at
this temperature. The quantity and quality of CNTs were also
improved by increasing the CVD temperature. The smooth
growth of CNT assemblies of the same height was seen in
SEM micrographs.

With a further increase in CVD temperature above
800°C, CNT bundles start losing their alignment and height.
The forest density was also decreased at temperatures above
the optimum. CNTs were making upwardly growing vines
that were intertwining with each other in the form of loose
bundles. The scattered diameter distribution of CNT bundles
was observed at temperatures above and below the optimum.
The imbalanced rate of decomposition of hydrocarbon mol-
ecules and the rate of carbon diffusion into the catalyst parti-
cles promoted the formation of amorphous carbon [49]. At a
high CVD temperature, the aggressive diffusion and precipi-
tation of carbon into nanotubes raise the impurity level of the
product [50].

The elemental composition of the as-grown CNT bundles
was measured using EDX. A typical EDX spectrum of CNTs

is shown in Figure 8. Carbon, aluminium, oxygen, and ferric
contents were detected in the EDX spectrum with their
weight percentages of 91%, 0.76%, 8.2%, and 0.04%, respec-
tively. Carbon was detected with the highest wt.%, whereas
the other three elements existed in fractional amounts. The
carbon content exhibited an increase, while aluminium, oxy-
gen, and ferric contents were decreased by increasing the
CVD temperature from 600°C up to the optimum.

The growth of CNTs in bundles is attributed to the Al2O3
support, which promoted the Van der Waals forces whereby
the degree of crystallization and handling of CNTs was
increased [51]. The iron buds on the Al2O3 support were hav-
ing unfilled d-shells; therefore, they exhibited better catalytic
activity. The embedded buds worked as a seed for the growth
of CNT bundles. Figure 9 reports the composition of CNT
bundles in the form of elemental maps. These maps were
generated using the mapping tool of the FESEM setup. At
low CVD temperatures, the carbon product contained many
unreacted catalyst particles. The appearance of a high con-
centration of aluminium and iron in elemental maps at lower
CVD temperatures reveals the low activity of the catalyst.
The highest carbon concentration was observed under the
optimized CVD temperature. The aluminium content was
almost negligible, whereas very few traces of iron were
observed in the maps, as shown in Figure 9. These results
were in line with the elemental composition predicted with
EDX analysis.

Electron image Carbon concentration

Aluminum concentration

Electron image Carbon concentration

Iron concentration

Figure 9: Mapping of MWCNT bundles grown at a CVD temperature of 800°C.
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The internal structure of individual nanotubes was exam-
ined using the TEM technique. TEM images, as shown in
Figure 10, confirmed the formation of multiwalled CNT
structures. The length, inner diameter, outer diameter, inter-
layer spacing, and number of walls of as-grown nanotubes
were changed with a change in CVD temperature. The outer
diameter was measured in the range of 20 nm to 30nm. At
the optimized temperature, the interlayer spacing was mea-
sured at about 0.33 nm. This spacing is in good agreement
with the interplanar spacing of graphite. The narrow diame-
ter distribution range and close matching of the interlayer
spacing with graphite reflects the well-structured growth of
CNTs. The structural defects and interlayer spacing changed

with a change in the CVD temperature and catalyst weight. A
change in structural parameters might be due to a shift in the
curvature of the graphene sheet with CVD temperature.

Kharissova and Kharisov [52] reported a change in the
interlayer spacing with tube diameter and thickness. The
tube diameter increased slightly at temperatures above the
optimum. A SAED pattern of CNTs, grown at the optimized
CVD temperature, is shown in Figure 11. Several continuous
diffraction rings were observed in the SAED pattern. The
high brightness of the diffraction rings reflects the polycrys-
talline nature of CNT structures and the absence of amor-
phous traces from the sample. The crystal planes (100) and
(110) of graphite symmetry formed the inner and outer

20 nm 100 nm

(a) CNTs grown at a CVD temperature of 600°C

100 nm

20 nm

(b) CNTs grown at a CVD temperature of 700°C

(c) CNTs grown at a CVD temperature of 800°C (d) CNTs grown at a CVD temperature of 900°C

(e) CNTs grown at a CVD temperature of 1000°C

Figure 10: TEM micrographs of MWCNT bundles synthesized at different CVD temperatures by using the 0.3 g catalyst.
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bright rings, respectively. Such Miller indices indicate the
hexagonal structure of carbon crystals. However, the sharp-
ness of graphite reflections was slightly diffused at tempera-
tures other than the optimum.

The effect of catalyst weight on CNT structures was also
investigated at different CVD temperatures. For smaller cat-
alyst weights, low-slung CNTs were formed. Least dense for-
ests of CNT bundles of varying lengths and directions were
seen. Nanotubes intertwined with each other in the form of
loose bundles. Some carbon soot was also noticed in the sam-
ple showing an insufficient amount of the catalyst to engage
the carbon released during ethylene cracking. The height,
alignment, and density of the forest also remained low due
to catalyst poising. For 0.3 g of catalyst, the yield and quality
of the CNT networks remarkably improved. Very few traces
of amorphous carbon were seen in the sample.

Similar results were obtained with the 0.4 g catalyst
except for some unreacted catalyst in the sample. Some of
the CNT bundles were entangled, especially along the bound-
ary of the main forest. For the 0.5 g catalyst, the forest growth
was not as smooth as observed with the 0.3 g catalyst. An
extra carbon-rich environment was required to utilize the
larger catalyst amounts and to maintain the homogeneity of
the reaction. Furthermore, a high process temperature would
be required for the fast decomposition of the precursor mol-
ecules. The large supply of precursor molecules and the high
process temperature may make a CVD process more com-
plex, especially during the scale-up stage [53]. Also, an
increase in catalyst weight above the optimum did not raise
the carbon yield at the same rate [54]. Figure 12 depicts the
percentage yield of the carbon obtained by changing the cat-
alyst weight at different CVD temperatures. The percentage
yield did not increase appreciably beyond 0.3 g of catalyst.
The carbon yield increases with temperature from 600°C to
000°C; thereafter, it reaches a steady state. Figure 13 shows
that under optimized temperature and catalyst weight condi-
tions, the percentage yield was measured at about 93%.

Raman spectroscopy was used to analyze the crystallinity
of the CNT structures. Figure 14 shows the Raman spectra of
the CNT bundle growth with the 0.3 g catalyst at different
CVD temperatures. The ratio of intensities of defective and

graphitic bands was used as an indicator of the crystallinity
of CNT structures. In a Raman spectrum, the intensity of
the D-band corresponds to the defects in the CNT structures
and the intensity of G-band reflects the crystalline nature of
the CNT structures [6]. In the reported Raman spectra,
G-bands existed in the range of 1600-1610 cm-1. This range
of Raman shift corresponds to the sp2 hybridization of
carbon-carbon bonds responsible for the formation of CNT
structures. The sp2 hybridized carbon bonds reveal in-plane
stretching of graphene sheets and high crystallinity of the
structures. The Raman shift for D-bands was measured at
about ~1360 cm-1, which corresponds to the sp3-hybridiza-
ton of carbon-carbon bonds. The sp3 hybridized bonding of
carbon atoms in CNTs reflects the presence of impurities
and defects in their structures. Very small ID to IG ratio of
0.22 was calculated for CNTs grown under optimized condi-
tions. For all the temperatures and catalyst weights other

Figure 11: SAED pattern of MWCNT bundles synthesized at a
CVD temperature of 800°C.
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Figure 12: Carbon yield versus catalyst weight at different CVD
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Figure 13: Carbon yield versus catalyst weight at a CVD
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than the optimized ones, the ID/IG ratio remained signifi-
cantly higher by showing the presence of structural defects
and impurities in the product.

4. Conclusions

The forests of MWCNTs were grown through a FCCVD
technique by decomposing ethylene molecules over an
alumina-supported Fe2O3 catalyst. A coprecipitation tech-
nique was used to disperse iron oxide over an alumina sup-
port for the synthesis of the Fe2O3/Al2O3 catalyst. The
particle size was measured in the range of 15 nm to 20nm.
The catalyst was composed of iron, oxygen, and aluminium.
The weight of these elements was measured at about 33.81%,
21.70%, and 44.49%, respectively. The nanobuds of Fe2O3
and other active sites on the alumina support promoted
the catalytic activity of the catalyst for the fast nucleation
of nanotubes. The nanobuds gave a large active surface area,
which was favorable for fast growth of CNT bundles. A rel-
atively better yield of well-structured CNTs was obtained
with a catalyst weight of 0.3 g at a CVD temperature of
800°C. The least dense bundles of different heights were

observed at CVD temperatures of 600°C and 700°C. At
800°C, CVD conditions became suitable for the fast decom-
position of hydrocarbon. A denser and aligned growth of the
CNT forest was noticed at this temperature. The yield and
structural quality of the nanotubes was also increased with
the rise in CVD temperature, and with the further increase
in CVD temperature above 800°C, CNT bundles start losing
their alignment and height. The forest density was also
decreased at temperatures above the optimum. CNTs were
making upwardly growing vines that were intertwining with
each other in the form of loose bundles. The elemental com-
position of CNT bundles revealed the presence of carbon,
aluminium, oxygen, and ferric contents in the percentage
of 91%, 0.76%, 8.2%, and 0.04%, respectively. The sp2

hybridized carbon bonds in CNTs revealed the in-plane
stretching of graphene sheets and the high crystallinity of
the structures. The minimum ID/IG ratio of 0.22 was calcu-
lated for CNTs grown under optimized conditions. For all
the temperatures and catalyst weights other than the opti-
mized ones, the ID/IG ratio remained significantly higher
by showing the presence of structural defects and impurities
in the product.
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Figure 14: Raman spectra of MWCNT bundles produced at different CVD temperatures.
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