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ABSTRACT
Carbon nanotubes are prepared along the gravity direction in a spray pyrolysis setup over the silica-supported FeCo-Ni catalyst. The silica-supported Fe-Co-Ni catalyst coated over the copper strip is inserted in such a way the
coating surface faces downward so that carbon nanotubes can grow along the direction of gravity. Plant-based
natural precursor, Pine oil, is used as a carbon source for the preparation of carbon nanotubes by spray pyrolysis
method. The effect of precursor flow rate on yield, morphology and structural properties of carbon nanotubes
prepared along gravity are discussed. At an optimum flow rate, carbon nanotubes are formed in good yield. The
carbon nanotubes synthesized are characterized using appropriate techniques. The scanning electron microscope
results show that the synthesized carbon nanotubes are long, straight and well graphitized multi-walled type. The
carbon nanotubes diameters are around 50 nm and the average length 20µm. Raman spectroscopy studies revealed
that carbon nanotubes are well graphitized multi-walled type with defect-free. A mechanism for the growth of
carbon nanotubes along gravity is proposed. Spray pyrolysis of the natural precursor, Pine oil, along with gravity
over inversely placed support catalyst material is a promising technique for the growth of long and narrow carbon
nanotubes.
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INTRODUCTION
Nanoscience and nanotechnology attract all sections of society due to their prospective application in the
field of engineering, health, environment and energy. Carbon nanotubes and other carbon nanostructures
are a critical component of this nanotechnology. Carbon nanotubes exhibit unique physical and chemical
properties and these properties are generally dependent on their morphology and structure. 1 The specific
properties of these materials is prospective for application in the field of environmental remediation, gas
sensor, hydrogen storage, and energy storage devices.2-4 The choice of catalyst, precursor, and preparation
methods has been extensively studied by several research groups to improve the yield, quality and
properties of carbon nanotubes. To date, the synthesis of CNTs with desired properties is reliant on the
choice of ideal parameter boundary condition, a specific combination of metal catalysts and appropriate
experimental setup.5-6 The carbon nanotubes growth properties have been influenced by several factors
including precursor and carrier gas flow rate in CVD process.7 During growths, carbon nanotubes tend to
bow along the flow direction of the precursor and carrier gas. A tip growth mechanism is generally
proposed for the growth of carbon nanotubes in CVD process.8
In a tip growth mechanism, the catalyst particle drifts from support and move front as carbon nanotubes
grow. Owing to heavy metal catalyst particles at the tip of the flexible and lightweight carbon tube, the
tube bend during growth and results in entangled carbon nanotubes formation. 9-11 Therefore, as a
deviation from the conventional against gravity growth, it is thought to grow carbon nanotubes along the
gravity direction. The growth of carbon nanotubes along gravity is reported by Yeh et al group. 12-13 In this
study, they used a mixture of hydrogen and methane as a carbon source and reported that the length of
carbon nanotube increases with time. In recent times, as a development towards the green principle,
natural renewable precursors are used as an alternative to petroleum products. Following the green
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chemistry principle, plant-based renewable carbon precursors receive attention to synthesizing carbon
nanotubes.14-15
Considering these concerns, it is planned to synthesis carbon nanotubes along with the gravity orientation
by spray pyrolysis deposition of natural renewable carbon precursor, Pine oil (Botanical name: Pinus
Sylvestris oil), with different flow rates.

EXPERIMENTAL
The precursor flow rate effect on yield and morphology of carbon nanotubes synthesized along the
gravity direction from renewable precursors, Pine oil, over silica-supported Fe-Co-Ni catalyst at 650 °C is
studied. A natural precursor, Pine oil, is used as a carbon precursor for the synthesis of carbon nanotubes.
The precursor is readily available, cheap and also user-friendly for the spray pyrolysis method. Since
these precursors evaporate at a relatively higher temperature, a modified CVD method in the form of
spray pyrolysis is adopted for the synthesis of CNTs. Silica supported Fe-Co-Ni is coated over the copper
substrate and kept inside the quartz tube in such a way to orient downward to grow carbon nanotubes
along the gravity direction. In this setup, the quartz tube kept inside the tubular furnace is flushed with
nitrogen to remove air and oxygen inside the tube. Nitrogen gas is continuously passed till end of the
experiment to create an inert environment within the quartz tube. The inlet of the quartz tube is attached
to the spray gun through which the precursor is showered as mist into the quartz tube. The other end of
the quartz tube is attached to the outlet pipe. The quartz tube along with the catalyst kept in the tubular
furnace is heated at the rate of 10°C/min till it attains the reaction temperature 650 °C. A suitable
precursor flow rate range is selected based on preliminary experiments. 10 to 30 mL/hr precursor flow
rate range is found to be suitable for carbon nanotubes synthesis. Now, the precursor, 10 mL for each
experiment, is sprayed into the quartz tube at the rate of 10, 20 and 30 mL/hr for 60 minutes. At the end
of the reaction, the furnace is switched off but the flow of nitrogen is continued till the quartz tube attains
room temperature. The carbon deposit formed along the gravity direction is collected, weighed and
repeatedly washed with 1:1 aqueous nitric acid solution to remove the catalyst particles through the
centrifugation process. The carbon deposit obtained is kept in a quartz boat and heated in static air at 400
°C for 1 hour to remove amorphous carbon. The sample is used for characterization. The as-deposited and
purified carbon deposits are characterized using appropriate analysis techniques SEM, TGA and Raman.

RESULTS AND DISCUSSION
Preliminary experiments to fix natural precursor Pine oil flow rate range for growth of carbon nanotubes
along gravity are conducted keeping other parameters at optimum condition. The effect of natural
precursor Pine oil flow rate 10, 20 and 30 mL/hr on the properties of carbon nanotubes grown along
gravity direction on silica-supported Fe-Co-Ni catalyst at 650 °C under nitrogen atmosphere is studied.
The carbon deposit is analyzed and discussed on its yield, structure and morphology. The photograph of
the carbon deposit grown along the gravity direction is shown in Fig.-1.

Fig.-1: (a)The Photograph of Carbon Deposit Grown along the Gravity Direction, (b) Yield of Carbon Deposit for a
Precursor Flow Rate of 10, 20 and 30 mL/hr
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The photographic image (Fig.-1a) illustrates the approach followed to prepare carbon nanotubes along
with gravity. Carbon nanotubes growth originated from catalyst layer coated at bottom of the strip and
grown downward i.e. along the gravity direction. The clear surface of the non-coated copper strip
indicates that carbonization and carbon nanotube formation has not occurred on the surface of the copper
strip under the experimental conditions. The carbon deposit observed at the bottom of the setup (Fig.-1a)
is due to fly away or detached carbon deposit from the base of the catalyst layer under experimental
conditions. The as-grown carbon deposit is analyzed using the thermogravimetric technique (graph not
shown). The percentage of amorphous carbon and carbon nanotubes are calculated from the onset
decomposition temperature and weight loss occurred. Weight % of carbon deposit, amorphous carbon and
carbon nanotubes are calculated and depicted in figure 1b as bar chart. Figure 1b shows that increasing
precursor flow rate from 10 mL/hr to 20 mL/hr increases the yield of carbon deposits from 17% to 81.7%.
Further increase of flow rate to 30 mL/hr leads to a reduction in the yield (60%). The observed fact, 10
mL/hr precursor flow rate results in low yield, can be attributed to the non-availability of sufficient
quantities of precursor vapors for cracking to match with carbon nanotubes growth rate. 16 The high yield
of carbon deposit formed for the precursor feed of 20 mL/hr can be attributed to the effective pyrolysis of
the precursor at this experimental condition and continuous supply of pyrolyzed carbon at the optimum
rate to match with the growth of carbon nanotubes.17
Increasing flow rate to 30 mL/hr reduces yield to 60%. Several authors have reported similar observations
and stated that the yield of carbon nanotubes is affected by the deactivation of catalyst particles at a
higher precursor flow rate.18 This fact can be attributed to the formation of a carbon layer over the surface of
catalyst particles.19 The carbon layer over the surface of the catalyst prevents the contact of precursor molecule
with the catalyst and thus decreases the pyrolysis of carbon precursor. The low yield of carbon deposit at
30mL/hr flow rate is connected with reduced precursor molecules contact time with the catalyst for
pyrolysis and also chances of carbon deposit fly out at higher flow rate.
The SEM image and Raman spectrum were recorded for the carbon nanotubes synthesized along the
gravity direction using natural precursor Pine oil feed at 10 mL per hour over silica-supported Fe-Co-Ni
catalysts at 650 °C is shown in Fig.-2.

Fig.-2: (a) SEM Image of Carbon Nanotubes synthesized over Silica-supported Fe-Co-Ni Catalyst at 650 °C for a
Flow rate of 10 mL/hr (b) Raman Spectrum of Carbon Nanotubes synthesized over Silica-supported Fe-Co-Ni
Catalyst at 650 °C for a Precursor Flow rate of 10 mL/hr

The SEM image (Fig.-2a) shows that carbon nanotubes formed are 80-100nm in diameter with the twisted
surface. The formation of twisted carbon structure indicates defects in the graphitic layer. The defects on
the carbon nanotubes layer and irregular shape of carbon nanotubes formed at this flow rate (10 mL/hr)
can be attributed to fewer decompositions of the precursor which are unable to cope up with the growth
rate of the tube. The crystalline nature of carbon nanotubes is studied using Raman spectrum recorded for
the carbon deposit grown along with gravity for precursor flow rate 10 mL/hr (Fig.-2b). The G-band
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observed at 1569.9 cm-1 is attributed to the crystalline nature of graphitic layers. The D-band, which
represents defects in the layer, is observed at 1340 cm-1. The IG/ID ratio calculated is 1.03. This IG/ID ratio
indicates that the carbon nanotubes are formed with moderate graphitization. 20
The SEM image and Raman spectrum of the carbon deposit grown at 650 °C for a precursor flow rate of
20 mL/hr is shown in Fig.-3.

Fig.-3: (a) Morphology of Carbon Deposit obtained for a Precursor Flow Rate of 20 mL/hr at 650 °C (b) Raman
Spectrum of Carbon Nanotubes synthesized over Silica-supported Fe-Co-Ni Catalyst at 650 °C for a Precursor Flow
Rate of 20 mL/hr

The carbon nanotubes are narrow and almost uniform in thickness along the tube length. The average
thickness and length of the tubes are 50 nm and 20 µm respectively. The narrow carbon nanotubes
formation is attributed to the growth along the gravity direction. The SEM image (Fig.-3a) indicated that
smooth-surfaced, narrow and uniform size carbon nanotubes are formed at 20 mL/hr precursor flow rate
under optimum conditions of other reaction parameters. This shows continuous carbon nanotubes growth
occurrence at this precursor flow rate. The crystalline nature of carbon nanotubes prepared for a precursor
flow rate of 20 mL/hr is studied using the Raman spectrum (Fig.-3b). The characteristic D and G peaks
observed at 1335.4 cm-1 and 1572.6 cm-1 are attributed to defects and crystalline graphitic layers
respectively. The IG/ID ratio of 1.32 indicates that the carbon nanotubes graphitic layers are well
crystallized and almost free from defects and amorphous carbon.
The effect of precursor flow rate (30 mL/hr) on the morphology of carbon nanotubes grown along gravity
direction at 650 °C over silica-supported Fe-Co-Ni catalysts is studied. A typical SEM image and Raman
spectrum of the carbon deposit are shown in Fig.-4.

Fig.-4: (a) SEM and (b) Raman Spectrum of Carbon Deposit obtained over Silica-supported Fe-Co-Ni Catalyst at
650 °C for the Precursor Flow Rate of 30 mL/hr.
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The morphology of carbon nanotubes is characterized using the SEM image (Fig.-4a). Increasing
precursor flow rate to 30 mL/hr has resulted in the formation of amorphous carbon together with carbon
nanotubes. The thickness of carbon nanotubes is found to be 70 nm. Moreover, the surface of the tubes is
not smooth and narrow. It is attributed to the fact that the catalyst particles are getting deactivated as the
precursor vapor increased under a high precursor flow rate. The catalysts get deactivated due to the
formation of carbon layers which occur under the condition of a larger quantity of carbon produced by
pyrolysis than the assimilation of carbon by catalysts for the growth of carbon nanotubes. These
unassimilated carbon forms layer over the surface of the catalyst. Esconjauregui et al stated that
whichever metal acts as a catalyst is deactivated under an increased partial pressure of any of the carbon
sources, probably due to catalyst encapsulation by amorphous carbon or graphitic layers. 21 The results
obtained for a different flow rate of precursor Pine oil agree with literature reports.22
The carbon deposit obtained over silica-supported Fe-Co-Ni catalysts at 650 °C for a precursor flow rate
of 30mL/hr is characterized using Raman spectroscopy to evaluate the graphitization of carbon in deposit.
Raman spectrum obtained for the carbon deposit is depicted in Fig.-4(b). The Raman spectral analysis
provides information about the crystalline nature of carbon through the characteristic D and G peaks. The
appearance of D and G peaks at 1335 cm-1 and 1567 cm-1 respectively with IG/ID value of 1.26 indicates
that the graphitic layers of carbon are defective and also contain more amorphous carbon. The absence of
RBM peak for the carbon deposit prepared indicates that the single-walled carbon nanotubes are not
formed under the experimental conditions.
Due to the complex nature of carbon nanotube growth, to date, no acceptable single mechanism is
established. Various growth mechanisms are proposed based on the condition in which carbon nanotubes
are prepared. One of the mechanisms accepted in general for the growth of carbon nanotubes in CVD
process is a vapor –Liquid-Solid (VLS) mechanism.23 Since, carbon nanotubes are synthesized along with
gravity in this work, a growth mechanism is proposed based on the results obtained (Fig.-5).

Fig.-5: Mechanism for Growth of Carbon Nanotube along withGravity

The catalysts which are supported on oxide materials are the main cause for pyrolysis of the precursor at a
lower temperature. The interaction between the catalyst and support plays a major role in deciding
whether carbon nanotubes grow by tip growth or bottom growth. The bottom growth of carbon nanotubes
follows when the interaction between metal and support is strong and tip growth if the interaction is weak.
Tip growth is the one of accepted mechanisms for carbon nanotube growth in CVD process. 24 The
catalyst in the form of liquid drop at the tip of carbon nanotubes moves straight along the gravity. When
the rate of pyrolysis of the precursor and assimilation of carbon produced by catalysts are appropriate
during the growth of carbon nanotubes, a narrow and uniform thick tube is formed. The SEM image (Fig.2a) indicates the existence of catalyst particles at the tip of carbon nanotubes. Therefore, it is proposed
that the carbon nanotubes grow through tip growth.
The precursor vapors, when coming in contact with the catalyst at the appropriate temperature, get
pyrolyzed. The carbon produced due to pyrolysis dissolves in the metal by forming metal carbides. 25 Once
the carbon content in the liquid metal drop exceeds its solubility, it drifts out of the metal liquid drop and
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is combined to form a tube-like network. The tube formation is ascribed to the spherical shape of the
liquid metal drop. The crystallization of carbon as a tube depends on the size, shape of a liquid metal
drop, the quantity of carbon dissolved in the catalyst metal as well as the rate at which carbon is ejected
from the metal liquid drop. Higher the rate at which carbons are drifted out from liquid metal drop than
the rate of crystallization, amorphous carbon are formed while, if it is low, dangling bonds are formed on
the surface of the layer. The diffusion of carbon in a metal can occur either on the surface or through the
bulk of the liquid metal. If carbon diffuses through the outer surface only, then a large inner diameter with
few walls of carbon nanotubes is expected. While, if the diffusion of carbon occurs through the bulk of
the liquid metal, multi-walled carbon nanotubes with smaller inner diameters would be produced. 26 In
this work, under the experimental condition, bulk diffusion of carbon through the catalyst is proposed as
multi-walled carbon nanotubes with smaller inner diameters are formed.
Even though growth along gravity leads to lengthy and narrow carbon tube formation, the precursor and
carrier gas flow rate affect its morphology and structure. It is found that the effect of gravity dominates
the disturbance caused by the precursor when passed at the rate of 20mL/hr. The high flow rate of
precursor (30mL/hr) dominates the gravity force thus, carbon nanotubes are entangled and also carbon
deposits fly out from the surface of the substrate. At a lower flow rate (10mL/hr) the gravity dominates
the force exerted by the flow of precursor vapor, due to low carbon precursor vapor density, amorphous
and defective surface carbon nanotubes are formed. This work suggests that the synthesis of multi-walled
carbon nanotubes with desired quality requires maintaining the precursor flow rate at an appropriate level
under optimum conditions of other reaction parameters.

CONCLUSION
Confirming the green chemistry principles, natural renewable precursor Pine oil (Botanical name: Pinus
Sylvestris oil) is explored for the growth of multi-walled carbon nanotubes along with gravity in a spray
pyrolysis setup. Natural renewable precursor, Pine oil, can be used to synthesis multi-walled carbon
nanotubes along gravity direction over silica-supported Fe-Co-Ni catalysts using spray pyrolysis method.
The effect of the flow rate of the precursor on the yield, morphology and properties revealed that the
optimum precursor flow rate under the experimental condition produced narrow, long and well
graphitized multi-walled carbon nanotubes in good yield. A mechanism for the growth of carbon
nanotubes along gravity is suggested.
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