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ABSTRACT. Vertically aligned carbon nanotubes have been synthesized by spray pyrolysis from Glycine max 
oil on silicon substrate using ferrocene as catalyst at 650 °C. Glycine max oil, a plant-based hydrocarbon precursor 
was used as a source of carbon and argon as a carrier gas. The as-grown vertically aligned carbon nanotubes were 
characterized by scanning electron microscopy, high-resolution transmission electron microscopy, X-ray 
diffraction, thermogravimetric analysis, and Raman spectroscopy. Scanning electron microscopic images reveal 
that the dense bundles of aligned carbon nanotubes. High resolution transmission electron microscopy and Raman 
spectroscopy observations indicate that as-grown aligned carbon nanotubes are well graphitized. 
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INTRODUCTION 
 
Vertically aligned carbon nanotubes are quasi-dimensional carbon cylinders that align 
perpendicular to a substrate [1]. Aligned carbon nanotubes represent an important architecture 
of CNTs because they can be used directly as field emitters in flat panel displays as reinforcing 
agents in composite materials [2, 3]. Furthermore, vertically aligned carbon nanotubes also 
exhibit a high capability to produce high current densities under low operating voltages [4]. 
Aligned carbon nanotubes possessing larger surface area and higher electrical conductivity over 
entangled CNTs, are ideal electrode material for DNA biosensor [5], energy storage device [6], 
sensors for glucose [7], pH [8] as well as NO2 [9]. Jung et al. demonstrated laser transmission 
welding of vertically aligned carbon nanotube arrays for joining polymer sheets [10]. Aligned 
carbon nanotubes reported by Thess et al. were able to bundle 70% of the volume of nanotubes 
into crystalline ropes in 1996 [11]. Fan et al. introduced position controlled growth of vertically 
aligned CNT on porous and plain silicon substrate [12]. CNT arrays have successfully grown on 
different substrates such as quartz substrate [13], planar silicon substrate [14]. Ferrocene and its 
derivatives are significant as regards biological applications [15]. Ferrocene has been shown to 
be a good precursor of iron nanoparticles suitable to catalyze CNT growth [16-17]. 
Conventionally hydrocarbons such as methane, ethane, ethylene, acetylene, xylene and ethanol 
were used as a carbon source for the synthesis of CNTs [18-23]. The number of studies utilizing 
low-cost carbon sources for the synthesis of CNTs such as botanical hydrocarbon is very limited 
[24-28]. Afre et al. have used spray pyrolysis method and prepared aligned carbon nanotubes 
from ferrocene and turpentine oil mixture on quartz and silicon substrates [29]. Instead of using 
conventional petro chemicals, we rather use a natural precursor – Glycine max oil. From our 
previous study it is proved that Glycine max oil have been found to be an efficient precursor of 
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multiwalled carbon nanotubes. We have reported the fabrication of multiwalled carbon 
nanotubes using the same precursor with Fe/Mo as catalyst under nitrogen atmosphere [30].  
This article explains the simple method for synthesis of vertically aligned CNTs on silicon 
substrate using Glycine max oil as carbon source by spray pyrolysis method using ferrocene as a 
catalyst.  The results show that Glycine max oil as potential green precursor of vertically aligned 
CNTs.  

EXPERIMENTAL 
 

Vertically aligned CNTs were grown by spray pyrolysis method using Glycine max oil and 
ferrocene as catalyst. In this method, pyrolysis of the carbon precursor and catalyst takes place 
simultaneously. Glycine max oil was used as carbon source. Ferrocene was used as a source of 
Fe which acts as a catalyst for the growth of CNTs. Silicon substrates of dimension of 1 cm x 1 
cm were ultrasonically cleaned in acetone followed by de-ionized water and finally dried using 
nitrogen blower. Air dried substrates were kept in the quartz boat, which was then placed at the 
centre of the quartz tube. One end of the quartz tube was attached to the spray nozzle and other 
to the gas bubbler. The quartz tube was first flushed with argon gas in order to eliminate air 
from the quartz tube and then heated to a reaction temperature. Glycine max oil and ferrocene 
mixture was sprayed into the quartz tube using Ar gas. The concentration of ferrocene in carbon 
source was 25 mg/mL. The experiments were carried out at the temperature of 650 °C. After 
deposition, deposited material was annealed for 10 min at the same temperature and allowed to 
cool down to room temperature under the same Ar gas flow. The black deposition in the form of 
carbon soot was removed from the quartz tube. As grown vertically aligned carbon nanotubes 
were characterized using SEM, TEM, XRD, Raman spectroscopy and TGA analysis. The 
experiments were repeated several times to ensure the reproducibility of the formation of 
vertically aligned carbon nanotubes.  

As grown vertically aligned CNTs were characterized using a scanning electron microscope 
and transmission electron microscope (Hitachi-3000H, Japan and JEM-2010F TEM). Raman 
spectroscopy was carried out by a JASCO NRS-1500 w with a green laser excited on 
wavelength of 532 nm. Thermo gravimetric analysis (TGA) was performed on EXSTAR 6200 
thermal analyzer at 10 °C per min from room temperature to 900 °C in air. X-ray diffraction 
measurements were performed with Burker AXS D8 Advance using copper radiation.  
 

RESULTS AND DISCUSSION 
 

Microstructural investigations of as grown samples were carried out using SEM and TEM 
techniques.  Figure 1 shows SEM image of densely packed vertically aligned CNTs grown on a 
silicon substrate, which was a typical product obtained at a temperature of 650 °C with 30 min 
deposition time. The image shows the growth of carbon nanotubes seems to be uniform and 
reaches up to a length of ten µm. The image in Figure 1b shows a side view of the aligned CNTs 
that was peeled off from the substrate. The Si substrate have advantage to have native SiO2 layer 
which is strong support and catalytic activity with carbon atoms helps nanotubes grow longer 
[31]. The high surface density of the growing nanotubes serves as an additional advantage for 
the constituent nanotubes to be uncoiled.      

Figure 2 shows the TEM images of CNTs grown at 650 °C. It can be noticed that amorphous 
carbon and metal particles are nearly absent. The high-resolution TEM images of as grown 
vertically aligned CNTs are shown in the Figure 2b. HRTEM image in Figure 2b reveals well-
graphitized CNTs with inner and outer diameters are about 10 and 30 nm, respectively. Most of 
the CNTs had both closed ends and the tube walls are often bridged. The CNTs have a 
multiwalled structure with a hollow inside the CNTs. Conversely, as grown nanotubes show 
some defects over long range (Figure 2a).   
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Figure 1. SEM images of VACNT grown on Si substrate (a) as

view of the aligned CNTs.
 

  
Figure 2. TEM images of VACNT grown on Si substrate 

and (b) magnified image of aligned CNTs.      
 

Raman spectroscopy is an important tool for studying CNTs samples, which provides 
information about the structure and the presence of disorder 
was performed with a green laser excited on wavelength of 532 nm. Figure 3 shows typical 
Raman spectra of vertically aligned CNTs on silicon substrates indicating two characteristic 
peaks. The G and D peaks were prominent
band corresponds to the tangential stretching mode of highly oriented pyrolytic graphite and 
suggests the CNTs are composed of crystalline graphitic carbon. D
defects of the graphite crystal [32]. G
process. Generally ID/IG can be used as an indicator of the extent of defect or disorder within the 
nanotubes. The ID/IG value of as grown CNTs is 0.858. Generally, lower I
higher degree of graphitization [3

The as grown CNT sample was characterized by XRD.  Figure 4 shows the XRD
CNTs grown at 650 °C. The intense peak at 26.164° and 44.658° are indexed to be the (002) and 
(101) reflections of hexagonal graphite.
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SEM images of VACNT grown on Si substrate (a) as-grown aligned CNT and (b) 
view of the aligned CNTs. 

        

TEM images of VACNT grown on Si substrate (a) tem image of aligned CNT                                          
agnified image of aligned CNTs.       

Raman spectroscopy is an important tool for studying CNTs samples, which provides 
information about the structure and the presence of disorder in the sample.  Raman spectroscopy 
was performed with a green laser excited on wavelength of 532 nm. Figure 3 shows typical 
Raman spectra of vertically aligned CNTs on silicon substrates indicating two characteristic 
peaks. The G and D peaks were prominent at 1577.33 and 1351.45 cm-1, respectively. The G
band corresponds to the tangential stretching mode of highly oriented pyrolytic graphite and 
suggests the CNTs are composed of crystalline graphitic carbon. D-Peak due to structural 

crystal [32]. G1 band at 2696.56 cm-1 is a second order of two phonon 
can be used as an indicator of the extent of defect or disorder within the 

value of as grown CNTs is 0.858. Generally, lower ID/IG value indicates a 
higher degree of graphitization [33].  

The as grown CNT sample was characterized by XRD.  Figure 4 shows the XRD-pattern of 
°C. The intense peak at 26.164° and 44.658° are indexed to be the (002) and 
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Figure 3. Raman spectrum of as-grown aligned CNTs at 650 °C.  

 

 
Figure 4. XRD spectrum of as-grown aligned CNTs at 650 °C. 

 
Thermogravimetric analysis is a very useful technique in determining the degree of 

crystallinity of the as-grown nanotubes. Quality and purity of the vertically aligned CNTs were 
studied using TGA analysis (Figure 5). Initial weight loss up to approximately 480 °C was 
attributed to a low content of amorphous carbon and the significant weight loss occurs around 
630 °C was due to the oxidative decomposition of vertically aligned CNTs. The TGA results 
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reveal that the content of the vertically aligned CNTs with a high degree of graphitization is 
80% in the product.  

Ferrocene undergoes thermal decomposition at high temperature forms Fe nanoparticles on 
the surface of silicon substrate. Carbon precursor is catalytically decomposed and the carbon 
fragments formed diffused into the nanosized Fe particles settled on the Si substrate in the 
synthesis region. The Fe particles may thus easily become saturated or supersaturated with 
carbon atoms, and the precipitation of the carbon from the surface of the Fe particle leads to the 
formation of dense carbon nanotubes. As the catalyst film becomes thicker, the interaction 
between the nanotube walls induces the growth of CNTs in with a straight form that is parallel 
to the substrate. The overcrowding of the CNTs in the array forces the tubes to grow vertically 
[34]. Majority of the articles agree with the mechanism of alignment elucidated by Fan and 
coworkers which is simply caused by the van der Waals force [12]. The strong interaction of the 
van der Waals force enables the CNTs bound together to form dense ordered packing. Thus 
ferrocene can effectively catalyze the growth of highly dense vertically aligned carbon 
nanotubes on the silicon substrate using Glycine max oil.  
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Figure 5. TGA curve of as-grown aligned CNTs. 
 

CONCLUSION 
 

Synthesis of vertically aligned carbon nanotubes have been demonstrated using Glycine max oil 
as an efficient, economical and environment friendly carbon source and Fe nanoparticles 
derived from the decomposition of ferrocene as the catalyst at 650°C under an Ar atmosphere by 
spray pyrolysis. The as grown vertically aligned CNTs have an outer diameter of 10-30 nm. It 
was found that the present technique gives a higher yield and high density of vertically aligned 
CNTs.  
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