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Abstract. The knowledge of fabrication method plays an important role in the preparation of aligned 

carbon nanotubes (ACNT) from natural hydrocarbon feedstock. Here ACNT were successfully 

synthesized by two-stage catalytic chemical vapor deposition method using organic oil (camphor oil) 

as a precursor. Synthesis was carried out at a fixed growth temperature of  800 
o
C and in different 

growth time: 10, 20, 30, 40, 50 and 60 minutes.  The optimized condition for the growth of ACNT 

produced a small amount of by-product amorphous carbon and highly uniform crystal structure. The 

experimental results demonstrated that formation ACNT is also dependent on the growth time. The 

nanotubes were characterized by field emission scanning electron microscopy and micro-Raman 

spectroscopy. Thermal properties were evaluated by thermogravimetric analysis. 
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Introduction 

Nearly twenty years after its discovery [1], carbon nanotubes (CNT) have gained tremendous 

attention in the science and engineering community due to their outstanding electronics and 

structural properties. In general, single-walled CNT (SWCNT) and multi-walled CNT (MWCNT) 

made of coaxial graphene sheet and/or sheets respectively. The most important apparatus developed 

to produce CNT include arc discharge [2], laser ablation [3] and chemical vapor deposition (CVD) 

[4]. Based on literature reviews, each method has its own merits and limitations [5]. The production 

process also influences the diameter, length and chirality of the nanotubes. Among the variety of 

synthesis approaches, CVD is the most suitable apparatus due to upward scalability and offers the 

benefits of the use of solid, gaseous and liquid carbon precursors.  

      Camphor Oil is obtained during the process of extraction of Camphor from Camphor Trees 

(Cinnamonum Camphora and also Dryobalanops Camphora). It can also be synthetically produced 

from oil of turpentine. Camphor oil is a tree product, which abundantly grows in almost all sub-

tropical countries. So, it is a non-toxic and user-friendly starting material for growing CNT [6,7], as 

compared to precursors obtained from petrochemicals. This paper describes the formation of ACNT 

using a two-stage catalytic CVD method with iron (Fe) catalytic clusters deposited on silicon-based 

(Si) substrate. ACNT has more advantages over non-aligned CNT in many applications [8]. This 

ability, including the control over the individual ACNT diameter, aspect ratio, orientation, 

crystallinity and low defect level, would allow the exploitation of their exceptional structural and 

thermal properties [9].   

 

Experimental Description 

 

The details of experimental setups are as follows. In the literature  plain p-type Si wafer was used as 

a supporting substrate for the formation of nanotubes [10]. Here also we used p-type Si substrate as 

received. The optimized ratio of ferrocene relative to camphor oil was 10 % w/v (weight-volume 
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ratio)  [11] placed in different alumina boats and these two boats were positioned side by side [12] 

inside a quartz tube placed in the first chamber of a two-stage catalytic CVD apparatus. 2 cm x 2 cm  

Si substrate was mounted on another Al2O3 boat in the second chamber of the furnace as illustrated 

in Fig. 1 a). Then the system was continuously purged with nitrogen at 15 sccm (denotes cubic 

centimeter per minute at STP). After 10 minutes (to remove any gaseous impurities before increasing 

the temperature) the temperature of the first chamber of the furnace was raised to 180 
o
C and the 

temperature of the second chamber was maintained at 800 
o
C. In the first chamber sublimation and 

the vaporization process occurred to the ferrocene and camphor oil and the vapor flows with the 

nitrogen into the second chamber, where the temperature was maintained at 800 
o
C and the 

nanotubes were deposited on Si substrate in different time period i.e. at 10, 20, 30, 40, 50 and 60 

minutes. Once the ACNT growth time completed the furnace was maintained at this temperature for 

30 minutes and then was cooled down to room temperature under the nitrogen ambient, known as 

thermal annealing process [13]. The thermal annealing process was not only modified their structural 

features, but also eliminating defects and impurities. 

       The features of the synthesized ACNT (as in Fig. 1 b)) were analyzed by using field emission 

scanning electron microscope, FESEM originally designed by (JEOL, JSM-6700-F) and also by high 

resolution transmission electron microscopy (HRTEM) micrograph was obtained in a (FEI, Technai 

G2 20s Twin) at 200kV. Micro-Raman spectrometer (HORIBA JOBIN YVON, LabRam HR 800) 

with Ar
+
 as a laser line at 514 nm wavelength. Thermal properties of the ACNT were investigated 

using a Perkin Elmer, Pyris 1 TGA analyzed at a heating rate of 20 
o
C/min and under ambient 

condition. Perkin Elmer, 2400 CHNS/O Elemental Analyzer was used for CHNS/O analysis.   
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Fig 1. (a) Conceptual drawing of two-stage catalytic CVD, (b) CNT sample grown on Si substrate. 

 

 

Results and Discussion 

 

Fig. 2 displays FESEM micrographs of ACNT grown on the Si substrate at a fixed growth 

temperature of 800 
o
C in different time period.  High magnification (100kX) of ACNT is shown at 

the top right of the images. This optimized temperature condition was selected from the literature 

[6,10-12].  In this experiment, the effect of different growth time from 10 to 60 minutes with 

increment of 10 minutes were analyzed. It was observed that amorphous carbon (a-C) was formed 

below 10 minutes, as the camphor oil did not fully decompose and may not form any ACNT growth 

below 10 minutes due to the low catalytic activity of iron (Fe). However, the density of ACNT was 

increased with a growth time period (see Fig. 2 a) to f)). This mechanism clearly indicates that at a 

lower growth time, the Fe particles just started to float and fall on the top surface of Si substrate [14]. 

There are some interactions between Fe particles to the top surface of Si substrate and may form an 

orange color thin layer. It was postulated that after reaching the hydrocarbon solubility limit in the Fe 

particles at an optimum growth time, as-dissolved carbon crystallizes started to form the tubular 

chain which is energetically stable. Similar finding was reported by A.B. Suriani et al. [15], these are 

known as either “tip-growth or base-growth model” [16]. In the same context, it was observed that 

(a) 

(b) 
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the longer as the growth time, the length of the ACNT continues to grow towards a certain lenght. 

This evidence also explains the general experience that ACNT growth is stopped once the catalytic 

activity is reduced. The average length of nanotubes was approximately 1, 3, 50, 100, 150, 200 µm 

shown in Fig. 2 a), b), c), d), e) and f) respectively. In increasing the growth time, nanotubes were 

produced in different diameter sizes. It has been found that the outer diameter size of the ACNT is 

bigger at a short growth time and in size decreases to less than 10 nm at a longer growth time. Here, 

it is speculated that the a-C layer surrounding ACNT is completely burned at a long growth time. As 

a result, the higher qualities of nanotubes have been produced. Subsequently, the energy dispersive 

X-ray was used to confirm the elements existing in the samples. As shown in the Fig. 2 g), several 

elements were detected such as carbon (C), oxygen (O), iron (Fe) and silicon (Si). The presence of C 

clearly indicates that formation and/or co-formation of the ACNT and a-C respectively exist in the 

resulting product, while Si detected is due to the substrate used to synthesize the ACNT. In addition, 

Fe  and O are the main elements of the catalyst and co-catalyst. 

 

 

 

 

 

a) 
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Fig. 2.  FESEM micrographs of ACNT on the Si substrate at different growth time: a) 10, b) 20, 

c) 30, d) 40, e) 50 and f) 60 minutes. g) EDX analysis of ACNT. 

 

f) 

g) 

32 Nano Hybrids Vol. 2



 

Fig. 3. HRTEM image of ACNT at 60 minutes growth time. 

      

     HRTEM image, as in Fig. 3, indicates the nature of the CNT at higher magnification and internal 

hollow structure was detected at the center of the CNT. Low surface impurities were found mostly 

due to less a-C deposited on its outer surface. Homogeneous and aligned graphitic layers indicates 

high crystallinity of ACNT. The appearance of the unwanted Fe particles can be seen in the ACNT; 

however, the amount is relatively low. 

 

 

Fig. 4. Typical micro-Raman spectra of ACNT for RBM at different growth time: a) 30, 

b) 40), c) 50 and d) 60 minutes. 
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Fig. 5. Typical micro-Raman spectra of ACNT for TM at different growth time: a) 10, 

b) 20), c) 30, d) 40, e) 50 and f) 60 minutes. 

 

     The micro-Raman spectra were obtained at different growth times shown in Fig. 4 and Fig. 5, for 

radial breathing mode (RBM) and tangential mode (TM) in room temperature. The obvious RBM 

peak at the lower wave number region in between about 100 to 500 cm
-1

 were detected, indicating 

the existence of SWCNT [17]. RBM features correspond to the coherent vibration of the carbon 

atom in the radial direction of ACNT. According to Bandon’s equation, the diameter, d of the 

SWCNT can be estimated from the sharp RBM peak position, ω as in equation 1 [18]. SWCNT was 

first grown by Dai et al. [19] from the disproportionation of carbon monoxide catalyzed by 

molybdenum nanoparticles. Later, SWCNT also was produced from several types of catalyst using 

various hydrocarbon precursors [20-22].  Based on the Fig. 4 analysis, the 30 minutes of growth time 

are required for the formation of SWCNT. SWCNT was not obtained at growth time less than 30 

minutes due to the insufficient nucleation energy of Fe particles to catalyze the hydrocarbon 

decomposition efficiently. There are two general causes prevent the growth of SWCNT: i) size of Fe 

particles in the range of 5 to 20 nm form less-strained MWCNT and ii) size of Fe particles more than 

100 nm acquire almost carbon microsphere with no sharp steps. That is why the carbon networks do 

not form CNT at all. In the micro-Raman spectra represented in Fig. 4, peaks were identified 136.78 
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cm
-1

 for 30 minutes, 197.79 cm
-1

 for 40 minutes, 212.57 cm
-1

 for 50 minutes and 242.47 cm
-1

 for 60 

minutes growth time respectively. By increasing the growth time, RBM peak shifted to the right side 

which gave smaller SWCNT diameter size: 1.813 nm at 30 minutes, 1.254 nm at 40 minutes, 1.167 

nm at 50 minutes and the lowest diameter size of nanotubes produced was 1.023 nm at 60 minutes as 

in Fig. 4 a), b), c) and d) respectively. This is the behavior of the quantum confinement effect 

because of the small diameter of SWCNT [23]. As a result, the lowest diameter size of nanotubes 

makes them ideal for any management applications [24]. 
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     As in the Fig. 5, the TM of ACNT analysis was conducted at higher wave number region between 

1000 to 2000 cm
-1

 to evaluate the purity and degree of graphitization. Two prevalent peaks 

confederated with disorder-mode, (D-peak) and graphitic-mode, (G-peak) normally located at 1350 

cm
-1

 and a range of 1500 to 1700 cm
-1

 respectively in CNT [25]. The G-peak position at 10, 20, 30, 

40, 50 and 60 minutes growth time samples were observed at 1553, 1597, 1674, 1651, 1699 and 

1536 cm
-1 

accordingly. The G-peak spectra of Fig. 5 a) and f) known as G- feature (~1576 cm
-1

) has 

a Breit-Wigner-Fano line shape, consistent with this location corresponds a metallic CNT. The G-

peak spectra of Fig. 5 b), c), d) and e) known as G+ feature (~1594 cm
-1

), however, the wave number 

was shifted to the higher region has the Lorentzian line shape characteristic of the semiconducting 

CNT [26]. This finding proves that geometrical deformation of CNT affects to its band structure. But 

no specific method for chirality control of a ACNT has been developed [27] till date. It is reasonable 

to question whether it is either semiconducting or metallic CNT. A similar report was also found in 

the literature [28] that the frequency shift of G-peak, might be due to G+ and G- feature are 

associated with carbon atom vibrations along the nanotube axis and vibrations of carbon atom along 

the circumferential direction respectively. The appearance of the D-peak continues in this region for 

all samples as in Fig. 5 a) to f). In general, the intensity of D-peak indicates the first order of zone-

boundary photon emission by scattering of an electron resonantly to evaluate the defect that break 

basic symmetries of graphene plane. The D-peak position at 10, 20, 30, 40, 50 and 60 minutes 

growth time samples were observed at 1321, 1374, 1452, 1429, 1480 and 1310 cm
-1

 respectively. 
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The defect level of ACNT can be obtained by comparing the integrated intensity ratio of D-peak 

after G-peak (ID/IG) as in Fig. 5. The ID/IG values at 10, 20, 30, 40 and 50 minutes growth time 

samples are 1.03, 0.96, 0.75, 0.74 and 0.69.  From micro-Raman analysis, it is interesting to remark 

that the lowest ID/IG value of ACNT is about 0.58 reported at 60 minutes of growth time sample. 

Although 0.58 is not the best value, it is much lower than many recent reports of CNT [29-30]. The 

result implies that the ID/IG ratio decreased with long growth time. In order to evaluate this feature, 

this phenomenon could be correlated with the previous report, G-peak represents graphite-like sp
2
-

hybridized carbon while D-peak represents the amount of disordered sp
2
-hybridized carbon and 

dominated with sp
3
-hybridized carbon [31]. In this experimental result, the structure of ACNT is 

dominated by sp
2
 bonding rather than sp

3 
bonding at long growth time samples which indicates the 

enhancement of graphitic domain and reduction of bond angle disorder (heterojunction). Lowest 

ID/IG ratio indicates CNT has a little defect and high crystallinity [32]. 

     The thermal sensitivity, TGA is widely used as a quality control tool in the material research and 

process development for the carbon and related materials [33]. The thermogram of the ACNTs are 

presented in Fig. 6. TGA profile was used to investigate the thermal variation of ACNT up to 1000 

o
C. All samples showed a similar oxidation behavior, with single step degradation except the ACNT 

sample grown at 30 minutes. The wt% loss of ACNT synthesized at 10, 20, 40, 50 and 60 minutes 

was 61.18, 62.72, 65.57, 68.22 and 70.64% respectively.  There were approximately 38.82, 37.28, 

35.16, 34.42 and 31.78 % residues for sample grown at 10, 20, 40 and 50 minutes respectively. The 

low  residue left is for the ACNT sample grown at 60 minutes and it is about 29.36 %. Initial 7-10 % 

weight loss for the sample prepared in 30 minutes around 100 
o
C i n attributed to the oxidation of 

trace hydrocarbon impurities present in the sample [34]. We observed that the longer growth time 

favors ACNT formation  and it also gives a high purity product [35]. For this reason, CHNS/O 

analysis could explain ACNT completely decompose into a rich composition of hydrocarbon 

containing C, H and O atoms. Notice that, it was estimated the C, H and O produced were 75, 5 and 

3% pure respectively for 60 minutes synthesis time sample. The wt% remained might be due to 

presents of Fe cluster in the ACNT.  
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Fig. 6. Weight loss curves for ACNT synthesized by two-stage catalytic CVD over ferrocene 

catalyst at a different growth time. 

Conclusions 

This method may be favourable for promoting the enhancement properties factor in the growth of 

ACNT. Within this scope, it is expected that the possibility of growing large yield of nanotubes. The 

synthesis time was found to be one of the essential parameters that strongly affected the growth of 

ACNT. The formation of ACNT has been at the 60 minutes was found to be having better 

characteristic properties and the low coat non-toxic camphor oil can be a good source for large scale 

ACNT production.  
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