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Abstract. 
Tubular structure and well dense of aligned carbon nanotubes (CNTs) were formulated using two-stage catalytic chemical vapor deposition apparatus. In this experiment, aligned CNT was synthesized in the range of 700–900°C temperatures with increment rate of 50°C per sample. The aligned CNT properties were investigated via field emission scanning electron microscope, micro-Raman spectrometer and thermogravimetric analyzer. The experimental results showed that aligned CNT properties were highly dependent on synthesis temperature changes. The optimum temperature of higher crystallinity was observed at 800°C synthesis temperature. However, the highest yield of nanotubes (~99.99%) was obtained at 900°C synthesis temperature. Aligned CNT orientation was in a parallel form and packed together in orderly manner. The behaviors of aligned CNT will be discussed in detail in this paper.


1. Introduction
Nearly twenty years after their discovery, CNT holds excessive potential for use in functional devices due to unusual properties. It could be used as a starting material for field emission display [1, 2], supercapacitor electrodes [3, 4], electron field emitter [5, 6], hybrid fuel cell [7, 8], and chemical sensor [9, 10]. A thousand of patents and publications describe CNT as a tubular structure covalently bonded carbon atoms, having large aspect ratio (diameter of few nanometer order but length in micrometers). Many methods for synthesizing CNT have been developed, in various conditions, including laser evaporation [11, 12], carbon arc [13, 14], and chemical vapor deposition (CVD) [15, 16]. Among these methods, CVD method emerged as a cost-effective technique [17, 18] because of its benefits: ease to scale up and versatility in the experimental set-up. Moreover, in view of the CNT demand, hopefully with the same technique, it can be transferred to a big reactor for large-scale industry. As the CNT researchers, it is advisable to choose a hydrocarbon precursor (starting material) from unconventional, new, and waste ones, such as [19–21] botanical-hydrocarbon-based CNT. It is found that fossil-based CNT-production technology (i.e., methane, ethanol, benzene, and xylene) would not be sustainable due to unstable supply of oil resources [22–24]. The use of natural renewable carbon sources support the part of 12 principles of green chemistry formulated by the United States Environmental Protection Agency [25].
Furthermore, this paper deals with the production of aligned CNT using two-stage catalytic CVD. In this experiment, growth-control aspect such as effect of synthesis temperature is depicted. The objectives are to show that this method provides information on unanswered questions about growth mechanism and existing challenges to obtain well-aligned nanotubes structure. In addition, the aligned CNT has been characterized by using a number of analytical characterization techniques. Therefore, field emission scanning electron microscopy (FESEM), micro-Raman, and thermogravimetric (TG) analyses become very useful techniques to explain the behavior of aligned CNT. However, the aligned CNT in powder form (without deposited on any substrates) synthesized by two-stage catalytic CVD has not yet been reported.
2. Experimental and Materials
Camphor oil (99.95% purity, SAFC) and ferrocene (99.95% purity, Sigma Aldrich) were used without any pretreatment process. In each experiment, a detailed description of processing synthesis temperature (700 to 900°C increment of 50°C at second furnace) by using the two-stage catalytic CVD apparatus has been illustrated. The experimental set up that used to produce aligned CNT using two-stage catalytic CVD is shown in Figure 1(a). Two-stage catalytic CVD is a one of lab-scale equipments and compatible for feasibility studies. The catalyst (ferrocene) and carbon feedstock (camphor oil) were placed in different alumina boats same as in previous experimental experience [26]. Both of them were located side by side along quartz tube at the centre of the first furnace. Then, the quartz tube was heated for 1 hour under N2 ambient with flow rate of 10 standard cubic centimetres (sccm) as a carrier gas to flush out any presence of other gases. The aligned CNT was found to be deposited in the innertube of second furnace. The furnace was cooled to room temperature and sample was collected as shown in Figure 1(b) for characterization process [27].
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Figure 1: (a) Conceptual drawing of two-stage catalytic CVD and (b) optical photograph of CNT inside the bottle.


The aligned CNT was characterized by field emission scanning electron microscopy (FESEM, ZEISS 77 SUPRA 40VP) at 5 kV electron high tension (EHT) without gold or platinum coating, micro-Raman spectrometer (μ-Raman, Horiba Jobin Yvon 79 DU420A-OE-325) at room temperature using Ar+ ion laser at 514.32 nm wavelength source and 20 mW power. Thermogravimetric analyzer (TGA, PE Pyris 1 TGA Thermo Balance) was used for further characterization of the synthesized aligned CNT with heating rate of 20°C/min up to 1000°C under flow of oxygen gas.
3. Results and Discussion
3.1. Surface Morphology
In this experimental condition, the construction of two-stage catalytic CVD apparatus generates new idea and alternative strategy to synthesize high-dense and tubular shape of nanotubes. Some of the important issues in aligned CNT relate to growth control including better control of sizes, structures, properties, and performances. It is hard to understand how CNT formed. To illustrate this aspect, the FESEM micrograph shows a clear view of the overall structural morphology and growth of the synthesized aligned CNT as in Figure 2. The correspondence synthesis temperature changes with the characteristics of the CNT were observed [28]. Based on experimental experience, by changing the magnitude of synthesis temperature, the structure of hydrocarbon-based material gradually changes from spherical consisted of grapheme shell and amorphous carbon (a-C) [29, 30] to tubular [31] structure under certain condition. By increasing the synthesis temperature, the geometry and size of nanotubes were affected in CNT nucleation-growth process. Towards certain extend, the hydrocarbon source cannot produce aligned CNT without catalyst [26, 32]. Therefore, in line with previous study reported by Groudeva-Zotova et al. [33], iron (Fe) clusters produced by decomposition of ferrocene at 180°C (confirmed by a thermogram evidenced by TGA as in Figure 3) was at the sublimation zone to activate catalytic activity for the growth of aligned CNT. The diameter distribution of aligned CNT was confirmed by the size of catalyst as reported by Chee and Sharma [34]. Probably the Fe clusters obtained at the different synthesis temperatures might vary in shape as well as in size. In the Figures 2(a) and 2(b), the samples contain small amount of carbonaceous by-product such as, a-C surrounding aligned CNT that affect tubular diameter distribution. A twisted nanotubes structure was attained exactly from fewer Fe clusters that were available for aligning process due to imperfect catalytic effect. This evidence also explains the characteristics anisotropic properties of Fe clusters where the bigger Fe clusters produced cannot fully decompose in the reaction zone to enhance the growth of aligned CNT with small diameter. At the higher temperature, the possibilities of aligned CNT growth were high. It was showed in the Figures 2(c), 2(d), and 2(e) that high-dense aligned CNT has been successfully synthesized at the higher synthesis temperature from 800 to 900°C. The temperature at 800°C can be declared as a critical synthesis temperature due to: (i) Fe clusters become energetically stable, (ii) Fe clusters reach some critical size which related to the diameter of the nanotube, and (iii) Fe clusters may influence the CNT growth in one direction. Most interestingly, the hydrocarbon source and ferrocene may all decompose at higher temperature and have high possibility to grow self-oriented aligned CNT in the core of quartz tubing. Apart from the growth control described above, aligned CNT was produced when ferrocene fully decomposed to produce smaller size of Fe clusters compared to the lower synthesis temperatures. So, the fine Fe clusters will activate catalytic activity during this process. In this scenario, the best temperature for growth of aligned CNT was found at 800°C as optimized for camphor-grown-aligned CNT due to its perfect tubular structure for our system of two-stage catalytic CVD. On top of that, the synthesis temperature does play important roles in the growth of aligned CNT.
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(e)
Figure 2: FESEM micrographs of aligned CNT at different synthesis time (a) 700, (b) 750, (c) 800, (d) 850, and (e) 900°C.







	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
	






















































	
		
		
		
		
		
		
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	


Figure 3: TG analysis of camphor oil.


3.2. Micro-Raman Analysis
From micro-Raman results, the micro-Raman spectra of the carbon nanostructure at different synthesis temperature have been shown in Figure 4(a). First-harmonic micro-Raman spectra of the samples were measured in the range from 100 to 2500 cm−1. The active mode of micro-Raman analysis is dependent on the synthesis temperature. Since the first harmonic micro-Raman shift was observed, active modes can be (i) graphitic feature (G-band) occurs at 1573 cm−1, whereas (ii) disorder-induced feature (D-band) appears at 1345 cm−1 [35]. From the Figure 4(a), the D-band and G-band peaks were consistent for all samples without any significant change of the line position. A classical rule respective intensity ratio of D and G peaks (
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) has been introduced by Tuinstra’s group [36] which involves quality of nanotubes. They suggested the lower 
	
		
			

				𝐼
			

			

				𝐷
			

			
				/
				𝐼
			

			

				𝐺
			

		
	
 (close to zero) corresponds for better degree of graphitization. The 
	
		
			

				𝐼
			

			

				𝐷
			

			
				/
				𝐼
			

			

				𝐺
			

		
	
 ratios for 700, 750, 800, 850, and 900°C synthesized aligned CNT are 0.7178, 0.6872, 0.5239, 0.5571, and 0.5694, respectively. The higher 
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 value leads to the presence of (i) structural and lattice defect and (ii) by-product carbon material, such as, a-C and nonuniform nanotubes. To summarize, these observations of Tuinstra-Koenig relation [36] as in Figure 5 reveal that the synthesized aligned CNT optimized at 800°C synthesis temperature.





	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
	
	
	
	
	
	
	
	
	
		
		
		
	
	
		
		
		
	
	
		
			
		
		
			
		
	
	
		
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
			
			
		
		
			
		
		
			
		
	
	
		
	
		


	
		
	
		
			
				
			
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Figure 4: (a) Micro-Raman analysis of aligned CNT at different synthesis temperature and (b) inset of micro-Raman spectra for RBM analysis.







	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	




















































	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	


	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	


	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	


	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	


	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
	


Figure 5: 
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 ratio of aligned CNT at different synthesis temperature.


The representative spectra of the radial breathing mode (RBM) region are shown in Figure 4(b) (inset of Figure 4(a)). A faint peak 
	
		
			

				𝜔
			

			
				R
				B
				M
			

		
	
 (cm−1) between 100 and 500 cm−1 can be deconvoluted to the RBM. This agrees very well when the spectra are excited with the monochromatic laser source (i.e., green laser, 
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 nm, 2.41 eV) prior to previous study, the spectra become strong when the laser frequency matches transitions in the electronic system of SWCNT [37]. The existence of 
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 nm) along with each multiwalled CNT of sample. According to Bandon’s equation, the 
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 (cm−1) [38]. However, from the micro-Raman analysis, SWCNT only was found at 900°C synthesis temperature around ~1.147 nm. Narrow diameter of aligned CNT has large surface area availability. This characteristic is very important to any application because their performance dependency on surface reaction process [39].
3.3. Thermogravimetric Analysis
Figure 6 is a thermogram of the weight percentage as a function of analysis temperature, 
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), for various synthesis temperatures. All of the results were obtained under the same conditions described in (Section 2). Different colors of TG curves correspond to different synthesis temperatures. For every analysis, TG analysis was done up to 1000°C to evaluate thermal stability and purity of aligned CNT in terms of: (i) metal (Fe) and (ii) metal oxide (
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) content. As shown in Figure 6, it was noted that approximately 23, 20, 0.02, 0.06, and 0.01% of the samples 700, 750, 800, 850, and 900°C synthesis temperatures remained behind after performing TG analysis up to 1000°C, respectively. It implies that 77.0, 80.0, 99.98, 99.94, and 99.99% of the weight of the raw product come from C element. In addition, there was no a-C in the samples due to strikingly oxidation-induced weight loss was observed below 300°C in the TG curves. For thermal stability, at around 550 to 700°C, the aligned CNT samples had completely disappeared due to the sample burn-out in the TG furnace. To identify the purity of the samples more accurately, a stable plateau region appeared at nearly 700°C. Also, no oxidation of the Fe clusters was expected to take place due to no weight lost was observed during thermal treatment up to 1000°C. However, this behavior also confirmed by previous work; Fe or FexOy have been completely removed by thermal treatment above 1500°C [40]. Therefore, the highest yield of aligned CNT comes out to be 99.99% for 900°C, which implies 0.01% of the weight comes from Fe or 
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 content. However, the align CNT at 800°C synthesis temperature was completely burned at 700°C for thermal analysis. These thermal analysis results were in good agreement with FESEM and micro-Raman observations.





	
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
	














































































	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
		
		
	
	
		
	
	
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
			
		
	


Figure 6: Graph showing thermal stability of aligned CNT at different synthesis temperature.


4. Conclusion
In summary, the aligned CNT was synthesized by using two-stage catalytic CVD apparatus. The synthesis process does not require preformance of any substrates. In other words, this method can perform easily in the laboratory and scaled up for mass production of aligned CNT. Surface morphology, micro-Raman, and TG analyses of aligned CNT using FESEM, micro-Raman spectrometer, and TG analyzer have been discussed in this paper, respectively. Based on the result, the formation of aligned CNT has been optimized at 800°C synthesis temperature which is in good agreement with FESEM, micro-Raman, and TG analyses. The experiment has succeeded in minimizing diameter distribution of nanotubes in the range from 0.5 to 2.5 nm and lowest 
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 ratio (~0.5239). The highest yield of nanotubes (~99.99%) was obtained for 900°C synthesis temperature. As a result, synthesis temperatures were strongly affected by the growth of aligned CNT. In future, the other parameters such as carrier gas, flow rate, catalyst/carbon-source ratio, catalyst type can be optimized for aligned CNT synthesis using custom-made two-stage catalytic CVD and may be reported.
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