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Abstract:



Carbon nanotubes with single and few walls are highly appreciated for their technological applications, regardless of the limited availability due to their high production cost. In this paper we present an alternative process that can lead to lowering the manufacturing cost of CNTs of only few walls by means of the use of the spray pyrolysis technique. For this purpose, ferrocene is utilized as a catalyst and aliphatic alcohols (methanol, ethanol, propanol or butanol) as the carbon source. The characterization of CNTs was performed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The study of the synthesized carbon nanotubes (CNTs) show important differences in the number of layers that constitute the nanotubes, the diameter length, the quantity and the quality as a function of the number of carbons employed in the alcohol. The main interest of this study is to give the basis of an efficient synthesis process to produce CNTs of few walls for applications where small diameter is required.
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1. Introduction


Compared to multi wall carbon nanotubes (MWCNT), production of single and few walls nanotubes is still a challenge and, as a consequence, the price of this type of material is around 20 times higher than the multiwall counterpart. This significant difference in the production cost is in part due to the high energy consumption for the available production methods such as HiPco, Thermal Plasma Synthesis, Arc Discharge Process, etc. [1,2,3] and the low production rate of these processes. For material reinforcement, sensor developments, and other applications, CNTs of small diameter and high surface science are required, however SWCNTs could be substituted by CNTs of similar morphology, with few walls, with the advantage of a significant lower price.



Previous MWCNT synthesis research [4,5] showed that under the presence of heterogeneous atoms, different from carbon and hydrogen, the morphological characteristics of produced CNTs differ greatly from the ones obtained from sources like benzene, toluene or xylene. Thus, we study the use of aliphatic alcohols as the carbon source despite the presence of oxygen on the precursor molecule, which could suggests that under temperature of synthesis, some oxidation is possible during the synthesis, with the consequent formation of CO, CO2, iron oxides and/or structural deformities and so, lower yield.



Some reports have mentioned the use of alcohols as carbon source for the CNTs and have completed a systematic study of the product regarding the effect of the alcohol carbon length, catalysts used and/or changes with the CVD method [6]. In a recent work by Bystrzejewski et al., they mention the use of alcohols ranging from methanol to decanol, where they obtained single walled nanotubes (SWNT) from alcohols of one to six carbon atoms and multiwall nanotubes (MWNT) with longer chain alcohols, stating that carbon chains in alcohol molecules influence the crystallinity of the product [6]. Nevertheless, the reported synthesis implies a low rate production method, since it takes around three hours to produce quantities between 200 and 400 mg of product. Moreover, other investigations showed that the addition of different types of precursors as nitrogen into the aliphatic alcohol played an important role in modifying both the CNT growth and morphology [7,8].



Other studies mention the importance of using different catalysts like Fe–Co [9,10], Fe–Ni [11,12] or Fe–Mo [13], as a way to influence the growth on zeolite (MgO) supported CNTs [14,15]. However, in all these articles, at least two steps are required: the formation of catalyst nanoparticles over substrate particles, followed by the CNTs synthesis under a carbon source flow with the consequent manufacturing delay.



Recent studies on synthesis by nebulized spray pyrolysis report negative effects on the CNTs production yield when the carbon source (toluene or benzene) is mixed with alcohols [16,17], probably acquainted to the formation of radicals during the nebulization step. Additional results claim that the influence over the growth characteristics of CNTs using aliphatic alcohols depends of the OH radicals [17,18,19].



The alternative spray pyrolysis method used in this work consists in the introduction of the precursor into a stainless steel pre-heater maintained at constant temperature (Figure 1) with the purpose of changing the liquid precursors to their vapor phases before entering the reaction chamber where the CNTs are grown up. Using this technique we anticipate the establishment of a new base that allows producing small diameter CNTs close to the reported SWCNTs with the advantage of low cost and simple process.


Figure 1. Schematic diagram of reaction system for the synthesis of CNTs by spray pyrolysis.
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2. Results and Discussion


Figure 2 shows SEM images that reveal the variation of morphology of CNTs as a function of the alcohol used as carbon source. As can be observed, impurities are different in size and shape for the samples. Energy dispersive X-ray spectrometry (EDS) analysis shows the presence of iron nanoparticles, which is formed from the ferrocene. As is well known, ferrocene is employed as a catalyst to promote the formation of graphene sheets, to conform CNTs walls during the synthesis process. Typically, the quantity collected of product was on the average 0.65 g for methanol, 0.30 g for ethanol and 0.35 g for propanol and butanol. On the other hand, a higher ratio of CNTs/amorphous carbon was obtained for propanol precursor. Amorphous carbon has been found mainly with an onion shape and an iron nanoparticle core.


Figure 2. SEM images of carbon nanotubes obtained with the different carbon sources: (a) Methanol; (b) Ethanol; (c) Propanol and (d) Butanol.
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From the SEM micrographs, diameters and lengths of the CNTs were determined. Average values of these parameters were obtained by measuring length and diameter of the most representative nanotubes from each sample, and results are summarized in Table 1. It is observed that the average diameter varies inversely to the number of carbon atoms contained in the precursor alcohol molecule, however there is not a significant difference for propanol and butanol. Furthermore, average length is directly proportional to the number of carbon atoms.



Table 1. Average external diameters, lengths and number of walls of carbon nanotubes.







	
alcohol

	
average external diameter

	
average length

	
average number of walls




	
nm

	
μm






	
Methanol (CH4O)

	
24

	
0.5

	
35




	
Ethanol (C2H6O)

	
18

	
1.2

	
10




	
Propanol (C3H8O)

	
15

	
2.0

	
8




	
Butanol (C4H10O)

	
16

	
2.2

	
6












According to previous work [4], before the deposition of carbon/iron precursors on substrate in the gaseous phase, there is a thermal cracking of the carbon source molecule, which under the presence of ferrocene leads to the reduction of iron and its coalescence to form nanoparticles and, in this case, it is on the surface of those nanoparticles that the formation of graphene walls from alcohol precursor is carried out.



Nanotubes obtained from methanol have larger outer diameters and a shorter length, and most of the product consists of onion shape structures, which means that for this specific method of CNTs synthesis, methanol has higher trend to surround iron nanoparticles instead of the promotion of the formation of the cylinder structures required to obtain large CNTs. The CNTs obtained from butanol nanotubes show the best CTNs/amorphous carbon ratio, thus this molecule seems to have the most adequate structure to promote the formation of basic C6 rings, and the formation of the cylinder structures required to generate the nanotubes.



The number of layers that constitute the nanotubes walls, are obtained from the HRTEM micrographs, as shown in Figure 3, where it can be seen how the iron nanoparticles (identified with an arrow) promotes the formation of graphite walls that constitute the CNTs. The size of the iron particles was found in the range 10–40 nm. However, considering the CNTs formation mechanism, the use of alcohols as precursors difficult the organization of the graphite wall with the consequence of having CNTs with higher number of structural defects.


Figure 3. TEM images of carbon nanotubes obtained from: (a) Methanol; (b) Ethanol; (c) Propanol and (d) Butanol. Arrows indicate iron nanoparticles and carbon encapsulated structures.
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The methanol sample (Figure 3a), shows that the number of walls that constitute these CNTs is typically of the order of 35. In the ethanol case (Figure 3b), the iron nanoparticles are bigger than the nanoparticles in the other precursors and the number of walls diminishes to about 10.



Figure 3c,d show HRTEM micrographs from propanol- and butanol-based CNT, respectively. It is observed that the average numbers of nanotube walls are similar, around 8 for propanol and 6 for butanol. These results are summarized in Table 1, where it is clearly observed how the number of layers in the CNTs decreases as the number of carbon atoms in the precursor molecule increases.





In order to discuss the quality of the product, we performed Thermogravimetric Analysis (TGA) and Raman spectroscopy. Figure 4 shows the TGA profile of the propanol-based sample. The TGA reveals that the mass loss occurs in three steps. At T < 200 °C, there is a mass loss of about 5% that can be attributed to the evaporation of heavy organic material introduced at the end of the synthesis process, just before the rapid cooling of the tube. In the range 200–400 °C we have a mass loss from the evaporation of amorphous carbon. Based on these results, we calculate about 10% organic impurities in the sample. The residual mass, attributed to ferric oxide has been estimated at 27% and coming from metallic iron (19%) in the nanotubes, oxidized during the analysis. Accordingly, the CNTs evaporated in the temperature range 200–400 °C represents 71% of mass contents in the sample. This means that the ratios of amorphous carbon/CNTs and iron/CNTs are 0.07 and 0.27, respectively.


Figure 4. Raman spectra of propanol-based CNTs using laser excitation at Elaser = 632.8 nm.
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Figure 5 shows the Raman shift spectrum from propanol-based sample. The two main typical graphite bands are present in the Raman spectrum of the nanotubes: the band at 1582 cm−1 (G band) assigned to the in-plane vibration of the C–C bond (G band) typical of defective graphite-like materials and the band between at 1320 cm−1 (D band) activated by the presence of disorder in carbon systems. The Raman spectrum also exhibits a band at 2635 cm−1 (G′ band) attributed to the overtone of the D band. These bands have been obtained on the as-received powder of MWCNTs. We found that the relative intensity ID/IG is constant for all samples, indicating that the reaction does not modify the crystalline structure of the material. According to the literature [20,21,22,23,24], samples containing large amounts of MWCNTs, display higher D-bands than samples containing small amounts, which is characteristic of the employed laser energy (638 nm). However, some authors suggest that MWCNTs tend to appear when there is a higher degree of defects in the nanotubes [25,26,27].


Figure 5. Thermogravimetry analysis (TGA) analysis of propanol-based CNT.
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3. Experimental


A liquid solution of ferrocene and alcohol were mixed with argon gas in a preheated stainless steel cylinder that converts this mix into vapor. Temperature of 180 °C in the preheater was found optimal for the aliphatic alcohols to reach its vapor phase [28,29,30,31]. Afterwards, this vapor is injected through a silicon hose into a quartz substrate tube placed inside a horizontal furnace set at a temperature of 750 °C where the CNTs grow up. Ferrocene/alcohol concentration used in the synthesis was set to 0.12 g/25 mL, inner and outer work tube diameters were 9 and 11 mm, respectively and the length of the furnace is 350 mm.



The alcohol/ferrocene solution was injected into the preheated stainless steel cylinder at a rate of 1 mL/min during 20 min, with the help of a dispenser. The vapor obtained was carried to the reactor by dry argon flow at 0.32 L/min. After the solution is dispensed, the reactor is turned off and let it to cool below a temperature of 400 °C. The whole procedure takes about 25 min to complete.



Various syntheses were performed at different temperatures, ranging from 700 to 900 °C in 50 °C steps. We observed that at 700 °C the sample showed almost no carbon nanotubes inside the quartz tube, and from 850 to 900 °C we found the presence of graphite. Experiments show that the best nanotubes quality and quantity are obtained for temperatures in the range 750–800 °C.



The mass of ferrocene in the synthesis process was optimized, by using several amounts, 0.20, 0.25 and 0.30 g of ferrocene. The sample obtained with 0.25 g showed a smaller amount of iron impurities than the sample with 0.30 g and a larger amount of nanotubes production than the sample with 0.20 g.



Morphology and microstructural characterization of the CNTs were performed by scanning electron microscopy (SEM) in a JSM-7401F instrument operated at 3–5 kV and by high resolution transmission electron microscopy (HRTEM) in a JEOL JEM-2100FS with beam Cs-corrector, operated at 200 kV, with a spatial resolution close to 0.13 nm.



The quality of the products was determined by thermogravimetry analysis (TGA), using a TA Instruments Q600 thermal analyzer at a heating rate of 3 °C/min in air and Raman spectra were acquired with a LabRam Horiba HR system, using a 632.8 nm He-Ne laser at 14.2 mW, equipped with a column of CCD detectors cooled at −75 °C. The resolution obtained is about 1 cm−1.




4. Conclusions


A spray pyrolysis technique to produce MWNTs of only few walls, through the use of aliphatic alcohols was presented. In particular we report the successful production of CNTs using this method with methanol, ethanol, propanol and butanol. Furthermore, we demonstrate that the number of carbons on the alcohol employed has a strong influence in the number of walls of the synthesized CNTs and the CNTs/amorphous carbon ratio, as can be inferred from the structural analysis carried out by scanning electron microscopy (SEM) and transmission electron microscopy (TEM).







Acknowledgments


The technical support of Carlos Ornelas, Oscar Solís and Pedro Pizá is greatly appreciated. One of the authors (E.G. Ordóñez-Casanova) gratefully acknowledges the support by grants from CONACYT, Mexico.




References


	1. 
Bronikowski, M.J.; Willis, P.A.; Colbert, D.T.; Smith, K.A.; Smalley, R.E. Gas-phase production of carbon single-walled nanotubes from carbon monoxide via the HiPco process: A parametric study. J. Vac. Sci. Technol. A 2001, 19, 1800–1805. [Google Scholar] [CrossRef]

	2. 
Tsai, S.H.; Chao, C.W.; Lee, C.L.; Shih, H.C. Bias-enhanced nucleation and growth of the aligned carbon nanotubes with open ends under microwave plasma synthesis. Appl. Phys. Lett. 1999, 74, 3462–3464. [Google Scholar] [CrossRef]

	3. 
Hutchison, J.L.; Kiselev, N.A.; Krinichnaya, E.P.; Krestinin, A.V.; Loutfy, R.O.; Morawsky, A.P.; Muradyan, V.E.; Obraztsova, E.D.; Sloan, J.; Terekhov, S.V.; Zakharov, D.N. Double-walled carbon nanotubes fabricated by a hydrogen arc discharge method. Carbon 2001, 39, 761–770. [Google Scholar] [CrossRef]

	4. 
Aguilar Elguezabal, A.; Antúnez, W.; Alonso, G.; Paraguay Delgado, F.; Espinosa Magaña, F.; Miki Yoshida, M. Study of carbon nanotubes synthesis by spray pyrolysis and model of growth. Diam. Relat. Mater. 2006, 15, 1329–1335. [Google Scholar]

	5. 
Galván, D.H.; Aguilar Elguezabal, A.; Alonso, G. High resolution TEM studies of carbon nanotubes produced by spray pyrolysis. Opt. Mater. 2006, 29, 140–143. [Google Scholar] [CrossRef]

	6. 
Bystrzejewski, M.; Huczko, A.; Byszewski, P.; Domanska, M.; Rummeli, M.H.; Gemming, T.; Lange, H. Systematic Studies on Carbon Nanotubes Synthesis from Aliphatic Alcohols by the CVD Floating Catalyst Method. Fuller. Nanotubes Carbon Nanostruct. 2009, 17, 298–307. [Google Scholar] [CrossRef]

	7. 
Bepete, G.; Tetana, Z.N.; Linder, S.; Rummeli, M.H.; Chiguvare, A.; Coville, N. The use of aliphatic alcohol chain length to control the nitrogen type and content in nitrogen doped carbon nanotubes. Carbon 2013, 52, 316–325. [Google Scholar] [CrossRef]

	8. 
Segura Cardenas, E.; Reyes Reyes, M.; Lopez Sandoval, R. The Effects of Varying the Content of Alcohol in the Reaction Mixture on the Graphitization of MWCNTs and their surface Functionalization. J. Phys. Chem. C 2012, 116, 9783–9792. [Google Scholar]

	9. 
Li, Y.; Kim, W.; Zhang, Y.; Rolandi, M.; Wang, D.; Hongjie, D. Growth of Single-Walled Carbon Nanotubes from Discrete Catalytic Nanoparticles of Various Sizes. J. Phys. Chem. B 2001, 105, 11424–11431. [Google Scholar] [CrossRef]

	10. 
Unalan, H.; Chhowalla, M. Investigation of single-walled carbon nanotube growth parameters using alcohol chemical vapor deposition. Nanotechnology 2005, 16, 2153–2155. [Google Scholar] [CrossRef]

	11. 
Li, Y.; Cui, R.; Ding, L.; Liu, Y.; Zhou, W.; Zhang, Y.; Jin, Z.; Peng, F.; Liu, J. How catalysts affect the growth of single-walled carbon nanotubes on substrates. Adv. Mater. 2010, 22, 1508–1515. [Google Scholar] [CrossRef]

	12. 
Basaev, A.S.; Blagov, E.V.; Galperin, V.A.; Pavlov, A.A.; Shaman, U.P.; Shamanaev, A.A.; Shamanaev, S.V.; Prihodko, A.S. Specificities of growth of topological arrays of carbon nanotubes. Nanotechnol. Russ. 2012, 7, 22–27. [Google Scholar] [CrossRef]

	13. 
Oida, S.; Sakai, A.; Nakatsuka, O.; Ogawa, M.; Zaima, S. Effect of alcohol sources on synthesis of single-walled carbon nanotubes. Appl. Surf. Sci. 2008, 254, 7697–7702. [Google Scholar] [CrossRef]

	14. 
Inoue, S.; Kikuchi, Y.; Matsumara, Y. Effect of catalyst combination on growth of single-walled carbon nanotubes. Diam. Relat. Mater. 2008, 17, 1888–1890. [Google Scholar] [CrossRef]

	15. 
Okamoto, A.; Shinohara, H. Control of Diameter Distribution of Single-walled Carbon Nanotubes. R D Rev. Toyota CRDL 2005, 40, 22–28. [Google Scholar]

	16. 
Liu, B.C.; Lyu, S.C.; Jung, S.I.; Kang, H.K.; Yang, C.W.; Park, J.W.; Park, C.Y.; Lee, C.J. Single-walled carbon nanotubes produced by catalytic chemical vapor deposition of acetylene over Fe–Mo/MgO catalyst. Chem. Phys. 2004, 383, 104–108. [Google Scholar]

	17. 
Cele, L.M.; Neil, J.C. The negative effects of alcohols on carbon nanotubes synthesis in a nebulised spray pyrolysis process. Carbon 2009, 47, 1824–1832. [Google Scholar] [CrossRef]

	18. 
Botello-Méndez, A.; Campos-Delgado, J.; Morelos-Gómez, A.; Romero-Herrera, J.M.; Rodríguez, A.G.; Navarro, H.; Vidal, M.A.; Terrones, H.; Terrones, M. Controlling the dimensions, reactivity and cristallinity of multiwalled carbon nanotubes using low ethanol concentrations. Chem. Phys. Lett. 2008, 453, 55–61. [Google Scholar] [CrossRef]

	19. 
Zamolo Valeria, A.; Vazquez, E.; Prato, M. Carbon Nanotubes: Synthesis, Structure, Functionalization and Characterization. Top. Curr. Chem. 2013. [Google Scholar] [CrossRef]

	20. 
Pócsik, I.; Hundhausen, M.; Koós, M.; Ley, L. Origin of the D peak in the Raman spectrum of microcrystalline graphite. J. Non-Cryst. Solids 1998, 227, 1083–1086. [Google Scholar] [CrossRef]

	21. 
Matthews, M.J.; Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S.; Endo, M. Origin of dispersive effects of the Raman D band in carbon materials. Phys. Rev. B 1999, 59, R6585–R6588. [Google Scholar] [CrossRef]

	22. 
Thomsen, C.; Reich, S. Double resonant Raman scattering in graphite. Phys. Rev. Lett. 2000, 85, 5214–5217. [Google Scholar] [CrossRef]

	23. 
Brown, S.D.M.; Jorio, A.; Dresselhaus, M.S.; Dresselhaus, G. Observations of the D-band feature in the Raman spectra of carbon nanotubes. Phys. Rev. B 2001, 64, 073403:1–073403:4. [Google Scholar]

	24. 
Bokobza, L.; Zhang, J. Raman spectroscopic characterization of multiwall carbon nanotubes and of composites. Express Polym. Lett. 2012, 6, 601–608. [Google Scholar] [CrossRef]

	25. 
Ouyanga, Y.; Conga, L.M.; Chena, L.; Liub, Q.X.; Fangc, Y. Raman study on single-walled carbon nanotubes and multi-walled carbon nanotubes with different laser excitation energies. Physica E 2008, 40, 2386–2389. [Google Scholar] [CrossRef]

	26. 
Jorio, A.; Pimienta, M.A.; Souza Filho, A.G.; Saito, R.; Dresselhaus, G.; Dresselhaus, M.S. Characterizing carbon nanotubes samples with resonance Raman scattering. New J. Phys. 2003, 5. [Google Scholar] [CrossRef]

	27. 
Dresselhaus, M.S.; Dresselhaus, G.; Hofmann, M. The big picture of Raman scattering in carbon nanotubes. Vib. Spectrosc. 2007, 45, 711–781. [Google Scholar] [CrossRef]

	28. 
Cheng, H.M.; Li, F.; Su, G.H.; Pan, Y.; He, L.L.; Sun, X.; Dresselhaus, M.S. Large-Scale and Low-Cost Synthesis of Single-Walled Carbon Nanotubes by the Catalytic Pyrolysis of Hydrocarbons. Appl. Phys. Lett. 1998, 72, 3282–3284. [Google Scholar] [CrossRef]

	29. 
Murayana, S.; Kojima, R.; Miyauchi, Y.; Chiashi, S.; Kohno, M.I. Low-temperature synthesis of high-purity single-walled carbon nanotubes from alcohol. Chem. Phys. Lett. 2002, 360, 229–234. [Google Scholar] [CrossRef]

	30. 
Khavarian, M.; Chai, S.P.; Tan, S.H.; Mohamed, A.R. Effect of Different Parameters on the Morphology of Carbon Nanotubes Structures Grown by Floating Catalyst Method. J. Appl. Sci. 2011, 11, 2382–2387. [Google Scholar] [CrossRef]

	31. 
Asaro, M.; Smith, R.M. Gas to Liquid Technologies. Foss. Energy 2013, 247–310. [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png





nav.xhtml


  materials-06-02534


  
    		
      materials-06-02534
    


  




  





media/file1.png
' Furnace
Inlet solution

Hollow

Qulet gas Ar
cilinder

Inlet gas Ar






media/file5.jpg
(d)






media/file7.jpg
100

80 [

20 L L s
0 200 400 600 800

Temperature (°C)





media/file10.png
Intensity (a.u.)

300

250 |-

200

150

100

50

1000

1500 2000
RAMAN shift (cm™)

2500

3000





media/file3.png
0o WD ADmm  100nm 5 SEl o] SORY XA0D00 WD 30mm  100nm

CIMAY SESEM S 50KV %100000 WD 30mm  100mm CIMAY g § 30KV X100000 WD30mm  100nm






media/file9.jpg
Intensity (a.u.)

300

250 |

200

150

100

L L L
1000 1500 2000 2500 3000

RAMAN shift (cm™)





media/file8.png
Weight (%)

100

200

400
Temperature (°C)





media/file6.png
5 nm 1 e : - "'-“"‘53,, _ CIMAV

nanotech Mexico

10 nm’ /i CIMAY ciMAY
[y e nanotech Mexico v — nanotech Mexico






media/file0.jpg
Inlet solution

Hollow,

cilinder

Inlet gas Ar,

Furnace

Oulet gas Ar





media/file2.jpg





