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1. Introduction : 
 
Since the first discovery by Iijima [1] in 1991, carbon nanotubes (CNTs) have gained considerable 
attention to their synthesis, characterization and application due to their unique structural, electronic, 
mechanical and chemical properties [2-8]. Many methods have been reported to synthesize carbon 
nanotubes such as by arc discharge [2], laser ablation [3], plasma-enhanced [4] and thermal [5] 
chemical vapor deposition, etc. Of these, chemical catalytic vapor deposition (CCVD) process has 
been considered to be the most suitable method for large scale production of carbon nanotubes by 
catalytic decomposition of various hydrocarbons [6]. Catalysts of iron, cobalt and nickel supported 
on different alumina phases and aluminum hydroxides are widely studied [6-9]. The surface area, 
porosity, crystalline phase of the supporting materials and the dispersion of the transition metal 
particles are critical parameters to the productivity of the carbon nanotubes [8-9].  
 
We have reported a new way to synthesize flaky nanocrystalline boehmite (γ-AlOOH) with a high 
surface area. By calcining such boehmite at temperatures from 500 to 900 oC, transition alumina (γ-, 
δ-, θ-alumina) nanoparticles and nanorods were obtained [10]. Furthermore, nanocrystalline α-
alumina with novel morphology has been obtained from such boehmite at a relatively low 
temperature of 1000 °C for 40 h without any seeding material [11-12]. In this paper, we have further 
developed a process to produce iron catalyst on such nanocrystalline alumina. By catalytic 
decomposition of methane over such alumina supported iron catalyst, multiwalled carbon nanotubes 
(MWCNTs) have been produced. X-ray diffraction (XRD), transmission electron microscopy (TEM), 
field emission electron microscopy (FESEM), Raman spectroscopy and N2 adsorption/desorption test 
have been applied to characterize the as-obtained alumina supported catalyst and the resulting 
MWCNTs.  
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2. Experimental : 
 
The raw materials are aluminium tri-sec-butoxide (C12H27AlO3), isopropyl alcohol (C3H7OH), iron 
nitrate (FeN3O9·9H2O) and ethyl acetoacetate (C6H10O3). Iron nitrate and aluminium tri-sec-butoxide 
with a molar ratio of 9.1 % were dissolved into isopropyl alcohol. After mixing for 1 h, ethyl 
acetoacetate was added to the mixture. The precursor was dried at 120 oC into fine powder which 
was then reacted with boiling water for 10 min. The suspension was then dried at 120 oC to obtain 
fine powder (denoted as Powder A). Powder A was heat-treated stepwise with an interval of 100 oC 
for 30 min in each step till 600 oC, and the resulting powder is named as Powder B. Powder B was 
then placed in a tubular furnace, which was evacuated and heated to 800 oC with a heating rate of 60 
oC/min. After that methane gas was fed into the tubular furnace until an atmospheric pressure was 
reached. During 1 hour carbon nanotubes were grown over Powder B and after that the furnace was 
cooled down to room temperature. A blank test with Powder B was also carried out in the same 
condition but without methane gas in the tubular furnace for comparison. 
 
The crystalline phase composition was determined by X-ray diffraction (XRD, Kristalloflex D-500, 
Simens) by using Cu Kα radiation. The morphology was examined with a transmission electron 
microscope (TEM, Jeol JEM 2010) and a field emission scanning electron microscope (FESEM, 
Zeiss ULTRAplus). The structures of the carbon nanotubes were confirmed by Raman spectra which 
were obtained with a home-built Raman spectrometer in a back-scattering geometry using two 
different excitation wavelengths: 532 nm (Alphalas Monolas-532-100-SM) and 632.8 nm (Melles 
Griot 25-LHP-991-230). The Rayleigh scattering was attenuated with an edge filter (Semrock) and 
the scattered light was dispersed in a 0.5 m imaging spectrograph (Acton SpectraPro 2555i) using 
600 g/mm grating. The signal was detected with an EMCCD camera (Andor Newton EM DU971N-
BV) using a 100 µm slit width. The specific surface areas were calculated from N2 
adsorption/desorption isotherms (Coulter Omnisorp 100 CX, Beckman Coulter Inc.) by a Coulter 
SA-reportsTM software based on the Brunauer-Emmett-Teller (BET) equation using the data in a P/P0 
range of 0.05-0.4.  
 
3. Results and discussion : 
 
The XRD patterns of Powder A, Powder B and the blank tested Powder B are given in fig. 1, in 
which all three samples show high degree of broadness in the diffraction peaks due to the formation 
of nanocrystallites. Diffraction peaks of Powder A in pattern a correspond to boehmite (AlOOH), 
which are indexed according to the JCPDS data (file card No. 74-1895). When Powder A was heat-
treated, nanocrystalline γ-alumina was formed, see pattern b. The blank tested Powder B remains to 
be γ-alumina but with a better crystallinity, see pattern c. In all three samples, no peaks of iron oxides 
or iron hydroxides are observed, probably due to the reasons that the iron oxides or iron hydroxides 
are highly dispersed on the surface of the powder and their amount is too small to be detected or the 
particles are of amorphous nature. The estimated average crystallite size of Powder A is 1.9 nm, of 
Powder B is 1.4 nm and of the blank tested Powder B is 4.9 nm based on Scherrer formula by using 
the diffraction peak centered at 2θ value of about 65°.  
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Figure (1) : XRD patterns of Powder A (a), Powder B (b) and of the blank tested Powder B (c). 
 
The morphologies of Powder A, Powder B and of the blank tested Powder B are shown in fig. 2. In 
Powder A, boehmite nanoflakes in size of about 50 nm were observed together with spherical 
nanoparticles, see fig. 2a. Boehmite has a preferential growth direction due to the presence of weak 
hydrogen bonds and interaction between the solvent molecules and the surface OH¯ groups via 
hydrogen bonds [13]. When Powder A was heat-treated, γ-alumina nanowhiskers with lengths of 
about 100 nm were obtained, see fig. 2b. When the blank test was done over Powder B, γ-alumina 
nanoneedles with lengths of about 50 nm, together with nanoparticles with diameters of about 10 nm, 
were formed. However, after Powder B was treated by methane gas, carbon nanotubes with two 
typical outer diameters of about 50 nm and 15 nm were produced, as shown in fig. 3. The lengths of 
the carbon nanotubes are over many microns. It suggests that the growth of carbon nanotubes follows 
a tip growth mode [14]. The methane gas decomposed into carbon and hydrogen, and iron oxides 
were reduced by hydrogen to iron. The carbon was then dissolved in the iron particles, oversaturated, 
diffused, and precipitated on the rear surfaces of the iron particles, resulting in the formation of 
CNTs [15]. The white spots at the tips of the nanotubes in the marked squares in fig. 3 (b) are most 
possibly iron particles, indicated by the tip growth mode of the CNTs. 
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Figure (2) : TEM images of Powder A (a), Powder B (b) and of the blank tested Powder B (c). Bars = 20 nm. 
 

   
 

Figure (3) : FESEM images of the as-obtained CNTs after treating Powder B with methane gas. 
 
The formation of CNTs was further confirmed by Raman spectra as shown in fig. 4. The intense G-
band at 1590 cm-1 indicates the presence of carbon nanotubes, while the high intensity of D-band at 
1330 cm-1 suggests the existence of other carbonaceous materials such as amorphous carbon [6]. The 
G-band does not have shoulder peaks, revealing the formation of multiwalled carbon nanotubes 
(MWCNTs) and the coexistence with other carbonaceous materials [16]. The purity of MWCNTs 
can be estimated upon the intensity ratio of D-band to G-band and of G’-band (at 2700 cm-1 in 
spectrum b) to G-band. By comparing to the spectrum reported by DiLeo et al. [17], the amount of 
MWCNTs in our study is estimated between 20 and 40 % of the carbon deposit. Meanwhile, the 
appearance of RBM (radial breathing mode) peak at 190 cm-1 in spectrum a further evidences the 
existence of carbon nanotubes since graphite does not have RBM peak in its Raman spectrum. This 
RBM peak signifies the presence of CNTs with small diameters. By using the relationship of ωRBM = 
218/d + 16 (ωRBM: radial breathing mode frequency, d: diameter) [18], the diameter is estimated to be 
1.25 nm in this study which could correspond to the inner tube of a double walled or a multiwalled 
carbon nanotube.  
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(a)   (b) 
 

Figure (4) : Raman spectra of the methane treated Powder B. The excitation wavelength  
is 633 nm in (a) and 532 nm in (b). The peak (*) at 2330 cm-1 is a noise peak  

from the testing environment, but not from the sample. 
 

 

  
 

Figure (5) : N2 adsorption/desorption isotherms and surface area values of Powder A  
(a), Powder B (b), the blank tested Powder B (c) and the methane treated Powder B (d). 

 
The N2 adsorption/desorption isotherms of Powder A, Powder B, the blank tested Powder B and the 
methane treated Powder B are shown in fig. 5, where the corresponding surface area values are 
inserted. All the isotherms are type IV isotherms, which are related to mesopores. However, there 
exists also a big amount of micropores especially in Powder A and Powder B, indicated by the 
adsorption at very low relative pressure in the isotherms a and b. The hysteresis loops are H2 type for 
all the samples which is believed to occur in the systems where the pores have narrow necks and 
wide bodies (i.e. “ink-bottle”) or when the porous material has interconnected pore network [19]. 
When Powder A was heat-treated, γ-alumina formed and the increase in the surface area is due to the 
disintegration of the boehmite flakes and the denser structure of the γ-alumina than boehmite. The 
blank tested Powder B has a lower surface area resulting from the crystal growth of the γ-alumina at 
a higher temperature of 800 °C and the agglomeration/aggregation of the crystallites. Due to the 
formation of the MWCNTs and other carbonaceous materials such as amorphous carbon, the 
methane treated Powder B has an increase of 9 m2/g in surface area as compared to the blank tested 
Powder B. The small increase in surface area is probably due to the reasons that the openings of 
many MWCNTs are blocked by the iron particles as shown in fig. 3 (b) and the narrow inner 
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diameters of the MWCNTs revealed by the Raman study so that N2 cannot adsorb into the carbon 
tubes, besides the carbon nanotubes have lengths over many microns.  
 
4. Conclusions : 
     
Multiwalled carbon nanotubes (MWCNTs) have been synthesized by catalytic decomposition of 
methane gas over the novelly prepared alumina supported iron catalyst. XRD, TEM, FESEM, Raman 
spectroscopy and N2 adsorption/desorption characterizations have been done to discuss the formation 
of MWCNTs. FESEM study suggests that MWCNTs have two typical outer diameters of 50 nm and 
15 nm, with varying lengths over many microns. The Raman spectra reveal that the amount of 
MWCNTs is between 20 and 40 % of the carbon deposit and the diameter of the inner tube is 
estimated to be 1.25 nm.  
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