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In this study, carbon nanotubes were synthesized by chemical vapor deposition (CVD) process. In CVD process, milled iron 
powders were used as catalyst. Initially, iron powders were milled by high energy ball mill for 3h. Then, iron particles were 
homogeny distributed onto substrate and carbon nanotubes were obtained by CVD process inside tube reactor. Carbon 
nanotubes were investigated by HR-TEM to determine the effect of milled iron catalyst on nanotube formation. 
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1. Introduction  
 

Carbon nanotubes (CNTs) are crystalline graphitic 

sheets rolled up into a seamless cylindrical shape [1]. 

Since their discovery diverse and unique physical 

properties of CNTs have been revealed. They have 

attracted considerable interest by many scientists due to 

their extraordinary chemical, electronic, thermal, and 

mechanical properties. Their special properties make 

CNTs potential candidates for many application areas such 

as field emission devices [2], scanning probes, nanoscale 

electronic devices [3], hydrogen storage, chemical sensors, 

and composite reinforcing materials [4]. CNTs are known 

to have better properties in the axial direction than in the 

transverse direction. CNTs were synthesized by many 

methods such as; CVD, laser ablation, arc-discharge, sol-

gel, PECVD. Even, some researchers were successfully 

obtained by mechano-thermal process (having short-time 

milling) [5]. But, CNTs are usually synthesized by laser 

ablation of carbon rods, direct current arc- discharge 

between electrodes [6], or chemical vapor deposition 

(CVD) [7,8]. Compared to arc discharge and laser 

ablation, CVD allows large amounts of high purity and 

aligned nanotubes to be obtained. The basic mechanism of 

the growth of CNTs involves dissociation of hydrocarbon 

molecules over metal clusters heated to high temperatures 

(700–900 
o
C). The metal clusters acting as a catalyst can 

be created by different techniques, for instance by vapour 

or sputter deposition of a thin metallic layer on the 

substrate, by impregnation of porous materials by metals, 

by deposition of solutions or suspensions of substances 

containing catalyzing metals or by admission of 

organometallic substances into the reaction chamber [8–

12]. 

 

 

2. Experimental  
 

For synthesis of carbon nanotubes, iron was used as 

catalyst. Iron powders (Merck 103800, particle size 150 

µm) were milled by high energy ball milling for 3 h to 

decrease the particle size and to active. Carbon nanotubes 

were grown onto p-doped Si (1 0 0) substrates that were 

rinsed consecutively in acetone and ethanol in an 

ultrasonic bath prior to introduction in the vacuum 

chamber. No further in situ cleaning procedure was 

performed. Activated iron particles were homogeny 

distributed onto substrate. Substrate were placed in a 

quartz boat and then inserted into the centre of quartz tube 

reactor housed in a furnace. The tube was evacuated at a 

base pressure of 10
-3

 Torr by a vacuum pump for purged. 

Then the furnace was heated to 650 
o
C in atmosphere of 

Ar gas (1 l/min) at 2 Torr. At 650 
o
C, C2H2 gas flow at the 

same pressure for 40 min. Then, the cooling process of 

furnace occurred in Ar atmosphere. The structural changes 

of the milled iron powders were investigated by using 

Bruker X-ray diffractometer (XRD) with CuKα radiation. 

Samples were investigated via JEOL JEM 2100F model 

High-Resolution Transmission Electron Microscopy (HR-

TEM). Chemical compositions were examined by using 

Oxford instrument Energy dispersive X-ray (EDX) 

attached to the TEM.  

 

 

3. Results 
 

Particle size of powders were decreased by ball 

milling process, even, nano-sized powders can be obtained 

by milling process. Activity of powders was increased 

because defect and broken bonds in powders were 

increased during ball milling. The solubility of carbon in 

metal is important for growth of nanotubes. We think that 

the solubility of carbon in iron may be increased by 

increasing activity of iron. So, the iron powders were 

milled by high energy ball mill. 
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 XRD analyses of milled iron powders were shown in 

Fig. 1. XRD analysis shows that the crystal size is 17 nm. 

The narrow and high intensity peaks of samples show that 

the prepared powders are highly crystallized and the 

average crystallite size was calculated using a software 

TOPAZ 2 through the diffractions peaks from Scherer’s 

formula [13] as shown below: 

 

  
     

      
 

 

where D is the crystal size, λ the X-ray wavelength, β the 

broadening of the diffraction peak and θ is the diffraction 

angle. 

 

 

Fig. 1. XRD analysis of milled iron powder. 

 

 

The crystallite size was also confirmed by using the 

transmission electron microscope (Fig. 2) which shows 

that Fe particles formed in agglomerated and separated 

nanosized structure. It is showed that nano-sized iron were 

successfully obtained by ball milling. In structure, the 

powders partly agglomerate because of particle size.  

 

 

Fig. 2. HR-TEM image of milled iron powder. 

 

In this study, carbon nanotubes were synthesized by 

chemical vapor deposition. In this process, the milled iron 

were used as catalyst to determinate the effect of milled 

iron on nanotubes growth. Fig. 3 shows the HR-TEM 

images of MWCNT synthesized in the flow reactor on 

activated iron particles. Products contain both thick 

nanotubes and thin nanotubes (Fig. 3.a and b).  Thick 

nanotubes diameter are about 60 nm and thin nanotubes 

diameters are about 15 nm. HR-TEM characterization 

shows that these tubes consist of concentric parallel carbon 

sheets (Fig. 3c).  The thin tubes consist of 10–12 carbon 

layers. The hollow core of these nanotubes is obvious. 

HR-TEM observations showed that some tubes were bent 

indicate that some defects (indicated by an arrow Fig. 3.b) 

occurred during the growth, leading to a change in the 

growth direction. It seems that during the growth process, 

pentagons or heptagons were inserted inside the hexagons 

network resulting to the topologic change of the tube [14]. 

HR-TEM studies reveal that the MWNTs were produced 

by the so-called tip growth mechanism, since the Fe 

catalyst nanoparticles are encapsulated on the nanotube 

closed tip (Fig. 3b and d). Some iron particles were 

observed inside the carbon nanotube bodies (arrow in Fig. 

3b-d) which indicates that during the growth process some 

iron was carried out of the support surface by the tube 

growth and then remain encapsulated inside the tube 

channel. These encapsulated iron particles were no longer 

accessible by the reactants and resulting to the final 

complete deactivation of the catalyst for MWNT growth 

[15]. 

It is well known that catalyst particle size is a decisive 

parameter in growing CNTs and vapor-grown carbon 

fibers (VGCFs) [16]. In the catalytic chemical vapor 

deposition (CVD) method, the diameter of grown CNTs is 

almost equal to that of the catalyst particles [17,18]. Some 

authors [19] have also reported that an optimized catalyst 

particle size allows a good balance between the rates of 

hydrocarbon decomposition and carbon filament growth. 

Catalyst particles inside the nanotubes shown that nano-

sized iron particles were successfully obtained by ball 

milling process. 
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Fig. 3. HR-TEM images of carbon nanotubes produced by CVD. 

 

The carbon filaments growth model generally adopted 

is based on the concepts of the VLS (vapor–liquid–solid) 

theory developed by Wagner and Ellis [21]. In this model, 

molecular decomposition and carbon solution are assumed 

a 

b 

c d 

e 

a 
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to occur at one side of the catalytic particle, which then 

becomes supersaturated [20,22]. Carbon diffuses from the 

side where it has been decomposed to another side where 

it is precipitated from solution [23]. It is not clear at this 

point of the model which is the driving force for carbon 

diffusion within the catalytic particle. For many authors, 

this force originates from the temperature gradient created 

in the particle by exothermic decomposition of the 

hydrocarbon at the exposed front faces and endothermic 

deposition of carbon at the rear faces, which are initially in 

contact with the support face [23,24]. Others ascribed the 

driving force to a concentration gradient [22,25]. 

However, because of a much lower surface energy of the 

basal planes of the graphite compared with the prismatic 

planes, it is energetically favorable for the filament to 

precipitate with the basal planes as the cylindrical planes 

[22]. The metal–support interactions are found to play a 

determinant role for the growth mechanism [22,26]. Weak 

interactions yield tip-growth mode whereas strong 

interactions lead to base-growth. Both growth modes are 

schematically shown in Fig. 4. 

This growth model for carbon filaments has been 

widely used for carbon nanotubes. However, the 

specificity of the growth of nanotubes on nanoparticles 

with regard to the growth of carbon filaments is their 

nanometer dimensions. The energetic argument of the 

precipitation of carbon on its low-energy basal planes is 

for example no longer valid since the curving of the 

graphite layers introduces an extra elastic term into the 

free-energy equation of nucleation and growth, leading to 

a lower limit of about 10 nm [20,22]. Other mechanisms 

are therefore necessary to explain the growth of CNTs, 

whose diameter can be much smaller than this lower size 

limit [27]. In the catalytic growth of CNTs, not the ‘‘fluid 

nature’’ of the metal particle as in the VLS model has to 

be considered but the chemical interactions between the 

transition metal 3d electrons and the π carbon electrons 

[28]. Nanoparticles exhibit a very high surface energy per 

atom. The carbon in excess present during CVD process 

could solve this energetic problem by assembling a 

graphene cap on the particle surface with its edges 

strongly chemisorbed to the metal. Since the basal planes 

of graphite has an extremely low surface energy, the total 

surface energy diminishes. This is the Yarmulke 

mechanism proposed by Dai et al. [29]. The hemifullerene 

cap so formed on the partially carbon-coated particle lifts 

off and additional carbon atoms are continuously added to 

the edge of the cap, forming a hollow tube with constant 

diameter which grows away from the particle [30]. The 

driving force for the lifting process is believed to originate 

from the free energy release due to relaxation of the strain 

built up in the carbon cap around the spherical surface of 

the catalyst nanoparticle when carbon fragments assemble 

to form a CNT [31,32]. 

 
Fig. 4. The two growth modes of filamentous carbon [20]. 

 

 

The finite solubility for carbon of 3d-metals in certain 

temperature ranges [20,33] may play an important part in 

the growth process, since, once the hydrocarbon molecules 

are broken, carbon atoms are believed to diffuse into the 

catalyst particle, leading to supersaturation of carbon in 

the metal, as explained above. This process can eventually 

yield formation of carbides. For the role of solubility of 

carbon in the metal catalyst, Kock et al. e.g. claimed that 

high carbide contents are required before nucleation of 

carbon filaments proceeds [34]. Fe3C has been detected 

during CNT growth process on iron nanoparticles and it 

was suggested that it may be the real catalyst [20,35,36]. 

In the VLS growth model, hydrocarbon dissociates to lead 

to formation of a metal carbide. This dissociation process 

requires a catalyst that is the metal. The next step of the 

growth process is carbon diffusion within the nanoparticle, 

followed by precipitation and CNT growth. If the driving 

force for carbon diffusion is a concentration gradient 

within the nanoparticle, the composition of the 

nanoparticle cannot be homogeneous, otherwise the 

catalyst would not be active anymore.  

İn this study, thick nanotubes were formed as product 

and we think that surface of nanotubes were coated by 

carbon. A disorganized carbon coating at the surface of the 

nanotubes, which thickness increases with the acetylene 

concentration (with decreasing velocity), is observed in the 

TEM 002 lattice fringes images. Hence, the diameter 

change of MWNTs produced on Fe catalyst is related to 

the formation of an amorphous carbon coating on the 

nanotubes surface. The linear variation of the nanotube 

diameter with the gas flow velocity suggests that the 

residence time of acetylene in the reactor is controlling the 

amount of disorganized carbon coating and thus the tube 

diameter.  

In addition, all of iron particle cannot be obtained the 

same size by ball milling process. So, milled powders 

contain higher sized particle and we think that the any 

thick nanotubes may grow on these coarse particles 
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Iron powders were milled by high energy ball milling 

in order to transform nano-sized iron particle. In addition, 

free energy of nano-sized iron particles were increased and 

transformation temperatures were decreased during 

milling process. In our experiments, γ-iron were formed at 

650 
o
C although α-γ transformation were taken place at 

727 
o
C. Supersaturating of carbon in nano-sized iron 

catalyst were exceedingly increased by ball milling 

process. We think that amorphous carbon coating at the 

surface of the nanotubes were increased because of the 

increasing carbon solubility of iron particles. 

Consequently, the acetylene concentration is more than 

enough for our experiments because of exceed increasing 

the carbon solubility of iron. 

 

 

4. Conclusion  
 

Iron particles sizes were decreased and the carbon 

solubility of iron were increased by milling process. Thin 

carbon nanotubes (about 15 nm) were obtained in 

experiments, but thick carbon nanotubes (about 60 nm) 

also formed. The surfaces of thick nanotubes were coated 

by amorphous carbon because of increasing the solubility 

of carbon in iron catalyst and acetylene concentration 

amount. 

Our studies continue for decreasing of nanotubes 

diameters, optimization of iron catalyst and decreasing of 

amorphous carbon.  
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