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Abstract 

We evaluated the effect of Fe/Alumina Catalyst contained different Cadmium 

contents and two synthesis temperatures on producing carbon nanotubes by chemical 

vapor deposition of methane as a feedstock.  X-ray powder diffraction (XRD), N2 

adsorption-desorption, scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), Raman spectroscopy and Thermogravimetry analysis (TGA) were 

used for characterizing of synthesized catalysts and carbon nanotubes.  Raman spectrum 

confirmed the presence of carbon nanotubes. TGA showed larger deposited carbon 

nanotubes in certain cadmium contents and higher synthesis temperature of 950 °C. 

Based on morphological assessment in SEM images, the increase in cadmium content 

leads to the decrease in diameter of resulted carbon nanotubes 
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Introduction 

After the first report of carbon nanotubes (CNTs) 

discovery by Ijima [1], owing to the unusual structural, 

electrical, mechanical and thermal properties[2], they 

become one of the most attractive nanomaterials that 

fascinated a lot of research groups in the various 

scientific fields to study their synthesis and potential 

applications such as catalyst, sensors, nanocomposites, 

and drug delivery [3-7]. CNTs can be produced with 

diverse synthesis methods[8], such as arc discharge[9], 

laser ablation[10] and catalytically chemical vapor 

deposition (CCVD) [11, 12]. Problems associated with 

carbon nanotube growth onto large areas and at low 

temperatures constitute one of the main obstacles for the 

development of all their potential applications. 

Chemical vapor deposition is the preferred method with 

respect to the capability of large scale production, 

simple and economical procedure, low synthesis 

temperature requirement and the ability to production 

different required amounts of CNTs.  

CCVD method comprises the growth of carbon 

nanotubes by decomposition of various hydrocarbons in 

the presence of metallic catalysts. As a hydrocarbon 

source, methane, carbon monoxide, acetylene and 

alcohol are used and Among them, methane is mostly 

used due to its thermal stability and small self-pyrolysis 

which causes less formation of amorphous carbon[11]. 

One of the key parameter to synthesize CNTs by CCVD 

method is appropriate selection of metals as a catalysts 

[13]. During catalytic chemical vapor deposition, CNTs 

grow by the catalytic decomposition of acetylene gas 
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over the metal particles. Transition metals have been 

widely used either in oxide or in metallic forms or as 

mixtures. Until now, the most investigated catalysts are 

Fe [14, 15], Ni [16, 17], Co [18, 19]. In addition to 

using one metal as a catalyst, combination of two 

different metals have been frequently employed as a 

catalyst such as Fe/Pt, Fe/Ni, Pd/Cr and etc. The 

mixture of transition metals was shown to have 

beneficial effects on the produced CNTs [20-23]. 

Catalysts are usually supported over solid matrix such 

as mesoporous silica, alumina and MgO play important 

rule in growing CNTs. Among those matrix, alumina 

mainly have been chosen based on high specific surface 

area, high thermal stability and bonding strongly with 

catalyst particles, which the last one can hinder metal 

particle agglomeration [24]. In spite of extensive efforts 

devoted to obtain carbon nanotubes, optimal conditions 

of carbon nanotube synthesis have remained under 

investigation. Moreover, very limited studies have been 

reported about synthesizing CNTs with metal transition 

mixture as a catalyst. Therefore, there is still a lot of 

room to evaluate and insight into of the effects of 

various combinations of transition metals for producing 

carbon nanotubes.  

Hence, we decided to evaluate the influence of 

Cadmium loading onto Fe/Alumina catalyst on the 

growth of CNT in CVD of methane. Fe is well known to 

be used as a catalyst to synthesis of carbon nanotubes. 

Here, cadmium in combination with Fe is used to study 

effects of cadmium in terms of quantity and quality of 

produced CNTs. We also examined the influence of two 

synthesis temperatures, i.e. 850 and 950 °C, on the 

quantity and quality of the obtained CNTs. 

  

Materials and Methods 

Materials 

The chemicals, including Fe(NO3)3.9H2O (Merck), 

Cd(NO3)2.4H2O (Merck), Methanol (Merck), Methane 

(99.99%), and Alumina (Djajarm-Iran, specific surface 

area : 55 m
2
/g) were used as received.  

 

Preparation of the catalysts 

Catalysts were prepared according to ref.[15] with 

some modifications. In all catalysts, the amount of iron 

salt and alumina were kept constant but the amount of 

cadmium salt was systemically varied to obtain different 

Fe-Cd molar ratios. First of all, Fe(NO3)3.9H2O (0.05 

M) and a series of Cd(NO3)2.4H2O solutions (0.0125, 

0.025, 0.05, 0.1 and 0.2 M) were prepared in methanol. 

Then, alumina powder (1g) was stirred with 15 ml of 

Fe(NO3)3.9H2O 0.05M  and 15 ml of Cd(NO3)2.4H2O 

0.0125M, 0.025M, 0.05M, 0.1M, 0.2M at room 

temperature followed by evaporating solvent. The 

resultant solids were dried overnight at 150 °C, 

grounded into a fine powder. Finally, all catalysts were 

calcined in air at 500 ºC for 8h. Table 1 provides the list 

of prepared catalysts along with their corresponding Fe-

Cd molar ratios.  

 

Carbon nanotube synthesis 

Carbon nanotubes were synthesized according to 

ref.[15]. Figure 1 shows the schematic representation of 

the experimental setup. Typically, 0.3 g catalyst powder 

was placed in a crucible boat within a quartz tube which 

was located in furnace. Furnace was heated up from 

room temperature to desired temperature (850 and 950 

°C) under argon atmosphere. Once the desired 

temperature was reached, the flow was switched to the 

methane for 1h. After that time, furnace was cooled to 

room temperature under argon atmosphere. Hereafter, 

we refer to the synthesized CNTs as CdxTy where x 

represents the Cadmium concentration (in mol/L) and y 

represents the synthesis temperature.  

 

Characterization methods 

N2 adsorption–desorption isotherms were measured 

using BELSORP-miniII at liquid nitrogen temperature 

(-196 °C). All samples were degassed at 300 °C for 3 h 

under nitrogen gas flow prior to analysis. The specific 

surface area was calculated using the Brunauer– 

Emmett–Teller (BET) method. The BJH pore size 

Table 1. The list of prepared catalysts and corresponding 

Fe-Cd molar ratios. 

Catalysts Cd-Fe Molar ratio 

Cd0.0125Fe/alumina 1:4 

Cd0.025 Fe/alumina 1:2 

Cd0.05Fe/alumina 1:1 

Cd0.1Fe/alumina 2:1 

Cd0.2Fe/alumina 4:1 

 

 

 
Figure 1. Schematic representation of the experimental 

setup. 
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distributions also calculated based on sorption data. X-

ray powder diffraction (XRD) patterns were obtained on 

a Philips X’PERT diffractometer using Cu Kα radiation 

at 40 kV and 40 mA. Scanning electron microscopy 

(SEM) was carried out on a LEO 1445V microscope. 

Transmission electron microscopy (TEM) was 

performed on a Philips EM208 under an acceleration 

voltage of 80 kV. Samples were dispersed in ethanol by 

using an ultrasonic bath, and a droplet of that 

suspension was placed on a lacey carbon-coated copper 

grid for analysis. Thermogravimetric analysis (TGA) 

was carried out in NIETZSCH STA 409 PC/GP 

instrument from ambient temperature to 1000 °C, using 

a ramp rate of 10 °C/min. Raman spectra were recorded 

using a Bruker SENTERRA Raman microscope 

equipped with a 785 nm laser and CCD detector.  

 

Results and Discussion 

Catalyst Characterization 
Figure 2 shows the XRD patterns of alumina and 

catalysts. The patterns of the prepared catalysts are 

similar to the originial alumina which indicates that the 

insertion of metal species into the alumina structure 

unaffect the crystalline structure of alumina in catalysts. 

Since the intensity of alumina peaks dramatically 

decreased, we assumeed that the metal particles were 

substituted in alumina lattice causing the lowering of 

overall crystallinity of alumina. Furthermore, the most 

intense peaks attributed to the iron and cadmium oxide 

are located at 2θFe = 33, 34 and 55 and 2θCd=33, 38 and 

55 and these peaks didn’t presents in XRD patterns of 

catalysts because iron and cadmium metals are in small 

amount in catalysts in comparison with alumina.  

 

Figure 3A shows N2 adsorption – desorption 

isotherms of catalysts. As it reported before[15] alumina 

exhibits a type IV IUPAC standard isotherm implying 

mesoporosity in alumina. All the catalysts preserved this 

type of isotherm which confirmed the original structure 

of alumina in catalysts unchanged during preparation 

steps. Nevertheless, the increase in cadmium 

concentrations led to the decrease in the height of the 

adsorption-desorption isotherms. We explained this 

observation based on covering of active adsorption sites 

of alumina by loading metal particles on the surface and 

into the pores of alumina which resulted in decreasing 

capability of alumina to uptake the gas.  

Table 2 shows the Specific surface area and pore 

volume of the alumina and catalysts. The insertion of 

cadmium and iron species into the structure of alumina 

caused the decrease in the specific surface area and the 

accessible pore volume of alumina.  

 

 

 
Figure 3. XRD patterns of (a) alumina, (b) 

Cd0.0125Fe/alumina, (c) Cd0.025Fe/alumina, (d) 

Cd0.05Fe/alumina. 

 

 
Figure 2. (A) N2 adsorption-desorption and (B) BJH pore 

size distributions of (a) alumina, (b) Cd0.0125-Fe/alumina, 

(c) Cd0.025-Fe/alumina , (d) Cd0.05-Fe/alumina , (e) Cd0.1-

Fe/alumina, (f) Cd0.2-Fe/alumina 

 

 

Table 2. Structural properties of the catalysts. 

Catalysts SBET 

(m2/g) 

pore volume 

(cm3/g) 

average pore 

diameter (nm) 

Cd0.0125-

Fe/alumina 

45 0.1685 14.923 

Cd0.025 

Fe/alumina 

42 0.1580 14.993 

Cd0.05Fe/alu

mina 

37 0.1503 16.136 

Cd0.1Fe/alum

ina 

36 0.1404 16.677 

Cd0.2Fe/alum

ina 

26 0. 

1084 

16.497 

Alumina 52 0.2023 15.477 
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Figure 3B presents the BJH pore size distributions of 

alumina and catalysts. It shows that Increasing in 

cadmium concentration gradually narrowed and shifted 

the pore size distributions to the smaller diameters 

confirming successfully insertion of particles into the 

pores of alumina in catalysts.   

 

CNT characterizations 

We assessed the morphology of produced CNTs by 

scanning electron microscopy (SEM). Figure 4 and 5 

give the SEM images of the prepared CNTs over the 

catalysts at the synthesis temperatures of 850 and 950 

°C for, respectively. As it can be seen, changing both 

parameters, i.e. synthesis temperature and Cd 

concentrations, affected the morphology and amount of 

the deposited CNTs. The higher amount of CNTs was 

observed at 950 °C. In addition, the complicated 

morphologies was observed for the synthesized CNTs 

over catalysts with low Cd contents (Fig5a,b) and the 

straight CNTs was observed over catalysts with higher 

content of Cd (Fig5d,e).  

Figure 6 provides the corresponding histogram of 

outer diameter distributions for the samples in Figure 5. 

The diameter averages of CdxT950 are 41 nm (Cd0.2), 55 

 
 

Figure 4. SEM images of (a) Cd0.2T850, (b) Cd0.1T850, (c) Cd0.05T850, (d) Cd0.025T850, (e) Cd0.0125T850. 
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nm (Cd0.1 and Cd0.05), 57 nm (Cd0.025) and 62 nm 

(Cd0.0125). As a result, increasing of the cadmium 

content in catalysts led to the decrease in the average 

diameter of CNTs. Therefore, we would suggest that 

cadmium particles could prevent the agglomeration of 

catalyst particles, because diameter of CNTs is 

controlled by the size of catalyst particles[25]. The 

lengths of CNTs in all CdxT950 were distributed mainly 

in the range 0.5 – 1 µm. The TEM images of unpurified 

Cd0.05T950 are given in Figure 7. Nanosized particles 

within nanotubes are seen in this figure that most likely 

are catalyst particles. Also, the contrast between dark 

wall and gray inside can prove that synthesized 

materials are nanotubes and not nanofibers. 

Figure 8 shows Raman spectra of the Cd0.1T850 and 

Cd0.1T950 samples. The main peak of around 1600 and 

1350 cm
-1

 correspond to the G – band ( Raman allowed 

optical mode E2g), an intrinsic feature of carbon 

nanotubes,  and the D – band (originated from disorder 

in the sp
2
-hybridized carbon atoms), attributed to 

presence defects in the nanotube or the existence of 

amorphous carbon[26, 27], respectively. The existence 

of both D and G bonds to gather in Raman spectra 

confirms that Multi-walled carbon nanotubes were 

 
Figure 5. SEM images of (a) Cd0.2T950, (b) Cd0.1T950, (c) Cd0.05T950, (d) Cd0.025T950, (e) Cd0.0125T950. 
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produced rather than single-walled carbon nanotubes. It 

can be due to the size of catalyst particles which they 

were too large to produce single-walled carbon 

nanotubes. Furthermore, the intensity of the G-band for 

synthesized CNT at 950 °C was higher than the one 

synthesized at 850 °C which indicated the CNT 

produced at 950 °C might contain more degree of 

graphitization, i.e. the amount of defects or amorphous 

carbon in the produced CNTs at 950 °C is smaller than 

that of produced in 850 °C.   

The TGA profiles of the unpurified samples of 

Cd0.1T850 and Cd0.1T950 are presented in Figure 9. 

Typically, the weight losses in the ranges of 300 – 400 

°C and T>400 °C are assigned to the elimination of 

amorphous carbon and to the oxidation of CNTs, 

respectively. Subtracting of the values of weight loss 

from T400 °C to T700 °C for weight loss percentage 

on temperature axis of diagrams at were given in Table 

3. As it can be seen, the yield of resultant CNTs for 

CdxT950 is larger than those of CdxT850 (Figure 8). It can 

be proposed that raising reaction temperature to 950 ºC 

caused in more methane decomposition to the carbon 

species. Consequently, more carbon species will be 

available in the vapor phase to diffuse into molten 

catalyst particles, based on the Vapor-Liquid-Solid 

Figure 6. Histograms of  outer diameter distributions of (a) 

Cd0.2T950, (b) Cd0.1T950, (c) Cd0.05T950, (d) Cd0.025T950 and 

(e) Cd0.0125T950. 

 

 
Figure 7. TEM image of Cd0.05T950. 

 

 
Figure 8.  Typical Raman spectrum of (a) Cd0.1T950 (solid 

line) and (b) Cd0.1T850 (dash line). 

 

 
Figure 9. TGA/DTG curves of unpurified samples of (A) 

Cd0.1T850 and (B) Cd0.1T950. 
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(VLS) mechanism[28, 29]. Then, more number of 

catalyst particles could become activated and get 

participated in CNTs growth resulting higher amount of 

CNTs. Furthermore, the yield of resultant CNT was 

almost increased by increasing Cadmium content of 

catalysts, so the largest yield of produced CNTs results 

from Cd0.2 with largest cadmium content. It can be 

supposed that carbon nanotube growth is promoted by 

cadmium metal. Further, there is not noticeable weight 

loss in range of 300 – 400° inferred little amorphous 

carbon produces using methane as carbon feedstock, as 

it observed in Figure 10.  

 

Conclusion 

The use of Fe-Cd/alumina was reported for CNT 

growth in CVD of methane. The effects of cadmium 

loading and synthesis temperatures were studied. Cd-

Fe/alumina catalysts with different molar ratios of Fe-

Cd (4:1, 2:1, 1:1, 1:2 and 1:4) were prepared and 

characterized by XRD and N2 adsorption - desorption. 

Deposited carbon was characterized by SEM and TEM 

microscopy, Raman spectroscopy and TGA analysis. 

The SEM images showed that the morphology of as-

synthesized CNTs were dependent on the concentration 

of cadmium metal, e.g. as the concentration of cadmium 

was increased, the outer diameter of resultant CNTs was 

moderately decreased. The Raman spectroscopy besides 

TEM analysis confirmed the successful synthesis of 

carbon nanotubes. TGA analysis revealed that by 

increasing cadmium loading (above 1:1 molar ratio), 

deposited carbon are increased. In respect of largest 

yield and lowest diameter, Cd0.2Fe/alumina catalyst with 

highest molar ratio of cadmium content was the most 

active catalyst and the use of Cd0.2-Fe/alumina at the 

synthesis temperature of 950 °C was found to be 

optimum condition to obtain CNTs. In comparison with 

reported results of using Fe as a catalyst by Zarabadi-

poor and et.al[13], which was done in the same 

procedures, it does appear that Cadmium make an 

effective additive, because in the same Fe concentration, 

the quantity of deposited carbon nanotube over Cd-

Fe/Alumina with 0.05 M of Cadmium was increased. 

The use other substrate materials such as MCM-41, 

LUS-1 and SBA-15 which they possess high specific 

surface area is proposed to study the effect of support 

structure and pore diameter on the quality and quantity 

of the synthesized carbon nanotubes in the future works. 
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