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The paper presents a comparative study between multiwall carbon nanotubes (MWCNT) grown by the two different versions of 
catalytic chemical vapor deposition (CCVD) method, namely: the classic method when the heating is performed by an external 
electrical furnace (EF-CCVD) and an original version of CCVD method based on induction heating and radio frequency (RF-CCVD) 
excitation of the catalyst system. Distinctive differences were observed in the MWCNTs grown by these two methods. RF-CCVD 
was also led to high quality single wall carbon nanotubes (SWCNT). Thermogravimetric analyses (TGA) and Raman spectra 
performed presented the differences among these methods. 

 
 

INTRODUCTION∗ 

Catalytic chemical vapor deposition (CCVD), 
out of all known synthesis methods, is probably the 
most promising method for growing carbon 
nanotubes (CNTs). The difference between the 
classic CCVD method, when the heating is 
performed by an external electrical furnace (EF) 
and the original version of CCVD method based on 
the induction heating and radio frequency (RF) 
excitation of the catalyst system, consists in the 
heat transmission mode. In case of EF-CCVD 
method the energy is generated by an external 
furnace that heats the catalyst from the exterior of 
the quart tube. By RF-CCVD method the catalyst 
is heated rapidly and equally by the boat at a 
constant temperature. The CNTs type and diameter 
are strongly dependent on the size and type of the 
metal particles in the catalyst. At high temperatures 
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the metal particle in the catalyst can migrate on the 
supporting matrix, disadvantage that can be 
avoided by using the RF-CCVD method.  

The catalyst systems usually used for CNTs 
production are composed of transition metal 
nanoparticles like Fe, Co, and/or Ni embedded 
within a supporting matrix as: MgO, Al2O3, SiO2, 
or zeolites.1,2 The carbon source can include a 
variety of gaseous or volatilized hydrocarbon 
compounds like: acetylene, methane, ethanol, 
hexane, diluted in carrier gas, usually N2, Ar, H2, 
in precise ratios are swept into the reaction 
chamber at controlled flow rates and 
temperatures.3,4 The CCVD method presumes the 
irreversible deposition of a solid phase from a 
gaseous phase or a gas mixture, through a 
heterogeneous chemical reaction.  

This present paper presents a comparative study 
between multiwall carbon nanotubes (MWCNT) 
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grown by the two different versions of CCVD 
methods, namely: (a) the classic method EF-
CCVD and (b) an the original version RF-CCVD 
(see Fig. 1). Distinctive differences were observed 
in the MWCNTs grown by these two methods.  

 

 
Fig. 1 – Schematic representation of RF-CCVD. 

 
RF-CCVD was performed also to obtain high 

quality single wall carbon nanotubes (SWCNT).  

RESULTS AND DISCUSSION  

The TGA analyses were performed to 
determine the purity and the burning temperature 

of the sample that depends on: the crystallinity 
degree, the possible defects in CNT walls, the 
impurities and the carbon type.5 Fig. 2 summarizes 
the results of the TGA analysis for MWCNTs 
showing the amounts of amorphous carbon 
generated as a function of reaction time for the two 
synthesis methods. It can be seen that after 20 min 
reaction time the EF process produced significantly 
greater amounts of amorphous carbon than the RF 
process. 

For SWCNTs, from the analysis of the two 
curves in the TGA (Fig. 3), it can be seen a single 
profile for the weight loss, that proves the 
existence of a single carbonic product in the 
sample.6 Also, no variation is detected in the 
thermogravimetrical curve in the temperature 
range of 300-400 ˚C that would correspond to the 
amorphous carbon decomposition.6,7 This certifies 
that the quantity of amorphous carbon obtained as 
a byproduct during the synthesis reaction is very 
low, thereby pinpointing one of the most important 
propriety of RF-CCVD synthesis method. 

 

 
Fig. 2 – Amount of amorphous carbon generated as a function 

of reaction time for two different heating methods. 
Fig. 3 – The TGA and the DTA analysis of purified SWNTs 
(red-after the first step-HCl) (black-after de second step-ox).    

 
The SWCNT purity after the first step of 

purification is 95.3% and after the second step of 
purification is 98.2%.  

Raman Spectroscopy is essential for carbon 
nanotubes characterization.  

The Raman spectra for MWCNT (Fig. 4) show 
all the characteristic bands corresponding to CNT 
with several numbers of walls, for bought synthesis 
methods: the D band (1350-1330 cm-1) associated 
with defects, vacancies, and carbonic impurities 

(amorphous carbon, glassy carbon); the G band 
(1500-1600 cm-1) arises from sp2 C crystalline 
structures and 2D band (2450-2650 cm-1) is 
associated with the degree of crystallinity of the 
graphitic layers.  

From the ratio of the intensities of the G to D 
bands it can be observed the increased crystallinity 
of the MWCNTs grown by RF (IG/ID=1.21) 
relative to those grown by EF(IG/ID=0.98). 
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Fig. 4 – Raman spectra at 633 nm for MWCNTs produced by 
RF-CCVD and EF-CCVD. 

    Fig. 5 – Raman spectra at 633 nm  
magnified RBM band for SWCNTs. 

 
The Raman spectra for SWCNT (Fig. 5) 

together with D, G and 2D band, reveals another 
band called the “radial breading mode” (RBM). 
The RBM is the real signature of the presence of 
SWCNT in a sample and strongly depends on the 
diameter and chirality of the nanotubes. The RBM 
frequency (ω) is inversely proportional to the CNT 
diameter that can be calculated with equation (1):8                    

 ( ) 5.12
)(

5.223
1 +=−

nmd
cmω        (1) 

Spectral position and corresponding diameter 
values for our SWNTs are represented in Table 1. 

 
Table 1 

Spectral Position and Corresponding Diameter Values 
from RBM band at  λexc= 633 nm 

ωRBM 

(cm-1) 
d 

(nm) 
192.4 1.24 
216.6 1.09 
250.7 0.94 
281.9 0.83 

 
The intensity of D band for SWCNT is low 

meaning that our SWCNT contain almost no 
defects and no carbonic impurities9 and from the 
ratio IG/ID=9.57 results that SWCNT have a very 
high crystallinity. 

 
EXPERIMENTAL 

1. Catalyst preparation 

1.1. The catalyst used for MWCNT synthesis is Fe-Co/CaCO3. 
This catalyst was prepared by impregnation method.10 Briefly, 
Fe(NO3)3·9H2O and Co(CH3-COO)2·4H2O salts were dissolved in 
distilled water and mixed with CaCO3 to a final ratio of 
Fe:Co:CaCO3 = 2.5:2.5:95 wt%. The water was removed by 
vacuum, followed by oven drying at 130 ˚C overnight.  

1.2. The catalyst used for SWCNT synthesis is Fe-Mo/MgO. In 
this case the catalyst was prepared by co-precipitation method. 
Bough, Fe(NO3)3·9H2O and Mg(NO3)2·6H2O salts were dissolve 
in ethanol. The (NH4)6Mo7O24·4H2O was dissolved in NH4OH 
(25%) and added to the previously mixture in droplets under 
constant stirring. The catalyst obtained was left to “age” and was 
filtered after 24h, followed by oven drying at 150 ˚C and finally 
annealed in air at 500 ˚C for 1h. The catalyst final ratio is 
Fe:Mo:MgO = 1.5:0.15:98.35 wt%. 

2. CNT synthesis 

2.1. For bought MWCNT synthesis methods, 100 mg of 
catalyst was spread in a thin layer onto a graphite boat which 
was subsequently placed inside of a quartz reaction tube and 
then the reaction tube was positioned inside either a tube 
furnace or a water cooled induction coil connected to an RF 
generator, so that the boat was approximately centered in the 
furnace or coil. The reaction tube was then purged with 
nitrogen flowing through at 200 mL/min for 10 min to remove 
the ambient air, and then heated at 720 ˚C. For RF the 
temperature fluctuations over the catalyst bed were found to 
be significantly smaller as compared with the EF heating 
process, RF induces the heat directly into the graphite boat, 
which supports the catalyst, allowing a more uniform (and 
faster if required) heating of the catalyst bed. For both RF and 
EF, once a stable reaction temperature was reached, acetylene 
was introduced at a rate of 3 mL/min while maintaining the 
flow of nitrogen at 200 mL/min.  
2.2. For SWCNT synthesis, 50 mg of catalyst was equally 
spread in the graphitic boat, and then the boat was positioned 
inside the water cooled induction coil connected to the RF 
generator. The reaction tube was then purged with argon 
flowing through at 120 mL/min in order to remove the 
ambient air, and then heated at 500˚C for 10 min. After that 
the temperature was increase at 850 ˚C and when the 
temperature was reached the acetylene gas with a flow rate of 
3 mL/min was released into the reaction tube. After 3 minutes 
the synthesis of SWCNT is done.  

3. SWCNT purification  

The SWCNT were purified in two steps. In the first step, 
right after the synthesis, the SWCNT are mix with HCl and 
sonicated for 15 minutes in a bath type sonicator. The 
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carbonaceous products obtained were purified in a Soxhlet 
apparatus with HCl (1:1) for 24 h, washed with distilled water, 
and dried overnight at 150 ˚C.   

In the second step of purification the SWCNT are oxidized 
in air at 450 ˚C, for 20 minutes to uncover the metallic 
particles hidden in the nanotubes walls by burning the 
surrounding carbon and to burn the amorphous carbon. The 
purification continues with sonication in HCl for 15 minutes, 
for dissolution of the metal particles uncovered in the 
oxidation process, followed by filtration, washing with a large 
quantity of water and drying at 120 ˚C. 

4. Thermogravimetrical Analysis  

Thermogravimetrical analyses (TGA) were performed on 
SDT Q600 form TA Instruments. For MWCNT the samples 
were heated from 25 ˚C to 850 ˚C with a heating rate of 
5˚C/min, in air with a flow rate of 150 mL/min. 

TGA for SWCNT was performed on purified SWCNT in 
the temperature range of 25-750 ˚C, with a heating rate of 
5˚C/min, in air with a flow rate of 100mL/min.   

5. Raman Spectra 

The morphology of purified SWCNTs and MWCNTs 
prepared in bought ways was investigated by Raman 
spectroscopy, which was performed at room temperature using 
the Jasco NRS-3300 Raman Spectrometer with a 633 nm laser. 

CONCLUSIONS 

The RF process is responsible for faster growth 
rates of CNTs because the catalyst stays active for 
much longer period of time. The CNTs synthesized 
by RF have better crystallinities, exhibit significantly 
smaller amounts of amorphous carbon. By using  
the RF method the energy consumption is lowered  
2-3 times.  
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