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CHAPTER 4 

Results and Discussion 

4.1        Introduction 

First section in this chapter focuses on Fe and Co catalyst characterization; SEM 

micrographs were used to determine catalyst morphology. In this section, CNT growth 

and pretreatment atmosphere is discussed to obtain high quality CNT. After determining 

best pretreatment and growth atmosphere; in the following section the effect of acetylene 

flow rates on the CNT growth is examined, and this followed by a part which is about the 

effect of growth temperature on the yield and quality of CNTs. At the last part, each Fe 

and Co surface roughness, fractal analysis, and growth time effect on CNTs were 

discussed.  

4.2 SEM measurements of Fe carbon nanotubesCNTs growth 

 
The following SEM images scanned gives information about the Fe catalyst and the CNT 

growth in this study. SEM images have been shown at different scales. We obtained four 

sub-images of Fe CNTs after produced and annealed at different temperatures 450ºC, 

650ºC, 850ºC, and 950ºC and gases flow rates 10,20,30,40sccm C2H2, 50sccm H2, 

100sccm Ar respectively. It was observed that catalyst material consist of quite large 

particles. Particles sizes were in the range of 40- 250μm. And the iron nanotube diameter 

was found at range 2~3nm. Therefore, we observed the Fe catalyst particle size 

proportional with CNTs growth and heating variations at LPCVD system and gases of 

H2, C2H2, Ar different flow rates. Hence, we divided our sixteen sample results into four 

figures based on gases flow rates sccm and temperatures variations. At each experiment 

of Fe CNTs, the pressure is constant at 30 torr and growth time constant at 20 minutes. 

The changes occurred only on temperatures and acetylene rates. As a conclusion in this 

work, we found optimum Fe CNT growth shown in figure 4.3.2 at 950 ºC and gases flow 

rates of 20 sccm C2H2, 50 sccm H2, 100 sccm Ar. Hence, we applied fractal analysis on 

this figure precisely.    
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4.2.1 Fe CNTs SEM Scanned Images Results  

In figures 4.2.1 to figure 4.2.4 one obtained four SEM scan sub images results of sixteen 

samples of Fe CNTs after produced and annealed at different temperatures 450ºC, 650ºC, 

850ºC, and 950ºC followed by different gases flow rates of acetylene (10, 20, 30, 40sccm 

C2H2 ),  50 sccm H2, and 100 sccm Ar respectively. The pressure is constant at 30 torr 

and constant growth time at 20 minutes. In this work, we found optimum Fe CNT growth 

at scanned image at 950 ºC where one select it to apply fractal analysis. In other results 

consists of carbon nanotubes occurred at different temperature and acetylene rate for 

example figure 4.2.1 shown clear Fe, CNTs consist at 450ºC. Figure 4.2.2, Fe CNTs 

observed at 950ºC, it was optimum results in this experiment. Figure 4.2.3 and figure 

4.2.4 results shown Fe CNTs growth samples seems like in a cluster shapes.   

         

(a)                                                                  (b) 

             

((cc))                                                                                                            ((dd))  
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FFiigguurree  44..22..11::  SSuubbddiivviiddeedd  SSaammpplleess  ooff  Fe CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº  

Annealed at a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 10 C2H2 , 50 

sccm H2, and 100 sccm Ar respectively.  

         

                                             (a)                                                                       (b) 

             

((cc))                                                                                                        ((dd))  

FFiigguurree  44..22..22::  SSuubbddiivviiddeedd  SSaammpplleess  ooff  Fe CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº  aannealed at 

a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 20 C2H2 , 50 sccm H2, and 

100 sccm Ar respectively.  
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.          

(a)                                                        (b) 

         

     (c)                                                       (d) 

FFiigguurree  44..22..33::  SSuubbddiivviiddeedd  SSaammpplleess  ooff  Fe CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº..Annealed at 

a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 30 C2H2 , 50 sccm H2, and 

100 sccm Ar respectively.  

        

(a)                                                              (b) 



30 
 

         

     (c )                                                              (d) 

FFiigguurree  44..22..44::    SSuubbddiivviiddeedd  SSaammpplleess  ooff  Fe CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº..Annealed at 

a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 40 C2H2 , 50 sccm H2, and 

100 sccm Ar respectively.  

44..33  TThhee  ffrraaccttaall  ddiimmeennssiioonnss  ffoorr  FFee  CCNNTTss  ssccaannnneedd  iimmaaggeess--  
FFiigguurree  44..22..22..  
We selected optimum results here to apply fractal analysis represented in FFiigguurree  44..22..22  Fe 

CNTs samples. The fractal dimensions of the pores were estimated using the Image 

J1.29x analysis program. Figures 4.3.1 plots the logarithm of the number of self-similar 

Fe CNTs nanoparticles (log NSP) versus the logarithm of the magnification factor of self-

similar pores (log MF). It found linear relationships with their slopes giving the fractal 

dimensions (Dd) of the Fe CNTs. The values of fractal dimension Dd varied from 1.62 to 

1.8 respectively compared with SEM average CNTs diameter range between 2~3 nm. 

These results are   presented in Table 4.4. Figures 4.4.1 & 4.4.2 shows each sample was 

subdivided into four digital images of [250 X 250] pixel. And then we applied image J 

program on scanned images. So, the average of these samples will represent the expected 

variation of fractal dimension and the pore size distribution in each sample. Fractal 

dimension of each subdivided samples of microstructure images of iron CNTs surface 

sub-particles sizes /Aº.    
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FFiigguurreess  44..33..  FFrraaccttaall  ddiimmeennssiioonn  ooff  eeaacchh  ssuubbddiivviiddeedd  aanndd  ttrreeaatteedd  mmiiccrroossttrruuccttuurree  IImmaaggeess  ooff  

Fe CNT surface samples of figure 4.3.2 Sub-ppaarrttiiccllee  ssiizzeess..  
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FFiigguurreess  44..33  FFrraaccttaall  ddiimmeennssiioonn  ooff  eeaacchh  ssuubbddiivviiddeedd  aanndd  ttrreeaatteedd  mmiiccrroossttrruuccttuurree  IImmaaggeess  ooff  

Fe CNT surface samples of figure 4.3.2 Sub-ppaarrttiiccllee  ssiizzeess..  
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Table 4.4  
Summarized measurements of Fractal dimensions of treated Fe CNTs microstructure 

surface, subdivided into five samples (sample A.1 to D.1) (Fe CNTs Sub-particle 

sizes/Aº: 

Fe CNTs 

Samples 

Fractal Graphic Band 

Widths BW (n) 

Regressions Equations  

of each Sample 

Regressions 

Equation Values 

of each Sample 

     X 

Values 

      Y 

Values 

  X1   Y1 

Sample A.1 -0.46 7 y = 0.9724X + 7.536 -0.46 7.089 

Sample B.1 -0.42 10  y = 1.4925 X+ 11.612 -0.42 10.99 

Sample C.1 -0.42 7 y = 1.0403X + 7.822 -0.42 7.39 

Sample D.1 -0.42 6.6 y = 1.3011X+ 8.155 -0.42 7.61 

 

4.4.1. Fe CNTs Analysis Fractal Dimension (Dd) Results of graphic Samples above 

of box counting Self similar value numbers In(S) and the nanoparticle 

Dimension Axises values In(n): 

 

In(S) 

 

In(n) 

-0.46 7.089 

-0.42 10.98 

-0.42 7.385 

-0.42 7.609 
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FFiigguurree  44..44  ::  Fe CNTs Analysis fractal Dimension (Dd) Results of treated graphic 

samples shown above as a Box counting Self similar numbers In(S) functioned on 

nanoparticle dimension axises numbers In(n). 

4.5  Surface roughness of treated Fe CNTs microstructure 
samples of FFiigguurree  44..22..22: 
The surface roughness of treated iron CNTs microstructure of each sample shown in 

Figure 4.6. It is determine the variations of carbon nanotubes of formation density and 

changeable parameters of heating and gases flow rates. We observed it from untreated 

surface area condensed carbons (In black) and treated surface (In white).    
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Figure 4.5. Surface Roughness of Fe CNTs treated microstructure sub-particle sizes/Ẳ of 

figure 4.3.2   

4.6 SEM measurements of Co carbon nanotubes CNTs growth  
The following SEM images scan bellow gives information about the Co catalyst obtained 

and used for CNT growth in this study. Figure 4.6.1 to Figure 4.6.4 shows SEM images 

at different scales. We obtained four images of Co CNTs after produced and annealed at 

different temperatures 450ºC, 650ºC, 850ºC,and 950ºC and gases flow rates 10,20,30,40 

sccm C2H2, 50sccm H2,100sccm Ar respectively. It was observed that catalyst material 
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consist of quite large particles. Particles sizes were in the range of 40- 250μm. And the 

cobalt nanotube diameter was found at range 2~3nm. Therefore, we observed the Co 

catalyst particle size proportional with CNTs growth and heating variations at LPCVD 

system and gases of H2, C2H2, Ar at different flow rates. Hence, we divided our 

experimental imaging results into four samples based on gases flow rates sccm and 

temperatures variations. At each experiment of Co CNTs, the pressure is constant at 30 

torr and growth time is constant at 20 minutes. The changes occurred only on 

temperatures and acetylene rates. As a conclusion in this work, we found optimum Co 

CNT growth results at figure 4.6.2, scanned image at 650 ºC and gases flow rates were 20 

sccm C2H2, 50 sccm H2, 100 sccm Ar.  

4.6.1 Co CNTs SEM Scanned Images  

We obtained four SEM scanned sub images of Co CNTs after produced and annealed at 

different temperatures 450ºC, 650ºC, 850ºC, and 950ºC followed by different gases flow 

rates of acetylene (10, 20, 30, 40sccm C2H2 ),  50 sccm H2, and 100 sccm Ar respectively. 

The pressure is constant at 30 torr and constant growth time at 20 minutes. In this work, 

we found optimum Co CNT growth at scanned image in figure 4.6.2; at 650 ºC where we 

were selected for fractal analysis methods. In other figures consists of carbon nanotubes 

occurred at different temperature and acetylene rates for example figure 4.6.1 clear Co 

CNTs examined at 450ºC scanned images. Figure 4.6.2 Co CNTs observed at 950ºC 

scanned image, it was optimum results in this experiment. Figure 4.6.3 and figure 4.6.4 

Co CNTs growth samples examined like in a cluster shapes.  
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(a)                                                              (b) 

             

                                  (c )                                                                            (d) 

FFiigguurree  44..66..11::    SSuubbddiivviiddeedd  SSaammpplleess  ooff  CCoo CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº..Annealed 

at a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 10 C2H2 , 50 sccm H2, 

and 100 sccm Ar respectively.  

.  
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(a)                                                                    (b) 

 

                
                         (c )                                                                      (d) 

  

FFiigguurree  44..66..22::  SSuubbddiivviiddeedd  SSaammpplleess  ooff  CCoo CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº..Annealed at 

a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 20 C2H2 , 50 sccm H2, and 

100 sccm Ar respectively.  

.  
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(a)                                                    (b) 

            

                     (c)                                                       (d) 

FFiigguurree  44..66..33::  SSuubbddiivviiddeedd  SSaammpplleess  ooff  CCoo CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº..Annealed at 

a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 30 C2H2 , 50 sccm H2, and 

100 sccm Ar respectively.  

.  
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(a)                                                        (b) 

       

                        (c)                                                     (d) 

FFiigguurree  44..66..44::  SSuubbddiivviiddeedd  SSaammpplleess  ooff  CCoo CNTs surface sub-ppaarrttiiccllee  SSiizzeess//AAºº..Annealed at 

a(450ºC),b (650ºC), c(850ºC), and d(950ºC), and gases rates, 40 C2H2 , 50 sccm H2, and 

100 sccm Ar respectively. 

4.7 The fractal dimensions for Co scanned images of figure- 
4.6.2  
We selected optimum results here to apply fractal analysis represented in figure 4.6.2. Co 

CNTs samples. The fractal dimensions of the pores were estimated using the Image 

J1.29x analysis program. Figures 4.7 plots the logarithm of the number of self-similar Co 

CNTs porosity (log NSP) versus the logarithm of the magnification factor of self-similar 
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pores (log MF). It found linear relationships with their slopes giving the fractal 

dimensions (Dd) of the Co CNTs. The values of fractal dimension Dd varied from 1.62 to 

1.8 respectively compared with SEM average CNTs diameter range between 2~3 nm. 

These results are   presented in Figures 4.8 shows each sample was subdivided into four 

digital images of [250 X 250] pixel. And then we proceed image J program on scanned 

images. So, the average of these samples will represent the expected variation of fractal 

dimension and the pore size distribution in each sample. Fractal dimension of each 

subdivided samples of microstructure images of cobalt CNTs surface sub-particles sizes 

/Aº.    
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FFiigguurreess  44..77::      FFrraaccttaall  ddiimmeennssiioonnss  ooff  eeaacchh  ssuubbddiivviiddeedd  ssaammpplleess  ooff  ffiigguurree  44..66..22  

mmiiccrroossttrruuccttuurree  IImmaaggeess  ooff  cobalt CNTs surface sub-ppaarrttiiccllee  ssiizzeess//AAºº  

4.8 Surface roughness of treated cobalt CNTs microstructure 
Samples of figure 4.6.2 
The surface roughness of treated cobalt CNTs microstructure for each Sample of Figure 

4.6.2. It is determine the variations of carbon nanotubes of formation density and 

changeable parameters of heating and gases flow rates. We observed it from condensed 

of carbons (In black) on the untreated surface area and (In white) for treated surface.    
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Figure 4.8: Surface Roughness of cobalt CNTs treated microstructure figure 4.6.2. Sub-

particle sizes/Ẳ  
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4.9 Discussion  
In the first part, gas composition effect during both growth and catalyst pretreatment 

processes was examined main four different growth condition of Fe or Co catalysis for 

each growth condition for acetylene rates were (10sccm, 20sccm, 30sccm, and 40sccm) 

and 100sccm argon and 50sccm hydrogen. Then, the temperature effect was investigated 

for main four different temperature values, 450ºC, 650ºC, 850ºC, 950ºC respectively. For 

iron CNTs growth SEM pictures in figure 4.2.1where acetylene rate was 10sccm, 

temperatures was 450ºC, 650ºC, 850ºC, 950ºC. It has shown clear CNTs growth at 

450ºC. Figure 4.2.2, where acetylene rate was 20sccm, temperatures was 450ºC, 650ºC, 

850ºC, 950ºC, perfect Fe CNTs growth observed at 950ºC, it was optimum results in this 

experiment. Figure 4.2.3 and figure 4.2.4 where acetylene rate was 30, 40sccm, 

temperatures was 450ºC, 650ºC, 850ºC, 950ºC respectively,  results shown Fe CNTs 

growth samples seems like in a cluster shapes.   

In second part, For cobalt CNTs growth SEM pictures in figure 4.6.1where acetylene rate 

was 10sccm, temperatures was 450ºC, 650ºC, 850ºC, 950ºC. It has shown clear CNTs 

growth at 850ºC. Figure 4.6.2, where acetylene rate was 20sccm, temperatures was 

450ºC, 650ºC, 850ºC, 950ºC; perfect Co CNTs growth observed at 650ºC, it was 

optimum results in this experiment. Figure 4.6.3 and figure 4.6.4 where acetylene rate 

was 30, 40sccm, temperatures was 450ºC, 650ºC, 850ºC, 950ºC respectively,  results 

shown Co CNTs growth samples seems like in a cluster shapes. 

Also; our analysis revealed random distributions of Fe and Co catalyst Nanoparticles 

which mean coverage on the microstructure carbon nanotubes CNTs Surface. Highly 

multi-walled Fe and Co CNTs obtained as a result of the Fe or Co Nanoparticles porosity 

distribution associated with their different particle sizes surface area. Surface Roughness 

of Fe or Co CNTs increased with increasing Fe or Co particle sizes associated with their 

fractal dimensions. Fractal means pore distribution on the surface area. There are a linear 

relationship was observed between fractal dimension of Fe or Co CNTs with its particle 

sizes shown in plot the logarithm of the number of self-similar pores (log N) versus the 

logarithm of the magnification factor of self-similar pores (log M). The relationships are 

linear with their slopes giving the fractal dimensions (Dd) of the pores.  The values of Dd 
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varied from 1.65 to 1.85 for the Fe and Co carbon nanotubes at 950C And 650C 

respectively. Also; it was observed that catalyst material consist of quite large particles. 

Particles sizes were in the range of 40- 250μm. And the iron and cobalt nanotubes 

diameter was found at range of 2~3nm. Therefore, the Fe or Co catalyst particle size 

proportional with CNTs growth and heating variations at LPCVD system and gases of 

H2, C2H2, Ar different flow rates.   

In previous study, the density and quality of CNTs decreased with increasing acetylene 

rates and temperatures variations. Gas composition effect during both growth and catalyst 

pretreatment processes was examined for three different growth condition and four 

different pretreatment conditions for each growth condition and used gases were argon 

and hydrogen. They used 200, 150 and 100sccm H2 flow rates were examined. And it 

was seen that some disorder started to seem with decreasing hydrogen rate and  an 

increase in the density of CNTs occured with decreasing hydrogen rate. Then, the 

temperature effect was investigated for four different temperature value, 850ºC, 900ºC, 

950 ºC, 1000 ºC. Temperature study showed that CNTs quality increased with increasing 

temperature. However, the results for yield were different. In this study, was seen that 

950ºC was optimum temperature to obtain high yield for Fe CNTs at 20sccm C2H2, 

50sccm H2, 100sccm Ar , below this temperature the yield decreased as we observed it 

for Co CNTs yield at same conditions. We saw that below 650ºC, the Co catalyst 

activated before all metal particles were completely reduced and the yield could not 

increase, and above 650ºC the reduced catalyst particles increased with increasing 

temperature and so the yield increased with increasing temperature. Growth time was the 

last parameter studied in this thesis work. The growth time was investigated in this part, 

for 20 minutes was optimum time. According to previous studies the density and the 

length of CNTs increased with time. The amount of tangled CNTs decreased with growth 

time.  Also; catalyst particles were observed on the surface at 20 min growth. And; highly 

ordered tubes were grown. However, the results for yield were different. It was seen that 

950ºC was optimum temperature to obtain high yield, below this temperature the yield 

decreased. Compared with previous studies; we saw that above 950ºC, the catalyst 

deactivated before all metal particles were completely reduced and the yield could not 
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increase, and below 950ºC the reduced catalyst particles increased with increasing 

temperature and so the yield increased with increasing temperature.  

Finally, this study showed that hydrogen gas was necessary for both pretreatment 

and growth atmosphere for high quality growth. It reduced catalyst particles during 

pretreatment and prevented other carboneaous product formation during growth. 

Therefore hydrogen provided clean and high quality CNTs formation. 
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4.10 Conclusion  

In this work, the aim was to grow high quality and large scale of carbon nanotubes on Fe 

or CO catalyst surface area. Four different growth parameters were studied for acetylene 

rates were (10sccm, 20sccm, 30sccm, and 40sccm) and used gases were 100sccm argon 

and 50sccm hydrogen. With temperature investigated at different values of 450ºC, 650ºC, 

850ºC, 950ºC respectively. The optimum CNT growth conditions were investigated at 

950ºC for Fe CNTs growth and 650ºC for Co CNTs growth. Different acetylene flow 

rates, growth temperature and lastly growth time effects on CNTs were examined. Then 

CNTs were characterized structurally using SEM for each growth condition. Previous 

studies showed that hydrogen gas was necessary for both pretreatment and growth 

atmosphere for high quality growth. It reduced catalyst particles during pretreatment and 

prevented other carboneaous product formation during growth. Therefore hydrogen 

provided clean and high quality CNTs formation.  

As a conclusion, the best atmosphere for acetylene decomposition on Fe or CO 

catalyst was hydrogen atmosphere because hydrogen provides transformation metal 

oxides to metals and metals are suitable materials for CNT growth and for high quality 

CNT synthesis the best hydrogen flow rate are found 50sccm. Moreover, from the 

temperature study results we can say that high temperature is appropriate for acetylene 

decomposition, so the ideal growth temperature is found as 950ºC for iron CNTs and 650 

ºC for cobalt CNTs  at this study. Finally, for high quality and long tubes enough growth 

time is 20 minutes at fixed pressure 30torr.    
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4.11 Recommendation 

We presented a rough surface modeling techniques using Image-J program to explore the 

Fe or Co CNTs surface growth and morphological particles size distributions mechanism. 

A fractal surface growth empirical calculation it also provides the natural of Fe or Co 

catalysts size distributions on CNTs surface. We generated very promising results using 

these two methods in combination to study the morphological properties of 

microstructure surface nanomaterial. So that, an immediate problem is the roughness of 

the surface, fractal dimension are approach may be possible to employ for explaining the 

morphological surface of nanostructure material characterizations such as particles 

distributions, surface roughness, etc. Finally, we can emphasis that any place in material 

science where the understanding of surface phenomena is critical could be a potential 

application for fractal science; application of fractal science can help materials scientists’ 

blaze the trial continuing this trend (Battat and Rose, 2000).  
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