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1 Element Finite Analysis 

We want to estimate how much load a carbon nanotube can bear when it grows and 

lifts up the amorphous carbon film covered above. The geometric diagram of the 

calculation model is showed in Fig. S1. 

Fig. S1 The plan geometric diagram of the simplified calculation model. The blue spring 

represents the cohesive relationship between carbon film and substrate 

The scale of the model is in the order of 20 nm. However, for the molecular simulation, 

20 nm is still a big scale to calculate. Besides, there are few previous data about the 

potentials of C and Fe and of C and Al2O3. Therefore, we choose the finite element 

simulation to make a preliminary estimate. The Young’s modulus and Poisson ratio of 

amorphous carbon film are E1 = 759 GPa and ν1 = 0.17 [1]. The substrate can be 

considered as a rigid body in our estimate. The challenge is how to describe the 

desorption process of carbon film from the substrate during the growth of the second 

layer VACNTs in the finite element calculation. 

The adsorption energy between graphene layer and Al2O3 substrate, -76.4 meV/C-atom, 

is used to estimate the adsorption energy between the carbon film and Al2O3 substrate [2]. 

The Cs-Fe bond energy, estimating the adsorption energy between the carbon film and Fe 

catalysis, is 140 meV [3]. Cs means bond-saturated atoms, the Cs-Fe bond energy is 

weaker than CUns-Fe bond energy which means bond-unsaturated atoms [2]. The area 

density of carbon atoms is 38 atom nm-2. The interaction energy mentioned above can be 

used to calculate the chemisorption energy between amorphous carbon film and the 

substrate consist of Fe and Al2O3, which is much stronger than physical absorption 

between them. According to our assumption, most of the absorption between them is 

physical absorption during the carbon deposition process, which is caused by Van der 

Waals forces. Therefore, we can use the parameters mentioned above to calculate the 

maximum load a carbon nanotube could bear in our calculation system. 
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The Van der Waals attraction force increases at the beginning and then decreases when 

the distance between two atoms exceeds the equilibrium separation, and there is a 

maximum value of force curve. Thus, the Traction-separation law in Damage mechanics 

may be used to simulate this process. We build a simple bilinear cohesive mode. As 

shown in Figs. S2, S3.  

Generally, the Van der Waals force is almost reduced to zero when the distance 

between two atoms is greater than 10 Å. For the convenience of calculation, we assume 

the distance between point A corresponding to equilibrium separation and point B 

corresponding to zero Van der Waals force is 10 Å.  

Combined with the bilinear cohesive model and adsorption energy, we get the cohesive 

stress (peak stress), which is 616 Mpa between the carbon film and Al2O3 substrate, and 

1130 Mpa between the carbon film and Fe particle. The trouble is how to determine the 

separation δ0 corresponding to the peak stress, which will affect the stiffness of this 

model. Fortunately, according to our simulation, when δ0 is in the range of 0.1 to 0.4 Å, 

the difference of final results is about 5 %, and it won’t affect our conclusion a lot. 

Therefore, we unify the value of δ0 to be 1 Å and then we get the Figs. S2, S3. 

 

Fig. S2 The cohesive law (bilinear model) of interphase between amorphous carbon film 

and Al2O3 substrate 
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Fig. S3 The cohesive law (bilinear model) of interphase between amorphous carbon film 

and Fe particle 

We then use Abaqus to simulate the process the carbon nanotubes grow and lift up the 

amorphous carbon film. Cohesive elements are used to realize the cohesive law between 

the carbon film and substrate. The finite element model is showed in Fig. S4. In Fig. S4, 

the middle circle with the diameter of 7 nm is used to estimate Fe particle area, while 

other area of the upper cover is estimating Al2O3 substrate. The average diameter of Fe 

catalyst particles is estimated about 7 nm for multi-wall carbon nanotube [4-7] and the 

length of one cell unit is 20 nm according to the average CNT densities (2.5×1011 CNT 

cm-2) [8]. The thickness of carbon flake is estimated as 4 nm according to the SEM 

figures. The displacement load is applied in the middle point of Fe particle area and the 

force on this point is continuously recorded during the desorption process of carbon film 

from the substrate until the edges of carbon film are all detached from substrate.   



 5 / 7 
 

 

Fig. S4 The finite element model to describe the desorption process of carbon film from 

the substrate during the growth of one single CNT of the second layer VACNTs. The 

displacement is loaded at the center area of the bottom surface of the carbon film to 

simulate the growth of the carbon nanotube 

Through this finite element simulation, we get the force curve during adsorption 

process as is showed in Fig. S5. The maximum load a carbon nanotube could bear is 225 

nN. 

 

Fig. S5 The force curve of the middle point when one single CNT grows and lifts up the 

amorphous carbon film from substrate. X label means the growth height of the carbon 

nanotube and Y label means the force it bears 



 6 / 7 
 

In this finite element simulation, we simplify the computational process by adopting 

the bilinear model to simulate the cohesive law between carbon film and substrate and 

taking the parameters of bonding energy to calculate the adsorption energy caused by Van 

der Waals forces. The maximum force one CNT could bear during the lifting process is 

definitely larger than the real force because chemisorption is usually much stronger than 

physical absorption as mentioned above. However, the purpose of our simulation is to 

estimate the maximum possible pressure on the carbon nanotubes based on our 

assumption. The result shows that it can still grow under such pressure, so it won’t affect 

our final conclusion. 

2 A Raman Spectrum 

 

Fig. S6 A typical Raman spectrum taken from the sidewall of VACNTs 
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