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Abstract 

It is a long-standing controversy whether metal carbide clusters do exist during 

the nucleation and growth process of single-walled carbon nanotubes (SWCNTs). In 

the current work, we are trying to elucidate the carbon nucleation on nickel carbides 

during the initial stages based on density functional theory calculated the formation 

energy, and chemical potential for a series of Ni55Cn carbides (n is the number of 

carbon atoms dissolved in Ni55 cluster). It is found that the formation energies of the 

Ni55Cn carbides decrease gradually with increasing of dissolved carbon atomic 

numbers, meaning the Ni55Cn carbides are thermodynamically stable. Meanwhile, the 

calculated chemical potentials indicate that not only nickel carbides are preferentially 

formed during the initial stage of the SWCNT nucleation, but also saturated nickel 

carbides may be able to exist during nucleation and growth process of SWCNTs.  In 

addition, the nickel carbides have a high selectivity for the formation of carbon 

pentagon and carbon structures with pentagon-incorporated end-edge according to the 

adsorption energies. All of these findings provide opportunities in controlling growth 

of the SWCNT.  

 

KEYWORDS:  nickel carbide, formation energy, chemical potential, single-walled 

carbon nanotube nucleation, DFT calculations 

 

Page 2 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

Table of content 

 

A first-principles study shows metal carbide clusters do exist during initial stage of 

single-walled carbon nanotube nucleation. 
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Introduction 

Single-walled carbon nanotubes (SWCNTs) have been attracting a lot of interest 

in the past decades due to their unique physical and electronic properties1, 2 which 

strongly depend on their diameter, length, and chirality.3, 4 Control growth of 

SWCNTs with specific diameter, length and chirality is essential for their nanoscale 

assembly and technological applications.1, 2 It is widely accepted that carbon (C) 

atoms adsorb on metal clusters before diffuse/penetrate into these clusters at initial 

steps of the SWCNT growth. Those C atoms on/within metal/metal-carbide clusters 

further incorporate into carbon caps, and eventually grow into SWCNTs on 

metal/metal-carbide clusters.5-7 It is noted that metal or metal-carbide clusters play 

important roles in decomposition of carbon precursors, healing defects of growing 

nanotubes, and keeping critical carbon density for nanotube growth.8-11 Experimental 

and theoretical studies have shown that the sizes, morphology, and composition of 

metal/metal-carbide clusters determine the diameter, length, and chirality of 

SWCNTs.4, 12-15 However, it is still a controversy whether metal carbide clusters do 

exist during the nucleation and growth process of SWCNTs.16-21 

 Recent experimental studies have shown the existence of Ni3C
16, 17 and Fe3C

18, 19 

carbide clusters prior to initial nucleation or the whole growth processes of SWCNTs; 

It has been reported carbon atoms may dissolve in crystalline metal clusters and 
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supersaturated carbon in the surface area precipitates as graphene. The theoretical 

studies also indicate the carbon diffusion from on-surface site to octahedral 

subsurface site is thermodynamically and kinetically feasible. The activation barriers 

of carbon diffusion strongly depend on the size of unit-cell/cluster and on the surface 

coverage.22-26 Subsurface and bulk carbons are often proposed as intermediates in the 

formation of carbon nanotubes and graphene. Recently, Ding et al. proposed that the 

higher concentrations of carbon in metal clusters are prerequisite for forming the 

initial small carbon island, and then it decreases as the islands grow in size.27 

Borjesson et al. evidenced that dissolved C atoms would be drained from the Ni 

carbide clusters by the CNTs sunk in carbide clusters.28 Page et al. also assumed that 

carbon would be drawn out from metal carbide clusters when surface structural C 

atoms began to nucleate, which leads carbide clusters with higher content to quickly 

decrease their carbon concentration.29 On the other hand, both pure Ni20 and Fe21 

catalyst clusters have also been observed in growth process of SWCNTs.  Meanwhile, 

theoretical studies also suggested that a carbide phase is not essential prerequisite for 

the SWCNT nucleation in Fe and Ni cases.30, 31  

In our recent study, we have studied the adsorption of carbon atom on various Ni 

clusters. The results show that carbon atom adsorbed on-surface site can migrate into 

the octahedral subsurface site with low activation barrier about 0.26 eV. In order to 
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further address whether metal carbide clusters can be formed at initial stage of 

SWCNT nucleation, in current work, we extended our study to C atom nucleation on 

a series of Ni55Cn carbides and carbon rings and caps adsorbed on Ni55C20 carbide  

based on calculated formation energies and chemical potentials. Here, n is the number 

of carbon atoms dissolved in Ni55 cluster and n = 5, 10, 15, and 20, respectively. 

These results and conclusions should be helpful in deeply understanding of the 

SWCNT nucleation and growth.  

2. Computational Methodology and models 

All spin polarized density functional theory calculations were performed with the 

Vienna Ab initio simulation package (VASP)32. The exchange correlation function 

were treated using the generalized gradient approximation (GGA) formulated by the 

Perdew-Burke-Ernzerhof (PBE)33. The interaction between an atomic core and 

electrons were described by the projector augmented wave method.34, 35 The plane-

wave basis set energy cutoff was set to 400 eV. We used a 1×1×1 k-point mesh for 

the reciprocal space integration for all the calculated systems with a discrete character. 

The periodic boundary conditions were implemented with at least 1 nm vacuum to 

preclude interaction between a cluster and its image,  the simulation boxes were 

22×22×22 Å for different calculated systems. All of the structures were fully relaxed 
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to optimize without any restriction. The global transferred charge was calculated by 

the atomic Bader charge analysis 36, 37. 

The formation energy (E�) per atom of the Ni55Cn carbide clusters was defined 

according to Eq. 1 as follows: 

�� =
�����	
���������	

�
��
                     (1) 

The chemical potential (µ) of the carbon in/on Ni55Cn carbides, which is the 

energy in need of adding one extra carbon atom into Ni55Cn carbides or growing 

carbon structures, was defined as 

� =
�����	
������

�
− ��	                  (2)  

where ������
and ����� are the total energies of optimized geometry complexes with 

and without C atoms, �� is the energy of a free carbon at its ground state, respectively. 

Here, n is the number of carbon atoms in/on each Ni55Cn carbides. The reference 

chemical potential, ��, is the chemical potential of a free carbon atom at its ground 

state, 7.70 eV.38 The chemical potential has previously been applied in SWCNT 

nucleation and growth studies.39 

Ni55 and Ni55Cn Models: Pure Ni55 and Ni55Cn (n=5, 10, 15, and 20) carbide 

clusters were modelled in Fig. 1 and 2. The Ni55 cluster was chosen because its 

diameter (about 1 nm) is consistent with mostly synthesized SWCNT diameter 

distributions. Both experimental and theoretical studies have shown that the diameter 

ratio between a catalyst cluster and its corresponding SWCNT is around 1.1–1.6.39, 40 
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In addition, the Ni55 cluster has been observed in SWCNT growth experiments,40, 41 

and adopted in our previous studies of SWCNT growth as well.42-44 The pure Ni55 

cluster with a symmetrical icosahedral structure is a local energy minimum in its size 

range.35 As illustrated in Fig. 1, the Ni55 has one atom at the centre, 12 atoms locating 

at sublayer, and 42 atoms situating on surface layer of icosahedral cluster. Thus, there 

are 20 octahedral subsurface sites between sublayer and surface layer of the 

icosahedral Ni55 cluster. The 20 octahedral subsurface sites distribute in top (5 sites), 

middle-1 (5 sites), middle-2 (5 sites), and bottom (5 sites) of the Ni55 cluster, 

respectively.  

 

Fig. 1. Schematic optimized structure of Ni55 has a high symmetrical icosahedral 

geometry. Surface adsorption and subsurface dissolved sites are depicted on the 

model. Green spheres represent Ni atoms. Blue spheres represent 20 subsurface  sites.  
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Fig. 2. Schematic initial configurations of Ni55Cn carbides (n=5, 10, 15, and 20). The 

high symmetrical icosahedral geometries are adopted as initial structures for Ni55Cn 

carbides. The simulated structures are fully relaxed without any constraint, thus these 

carbide clusters would deviate from their initial configurations after optimization (see 

Fig. 3). Green and blue spheres represent Ni and C atoms, respectively. 

Since Ni55Cn carbide clusters have many complicated geometric configurations 

with different distribution pattern and different number of carbon atoms positioned 

into 20 subsurface sites, it is impractical to optimize all of them. Here, based on the C 

atomic number we are considering four types of C representative initial ordering 

configurations. They are (a) two Ni55C5 configurations: five C atoms are positioned 

into five subsurface sites in the top-1 (denoted as Ni55C5a in Fig. 2a) or middle-1 

(denoted as Ni55C5b in Fig. 2b) of the Ni55 cluster, respectively;  (b) four Ni55C10 

configurations: ten C atoms were equally positioned into five subsurface sites in the 

middle-1 and middle-2 (denoted as Ni55C10a in Fig. 2c), top-1 and middle-1  (denoted 

as Ni55C10b in Fig. 2d), top-1 and middle-2 (denoted as Ni55C10c in Fig. 2e), and two 

end tops (denoted as Ni55C10d in Fig. 2f) of the Ni55 cluster, respectively; (c) two 
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Ni55C15 configurations: 15 C atoms were positioned equally in five subsurface sites in 

the two end tops, and middle-2 (denoted as Ni55C15a in Fig. 2h) and top-1, middle-1 

and middle-2 (denoted as Ni55C15b in Fig. 2h) of the Ni55 cluster, respectively; (d) one 

Ni55C20 configuration: 20 subsurface subsurface sites of the Ni55 were fully filled up 

with 20 C atoms, forming a saturated Ni55C20 complex (see Fig. 1). To simplify the 

notation, we would use the number of carbon atoms in the Ni55Cn carbide to indicate 

the fraction of the subsurface sites occupied by carbon atoms in subsurface layer of 

Ni55. 

3. Results and Discussion 

3.1 Ni55Cn (n=5, 10, 15, and 20) carbide clusters  

Table 1. Total energy Et (eV), formation energy Ef (eV/atom), and chemical potential 

µ (eV) of the Ni55Cn (n=5, 10, 15, and 20) carbides. 

Cluster C% Et (eV) Ef (eV/atom) µ (eV) 
Ni55 0 -255.75 / / 
Ni55Cfcc 2 -263.96 -0.12 0.76 
Ni55Chcp 2 -264.12 -0.13 0.61 

Ni55C5a 9 -297.74 -0.59 0.58 

Ni55C5b 9 -299.15 -0.62 0.30 

Ni55C10a 18 -343.86 -1.16 0.17 

Ni55C10b 18 -344.45 -1.17 0.11 

Ni55C10c 18 -344.84 -1.17 0.07 

Ni55C10d 18 -346.08 -1.19 -0.05 

Ni55C15a 27 -388.92 -1.63 0.10 

Ni55C15b 27 -390.39 -1.65 0.00 

Ni55C20 36 -434.59 -2.04 0.04 

The optimized structures of the Ni55Cn (n=5, 10, 15, and 20) carbides are 

depicted in Fig. 3 and detailed results including total energy Et, formation energy Ef, 

and chemical potential µ (eV) of the Ni55Cn (n=5, 10, 15, and 20) carbides are given 

in Table 1. The geometric structure parameters of all the optimized Ni55Cn carbides 

are given in Table 1s in Supporting Information (SI). The results listed in Table 1 
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show the total energies variation among carbide isomers is 1.41 eV for Ni55C5a and 

Ni55C5b, 2.22 eV for Ni55C10a, Ni55C10b, Ni55C10b, and Ni55C10d, and 1.47 eV for 

Ni55C15a and Ni55C15b, respectively. The difference in the total energy can be 

explained by both the difference of distribution pattern and coordination number of 

the C atoms in the Ni55Cn carbides as depicted in Fig. 3. Thereby, the total energies of 

the Ni55Cn carbides depend on the distribution pattern and coordination number of 

each C atom in the Ni55Cn carbides. 

 

Fig. 3. Optimized structures of the Ni55Cn (n=5, 10, 15, and 20) carbides. Green and 

blue spheres represent Ni and C atoms, respectively. µ4, µ5, and µ6 denote the C atoms 

coordinated with four, five, or six Ni atoms, respectively. Detailed structure 

parameters of all the optimized Ni55Cn carbides are given in Table 1s in SI. The 

optimized structures correspond to the initial configurations of the Ni55Cn carbides as 

schematic in Fig. 2. 
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In addition, all considered Ni55Cn carbides have negative formation energies (see 

Fig. 4), indicating these Ni55Cn carbides are thermodynamically stable. And these 

formation energies become more negative gradually with the increase of the C atomic 

numbers in the Ni55Cn carbides. It suggests C atoms are more inclined to migrate into 

subsurface sites continuously, leading to more stable Ni55Cn carbides with different 

concentration. Interestingly, the formation energy differences among carbide isomers 

(with the same C atomic number n) are only ~ 0.03 eV/atom (see Fig. 4). Considering 

the sufficiently high nucleation temperature in experiments, such small energy 

difference suggests various carbide isomers with different distribution patterns and 

concentration are likely to co-exist during the initial stages of the SWCNT nucleation.  

  

Fig. 4. Formation energies of the Ni55Cn (n=5, 10, 15, and 20) carbides. The number 

of carbon atom corresponds to the optimized structures of the Ni55Cn carbides as 

schematically shown in Fig. 3. 

At initial stage of the SWCNT nucleation, small carbon species would firstly 

adsorb on metal cluster surface.  The chemical potentials for the first carbon atom on 
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Ni55 surface are 0.76 eV for fcc and 0.61 eV for hcp sites (see Fig. 1 and Table 1), 

respectively, which higher than chemical potentials of carbon atom resided in 

subsurface (0.36 eV for µ5-sub and 0.29 eV for µ6-sub sites). Note that only the 

chemical potentials of carbon atom at the fcc and hcp sites are shown on the Fig. 5. In 

addition, chemical potentials of a C2 dimer and a C3 chain adsorbed on the Ni55 

surface sites are 0.68 and 0.73 eV respectively, which are also higher than that of 

single carbon in subsurface sites. These values suggest the carbon atom would rather 

penetrate into the Ni55 cluster than stay on the surface. Furthermore, the chemical 

potentials of Ni55Cn carbides are distinctly lower than that of small carbon species on 

the Ni55 surface (red line in Fig. 5). At the beginning, the chemical potential drops 

dramatically along with the more and more carbon atoms penetrate into Ni55 cluster 

until it closes to zero for the Ni55C10 isomers (see Fig. 5). Subsequently, there is a 

minor change from Ni55C10 to Ni55C20, which implies that extra C atoms can 

continually dissolve into Ni55 cluster spontaneously. It is likely that the Ni55Cn 

carbides with different C concentration can be formed during the initial stage of the 

SWCNT nucleation. 

 In our recent study, we have reported that C atom adsorbed on the surface of 

Ni38 and Ni55 clusters can migrate into octahedral subsurface sites with a low 

activation barrier (~0.26 eV).35 For the periodic slab surface system, Xu and Saeys 
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reported that C atom diffused into subsurface octahedral sites strongly depend on the 

size of unit cell and the surface coverage.25 The typical activation barriers were less 

than 110 KJ/mol for the moderate to high surface coverage. In addition, Carbon 

diffusion from subsurface sites to Ni bulk is also thermodynamically and kinetically 

feasible if subsurface sites are occupied more than 50%. Compared with their 

activation barriers, C atom diffusion in cluster system (such as Ni38 and Ni55) have 

lower activation barriers, Thus it is expected the C diffusion in cluster system should 

be easier than in the periodic slab and bulk systems. Recently, Vines ea al also 

reported that the C atom diffusion from Pb cluster surface into tetrahedral subsurface 

sites is almost non-activation-barriers.45 They proposed this is due to the high 

mobility of low-coordinated atoms at cluster edges. These results indicate it is 

thermodynamically and kinetically feasible for C atom adsorbed on cluster surface 

diffusion into the subsurface sites. In current work, the results of formation energy 

and chemical potential further demonstrate the Ni55Cn carbides with different C 

concentration would be formed during the initial stage of the SWCNT nucleation, and 

further support the previous speculations the C atoms may enter the metal 

nanoclusters during CNT growth.  
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Fig. 5. Chemical potentials (µ) of the Ni55Cn (n=5, 10, 15, and 20) carbides and small 

carbon rings and caps on the Ni55C20 carbides. µ is the energy required to add one 

extra carbon atom on/in the Ni55Cn carbides. The red line indicates the µ of the C on 

the fcc sites of the Ni55 cluster. The number of carbon atoms corresponds to the 

optimized structures of the Ni55Cn carbides as schematic in Fig. 3. 

3.2 Carbon rings and caps on Ni55C20 carbide  

In order to investigate the roles played by the metal carbide clusters at the initial 

stage of the SWCNT nucleation, we further examined the interaction of the Ni55C20 

carbide with various growing carbon structures. On the basis of the root growth 

hypothesis, following the formation of various carbon chains and rings, graphitic 

fragment would evolve into complete carbon caps on catalyst cluster surface. The two 

pathways, (a)→(c) (the top row of Fig. 6) and  (d)→(f) (the bottom row of Fig. 6), 

illustrate the formation of two typical armchair (5,5) and zigzag (9,0) caps (see to Fig. 

6 c and f). It is should be noted that the models shown in Fig. 6 are only representative 

carbon fragments for the formation of (5,5) and (9,0) chiral caps. The intermediate 
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fragments were selected because they are the experimentally observed dominating C 

precursor such as Cap2146, 47 and adopted in our previous studies43, 44. The actual 

growth process may be less orderly, with numerous polyyne chains and incomplete 

carbon rings, which have been shown in recent molecular simulations.48 

 

Fig. 6. Optimized structures (side view) of carbon rings and caps attached on the 

Ni55C20 carbides. Grey and blue spheres represent surface-C and subsurface-C, green 

spheres represent Ni atoms, and end-edges of armchair (5,5) and zigzag (9,0) caps are 

highlighted as red spheres, respectively.  
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Fig. 7. Adsorption energies of carbon rings and caps supported on the Ni55C20 carbide 

(solid lines) and pure Ni55 (dash lines) clusters. The inserted figures show the 

geometric structures (top view) of the corresponding carbon rings and caps in Fig. 6. 

The end-edge atoms are highlighted as blue balls (pentagon) and red balls (hexagon). 

The number of carbon atoms corresponds to the optimized structures as schematic in 

Fig. 6. 

Fig. 7 depicts adsorption energies of carbon rings and caps supported on the 

Ni55C20 carbide and pure Ni55 clusters. The geometric structures of corresponding 

carbon rings and caps are inserted in the graph of Fig.7. The results show that the 

adsorption energies of carbon rings and caps depend on their unique topological 

structures. The carbon pentagon and the end-edges with three pentagons-incorporated 

have significantly higher adsorption energies, while the carbon hexagon and hexagon-

only end-edges have notably lower adsorption energies. As shown in Fig. 7, the 

adsorption energy of five-membered carbon ring on the Ni55C20 carbide is 6.96 eV, 

which is 3.91 eV higher than that of six-membered carbon ring, which suggest that the 

carbon Ring5 may be preferentially formed over Ring6 on the Ni55C20 carbide. This 

result is consistent with previous first-principle calculations49 and molecular dynamic 

simulations29, 31, 50.  Irle et al. recently reported that, at 1400K, five-membered rings, 

instead of six- and seven-membered rings, were preferentially formed during the 

SWCNT nucleation process. Furthermore, they demonstrated the populations of five-, 
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six- and seven-membered rings exhibited a distinct dependence on the temperature 

and carbon concentration of NixCy nanoparticles. 29, 31, 50  

The adsorption energies of Cap21 and cap39 on the Ni55C20 carbide are 11.92 and 

19.24 eV, which are about 103% and 66% higher than that of the Cap20 and Cap40, 

5.86 and 11.61 eV, respectively. The difference in the adsorption energy is attributed 

to unique end-edge topological structures of various carbon caps. Every edge atom of 

a pentagon has two dangling bonds, while every edge C atom of a hexagon has one 

dangling bond. Although Cap21 and Cap39 have 9 edge C atoms apiece, less than 10 

edge C atoms of the Cap20 and Cap40, the end-edges of Cap21 and Cap39 actually 

possess the 12 effective dangling bonds to interact with Ni55C20 cluster, while the end-

edges of Cap20 and Cap40 have only 10 dangling bonds to interact with Ni55C20 

cluster. Thereby, the adsorption energies of Cap21 and 39 are significantly stronger 

than that of the Cap20 and Cap40, which is consistent with a recent study of ground-

state structures of C clusters supported on Ni(111), Cu(111), Rh(111), and Ru(0001) 

surfaces46. 

In addition, compared with the same carbon systems adsorbed on pure Ni55 

cluster, the results of adsorption energies show the same trend of these carbon systems 

on the Ni55C20 carbide and pure Ni55 clusters as shown in Fig. 7 (solid and dash lines) 

and Table S2 in the SI. Interestingly, the adsorption energy differences of five- and 
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six-membered carbon rings on Ni55C20 carbide and pure Ni55 clusters are enlarged 

from 0.26 to 3.91 eV. Furthermore, for the carbon caps with pentagon-incorporated 

and hexagon-only end-edges, the adsorption energy differences are also enlarged from 

4.59 to 6.06 eV for Cap21 and Cap20, and from 4.22 to 7.63 eV for Cap39 and cap40, 

respectively.  These results imply that the Ni55C20 carbide has a better selectivity for 

the pentagon or carbon structures with pentagon-incorporated end-edge than pure Ni55 

cluster. 

As depicted in the Fig. 5, the chemical potentials of the carbon Ring5 and Ring6 

on the Ni55C20 carbides are 1.32 and 1.24 eV (blue round symbol in the Fig. 5), 

respectively, which are higher than that of all other Ni55Cn carbides. So the saturated 

nickel carbides may be formed prior to the formation of the carbon rings on them. In 

addition, the formation of the carbon Ring5 and Ring6 requires a large surface 

coverage of carbon atoms on the Ni55C20 carbide surface because there are high 

chemical potential barriers at the state of the Ni55C20Ring5 and Ni55C20Ring6. 

Subsequently, Fig. 5 shows that the Ni55C20Cap20 has lower chemical potential at 

0.58 eV, followed by the Ni55C20Cap21 at 0.41eV, the Ni55C20Cap40 at 0.24 eV, and 

the Ni55C20Cap39 at 0.22 eV, respectively, which are all lower than the Ni55C20Ring5 

and Ni55C20Ring6. So, once the carbon Ring5 and Ring6 form on Ni55C20 carbide 
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surface, they would be spontaneously extended into Cap20 and Cap21carbon 

intermediates, and then continually grow into complete Cap39 or Cap40 carbon caps. 

Beside on the root growth hypothesis, at the initial stage of the SWCNT 

nucleation, carbon species would first nucleate into chiral caps on the catalyst surface, 

and then continually grow into corresponding chiral nanotubes. It is generally 

considered that cap formation process is the critical period in controlling synthesis of 

SWCNTs. Furthermore, the Carbon caps were uniquely constructed by six pentagons 

and several hexagons according to the isolated pentagon rule51, 52, described in details 

in previous works26, Therefore, we anticipate high selectivity of metal carbide for the 

carbon pentagons may play an important role in preferential formation of special 

carbon caps and SWCNTs. Due to the limitation of computations resources, we 

explored only two types of typical chiral carbon caps in current work. More extensive 

calculations are under way in our lab, which includes comparing selectivity behaviors 

of Ni carbide and pure Ni clusters for various chiral caps and nanotubes  

4. Conclusion  

We studied a series of Ni55Cn (n=5, 10, 15, and 20) carbides as well as the 

adsorption of small carbon rings and caps on the Ni55C20 in terms of formation energy, 

adsorption energy and chemical potential. It is found the total energies of Ni55Cn 

isomers depend on distribution patterns of C atoms among them. Meanwhile, small 

total energy difference between Ni55Cn (for the same n) implies carbide intermediate 
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species with different configuration are likely to co-exist in the experimental synthesis. 

The formation energy of the Ni55Cn carbides has been enhanced gradually with 

increasing C atomic numbers in nickel carbides, meaning these Ni55Cn carbides are 

thermodynamically stable. More importantly, the calculated chemical potentials 

indicate that the Ni55Cn carbides would be preferentially formed, and saturated nickel 

carbides may be able to exist during initial nucleation and growth process of 

SWCNTs. Furthermore, the interactions of Ni55C20 carbide with carbon rings and caps 

show that the nickel carbides have a high selectivity for the carbon pentagon and 

carbon structures with pentagon-incorporated end-edge. These results of the metal 

carbides strongly correlate to initial nucleation and growth of the carbon caps and 

SWCNTs. We expect that novel approaches could be developed by engineering metal 

carbide catalysts by adjusting carbon concentration and distribution pattern, which 

may further improve control growth of SWCNTs. 
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