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 ABSTRACT 

Molecular dynamics simulations showed that a basal carbon nanotube can 

activate and guide the fabrication of single-walled carbon nanotubes (CNTs) on 

its internal surface by self-assembly of edge-unpassivated graphene nanoribbons

with defects. Furthermore, the distribution of defects on self-assembled CNTs is 

controllable. The system temperature and defect fraction are two main factors

that influence the success of self-assembly. Due to possible joint flaws formed at 

the boundaries under a relatively high constant temperature, a technique based 

on increasing the temperature is adopted. Self-assembly is always successful 

for graphene nanoribbons with relatively small defect fractions, while it will fail

in cases with relatively large ones. Similar to the self-assembly of graphene 

nanoribbons with defects, graphene nanoribbons with different types of dopants

can also be self-assembled into carbon nanotubes. The finding provides a possible

fabrication technique not only for carbon nanotubes with metallic or semi-con-

ductive properties but also for carbon nanotubes with electromagnetic induction

characteristics. 

 
 

1 Introduction 

Defects in carbon nanotubes (CNTs) can change the 

physical and chemical properties of CNTs through 

tuning the types, locations, and concentrations of defects 

[1–6]. For example, vacancy defects in CNTs have 

high reactivities for physisorption and chemisorption 

[7]. Stone-Wales (SW) defects can alter the band gap 

of CNTs [8] and produce valley-valve effects in CNTs 

[9]. CNTs doped with either boron (B) or nitrogen (N) 

atoms tend to exhibit metallic behavior [10, 11], 

whereas CNTs doped with both B and N atoms will 

possess semiconductive properties [12]. Carbon-boron 

nitride hetero-nanotubes produced by spiral carbon 

strips and spiral boron nitride strips can exhibit 

attractive electronic transport properties, which can be 

tuned by the chiralities, diameters, and component 

proportions of the tube and the manner of connection 

between two strips [13]. Du et al. [14] found that 

C0.5(BN)0.5 single-walled armchair nanotubes could be 

regarded as gapless semiconductors, independent of 

tube diameter. It is obvious that the distribution of 
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defects or dopants in CNTs should be controlled in 

order to achieve the desired physical or chemical 

properties. 

To introduce defects or dopants in CNTs, several 

methods have been suggested according to our 

knowledge so far: (i) Heteroatoms are directly doped 

into CNTs during the synthesis of CNTs [10–12, 15–18]; 

(ii) heteroatoms and functional groups are doped 

into prepared carbon nanotubes through substitution 

reactions [19–24]; and (3) vacancies can be induced 

by high-energetic atom/ion bombardment, and desired 

dopants can then be filled in [7, 25]. Only the last 

technique can produce defects in a controllable way 

with the help of scanning transmission electron 

microscopy (STEM), which is of course very difficult 

and complex [7, 25]. Furthermore, it is not practical if 

one plans to produce a series of defects or dopants 

with regular distributions in quasi-one dimensional 

CNTs. How to introduce defects or dopants into CNTs 

in a controllable way is still an open question since 

the size of quasi-one dimensional CNTs is extremely 

small. As a result, the development of CNT-based 

nano-electronics is unavoidably hindered. 

Fortunately, both a recent experiment [26] and a 

numerical calculation [27] show that single-walled 

carbon nanotubes can be achieved by self-assembly 

of graphene nanoribbons (GNRs). The chirality of the 

self-assembled CNTs can be further predicted according 

to the width of the GNRs and the radius of a basal 

CNT. In addition, it is much easier to introduce defects 

and dopants in quasi-two dimensional GNRs than 

CNTs because the introduction of defects and dopants 

into graphene sheets is now controllable [7, 28–34], 

and great progress has been made in the way of 

tailoring GNRs with desired shapes and sizes from 

graphene sheets [35–44]. In view of this progress, an 

obvious question is whether it is possible to fabricate 

defect- or dopant-controlled CNTs from the self- 

assembly of defect- or dopant-predefined GNRs. What 

is the effect of defect distributions and fractions on the 

self-assembly of GNRs? 

A reactive molecular dynamics simulation was 

carried out in this study in order to answer these 

questions. The self-assembly of defect- or dopant- 

controlled GNRs in a basal CNT was investigated,  

in which the effects of the types, distributions, and 

fractions of defects and dopants of different elements 

as well as the system temperature are considered. 

2 Computational method 

A schematic of the atomistic model is shown in Fig. 1, 

where a zigzag GNR is inserted into a basal CNT with 

a depth of 3.0 nm in the axial direction. The basal CNT 

is fixed and has a chirality of (18,18) and a radius of 

1.219 nm. The total length and width of the GNR are 

30.09 and 1.77 nm, respectively. Two types of defects 

and two kinds of dopants in GNRs are considered, 

including vacancy defects, SW defects, boron dopants, 

and nitrogen dopants, which are distributed arbitrarily 

or regularly in the GNRs. 

The adaptive intermolecular reactive empirical bond 

order potential (AIREBO) was adopted in our simulation 

to describe C–C interactions in GNRs [45]. The Tersoff 

potential was used for interactions between C–B, C–N, 

and B–N [46]. Interactions between GNRs and the 

basal CNT were represented by the commonly used 

Lennard-Jones (LJ) potential, i.e.,   124 /[ )(V r  

 6( / ) ],r  with    2.84 meV,
C C

    3.294 meV,
B C

 

   4.068 meV,
C N

 and    0.34 nm,
C C

  
B C

 

0.34109 nm,     0.3367 nm
C N

[45, 47, 48]. 

Both the AIREBO potential and the Tersoff potential 

are three-body potentials. Nonphysical results may 

be yielded if the boron or nitrogen fraction in GNRs is 

relatively large, leading to possible coupling interactions 

of two kinds of potentials acting on a single atom. As 

a result, in the present numerical calculations, the 

fractions of the boron and nitrogen dopants were not 

larger than 9.0 at.% (percent of atoms) in the GNRs. 

All simulations were performed using LAMMPS [49] 

with a Nosé-Hoover thermostat [50]. The time step 

was 0.5 fs, and snapshots were recorded every 1.0 ps, 

which were analyzed by the VMD visualization package 

[51]. Following our former work [27], in which 

 

Figure 1 Schematic of a GNR inserted into a basal CNT. 
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chirality-controlled CNTs fabricated by self-assembly 

of GNRs were studied, we adopted the technique of 

increasing the temperature directly in the present study 

in order to reduce possible flaws emerging at joint 

boundaries during the process of self-assembly at a 

relatively high temperature. Thus, unless otherwise 

specified in the present work, the temperature remained 

at 10 K initially for a sufficiently long time to achieve 

equilibrium, after which the temperature was increased 

from 10 to 300 K within 1.0 ns and then maintained at 

300 K to the end. 

3 Results and discussion 

3.1 Self-assembly of perfect GNRs 

A perfect GNR inside a basal CNT was investigated 

first in order to check whether self-assembled CNTs 

can spontaneously form, though perfect GNRs outside 

a basal CNT were studied in our former work [27]. 

The corresponding result is shown in Fig. 2. The initial 

state of a perfect GNR close to a basal CNT with an 

insertion length of 3.0 nm is shown in Fig. 2(a). Due 

to the van der Waals (vdW) attraction between the 

GNR and the basal CNT, the inserting end of GNRs 

will spontaneously adhere to the internal surface of 

the basal CNT and then move forward into the basal 

nanotube, a snapshot of which is exhibited in Fig. 2(b). 

Once the left end of the GNRs reaches the left end  

of the basal CNT, the GNRs will return and twist 

themselves inside the basal CNT, forming the helical 

structures shown in Fig. 2(c). Continuous oscillations 

of the helical structure induce possible collisions 

between neighboring boundaries, leading to bond 

formation and the transformation of the helical 

structures into CNTs, as shown in Fig. 2(d). All the  

phenomena are consistent with cases of self-assembly 

of GNRs outside a basal CNT, which have been studied 

experimentally [26, 52] and numerically [27]. 

Further geometrical analysis showed that the chirality 

of the final self-assembled CNT should be (17,9), 

which agrees well with our theoretical prediction [27], 

   2 3 0.5m W a , n     2 2 2( 3(4 ) )(
C C

R W
 

 .) 3 0 5W a . Here, ( , )m n  denotes the chirality of 

the self-assembled CNT, and W and a are the width of 

GNRs and the radius of the basal CNT, respectively. 

Here, W is 1.77 nm, a is 1.219 nm, and    0.34 nm
C C

 

in the present model, as mentioned above.   x  denotes 

the nearest integer of x. The theoretical formula was 

also verified to remain valid in cases of self-assembly 

of GNRs with defects only if the joint boundaries 

formed during self-assembly are nearly perfect. 

Of course, self-assembly of GNRs inside a basal CNT 

has some additional requirements [53]. The width of 

the GNRs must be at least larger than and should not 

be larger than  
cr

2W D , where D is the diameter 

of the basal CNT and   0.34 nm is the equilibrium 

distance between two non-bonded carbon atoms. If 

the width of GNRs is larger than 
cr

W  but smaller than 

D, helical structures can still be self-assembled inside 

the basal CNT but with greater difficulty due to the 

self-adjustment of GNRs by bending or twisting. All 

GNRs with or without defects in the present study meet 

the general requirements given above. 

3.2 Self-assembly of GNRs with arbitrarily distri-

buted defects 

The same technique as that used for perfect GNRs was 

adopted for the self-assembly of GNRs with defects 

and dopants distributed arbitrarily. When a small part 

 

Figure 2 Snapshot of the self-assembly process of a perfect GNR inside a basal CNT (See Movie S1 in the Electronic Supplementary
Material (ESM)). 
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(forepart) of the defective or doped GNRs is inserted 

in the basal CNT, GNRs will spontaneously enter the 

basal CNT very quickly. Because the entire GNR is 

nearly symmetric in the basal CNT, even in cases 

with GNRs longer than the basal CNT, GNRs start to 

curl inside the basal CNT, forming helical structures. 

The helical structure further converts to self-assembled 

CNTs with the help of increased temperature. Typical 

snapshots are shown in Fig. 3(a) for the self-assembly 

of GNRs with 1.0 at.% of vacancies inside a basal CNT. 

The initial state is denoted as 
0

t . The intermediate 

states correspond to snapshots 
1

t  to 
3

t . The final self- 

assembled configuration is given in snapshot 
4

t , 

where a CNT forms inside the basal CNT. Similar 

self-assembly processes are also found for GNRs 

with arbitrarily distributed SW defects or dopants of 

boron and nitrogen atoms, and the ultimately self- 

assembled CNTs are shown in Fig. 3(b) for (i) 1.0 at.% 

of SW defects; (ii) 1.0 at.% of boron dopants, and (iii) 

1.0 at.% of nitrogen dopants. 

In order to verify whether C–C bonds formed at the 

contact neighboring edges shown in Fig. 3, variations 

in the potential energies of four representative atoms 

A, B, C, and D are further checked in Fig. 4. Locations 

of the four atoms are labeled in the inset of Fig. 4. The 

edge atom C and the inner atom D possess saturated 

bonds in contrast to atoms A and B, both of which 

have unsaturated bonds at the unpassivated GNR 

edges. After sufficient relaxation time, the potential 

energies of atoms A and B are reduced and finally 

almost identical to those of atoms C and D, which 

can be found in Figs. 4(b)–4(d). A small difference in 

the potential energy exists between atom A (B) and 

atom C (D), as shown in Fig. 4(a), which is due to the 

arbitrarily distributed defects located exactly at the 

edge, leading to an imperfect joint. For a perfect joint, 

as shown in Figs. 4(b)–4(d), the reduced potential 

energy of atoms A and B is about a half of the 

formation energy of a C–C bond, 2.4 eV [45]. All these 

observations prove that single-walled CNTs can be 

self-assembled by GNRs with arbitrarily distributed 

defects or dopants inside a basal CNT. 

Geometrical analysis showed that the chirality of 

the final self-assembled CNT remained (17,9), agreeing 

well with our theoretical prediction, only if arbitrarily 

distributed defects were not located at the initial edge  

 

Figure 3 Snapshot of the self-assembly process of GNRs with 

arbitrarily distributed defects or dopants. (a) GNRs with vacancies. 

(b) Final self-assembly structures of GNRs with (i) SW defects, 

(ii) boron dopants, and (iii) nitrogen dopants. Defects and dopants 
are labeled with different colors. (See Movies S2–S5 in the ESM.) 

of the GNRs and a perfect joint occurred. 

The properties of the GNRs, such as the bending 

stiffness, will change significantly, if the defect 

fraction in GNRs is too large [54]. Does it influence 

the self-assembly of GNRs? Further simulations were 

performed, in which the self-assembly of GNRs with 

relatively large defect fractions did not work. GNRs 

may adhere to the outside surface of the basal CNT 

due to the dramatically decreased bending stiffness of 

GNRs, leading to arbitrary self-folding. Examples are 

given in Figs. 5(a) and 5(b) for GNRs with 13.0 at.% of 

vacancy defects and 5.4 at.% of SW defects, respectively. 

With SW defects, another underlying mechanism may 

be the atomic under-coordination effect [54], which 

induces large in-plane stresses around SW defects, 

leading to spontaneous inflation [55] and even self- 

folding [56]. As mentioned above, fractions of either 

boron or nitrogen dopants are not larger than 9.0 at.% 

in GNRs in the present work. All GNRs with randomly 

distributed dopants can be transformed into self- 

assembled CNTs. 

3.3 Self-assembly of GNRs with regularly distri-

buted defects 

Inspired by the studies above, we further analyzed 

the possibility and influence factors of self-assembly  
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Figure 5 Self-folding during the self-assembly of GNRs with 

relatively large defect fractions. (a) 13.0 at.% of vacancies; (b) 5.4 

at.% of SW defects. 

of GNRs with regularly distributed defects or dopants 

in order to find a way to fabricate defect- or dopant- 

controlled CNTs. All the techniques were similar to 

the former cases except that defects and dopants 

were distributed regularly in GNRs. Several types of 

defect-distributing forms were considered, and it was 

found that all GNRs can self-assemble into CNTs 

only if the defect fraction is not too large. Otherwise, 

GNRs will self-fold, and disordered structures will 

form eventually. Examples are shown in Fig. 6(a), 

where the initial state of GNRs with (i) a single 

monovacancy, (ii) a single divacancy, (iii) a line of 

monovacancies with an inter-distance of 1.476 nm,  

(iv) two lines of monovacancies with an inter-distance 

of 1.472 nm in the direction of the GNR length and 

0.672 nm along the GNR width, (v) a line of divacancies  

Figure 4 Variation of the potential energy of four representative atoms in the self-assembly process. (a) Vacancy defects, (b) SW defects,
(c) boron dopants, and (d) nitrogen dopants. The positions of atoms A, B, C, and D are labeled in the inset. 
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with an inter-distance of 1.472 nm, which is shown in 

the left column, and (vi) a defect fraction in GNRs of 

nearly 13.6 at.%. The final self-assembled CNTs and 

disordered structures are shown in the right column. 

The location of defects in self-assembled CNTs could 

be predicted by geometric mapping since the distri-

bution of defects in GNRs was regular and known   

a priori. An example is shown in Fig. 6(b), which 

corresponds to case (iii). The initial location of vacancies 

in GNRs was parallel to its long edges. An angle   

between the circumference of the self-assembled CNT 

and the long edge of GNRs was predicted to be 19.9°. 

As a result, the angle   between the direction of the 

vacancy array and that of the self-assembled CNT axis 

was 70.1°. 

Figure 7 shows five representative examples with 

regularly distributed Stone-Wales defects. The initial 

state of GNRs with (a) a single SW defect, (b) two SW 

defects, (c) a line of 20 SW defects with an inter- 

distance of 1.47 nm, (d) a line of 30 SW defects with 

an inter-distance of 0.492 nm, and (e) a line of 40 SW 

defects with an inter-distance of 0.246 nm is shown in 

the left column of Fig. 7 with the corresponding final 

self-assembled configurations in the right column. It 

is very obvious that CNTs can be self-assembled in 

cases with relatively small SW defect fractions, while 

self-folding structures form in cases with relatively 

large SW defect fractions. The reasons for the two 

different results should be the same as those in previous 

cases with arbitrarily distributed SW defects. 

 

Figure 6 Comparison of the initial GNRs and the final self-assembled structures. (a) The configuration of initial GNRs with regularly
distributed vacancy defects and that of self-assembled CNTs or disordered structures: (i) a single monovacancy, (ii) a single divacancy, 
(iii) a line of monovacancies, (iv) two lines of monovacancies, (v) a line of divacancies, (vi) a relatively large fraction of defects.
(b) Schematic of the geometric mapping between the initial GNR and the final CNT. 
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However, the bending stiffness of GNRs with 

distributed dopants will not vary much and should 

not influence the self-assembly process very obviously. 

Actually, it was found that all GNRs with regularly 

distributed dopants could be self-assembled into CNTs, 

very similar to cases with arbitrarily distributed dopants 

or without dopants, though only cases with dopant 

fractions not larger than 9.0 at.% were considered. 

Some representative examples are shown in Fig. 8, 

where the left column denotes initial states with    

(a) one boron dopant, (b) one nitrogen dopant, (c) a 

pair of boron-nitrogen dopants, (d) a line of boron 

dopants, (e) a line of nitrogen dopants, (f) two lines of 

boron dopants, and (g) two lines of nitrogen dopants, 

and the right column shows the corresponding self- 

assembled CNTs, respectively. 

All the above simulations demonstrate the possibility 

of the fabrication of defect- or dopant-controlled CNTs 

through the self-assembly technique of GNRs with 

regularly distributed defects or dopants. Furthermore, 

the locations of distributed defects or dopants in self- 

assembled CNTs can be designed by tuning the basal 

CNT radius, the width of the GNRs, and the initial 

distribution of defects or dopants in the GNRs. 

3.4 Effect of temperature on the self-assembly of 

GNRs 

As emphasized above, the technique of increasing 

the temperature was adopted directly in the present 

study. The motivation was to fabricate self-assembled 

CNTs with as few defects as possible emerging at 

joint boundaries. Here, some typical self-assembled 

 

Figure 7 The initial configuration of GNRs with regularly distributed SW defects and the final configuration of self-assembled structures:
(a) single SW defect, (b) two SW defects, (c) a line of 20 SW defects, (d) a line of 30 SW defects, and (e) a line of 40 SW defects. 

 

Figure 8 The initial configuration of GNRs with regularly distributed dopants and the final configuration of self-assembled CNTs. (a) One
boron dopant, (b) one nitrogen dopant, (c) a pair of boron-nitrogen dopants, (d) a line of boron dopants, (e) a line of nitrogen dopants, 
(f) two lines of boron dopants, and (g) two lines of nitrogen dopants. 
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structures are further described for intuitive unders-

tanding. 

Inspired by our former work [27], we performed a 

series of simulations at different relatively low or high 

constant temperatures, for instance, T = 10 and 1,000 K. 

In essence, self-assembly of GNRs is mainly due to 

the unavoidable collision of atoms on different parts 

of edges of GNRs, and the speed at which the edges 

travel depends significantly on the system temperature. 

At a relatively low temperature, for example, 10 K, 

GNRs can invariably self-assemble into helical struc-

tures but not always into nanotubes. However, if the 

temperature is relatively high, for example, 1,000 K, 

the edges of GNRs will move very quickly, and flaws 

during the process of forming C–C bonds at the joint 

edges cannot be avoided because there is insufficient 

time for the edges of GNRs to wrap themselves around 

the basal CNT. Figure 9 gives the final self-assembled 

CNTs at constant temperatures of 10 and 1,000 K, where 

flaws can be found easily at the joint edges. 

4 Conclusion 

Reactive molecular dynamics simulations were per-

formed in order to determine whether self-assembly of 

GNRs inside a basal CNT can lead to the fabrication 

of defect- or dopant-controlled CNTs. The technique 

of increasing the temperature was adopted in our 

simulation. Both arbitrarily distributed defects and 

regularly distributed defects were investigated. It was 

found that the defect fraction in GNRs is the main 

factor that influences the success of self-assembled 

CNTs. In cases with relatively small defect fractions,  

 

Figure 9 The effect of temperature on the self-assembly of GNRs 
with 1.0 at.% of arbitrarily distributed vacancy defects (a) at T = 
10 K and (b) at T = 1,000 K. 

CNTs can be easily fabricated. Otherwise, the self- 

assembly of CNTs fails mainly because of the 

mechanical strength, which is influenced by the atomic 

under-coordination effect [54]. Defect-controlled CNTs 

can be obtained with regularly distributed defects  

in GNRs. Several cases of dopants in GNRs were 

further considered. With the same method, dopant- 

controlled CNTs can be easily achieved as well. The 

finding reported here should be very helpful not only 

for the fabrication of carbon nanotubes with metallic 

or semi-conductive properties but also for the design 

of carbon nanotubes with electromagnetic induction 

characteristics. 
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