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In this paper, we propose a method to control the collapsed nanostructurings of single-walled carbon nanotubes
(SWCNTs) by helium storage and the key mechanism is elaborated from the potential energy aspect. The mo-
lecular dynamics simulation shows that enough helium atoms could restore the collapsing configuration of (40,
40) carbon nanotubes back to the circular cross section. The length of the flat double carbon atoms layer in the
dumbbell type structure and the diameter of nearly circular edges can be precisely altered by adjusting the

helium atom numbers. Two key storage rates are introduced to classify the final nanostructures of (5n, 5n)
SWCNTs. The relationship between helium numbers and the final configuration is investigated; the analysis
method that introduces helium atoms into the cavity of SWCNTs can also be extended to other kinds of mole-

cules.

1. Introduction

Carbon nanotubes (CNTs), having attracted massive interest in re-
cent years, can be divided into zigzag, armchair and spiral ones ac-
cording to the chirality. CNTs possess unique mechanical and physical
properties compared with the traditional materials. It could be used as
stretchable conductors, flexible strain sensors, field effect transistors
and so on [1-3]. Generally, a natural equilibrium configuration of
single-walled carbon nanotubes (SWCNTSs) has a circular cross section.
However, the parts of CNTs that subjected to hydrostatic pressure or
compressive load will enter the van der Waals attraction zone and form
a collapse configuration [4,5]. That is, the cross section of the nanos-
tructures of CNTs are altered from circular to elliptical and polygonal,
and then converted into completely collapsed peanut-like [6]. Cer-
queira et al. [7] demonstrated that chirality has little effect on the
collapse configuration via density functional theory. Aguiar et al. [8]
theoretically analyzed the structural and phonon properties of bundled
single- and double-walled carbon nanotubes (DWCNTs) and came to a
conclusion that the difference of the collapsed configuration of SWCNTSs
mainly depends on the tube diameter. Xie et al. [9] and Yan et al. [10]
found that the contact between CNTs and different solid surfaces or
functional groups can also promote the collapse. As the collapse of
CNTs tends to affect its physical properties [11-13], figuring out how to

* Corresponding author.
E-mail address: tanhf@hit.edu.cn (H. Tan).
! These authors contributed equally: Penghua Ying, Yifan Zhao.

https://doi.org/10.1016/j.commatsci.2019.04.010

control the collapsing is a promising task.

Studies have demonstrated that graphene is an ideal molecular
impervious membrane [14-17]; helium atoms cannot penetrate the
wall of CNT curled by graphene [18,19]. These phenomenon enlighten
us about novel methods to control the collapse of CNTs. The hollow
CNTs could be filled with different kinds of molecules to realize various
physical performances, owing to its molecular impervious property.
Inert gases like helium [20,21], neon [22], argon [22-24], common
gases including hydrogen [25] and carbon dioxide [26], and even water
molecules [26-28] and fullerenes [20,29,30] all could be added into
CNTs to control its properties. Through molecular mechanics and mo-
lecular dynamics simulations, Han et al. [31] found that the argon (Ar)
and silicon (Si) atoms could effectively improve the radial elasticity and
resistance of SWCNTs to high pressure, while the Cu atoms deteriorate
the radial elasticity of SWCNTs. Cui et al. [26] studied the effect of
filling the tube with carbon dioxide and water molecule by simulation.
They found that the carbon dioxide provides mechanical support and
increase the collapse pressure, while the water molecule inside could
reduce the mechanical stability. As for the deformation of CNTs under
hydrostatic pressure [32,33], Ling et al. [34] investigated the behavior
of CNTs filled with fullerene under high pressure conditions, using
molecular mechanics and molecular dynamics simulations.

The aforementioned studies have made progress in effects of guest
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molecules on the transition pressure and radial elasticity of CNTs and
corresponding optimization extent. This paper focuses on the relation-
ship between the number of helium atoms and the stable nanostructure
of SWCNTs after unloading. The molecular dynamics code LAMMPS
[35] was used to model the (5n, 5n) CNTs. By inducing collapse and
reaching a new equilibrium configuration, we found that enough he-
lium atoms could restore the circular section of collapsing (40, 40)
CNTs. In addition, a complementary simulation based on the final
configurations was implemented under hydrostatic pressure to verify
the robustness of the collapsing results. We discussed the mechanism of
the collapse configuration change of CNTs from the potential energy
aspect. Moreover, a fine-tuning effect on the dumbbell type CNTs is
observed. Two critical storage rates, the configuration transformation
storage rate (a;) and the minimum storage rate to restrain the collapse
of CNTs (a,.), are obtained through simulations. According to the two
critical storage rates, three different collapse nanostructures were de-
fined.

2. Methods

The correct geometry of the collapsed CNTs is of great importance
to obtain reliable results in the simulations. AIREBO [36] potential,
continually used in the molecular simulations of CNTs, cannot produce
the ab initio shapes of the closed edges [4]. Therefore, we select the
Tersoff potential [37] for the simulations and add a Lennard-Jones in-
teractions [38] between carbon atoms located in the opposite faces,
which is the same as that adopted by Traian Dumitricd [39]. The
Lennard-Jones parameters (¢ = 3.5 mev and o = 0.34 nm) used
in this simulation are adjusted to describe a stress-free collapsing,
which yields approximate results to those obtained through ab initio
calculations and experiments [40]. The force field between the carbon
and helium atoms and that between the helium atoms are also de-
scribed by the Lennard-Jones potential. The parameters set in our si-
mulation are &ye.pe = 1.5008 X 10722 J,  Ope.pe = 2.633 X 1071 m,
€c.He = 2.6646 X 10722 J, and oc . g = 3.191 X 1071 m [41].

The whole collapse process of the (5n, 5n1) SWCNTs are carried out
by the LAMMPS. The periodic boundary conditions are applied in the
axial direction of the CNT, and the time step is 1fs. The simulation
process can be divided into three stages, as shown in Fig. 1. In the
diffusion phase, a SWCNT model with a helium atom cluster is estab-
lished and energy minimization is performed to make the configuration
stable. In the loading phase, the SWCNTs are loaded with a small in-
cremental displacement in vertical direction toward the center, with a
speed of 0.08 A/ps, until the nanotubes completely collapse. In the
unloading phase, the collapsing SWCNTs are unloaded and kept relaxed
for about 200 ps. After that, the final structure of the CNTs with dif-
ferent helium numbers are obtained for further analysis.

A: diffusion phase

B: loading phase

t=0ps #=100 ps 1=100" ps

t= 400 ps
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For convenience, we use the storage rate a to represent the mass of
helium atoms stored per unit mass of nanotubes. A single carbon atom
is three times the mass of a single helium atom; hence helium storage
rate in this paper can be described as follows:

atom
a= NHemHe — NHe
NC mé‘tom 3Nc

where Ny is the number of helium atoms, and N the carbon atoms, in
the simulation system; m3°™ is the mass of a single helium atom, and

m&®™ the carbon atom.
3. Results and discussion

The molecular dynamics simulation is performed with 5nm long
(40, 40) SWCNTSs. The system contains 3360 carbon atoms; the number
of helium atoms are set as 600, 1640, and 2340, so the storage rates in
this simulation are oy = 5.95%, o = 16.27%, oz = 23.21%, respectively.
The collapse processes are shown in Fig. 2. After 100 ps, as the storage
rate increases, the helium atom layers gradually form a double or a
multi-layer structure. The distance between helium atoms and SWCNT
wall represents the equilibrium distance determined by van der Waals
interaction. When 100 ps < t < 400 ps, the upper and lower regions of
the nanotubes are simultaneously loaded with small vertical incre-
mental displacements toward the center. The distributions of helium
atoms under different storage rates from 230 ps to 360 ps are in line
with those observed by Shanavas and Sharma, i.e., the diffusion of
argon inside the CNTs under no-pressure condition [42].
Whent = 400 ps, the loading is stopped, the CNTs in three simulation
systems all show a peanut type configuration, with two semi-elliptical
sides connected by a cosine function curve in the middle part [5]. The
carbon atoms in the deformation zone do not directly contact with each
other, and the part of the cosine function curve is separated by layers of
helium atoms. Between 400 ps and 600 ps, the CNTs are in unloading
and relaxing.

During the relaxation process which containing 200,000 steps, the
final configurations of CNTs are altered, as shown in Fig. 2. The model
with a storage rate of 5.95% changed from peanut type to dumbbell
type. Here we define the length of the flat double carbon atoms layer
especially in the dumbbell type as I3, details of which are discussed in
the following paragraph. The final configuration of the model with
16.27% storage rate is maintained peanut-like, while the cross section
of the nanotube with the 23.21% storage rate is noticeably restored to
be circular. Actually the final configurations have been stable after
420 ps.

The fact that the number of helium atoms influences the final con-
figuration of CNTs can be explained in terms of the energy of the
structure. The changes in the energy value and the corresponding

C: unloading phase

l M Dumbell type

remove loadings

m[‘“ > M Peanut type

e
1=400" ps

<2

circular section type

400 ps <7 <600 ps

Time

Fig. 1. In stage A, the NVT ensemble is applied to set the temperatures of SWCNT and helium atoms to be 0.001 K and 100 K, respectively. The total simulation time
for this stage is 100 ps. In stage B, The temperature of helium atoms is set to be 10K to get rid of the thermal disturbance[31]. The running time for this stage is
300 ps. In stage C, the SWCNTSs are unloaded at 400 ps. After keeping relaxed for about 200 ps, the equilibrium configurations are dumbbell type, peanut type and

circular section type.
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(a) 600He@(40.40)SWCNT
@,=5.95%

(b) 1640He@(40.40)SWCNT
,=16.27%
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0000 oo o=

t=360ps =400 ps 400ps <f <600 ps

Fig. 2. Diagram of collapse process of (40, 40) SWCNTs with three different helium storage rates, in which the red atoms represent carbon atoms and the blue ones
represent helium atoms. Initial states of SWCNTs are given at O ps, between 100 ps and 400 ps is the loading process, between 400 ps and 600 ps is the relaxation
process. (a) o = 5.95% dumbbell type configuration, (b) o, = 16.27% peanut type configuration, (c) az = 23.21% circular section type configuration.
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Fig. 3. Variation of total energy and length-height ratio ® of (40, 40) SWCNTs in three different collapse configurations. The stages A, B, and C represent the helium
atoms diffusion phase, the loading phase, the unloading and stabilization phase, respectively.

extent to which configurations of the three SWCNT models transform
are plotted in Fig. 3. Here we introduce the length-height ratio, @, as a
variable used to quantify the deformation extent; it is defined as the
ratio of the height of the gap at the narrow region (k) to the distance
between the left and right ends (1) of the SWCNTs. In the stage A, @ of
the three storage rates is 1 or approximately equals to 1. The total
energy of the structure increases with the increase of the storage rate,
mainly due to the fact that the more the helium atoms, the larger the
van der Waals energy between the helium atoms. In the stage B, ®
values show a consistent downward trend, while the energy firstly de-
creases sharply and then increases gently. In this process, the atomic
temperature of helium is reduced from 100K to 10K and the helium
atoms gradually form a complete inner wall. As the simulation con-
tinues, the further deformation of CNTs and the gentle rise of energy
indicate the reinforced repulsive force between the helium and carbon
atoms. In the stage C, the three configurations change dramatically
after unloading. The @ of the nanotube with oz = 23.21% recovers to 1
again, to 0.088 for the nanotube with o, = 16.27%, and to 0.045 for the
nanotube with oy = 5.95%. Three models can be sorted according to the

magnitudes of their energies: the SWCNT which has final configuration
of dumbbell type has the lowest energy, followed by the circular section
type and the peanut type has the highest energy. Therefore, a conclu-
sion can be drawn that the number of helium atoms affects van der
Waals energy; this energy is exactly the key factor that affects the sta-
bility of CNTs.

According to Fig. 3, we find that the dumbbell type system has
lower energy than peanut type system, because the narrow part of a
peanut type is only maintained by a few carbon atoms under van der
Waals force. These carbon atoms have large freedom to slip, making the
system unstable. The variables AEy,,, AE,., and AE, in Fig. 3 denote
different values between the minimum energy and the final energy of
dumbbell type, peanut type and circular section type system, respec-
tively. These relations, AEy,, > 0, AE, = 0, AEp,, > 0, mean that the
three type are all in the steady state, and the dumbbell type is the most
stable configuration.

During the simulation, a fine-tuning effect of helium numbers on the
collapsing SWCNTs is found, as shown in Fig. 4. When the storage rate
is lower than 11.09%, the final configuration of CNTs is dumbbell type



P. Ying, et al. Computational Materials Science 164 (2019) 133-138
~— 10
£ _ ' Q ID = W= [, ol He@d040)CNTs | o g 2
= i : Y —0- D oflle@(4040) CNTs £
5 8 ' l, ! Q
E‘ Jat 2.4 éﬁ
£ Dumbbell Style +  Pecanut Style  Circle Style | B
= |- | - e
s el ; : 120 S
= —
_g | o~ O- - = o] 'g
e !
et 0 I 4186 =
e 4+ - /| | =
o) n 0-0 D
g ~ 6{ - | | :
2o 1 | i o
k= v oD 12 5
Eﬁ 2 L O__ __.0/ -“'ll I E
S | ]
< 408 .8
0 C— | : A
= | I
__]u 1 . 1 . 1 1 " 1 | |

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Helium storage o
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disappeared while the peanut type occurs, and D reaches the maximum value, 1.86 nm, with the approximate linear relationship.
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Fig.5. (a) Diagram of a complementary simulation of the CNT with final collapsing configuration under hydrostatic pressure. The Berendsen barostat is used to reset
the pressure of the helium atoms out of CNTs, which rescales the volume and the coordinates of helium atoms out of CNTs every timestep [44]. The NVT ensemble is
applied to set the temperatures of SWCNT and helium atoms to be 0.001 K and 100 K, respectively. The starting and ending pressures in the simulation are 10 MPa
and 100 MPa, respectively. The periodic boundary conditions are applied in three directions. (b) Variation of three final configurations of (40, 40) CNTs under
hydrostatic pressure. The final configurations altered are peanut type and circular section type, which transformed into dumbbell type and cucumber section type.

with a relatively long flat double carbon atoms layer. As the number of
helium increases, the semi-elliptical areas on both sides become larger.
The diameter of the nearly circular edges, D, increases approximately
linearly with respect to the helium atoms; simultaneously, the Iz, de-
creases linearly. When 11.09% < «a < 22.22%, the peanut type occurs
because of the instantaneous disappearance of lj,. The diameter of

nearly circular edges, D, increases with the storage rate until it reaches
a maximum value of about 1.86 nm. When a > 22.22%, the Iy, and D are
disappeared, which means the storage rate completely suppresses the
collapse.

In fact, collapsed nanotubes are stacked in bundles [39,43] instead
of isolated. To make the simulation reveal the actual case better, the
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Fig. 6. The final configuration type of (5n, 5n1) SWCNTs collapsed with different storage rates.

influence of interaction between neighbor tubes should be taken into
account. The interaction between CNTs induced by van der Waals force
can be described as hydrostatic pressure. As illustrated in Fig. 5(a), the
simulation is implemented based on the CNTs with different final
configurations obtained in the above analysis, and the results are shown
in Fig. 5(b). The change of temperature of helium atoms in CNTs
guarantees the uniform distribution of helium atoms in CNTs; the ex-
ternal pressure is generated by helium atoms, varying from 10 MPa to
100 MPa. The results show that the structure of dumbbell type CNTs
remained unchanged during the whole simulation process. However,
when the pressure reaches 50 MPa, the helium atoms in the peanut-
shaped waist part move to the semi-elliptical area on both sides, the
peanut type CNT changes into a dumbbell type one and remains stable
until the simulation ending. Circular section type CNT undergoes the
greatest deformation among three types of CNTs. Under the pressure of
50 MPa, the circular section transforms into a cucumber section with a
flat middle and a semicircle on both sides. These results help to verify
the reliability of our conclusion, that is, the collapsed CNTs are all in a
stable state, and different storage rates do affect the types of section
shape of the final configuration.

Two key storage rates are introduced to divide the CNTs into three
final configurations. The «, indicates a critical storage rate below
which the final configuration is dumbbell type, when the storage rate of
helium atoms exceed «,, the final configuration transforms to peanut
type. And the a,, represents a minimum storage rate over which the
helium can restrain collapse. According to the results, for the (40, 40)
nanotubes simulated in this paper, a;, is 11.09\% and «,, is 22.22%.

The entire collapse processes of (5n, 5n) SWCNTs (n = 3-8, n is an
integer) filled with different numbers of helium are modeled to give
more intensive insights on such structure. The configuration changes
are shown in Fig. 6. When n =1 or 2, the circular section of the
SWCNTSs remains stable no matter whether helium exists or not, that is,
the collapse configuration always returns to the circular section. This is
consistent with existing research results [5]. When n = 3 or 4, the final
configurations after collapse are peanut type. Due to the limitation of
the nanotubes radius, there is no flat double carbon atoms layer in the
final configuration, so the outer contour is still the peanut-like config-
uration with two semi-elliptical sides linked by cosine curve. As the
storage rate increases beyond a,,, the final configuration returns to a
circular section type. When n = 5-8, different values of « leads to three
kinds of final configurations. The dumbbell type appears in the case of
the storage rate lower than a;,, the peanut type appears in the case of
the storage rate between ;- and a,., and when the storage rate is higher
than «,,, the configuration will return to the circular section type.

4. Conclusions

Suffering external pressure, different level of collapse occurs on
SWCNTs when its diameter exceeds a certain value. In this paper, the

results show that filling helium has an effect on the final configuration
of collapse SWCNTs. As for the (40, 40) SWCNTs, a small storage rate
can result in a dumbbell type configuration. When the storage rate in-
creases, the final configuration will transform to a peanut type and even
to the one with a fully restored circular section. It is safe to state that all
the three configurations are steady, while the dumbbell type is the most
stable configuration. When adjusting the storage rate in a certain range,
the length of the flat double carbon atoms layer of dumbbell type
changes approximately linearly. The diameter of nearly circular edges
increases with respect to the storage rate until it reaches a maximum
value. The results shown in this paper may pave the way for further
study on how to control collapse of SWCNTs by filling guest particles.
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