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ner wall from nested double-
walled carbon nanotube by platinum nanowire:
molecular dynamics simulations

Dan Xia, a Yongchao Luo,a Qiang Li,*b Qingzhong Xue,c Xiaomin Zhang,a

Chunyong Liang*a and Mingdong Dong *d

The sliding behavior of interwalls between double-walled carbon nanotubes (DWCNTs) is studied by

molecular dynamics (MD) simulations. The results show that a platinum (Pt) nanowire (NW) is able to

push out a single wall from the DWCNT. The pushout process is strongly dependent on the match level

of the NW radius and the inner wall CNT radius. The match radius of the Pt NW and the inner CNT wall

will form perfect single-walled CNT (SWCNT) and Pt/CNT core/shell nanostructure. In addition, the

bonding interactions between the Pt NW and the CNT are also studied. The shear stress between the Pt

NW and CNT is in megapascal magnitude. The chirality has little effect on the interfacial bonding and the

shear stress between the Pt NW and the CNT. This study will shed light on the understanding of the

lubrication mechanism of the multi-walled CNT and the metal NWs in realistic situations.
Introduction

Multi-walled carbon nanotubes (MWCNTs)1,2 are composed of
coaxial cylindrical graphene layers, where the interwall inter-
action is predominantly van der Waals (vdW) force rather than
chemical bonds.3,4 Therefore, the nest walls tend to slide or
rotate easily against the others under external axial load.5 The
well-dened geometry and extreme structural anisotropy of
MWCNTs have brought qualitatively new characters to their
physical and mechanical behaviors,6 for example, nanoscale
friction.4,7–9 To date, the exceptional interwall friction behaviors
of MWCNTs have attracted widespread attention in various
elds of nanoengineering. Especially, Cumings and Zettl,3 and
Ruoff and colleagues,10 have realized the sliding behavior
through telescoping or drawing the inner tube out of the outer
shell, conrming the ultralow interwall friction and wear-free
interlayer sliding, which makes MWCNTs an ideal candidate
for the fabrication of self-optimistic smoothest bearing,11,12

wear-free linear spring3,13 and gigahertz-nano-oscillators,8,14,15

actuators,16 etc.
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To utilize MWCNTs in micro/nanomechanical systems,
achieving a comprehensive understanding of their nano-
mechanical and nanotribological properties is of signicant
importance. So far, plenty of studies have focused on the
mechanical and nanotribological properties of MWCNTs. Kim
and his colleagues successfully manipulated the MWCNTs by
using atomic force microscopy.17 Ultralong MWCNTs were
extracted shell-by-shell allowing the exposure of the innermost
single-walled carbon nanotube (SWCNT), which changed the
electrical characteristics of the MWCNTs. Wei and his
colleagues pulled out the inner shells from centimeters-long
double-walled carbon nanotubes (DWCNTs) by a steady gas
ow under ambient condition,18 which show the superlubricity
in centimeters-long DWCNTs. Because of the difficulty of
nanomanipulation, more theoretical studies were performed
regarding the sliding behavior between nested walls in
MWCNTs than the direct experimental observation.9,19–21 Hu
et al. studied the pullout process of some outer walls against
other inner walls in MWCNTs and investigated the sliding
behavior between nested walls.19 Curtin et al. studied the
pullout forces and friction in MWCNTs.20 The key conclusion of
these simulation studies showed that the pullout force was
dominated by the end effect. Local pressure can generate local
frictional sliding, and distributed pressure or defects in the
nanotube walls can increase or decrease the pullout force,
depending on the defect geometry, permitting stick-slip
behavior as observed experimentally. In spite of these
intriguing results, the extracted sliding behavior of the outmost
wall in a MWCNT is still unclear. In particular, there is no
general theory addressing the pushout behavior related to
spontaneous sliding in a MWCNT by metal nanowires.
This journal is © The Royal Society of Chemistry 2017
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In this study, molecular dynamics (MD) simulations on the
pushout process of the inner walls of various DWCNTs by
platinum nanowires (Pt NWs) are carried out, aiming at
understanding the inherit mechanism of the extracting sliding
between nested walls and Pt NW. Because there is no chemical
bond among DWCNT walls, the DWCNTs show structural
superlubricity.22 When the interaction energy between the
outmost wall and the Pt NW is larger than that between nested
walls, the Pt NW is able to push out the inner wall in DWCNTs.
The results show that the diameter of the inner wall of DWCNTs
affects the pushout process signicantly. However, the chirality
of both the inner and outer wall has little effect on the extrac-
tion. In addition, the Pt NW with match diameter can also
successfully extract the outmost wall in a corresponding
MWCNT. The Pt NW length has little effect on the extraction
sliding. The study here will help us understanding the inherit
mechanism of the extracting sliding, which is essential for
nano-mechanical engineering system. Since the successful
pushout will result in a SWCNT and a Pt NW/CNT core/shell
nanostructure for a DWCNT. This may provide potential
applications in many new areas, for example, articial muscle
application.23

Computational methods

The condensed-phased optimized molecular potentials for
atomic simulation studies (COMPASS) are employed in con-
ducting force-eld computations.24,25 The COMPASS is a rst ab
initio force-eld that enables accurate prediction of various gas
phase and condensed phase properties of most of the common
organic and inorganic materials. The force eld can be
expressed as a sum of valence (or bond), cross-term, and non-
bond interactions:26–28

Etotal ¼ Evalence + Ecross-term + Enon-bond (1)

The valence energy, Evalence, is generally accounted for diag-
onal terms, including bond stretching, valence angle bending,
dihedral angle torsion, inversion, also called out-of-plane
interactions (oop) terms and a Urey–Bradley (UB) term.

Evalence ¼ Ebond + Eangle + Etorsion + Eoop + EUB (2)

The cross-term interaction energy, Ecross-term, accounts for
factors such as bond or angle distortions caused by nearby
atoms to accurately reproduce experimental vibrational
frequencies and the dynamic properties of molecules. Cross
terms can include the following: stretch–stretch, stretch–bend–
stretch, bend–bend, torsion–stretch, torsion–bend–bend,
bend–torsion–bend and stretch–torsion–stretch.

Ecross-term ¼ Ebond–bond + Eangle–angle + Ebond–angle

+ Eend-bond–torsion + Emiddle-bond–torsion + Eangle–torsion

+ Eangle–angle–torsion (3)

The non-bond interaction term, Enon-bond, accounts for the
interactions between non bonded atoms, including vdW, elec-
trostatic and hydrogen bond.
This journal is © The Royal Society of Chemistry 2017
Enon-bond ¼ EvdW + ECoulomb + EH-bond (4)

The equation of Evalence, Ecross-term and Enon-bond are listed as
following:

Evalence ¼
X
b

h
K2ðb� b0Þ2 þ K3ðb� b0Þ3 þ K4ðb� b0Þ4

i

þ
X
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(6)

Enon-bond ¼
X
i. j

�
Aij

rij9
� Bij

rij6

	
þ
X
i. j

qiqj

3rij
þ EH-bond (7)

where q is the atomic charge, 3 is the dielectric constant and rij is
the i–j atomic separation distance. b and b0 are the lengths of
two adjacent bonds, q is the two-bond angle, f is the dihedral
torsion angle and c is the out of plane angle. b0, Ki (i ¼ 2–4), q0,
Hi (i ¼ 2–4), f0

i (i ¼ 1–3), Vi (i ¼ 1–3), Fbb0, b00, Fqq0, q00, Fbq, Fbf,
Fb0f, Fi (i ¼ 1–3), Fqf, Kfqq0, Aij and Bij are tted from quantum
mechanics calculations.

The main modeling system is composed of a DWCNT and
a Pt NW (Fig. 1a). Periodic boundary conditions are applied in
the x and y-directions of the modeling system. The length of all
the DWCNTs is around 50 Å while the diameter is various. The
unsaturated boundary effect is avoided by adding hydrogen
atoms at both ends of the DWCNTs. The Pt NW was constructed
by the atom selection of the Pt supercell. The Pt unit cell with
the face-centered cubic structure parameter (a ¼ b ¼ c ¼ 3.924
Å; a ¼ b ¼ g ¼ 90�) was imposed from the Materials Studio
soware. The length of the Pt NW is 54.9 Å while the radius is
various.

In the simulations, all the models are subjected to a canon-
ical (NVT) ensemble, carried out at a temperature of 300 K and
an integration time step of 1 fs. Temperature control is achieved
using an Andersen feedback thermostat. The energy of the
RSC Adv., 2017, 7, 39480–39489 | 39481
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Fig. 1 Snapshots of the pushout process. A Pt NW (r ¼ 5 Å) pushes out
the inner wall of a DWCNT at (a) 0, (b) 5, (c) 45, (d) 90, (e) 225 and (f)
450 ps, respectively.
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View Article Online
system is minimized to achieve the strongest bonding between
the CNT and Pt NW. To elucidate the results of the MD simu-
lations, the interaction energy, the interaction bonding energy
and interfacial shear stress between the CNT and NW are
calculated and discussed accordingly.
Results and discussions

The bonding strength between the DWCNT and the Pt NW can
be evaluated by the interfacial energy in the models. Generally,
the interaction energy can be estimated by the difference
between the potential energy of the composite system and the
potential energy of the DWCNT and the corresponding Pt NW:

DE ¼ Ecom � (ECNT + ENW) (8)

where Ecom is the total potential energy of the composite, ECNT is
the potential energy of the CNT without the Pt NW and ENW is
the energy of the Pt NW without the CNT. In other words, the
interaction energy can be calculated as the difference between
the minimum energy and the energy at an innite separation
of the DWCNT and the Pt NW. The total interaction energy
(DE) is twice the interfacial bonding energy g scaled by the
contact area A.29

g ¼ DE

2A
(9)

The process of pushing out is achieved by pushing out the
inner wall using a Pt NW. The pushout energy (Epushout) is
39482 | RSC Adv., 2017, 7, 39480–39489
dened as the energy difference between the fully embedded
nanotube and the completed pushout conguration.

Epushout ¼ E1 � E0 ¼ (DE1 + ECNT1 + ENW1) � (DE0 + ECNT0

+ ENW0) ¼ (DE1 � DE0) + (ECNT1 � ECNT0)

+ (ENW1 � ENW0) (10)

The pushout energy can be divided into three terms, where
E1 and E0 are the potential energy of the composite aer and
before the pushout process, respectively. ECNT and ENW are the
potential energy of the CNT and the Pt NW, respectively. DE is
the interaction energy between the DWCNT and Pt NW. The
pushout energy can be related to the interfacial shear stress, si,
by the following relation:

Epushout ¼
ðx¼L

x¼0

2prðL� xÞsidx ¼ prsiL
2 (11)

si ¼ Epushout

prL2
(12)

where r and L are the radius of the inner wall and the length of
the DWCNT, respectively, and x is the coordinate along the
longitudinal tube axis.
Pushout process

The snapshots of the pushout the inner wall of a DWCNT (6, 6)/
(16, 6) by a Pt NW (length, L¼ 54.9 Å; radius, r¼ 5 Å) is shown in
Fig. 1. In the beginning (t ¼ 0 ps), a Pt NW is placed beside
a DWCNT (6, 6)/(16, 6) (Fig. 1a). As the simulation goes on, the
DWCNT and the Pt NW get close to each other due to the
attraction interaction. At t¼ 5 ps, the far-from-CNT end of the Pt
NW start to deform to lean against CNT, while the inner wall of
DWCNT attracted towards the Pt NW (Fig. 1b). At t ¼ 45 ps, the
Pt NW reformed to a closely packed NW, pulling the inner wall
off the outer shell to the largest distance (Fig. 1c). As the com-
pacted Pt NW moving toward the DWCNT step by step, the
interaction energy between the outer wall and the Pt NW
become stronger and stronger. When the interaction energy
between the outer wall and the Pt NW is larger than that
between the inner wall and the Pt NW, Pt NW began to push the
inner wall towards the opposite direction (aer 45 ps) (Fig. 1d
and e). At t ¼ 450 ps, the Pt NW totally pushed out the inner
wall, forming a SWCNT and a Pt NW/SWCNT core/shell nano-
structure (Fig. 1f).

The energy plots during the pushout process are shown in
Fig. 2a–c. Before t ¼ 45 ps, the interaction energy increases
slightly, because of the domination of the interaction between
the inner wall and the Pt NW, inducing the attraction of the
inner wall towards the Pt NW. However, the pushout energy
decreases dramatically from 1000 kcal mol�1 to 139 kcal mol�1.
The interfacial bonding energy drops from�14 kcal mol�1 Å2 to
�0.36 kcal mol�1 Å2. Aer t ¼ 45 ps, the interaction energy
between the DWCNT and Pt NW starts to increase dramatically,
due to pushing the inner wall back to outer wall. Meanwhile, the
pushout energy continues to decrease with a smaller decreasing
slope and the interfacial bonding energy starts to increase
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Energy plots during the pushout of inner wall of DWCNT (6, 6)/(16, 6) from the outer shell. (a) Interaction energy; (b) pushout energy; (c)
interfacial bonding energy; (d) the COM distance between each CNT and Pt NW and between nested walls; (e and f) the radius distribution
function of the whole system before (c) and after (d) the pushout process; the insets are the snapshots of the model before and after the pushout
process.
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slightly. At t ¼ 90 ps, the Pt NW pushes the inner wall back to
the outer wall. The pushout energy starts to change from posi-
tive value to negative value while the interaction energy and the
interfacial bonding energy continue to increase. Aerwards, the
Pt NW continues to push the inner wall along the axial direc-
tion. The interaction energy, the pushout energy and the
interfacial bonding energy are all increased. The only difference
is the interfacial bonding energy reaches the equilibrium at
a shorter time (around t ¼ 300 ps) compared to that of the
interaction energy and the interfacial bonding energy (around
t ¼ 450 ps).

The center of mass (COM) distances between each CNT and
Pt NW and between nested walls in DWCNT are shown in
Fig. 1d. It clearly shows that the COM distance between the
This journal is © The Royal Society of Chemistry 2017
inner wall and Pt NW decreases in the beginning because of the
reform of the Pt NW. At t ¼ 45 ps, the inner wall and the Pt NW
reaches the optimum state and keep this optimum distance till
the completion of the remaining pushout process. The initial
negative value and the later positive value of the COM distance
between the inner wall and the outer wall indicates the opposite
movement direction of both CNTs. The COM distance between
the outer wall and the Pt NW decreases along the whole pushout
process and reaches the equilibrium at t ¼ 450 ps. The radius
distribution functions of the whole system before and aer the
pushout process are shown in Fig. 1e and f. Before the pushout
process, the Pt NW is well organized. The projected radius
distance between the outer shell and the Pt NW is �3.2 Å while
the projected radius distance between the nested walls is
RSC Adv., 2017, 7, 39480–39489 | 39483
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�3.8 Å, which is a bit larger than the ideal value of 3.4 Å.30,31 In
addition, the projected radius distance between the inner wall
and the second row of Pt particle in Pt NW is 2.6 Å, and the
projected diameter of the inner wall is 7.8 Å, which is smaller
than the ideal value of 8.1 Å. Aer the completing of the
pushout process, the re-organized Pt NW inserted into the outer
wall inducing pushing out of the inner wall. The projected
radius distance between the outer wall and the Pt NW is almost
the same as before the pushout process, and so does the pro-
jected radius distance between the inner wall and the second
row of Pt particle in Pt NW. As the inner wall has been pushed
out from the outer shell, these two SWCNTs are no longer
packed parallel, thus the two peaks disappeared. All the small
peaks along the line plot (Fig. 1f) indicate the badly organized of
the model along the project radius direction.
Fig. 3 Mechanism of the pushout process. (a) Scheme of the vdW
interaction sections between a DWCNT and a Pt NW during the inner
wall pushout process; FvdW2, the vdW force between the outer wall and
the Pt NW; FvdW1, the vdW force between the nested walls; LvdW, the
project length of the vdW interaction distance; (b) vdW energy
evolution of the pushout of the DWCNT (6, 6)/(16, 6) by Pt NW (r¼ 5 Å);
the insets are the snapshots of the pushout process at different
simulation time.
Pushout mechanism

The walls of the DWCNTs, in this study, are in incommensurate
contact. In other words, the two wall surfaces have no energet-
ically preferred position with respect to each other. Therefore,
sliding related to nested walls will cost little energy. The
superlubricity of DWCNTs can be understood in terms of the
length-independent vdW interaction between the walls. In our
system, there is no external force exerted on. The interaction
between the Pt NW and DWCNT is acted as the pushout force.
The comparation of the system energies at two different simu-
lation time during the pushout process, for example at t¼ 0 and
500 ps of the pushout of the DWCNT (6, 6)/(16, 6) by Pt NW (r ¼
5 Å) are demonstrated in Table 1. It shows the energy difference
of the system at two different simulation time is dominated by
the vdW energy of the non-bond energy.

The schematic mechanism of the pushout process is shown
in Fig. 3. For an ideal DWCNT with partly extruded inner wall by
Table 1 Contributions to total energy of the two different statuses

Energy components
(kcal mol�1)

Status I
(t ¼ 0 ps)

Status II
(t ¼ 500 ps)

Valance energy 67 096.361 68 377.499
Bond 346.380 832.964
Angle 63.360 459.561
Torsion 66 337.960 66 605.121
Inversion 348.661 479.853
Cross terms �1023.139 �828.036
stretch–stretch 74.445 16.228
stretch–bend–stretch �51.327 �46.173
stretch–torsion–stretch �1578.263 �1145.741
Separated–stretch–stretch 123.131 56.971
Torsion–stretch 200.623 130.171
Bend–bend 0.000 0.000
Torsion–bend–bend �0.892 �0.056
Bend–torsion–bend 209.143 160.565
Non-bond energy 605.842 �18204.903
van der Waals 561.520 �18228.571
Long range correction �4.578 �6.177
Electrostatic 48.901 29.846
Total energy 66 679.064 49 344.561

39484 | RSC Adv., 2017, 7, 39480–39489
Pt NW, the vdW interaction between the DWCNT and the Pt NW
can be divided into three sections (Fig. 3a). Section I indicates
the overlapped region between adjacent walls (including the
vdW interaction length region where the inner wall is not
covered by the outer wall); section II indicates the overlapped
region between outer wall and Pt NW (including the vdW
interaction length region where the Pt NW is not covered by the
outer wall); section III indicates the interface between the inner
wall and Pt NW covered by the outer wall. In sections I and II,
the axial component of vdW force is nearly zero as a direct
consequence of the counteraction of multiple vdW interactions
during the pushout process. The pushout force which equals
the total shear force induced by the shear stress si on the sliding
surface is in equilibrium with the axial component of vdW
force. Therefore, the pushout force is nearly zero which induces
zero pushout energy (sections I and II). Since the whole process
is dynamic, section I region will decrease while section II region
will increase during the pushout process. Considering the cut-
off distance of the vdW interaction of 0.95 nm, it will repeti-
tive breaking and reforming of vdW interaction between adja-
cent walls and between outer wall and Pt NW during the
dynamic pushout process. Mainly the axial component of vdW
force difference (FvdW2 � FvdW1) in section III contributes to the
pushout force completing the pushout process. When the vdW
force between the outer wall and the Pt NW, FvdW2, is larger than
that between the nested walls, FvdW1, the Pt NW can push out
the inner wall due to the low friction between nested walls in the
DWCNTs. The vdW energy evolution during the pushout
process is shown in Fig. 3b. It shows that the vdW energy
This journal is © The Royal Society of Chemistry 2017
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Table 2 The parameters of diverse sequence DWCNTs

Diameter of
inner CNT

Diameter of
outer CNT

Diameter
difference
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changes from positive value to negative value due to the vdW
interaction changing from the DWCNT dominant to DWCNT
outer wall-Pt NW dominant.
DWCNTs Di (Å) Do (Å) DD (Å)

DWCNT (6, 6)/(16, 6) 8.14 15.42 7.28
DWCNT (7, 7)/(17, 7) 9.49 16.74 7.25
DWCNT (8, 8)/(18, 8) 10.85 18.06 7.21
DWCNT (9, 9)/(19, 9) 12.20 19.38 7.18
DWCNT (10, 10)/(20, 10) 13.56 20.71 7.15
DWCNT (11, 11)/(21, 11) 14.92 22.05 7.13
DWCNT (12, 12)/(22, 12) 16.27 23.38 7.11
Diameter effect

The interaction between the Pt NW (L ¼ 54.9 Å; r ¼ 5 Å) and
different diameters of DWCNTs is shown in Fig. 4. The
parameters of the diverse sequence DWCNTs are shown in
Table 2. The nal conguration of the pushout of diverse inner
walls out of the outer walls induced by the Pt NWs are shown in
Fig. 4a. It demonstrates that the Pt NW with the radius of 5 Å
can successfully push the inner wall CNT (6, 6) out of the outer
shell CNT (16, 6). With the increasing of DWCNT diameters, the
Pt NW can only pushout part of the diverse inner walls, because
of the stronger interaction between nested walls than that
between the outer walls and Pt NWs. When the DWCNT diam-
eter is a bit larger than the diameter of Pt NW, the Pt NWneither
can nd the balance to push out the inner wall CNT nor can
insert into the inner CNT, thus forming the conguration
shown in Fig. 4a labled by (10, 10) and (11, 11). Further
increasing the diameter of DWCNTs, the inner wall diameter is
larger enough to encapsulate the Pt NW. Therefore, the push
Fig. 4 The interaction between the Pt NW and different diameter of seq
process; (b) the interaction energy, (c) interfacial bonding energy, and (d)
the nested walls in diverse DWCNTs; (f) the average velocity of the push

This journal is © The Royal Society of Chemistry 2017
out process changes to the inserting process. The nal cong-
uration is formed as a Pt NW/DWCNT core/shell nanostructure.

Meanwhile, the energy plots of the interaction between the
Pt NW and different diameter of sequence DWCNTs are shown
in Fig. 4b–d. Since DWCNT (10, 10)/(20, 10) and DWCNT
(11, 11)/(21, 11) are not able to complete the pushout process,
the energy plots are not shown. The interaction energies
between diverse DWCNTs and Pt NWs are shown in Fig. 4b.
During all the pushout process, the interaction energy increases
in the beginning and then decrease gradually. When the
uence DWCNTs. (a) The snapshots of the radius effect on the pushout
shear stress during the pushout process; (e) the COM distance between
out process.
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Fig. 5 The interactions between Pt NW and the DWCNTs with either different inner wall chirality or different outer wall chirality. Energy plots of
the pushout of DWCNTs with different inner CNT chirality: (a) interaction energy, (b) interfacial bonding energy, and (c) shear stress; (d) the COM
distance between nested walls in DWCNTs with different inner wall chirality; energy plots of the pushout of DWCNTs with different outer wall
chirality: (e) interaction energy, (f) interfacial bonding energy, and (g) shear stress; (h) the COM distance between nested walls in DWCNTs with
different outer wall chirality.
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pushout process changed to the inserting process, the interac-
tion energy starts to increase. The interfacial bonding energy
(Fig. 4c) decreases linearly with increasing the diameter of the
39486 | RSC Adv., 2017, 7, 39480–39489
DWCNTs. The shear stress (Fig. 4d) shows the same tendency as
the interaction energy, which increases in the beginning and
then decreases with increasing diameters of DWCNTs, nally
This journal is © The Royal Society of Chemistry 2017
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Table 3 The parameters of diverse chiral DWCNTs

DWCNTs
Inner wall chiral
index (n, m)

Outer wall chiral
index (n, m) Di (Å) Do (Å) DD (Å)

1 (7, 7) (17, 7) 9.49 16.74 7.25
2 (8, 6) (17, 7) 9.52 16.74 7.22
3 (9, 5) (17, 7) 9.62 16.74 7.12
4 (10, 4) (17, 7) 9.78 16.74 6.96
5 (11, 2) (17, 7) 9.49 16.74 7.25
6 (12, 0) (17, 7) 9.39 16.74 7.35
7 (7, 7) (17, 6) 9.49 16.18 6.69
8 (7, 7) (18, 6) 9.49 16.94 7.45
9 (7, 7) (19, 3) 9.49 16.18 6.69
10 (7, 7) (19, 4) 9.49 16.66 7.17
11 (7, 7) (21, 1) 9.49 16.85 7.36
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increase when the diameter of inner wall is larger enough than
that of Pt NW.

The COM distances between the inner and outer walls are
shown in Fig. 4e. The negative value indicates the pullout
process while the positive value indicates the pushout process.
The platform indicates the steady status of the system. It is
obvious that some of the pushout process experience the
medium steady state before the completion of the pushout
process (the nal platform). The smaller COM values of the
DWCNT (7, 7)/(17, 7), DWCNT (8, 8)/(18, 8) and DWCNT (9, 9)/
(19, 9) than that of the DWCNT (6, 6)/(16, 6) indicate partly
pushout of the inner walls. According to the COM distances
between the nested walls, the average velocity of the pushout
process are obtained (Fig. 4f). It apparently shows that the
average velocity of the pushout process increases when the
diameter of inner wall increases from 8.14 Å to 9.49 Å, which
may be due to the less resistance with the increasing diameter.
Further increase the diameter, the interaction between the
nested walls become larger. Thus it become more and more
difficult for Pt NW pushing out the inner walls completely.
When the diameter of the inner wall is larger enough than the
Pt NW diameter, the pushout process changes to the inserting
process. In this consequences, all the resistance during the
pushout process become the power benet for the inserting
process. Therefore, the average velocity increases dramatically.

Chirality effect

The CNT can be viewed as rolled-up graphene sheets and their
structure can be expressed by the chiral index (n, m).32–34 For
DWCNTs, the chiral indices of different walls are independent
to each other. To investigate the chirality effect on the pushout
process, the interaction between the Pt NW and different chiral
DWCNTs are investigated (Fig. 5). Since DWCNT has two walls,
the chirality effect should consider both the inner wall and the
outer wall. First, the chirality of the outer walls keeps the same
while that of the inner walls changes and vice versa. The
parameters for different chirality of DWCNTs are demonstrated
in Table 3. The energy plots of the chirality effect of both walls
on the pushout process are shown (Fig. 5a–c and e–g). The
interaction energies between Pt NWs and DWCNTs with
different chirality are more or less the same (Fig. 5a and e). The
maximum interaction energy difference between the Pt NWs
and DWCNTs with diverse inner wall chirality is 72 kcal mol�1

(accounts for 2.69%) while that between the Pt NWs and
DWCNTs with diverse outer wall chirality is 71 kcal mol�1

(accounts for 2.65%). The inner wall chirality also has little
effect on the interfacial bonding energy between diverse
DWCNTs and Pt NWs (Fig. 5b and f). The maximum difference
among the interfacial bonding energies between the Pt NW and
DWCNTs with diverse inner wall chirality and that between the
Pt NW and the DWCNTs with diverse outer wall chirality are
both 0.04 kcal mol�1 Å�2 (accounts for 4.7%). However, both the
inner and outer wall chirality has positive effect on the shear
stress of Pt NW/DWCNT interface (Fig. 5c and g). For the inner
wall chirality, the DWCNT (8, 6)/(17, 7) has the highest shear
stress of Pt NW/DWCNT interface, increasing to 121.3%; while
This journal is © The Royal Society of Chemistry 2017
for the outer wall chirality, the DWCNT (7, 7)/(21, 1) has the
highest shear stress of Pt NW/DWCNT interface, increased to
175.7%. According to eqn (5), the shear stress is proportional to
Epushout and is inversely proportional to L2. Thus the pushout
length, L, plays a signicant role to the shear stress of Pt
NW/DWCNT interface. The curves of COM versus simulation
time are shown in Fig. 5d and h. The slopes of these curves
indicate the instantaneous velocity of the pushout process.
Apparently, some DWCNTs can be pushed out continuously
while some are not. It is worth noting that the highest shear
stress appears in the continuously pushout process.
Wall number and NW length effect

CNTs mainly exist as the MWCNTs. In this study, the triple-
walled CNT and the quadruple-walled CNT are selected repre-
senting the MWCNTs. The congurations of different MWCNTs
pushed out by different sizes of Pt NWs are shown in Fig. 6a.
With the increasing of the wall number, only when the corre-
sponding diameters of Pt NWs increase, the pushout process
can be completed successfully. For the triple-walled CNT (7, 7)/
(17, 7)/(26, 7), the Pt NW with the radius of 9 Å can perfectly
push the inner DWCNT out of the outer shell. As for the
quadruple-walled CNT (7, 7)/(17, 7)/(26, 7)/(35, 7), the Pt-NW
with larger radius (13 Å) can successfully push out the inner
triple-walled CNT out of the outer wall. Interestingly, the Pt-NW
with proper radius can only extract the outermost wall in
MWCNT, neither DWCNT nor triple-walled CNT nor even more.
The reason for this phenomenon is obvious. If the inner wall
expected to be pushed out, the corresponding Pt NW should be
smaller, thus the interaction energy between the Pt NW (smaller
diameter) and MWCNT is smaller than that between the nested
MWCNT walls inducing the failure of the pushout process. For
the larger Pt NWs (radius ¼ 9 Å & 13 Å), they can maintain the
structure very well both during the pushout and aer the
completion of the pushout process. This may be because the
energy among the Pt particles is strong enough, which is not
easily be deformed by other energy.

To completely push the inner wall out of DWCNT outer shell,
the length of the DWCNTs and Pt NWs are almost the same. The
length of the Pt NW has little effect on the pushout process
RSC Adv., 2017, 7, 39480–39489 | 39487
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Fig. 6 (a) The snapshots of pushout of (i) DWCNT (7, 7)/(17, 7), (ii) triple-walled CNT (7, 7)/(17, 7)/(26, 7) and (iii) quadruple-walled CNT (7, 7)/(17, 7)/
(26, 7)/(35, 7) by Pt-NWs with the radius of (i) 5 Å, (ii) 9 Å and (iii) 13 Å; (left, side view; right, top view); (b) the NW length effect on the pushout
process of DWCNT (7, 7)/(17, 7) by Pt NW with 5 Å radius and length of (iv) 45.1 Å, (v) 54.9 Å and (vi) 74.6 Å.
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compared with the Pt NW diameter. Fig. 6b shows the inner wall
of DWCNT (7, 7)/(17, 7) pushed out by the Pt NW with different
lengths. It shows that the Pt NWs with different lengths are all
able to push out the inner wall from the outer shell though the
pushout length varies. Specically the shorter Pt NW length, the
shorter length of the inner wall was pushed out (Fig. 6b-iv).
When the Pt NW length is longer than the DWCNT length, the
inner wall is able to completely push out (Fig. 6b-vi).

Conclusions

In summary, we have systematically investigated the pushout
process of diverse DWCNTs and MWCNTs by Pt NWs using MD
simulations. When the interaction energy between the outmost
wall and the Pt NW is larger than that between the nested walls,
the Pt NW is able to push out the inner wall/s. The diameter of
the inner wall of DWCNTs affects the pushout process signi-
cantly while the chirality of both the inner and outer wall has
little effect on the extraction. In addition, the Pt NW can also
successfully extract the outmost wall in a MWCNT with proper
diameter. The Pt NW length has little effect on the pushout
process compared with the Pt NW diameter. This study is
benet for understanding the pushout sliding mechanism
between MWCNTs and Pt NWs and may shed light on the
potential applications in nano-mechanical engineering system
and other new areas.
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