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anowires (NWs) have attracted sig-

nificant attention owing to their

potential applications including
nanosensors and high density electronic
and optoelectronic devices. ™ In previous
works, various metal NWs (gold, silver, and
copper) have been synthesized.>"7 The
properties of the NWs are determined by
their size, morphology, and composition.
Especially, composite NWs can improve the
physical and chemical properties of materi-
als, which would allow great flexibility in de-
signing new experiments and developing
novel applications. The surface area to vol-
ume ratio plays an important role in chemi-
cal reactions involving a solid material. NWs
have an exceptionally high surface to vol-
ume ratio, which provide NW compositions
with a high reactivity. Herein, we propose a
novel method to produce copper/carbon
core/shell composite NWs through self-
scrolling carbon nanotubes (CNTs) onto Cu
NWs via molecular dynamic (MD) simula-
tion. The simulations show that the van der
Waals force between CNTs and Cu NWs is
the driving force for this self-assembly pro-
cess. The prospect of core/shell composite
NWs is to determine strategies on how to
produce composite NWs.

Several ribbon structures of collapsed
CNTs have been discovered by Chopra et
al., which were synthesized on the surface
of Cu cathode by a carbon-arc discharge
method. The collapsed CNT arrangement
occurred when a conventional hollow cylin-
drical nanotube was locally deformed by ex-
ternal mechanical forces to form kinked or
twisted conformation.® The new structures
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ABSTRACT We demonstrated a novel method to produce core/shell composite nanowires (NWs) by self-

scrolling carbon nanotubes (CNTs) onto copper NWs via forced-field-based molecular dynamic (MD) simulations.

When large diameter CNTs are placed beside the copper NWs, the CNTs approach the NWs, collapse, and self-scroll

onto the NWs, resulting in coaxial core/shell composite NWs. It is found that the van der Waals force plays an

important role in the formation of the composite NWs. The expected outcome of this novel method is to determine

various strategies on how to produce composite NWs. Coaxial core/shell composite NWs represent an important

class of nanoscale building blocks with substantial potential for exploring new concepts and functional materials.
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of collapsed CNTs, which provide new struc-
ture and new physical properties, have at-
tracted significant attention in the experi-
mental and theoretical studies.®~%'
Successful production of various cross-
sectional shapes of CNT, including oval,
peanut, and ribbon shapes, under the hy-
drostatic pressure has introduced a control-
lable way to produce desired CNT
nanostructures.’”>~'° In addition, the electri-
cal transitions of deformed CNTs which are
sensitive to pressure have provided the op-
portunity to build nanoscale pressure sen-
sors for practical applications.’>~"° It has
also been demonstrated that van der Waals
forces between adjacent CNTs can deform
their cylindrical symmetry.?? The flattening
of the deformed CNTs along the contact re-
gion also implies that the surface contact
can also bring deformation of CNTs. Cha et
al. reported that CNTs can be significantly
deformed by metal islands using annular
dark-field electron tomography with a scan-
ning transmission electron microscope at
nanoscale resolution,? which suggested
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Figure 1. The snapshots of the formation. The CNT (30, 30) col-
lapses to wrap the 12 A diameter Cu NW core in the simulation.

that the geometric transformation of CNTs can be in-
duced by the metal surface. Clearly, the deformation of
CNTs can introduce larger surface contact to some ex-
tent. Recently, we found that when the diameters of
CNTs reach a certain threshold, the CNTs collapse and
form graphene ribbons on the Cu,0 surface.?’ One can
expect that the van der Waals force between CNTs and
surfaces can be utilized for nanofabrication. The NWs
possess even larger specific 3D surface area, which can
augment the interaction area comparing to the one in
2D flat surface. A higher deformation can be further in-
troduced by van der Waals force. Here, by introducing
Cu NWs to CNTs, we found that the large diameter CNT
can easily collapse. Interestingly, the CNTs further scroll
around the Cu NW as carbon nanoscrolls (CNS) and
eventually form hybrid NWs. The novel core/shell (Cu/
CNS) nanostructures can be fabricated by the self-
scrolling method, providing a new functionality for
NWs.

RESULTS AND DISCUSSION

The formation of Cu/CNS core/shell NWs is simu-
lated by the MD method. The formation in the simula-
tions has two steps. Step 1 is the collapse of CNTs. Step
2 is CNTs scrolling around the Cu NWs. Figure 1 shows
some snapshots of the interaction between the CNT
(30, 30) with 40.68 A diameter and 12 A diameter Cu
NW from 0 to 500 ps, respectively. By placing CNTs (30,
30) parallel beside the Cu NW with about 5 A initial
separation, the CNT and the Cu NW approach to each
other due to the strong attraction force. During the ap-
proaching process, the surface of the CNT which is
closer to the Cu NW moves rather faster because car-
bon atoms closer to Cu NW endure stronger van der
Waals force. Therefore, CNT (30, 30) deforms as an oval
along the approaching direction as shown in 1 ps snap-
shot in Figure 1. After the CNT contacts with the Cu
NW, the carbon atoms on the topper CNT will keep ap-
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Figure 2. The characteristics of the Cu/CNS structure. The
intermolecular pair correlation function between the center
Cu atomic wire and the scrolling CNS.

proaching to the Cu NW due to the attraction force by
the van der Waals interaction, which induces the CNTs
to collapse to a saddle in the cross-section, as shown in
150 ps snapshot in Figure 1. At 325 ps, when some of
the top and bottom atoms of CNT get close enough to
each other, the collapse is further accelerated due to
the w—r stack effect between the top layer and bot-
tom layer of the collapsed CNT and then the core/shell
(Cu/CNS) nanostructures are produced eventually. (see
Supporting Information Videos 1 and 2).

This geometric configuration of the core/shell (Cu/
CNS) NW can be further characterized by the intermo-
lecular pair correlation function between the center Cu
atomic wire and CNS. From the peak details labeled in
Figure 2, the distance between the inner layer of CNS
and the center of Cu atomic wire is 8.78 A, and the dis-
tance between the outer layer of CNS and the center of
Cu wire is 12.26 A. As the radii of the Cu NW is 6 A, the
separation between the inner layer of CNS and Cu NW is
2.78 A, very close to the chemical bond regions, which
indicates the interaction between them is very strong.
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Figure 3. The scheme of the mechanical model: (a,b) the
analysis of the interaction of the CNT (30, 30) and 12 A diam-
eter Cu NW; (c) the force acting on the different points of
CNT shell.
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Figure 4. The characteristics of the deformation of the Cu
NW; the variation of MSD perpendicular to the approaching
direction during the simulation.

The adhesive binding energy between Cu core and
CNS shell is —2.05 kcal/mol - A2, The distance between
the top- and the bottom- CNS layers is 3.48 A. This is
close to the wall thickness of the multiwalled CNTs (3.4
R). Such CNS can be considered as a double-walled
CNT.

Physically, the geometric transformation is deter-
mined by the competition between the interaction
force experienced and the bending of CNT. Here, we
chose a Cu NW consisting of 37 atomic wires along the
cross section with the length of 2/. We present a me-
chanical model for the specific CNT—Cu NW system
based on Lennard-Jones potential.2* The CNTs with
large diameter can be sufficiently deformed by the in-
teraction force between Cu and carbon atoms. In this
specific study system, the analysis of the interaction be-
tween the CNT (30, 30) and 12 A diameter Cu NW is
shown in Figure 3a,b. From the Lennard-Jones poten-
tial describing the interaction between pairs of atoms,
we obtain the differential unit of the potential at P(x,0,2)
as shown in eq 1, where ¢ is the depth of the potential
well, o is the (finite) distance at which the interparticle
potential is zero, r is the distance between the particles,
a is the distance of two adjacent atom wires, and \ is lin-
ear density of the Cu NW. Then we get the potential at
P(x,0,2) as shown in eq 2. The force of the atom of CNT

CNT (26, 26) CNT (20, 20) CNT (18,18) CNT (16,16)
a
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Figure 5. The size effects of the interaction between CNTs and Cu NWs: (a) the interaction between the 10 A diameter Cu

NWs and CNTs with varied diameters; (b) the interaction between the 8 A diameter Cu NWs with varied diameters and CNT

(22, 22); (c) the interaction between Cu NWs and CNTs with larger diameters (Reyr > D + 8 A).
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endured from the Cu NW is, of course, the negative gradient of the potential field at P(x,0,2) (eq 3).

A B
du, :Z(_,TJ’FT]M”

(3.3),i+)<4 dn

(i,j=0.0) [(z + ia)2 +(xt ja)z +17° r
A=4ec”, B=4eo’

(3.3)+j<4

(3,3)i+j<4 dn M
+AB Y

(1,j=0,0) [(ziia)2 +(xt ja) +I72]6

(3.3).0+ /<4 dﬂ

U, =- +AB 2)
! (.7=0,0) '[/ [(z tia) +(xt ja)’ +7? ]3 4'1;‘3.0) ! [(z tia) +(xx ja) + 7]2]6
~ au,_ dU, .
=W, =——=i-——k,
! ox o
U (3.3)+j<4 . (33)i+j<4 .
o, iy ok
dx w0 [z tia) +(xtja) +17] w0 [(ztiaf +(x+ ja) +7]
BU (3.3),i+/<4 417 (3,3)+)<4 +i
_;,, -6 (zia)dn +1248 z (zia)dn

w0 ! [(ziia)2 +()cija)2 +17° ]4

As seen from eq 3, the force is mildly attractive as
CNT approaches to Cu NW from a distance, but strongly
repulsive when they are too close. The distance R be-
tween P and the Cu NW can be described as R = (z> +
x?)'2, From eq 3, we roughly obtain the trend in the
variation of F vs R, which is illustrated in Figure 3c with
a plot of the force distribution at different points
around the Cu NW. The force distribution indicates
that when CNT and NW are next to each other, they
will approach each other until the interaction reaches
minimum (F = 0). We assume that M is the bending
modulus, a threshold that can just start the deforma-
tion of CNTs. When the difference of forces in the adja-
cent points around the Cu NW is larger than M, the CNTs
will deform or even collapse. The mechanical relation-
ship can be described as follows:

|dF/dR| > M (4)

where |dF/dR| denotes the difference of the endured
force per unit distance. When eq 4 is satisfied, the CNT
will deform with the interaction force between CNT and
Cu NW. It is known that the bending modulus M de-
creases as CNT diameter increases, which indicates that
the larger diameter CNTs are sure to be deformed more
easily. In Figure 3¢, when the CNT shell is in the re-
gions of [Ry, Rm] and [Rm, R1], the variations of F along
with R are relatively large. The abrupt curve in these two
regions indicates the value of |dF/dR| is large enough
and the eq 4 will be easily satisfied. That means the ra-
dial deformation of the CNT will eventually occur. How-
ever, the values of dF/dR are negative and positive in
the regions of the [Ry, Rl and [R, R1], respectively. That
indicates the CNTs in the two regions are stretching
and shrinking along their cross sections. These results
correspond to MD simulation results showing that the
different transformations occur in parallel and perpen-
dicular to the approaching direction.

In fact, the deformations happen to not only CNTs,
but also Cu NWs because of the strong interaction.
The mean squared displacement (MSD) of Cu NW per-
pendicular to the approaching direction reflects defor-
mation of Cu NW, as shown in Figure 4. Since the
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Cu NWs are solid cylinders and possess an excellent
geometric stability, the NW deformation occurs slightly
during the partial scrolling process, which appears as an
atomic oscillation in short-range. However, when the col-
lapsed CNTs scroll around the Cu completely, the Cu
core restitutes to the normal structures to some extent
because of the symmetrical forces along the radial
direction.

Figure 5 shows the size effect of the interaction be-
tween CNTs and Cu NWs. Figure 5a illustrates the inter-
action between the 10 A diameter Cu NWs and the CNTs
with varied diameters. We can find that CNT with small di-
ameter, for example CNT (16, 16), cannot collapse fully
(see Supporting Information Video 3). Namely, a diam-
eter threshold exists for the collapse of CNT. The collapse
and scrolling can happen only if the diameter of CNT is
larger than the threshold. Figure 5b shows the interac-
tion between the Cu NWs with varied diameters and CNT
(22, 22). In this figure, it can be seen that when the diam-
eter of Cu NW decreases to a small value, for example 8 A,
the Cu NW cannot deform CNT to collapse. Therefore,
when the diameter of Cu NW is smaller than the thresh-
old, 8 A, the Cu NWs cannot keep their own geometric sta-
bility, so they cannot deform CNTs to collapse. During
size effect study and the geometry configuration analy-
sis, we also obtain the size relationship between CNT and
NW roughly as follows:

Rar =D+ 8A, (D>8) (5)

where Reyr is the radii of CNT and D is the diameter of
NW. D > 8 A indicates that Cu NWs can keep their own
geometric stability. If eq 5 is satisfied, the perfect core/
shell NW can be produced by scrolling CNT around NW.
When Renr > D + 8 A, there are overlaps of the CNS shell
at the suture, as shown in Figure 5¢. CNS overlaps back
to back when the diameter of the Cu NW core is smaller
than 12 A. However, because larger diameter Cu NWs can
provide a larger driving force to scroll the CNSs onto Cu
NWs further, CNS overlaps spoon-fashion when the diam-
eter of the Cu NW core is larger than 12 A.

As well known, CNTs with different chiralities pos-
sess different electrical transfer properties ranging from
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conductor to semiconductor. In the simulation, the
chiralities of CNTs have little effect on the collapse and
scrolling. Besides, we also studied the interaction be-
tween CNTs and some other metal NWs such as Al, Ag,
Fe, Au, and so on and demonstrated that the CNTs can
also spontaneously collapse and scroll onto these metal
NWs by van der Waals forces. Depending on different
chirality of CNTs and different species of metal NWs, the
metal NW/CNS architectures produced various heteroge-
neous core/shell nanostructures, which may bring a wide
range of potential applications. For example, because
the CNS shells are transparent and metal NWs possess
abundant free electrons, when the metal NW/CNSs are
served as scaffolds in semiconductor based solar cells, the
electron transport will be facilitated and the photocur-

METHOD

MD simulations are implemented by the DISCOVER code in
MATERIALS STUDIO software. The interatomic interactions are
described by the force field of condensed phased optimized mo-
lecular potential for atomistic simulation studies (COMPASS).2
This is an ab initio force field that is parametrized and validated
using condensed-phase properties in addition to various ab ini-
tio and empirical data and it has been proven to be applicable in
describing the mechanical properties of CNTs.?28 The dynamics
process is conducted to allow the system to exchange heat with
the environment at a constant temperature. The Andersen
method? is employed in the thermostat to control the thermo-
dynamic temperature and generate the correct statistical en-
semble. For a temperature control, the thermodynamic temper-
ature is kept constant by allowing the simulated system to
exchange energy with a “heat bath”.?° The force field is ex-
pressed as a sum of valence (or bond), cross-terms, and non-
bond interactions:

E
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rent will be enhanced.? In addition, the mechanical prop-
erties of the metal NW/CNS core/shell composite should
be strengthened. On one hand, the metal NWs act as fill-
ers to enhance elasticity of the composite NWs in the ra-
dial direction, unlike the soft properties of CNTs in the ra-
dial direction.'”” On the other hand, as CNTs are
extraordinarily rigid in the axial direction'” and the radial
collapse does not transform the axial structure, CNTs will
further enhance the rigidity in the axial direction. Self-
scrolling features of CNTs are vastly different from con-
ventional CNTs. The core/shell structures have potential
advantages for nanodevice applications such as electron-
ics, sensor, catalysis, thermoelectrics, and optoelectron-
ics. The self-scrolling method is useful as a new approach
to fabricating core/shell composite NWs.

q id;
Eronbond = 2 [ - ] IZI’] + Ei—pond ©)

i>j

The valence energy, Eyaience, is generally associated with the
terms including bond stretching, valence angle bending, dihe-
dral angle torsion, and inversion. The cross-term interacting en-
ergy, Ecross—term @ccounts for the factors such as bond or angle
distortions caused by nearby atoms to accurately reproduce the
dynamic properties of molecules. The nonbond interaction term,
Eon—bond: Which accounts for the interactions between non-
bonded atoms, is primarily generated by van der Waals effect.
Here, q is the atomic charge, ¢ is the dielectric constant, and r;
is the i—j atomic separation distance; b and b’ are the lengths of
two adjacent bonds, 6 is the two-bond angle, ¢ is the dihedral
torsion angle, and x is the out of plane angle. by, ki(i = 2 — 4), 6o,
Hi =2 —4), i =1 = 3), Vili = 1 = 3), Fep:, b, Fowr, 86, Fon,
Fogs Foro, Fili = 1 = 3), Fogs Kyoor» Ay, and By are fitted from quan-
tum mechanics calculations and implemented into the Discover
module of Materials Studio.

MD simulations are performed in periodic boundary condi-
tions in the range of 90.36 X 90.36 X 120.00 A® at 300 K. A time
step of 1 fs is used, and data are collected every 1 ps. To study
the size effects, we select different diameters of the CNTs and Cu
NWs in the simulations. Series of CNTs are aligned parallel to
the Cu NWs in the initial models, with separation about 5 A.
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Supporting Information Available: Video 1: MD simulation
showing CNT (30, 30) collapsing and scrolling onto the 12 A di-
ameter copper nanowire in the cross section. Video 2: MD simu-
lation showing CNT (30, 30) collapsing and scrolling onto the
12 A diameter copper nanowire in the side view. Video 3: MD
simulation showing 10 A diameter copper nanowire cannot de-
form CNT (16, 16) to collapse. This material is available free of
charge via the Internet at http://pubs.acs.org.
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