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Two mechanisms of seamlessly C-C bonded junction formation:

1) CNT growth over the holes that are smaller than 3nm.

i1) CNT growth inside the holes that are larger than 3nm.
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www.rsc.org/ Growth process of 3D junctions of carbon nanotube (CNT)-graphene on copper templates with nano-
holes was simulated with classical molecular dynamic (MD) simulation. The CNT, graphene and their
seamlessly C-C bonded junction can form simultaneously on the templates without catalysts. There are
two mechanisms of the junction formation: i) CNT growth over the holes that are smaller than 3nm, and
ii) CNT growth inside the holes that are larger than 3nm. Tensile strength of the as-growth C-C junctions
as well as the junctions embedded with metal nanoparticles (catalysts) was determined via a quantum
mechanics MD simulation method. Metal nanoparticles as catalysts remaining in the junctions
significantly reduce the fracture strength and fracture energy, making them brittle and weak. Among the
junctions, the seamlessly C-C bonded junctions show the highest tensile strength and fracture energy due
to their unique structures. This work provides a theoretical base and a route for synthesizing high-quality

single-layer CNT-graphene nanostructures.

1. Introduction

Carbon nanotube (CNT) and graphene, as one dimensional and two
dimensional materials, attract extraordinary research interests in
broad area, across materials science, physics, chemistry, medicine,
biology etc. Recently, the 3D nanostructure - hybrid of graphene
sheet and pillared single wall or multi-wall CNTs caught more
attention in both experimental and theoretical fields.'® Assembling
these one dimensional CNT and two dimensional graphene with
seamless CNT-graphene junctions can create 3D hybrid
nanostructures with new functions while complementing their
properties and retaining their advantage in maximum. For instance,
the structure of graphene sheet and vertical single-wall or multi-wall
CNTs was reported to possess broad application prospect such as
energy storage,’ thermal sinker *° and electronic devices.'*"!

3D nanostructures were produced in laboratory in the presence of
metal catalysts.'>'* The growth of junction of 3D carbon nanotube-
graphene was also simulated via quantum mechanical molecular
dynamic method, providing specific theoretic foundations for the
experimental effort to fabricate the new 3D structures.'’ However,
most 3D nanostructures were fabricated with the aid of metal particle
catalysts, in which the metal particles remain in the junction
structure even after subsequent treatments. Therefore, understanding
of mechanical properties and stability of the 3D nanostructures with

2. Results and discussions

2.1 Formation of large-scale 3D CNT-graphene junctions

This journal is © The Royal Society of Chemistry 2013

metal particles is necessary for their applications. Simulation work
has been done on mechanical property of large scale of pure C-C
bonded CNT-graphene structure, '°'® most of which, however, were
focused on CNT density and lengths selected as the main variables,
with the assumption of prefect junctions. Obviously, junctions are
the key elements in the 3D structures and metal particles at the
junctions would strongly affect the junction performance. Thus, the
strength of junctions with metal particle would be of significance for
the whole 3D nanostructure and needs more consideration.

To avoid the problem of catalysts remaining in the 3D CNT-
graphene nanostructures, it is highly desirable to synthesize the
nanostructures without catalysts. It has been shown that single-layer
graphene can be grown on copper substrates.'”? In this paper, we
proposed a new process based on copper templates to synthesize the
3D nanostructure without catalysts. The synthesizing process of
single CNT-graphene junctions was simulated via molecular
dynamic simulations. Furthermore, quantum mechanical molecular
dynamic method was utilized to simulate the mechanical properties
of as-grown C-C junctions as well as the junctions with metal
nanoparticles embedded inside them.

J. Name., 2013, 00, 1-3 | 1
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The growth processes of graphene, CNT and their junctions on the
Cu templates with different hole sizes (1-6 nm in diameter) were
simulated using classical MD method. Generally, a single layer
graphene forms quickly on the (111) surface of the Cu template,
followed by the formation of a seamlessly C-C bonded CNT-
graphene junction and the growth of CNT. Eventually, a 3D single-
walled CNT-graphene nanostructure was formed and the architecture
of 3D structure was determined by the template design.
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It was found that there are two growth mechanisms for the
junction formation, depending on the size of the hole. When the

hole diameter is larger than 3 nm, after the formation of the graphene
over the template surface (Fig. 1(a)), the newly formed graphene
surrounding the hole curves down into the hole to form an embryo of
CNT cap (Fig. 1(b)). With the feeding of carbon sources, the cap
keeps growing into the hole to form a CNT (Fig. 1(c)). The detailed
growing process can be seen in supplementary information (Video
S1).

(@) (b)

©

Fig. 1 (a) Carbon atoms deposited over the template surface; (b) formation of graphene and an embryo of CNT cap; (c) The CNT grown into

the hole to form CNT-graphene junction.

When the hole diameter is smaller than 3nm, we observed an
interesting CNT growing mechanism, as shown in Fig. 2. Instead of
growing into the hole, the embryo of CNT grows upward over the
hole to form CNT and junction as shown in Fig. 3. In the initial stage
of growing, the template surface was first covered by randomly
distributed carbon atoms (Fig. 2(b)), and then defective graphene
formed from these carbon sources (Fig. 2(c)). In the initial stage, the
graphene sheet has a hole as well at the Cu hole area due to lack of
supporting. During relaxation it is generally sealed by C atoms, and
a whole piece of graphene sheet formed. The extra C atoms diffuse
on the graphene surface in single atom as well as in cluster (Fig.

Small hole

2(c)). These carbon sources eventually move into the hole area and a
CNT grows out of the graphene, as shown in Fig. 2(d). Since the
CNT grows upward over the hole, this growth mode could simplify
the post processing, providing a new route for synthesis of 3D CNT-
graphene nanostructures with seamless C-C bonded junction without
templating/catalyst. For example, the CNT-graphene layer could be
simply peeled off the templetes and transferred to other substrates
without damage the junction. To realize this process, the hole in the
templates should be very small (e.g., < 3nm, as shown in the
simulations).

0 ps 3 ps

(@) (b)

2000 ps 5000 ps

© (d)

Fig. 2 (a) Cu template with small hole (dimameter: 2 nm). (b) Template surface was first covered by randomly-distributed carbon atoms. (c)
defective graphene formed from these carbon sources and covered the surface and the extra C atoms diffused on the graphene surface in
single atom as well as in cluster, and (d) CNT growth out of the graphene after extra carbon atoms diffuse into the hole area.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 A CNT growing upward over the hole to form CNT-graphene junction. (a) Cross section of junction. (b) Top view of the junction after

the template is removed.

We have studied the structural evolution of 3D nanostructures during
their growth. Fig. 4(a) shows the number of atoms with different
bond types for the nanostructure growing on Cu template with a 4
nm diameter hole. The number of sp’ bonds increases rapidly at the
initial stage and then reaches a plateau while the number of other
type of bonds (sp” and sp”) quickly reduces to a low level. There are
almost no sp® bonds in the system mainly because the growing
nanostructures consist of single-layer graphene, CNT and junctions.
The small numbers of sp’ and sp’ bonds indicate defects and
dangling bonds remaining due to incomplete relaxation. Obviously,
the large number of sp’ bonds indicates well-grown CNT, graphene
and junction on template surface.

The number of polygons other than hexagons represents the
quality of CNT and graphene in term of defects. Fig. 4(b) shows the
number of polygons during the growth. While the number of
pentagons and heptagons rapidly decreases, the number of hexagons
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rapidly increases. It is well known that pentagons and heptagons are
typical defects in carbon materials and exist simultaneously in the
form of Stone-Wales defects. As shown in Fig. 4(b), the population
of hexagons is much larger than other types of carbon rings,
suggesting that the CNT- graphene junctions are in high quality. The
microstructure of the junctions was further examined after long time
relaxation and both point and line defects were found in the
structures, as reported in experiments.*> * Fig. 5 shows a typical
structure of CNT-graphene junctions. There are point defect (5577)
and grain boundaries in the form of pentagons and heptagons
distributed alternatively in graphene (Fig. 5(a)). Similar line defects
are also found in CNT while these defects also exist in the transition
region between graphene and CNT (Fig. 5(b)). The population of
pentagons and heptagons in the junction area is larger than that in
CNT and graphene. Thus, heptagons and pentagons are crucial for
the formation of 3D CNT-graphene junctions.
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Fig. 4 Structural evolution of the 3D nanostructure growing on Cu template with a 4 nm diameter hole: (a) The number of atoms with

different bond types, and (b) the number of polygons during the growth.
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Fig. 5 (a) single-layer CNT-graphene junction with point defect (5577) and grain boundaries in the form of pentagons and heptagons
distributed alternatively in graphene, and (b) Similar line defects (highlighted in red) in CNT and the transition region between graphene and

CNT.

2.2 Mechanical properties of different junctions

Carbon nanotubes with C-C sp” hybrids bonds are believed to be one
of the strongest materials, with tensile strength of 85-118 GPa."’
Pristine graphene, with similar C atoms arrangement to CNT, was
reported to possess fracture strength of 100-126 GPa.*® With such
high strength, mechanical properties of the 3D nanostructure
composed of graphene and vertical CNT will strongly depend on the
quality of their junctions. It has been shown from the simulations'*
.59 and experiments'® *! 3 that CNT-graphene junctions could be
pure C-C covalent, metal-C bonds or the mixtures of them. Here, we
calculated the tensile strength of the as-grown CNT-graphene
junctions described in section 3.1, as well as those with embedded
metal nanoparticles (remaining catalysts) as simulated in our
previous work. "

4| J. Name., 2012, 00, 1-3

Stress-strain curves of various junctions as well as pristine (5, 5)
armchair CNTs are shown in Fig. 6. For the CNTs, the stress
increases nearly linearly with increasing strain, but drops after
reaching a maximum value that is defined as the tensile strength.
From the stress-strain dependence, this behavior can be ascribed to
the typical brittle failure mechanism, as simulated by others.*”** Tn
contrast, the pure C-C junction and the junctions with embedded Fe
and Ni particles show relatively ductile fracture modes according to
the stress-strain curves. For the covalent C-C junction, the ductile
fracture stems from the compliant of graphene with out-of-plane
deformation since graphene is fixed at its edge during loading. In the
case of particle-embedded junctions, the ductile deformation can be
attributed to the deformation of complaint graphene as well as the
metallic particles.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Stress-strain curves for single-wall CNT, 3D C-C junction,
junctions with Fe/Ni particles embedded between CNT and graphene
(C-Fe-C and C-Ni-C junctions), and C-C junctions with Fe/Ni
particles embedded in CNT.

Tensile strength of pure C-C junction is relatively lower than that
of perfect CNTs. The lower strength is attributed to the existence of
heptagons, pentagons, quadrangle at the junction area, which are
considered as local defects. It was reported that for defective CNTs,
the fracture strength reduces by ~9% for a Stone-Wales defect and
~26% for an atom vacancy.” Compared to pure C-C junction, tensile
strength of metal-C junctions was further decreased by the metal
particles embedded between CNT and graphene (Fig. 10(b)), even
when metal particles are embedded within the junction and there are
C-C bonds between CNT and graphene (Fig. 10(c)). When the metal
particles are embedded between the CNT and graphene, the

ARTICLE

deformation of the junction obviously depends on the particle and
metal-C bonds. For the junctions with metal particle embedded in
the junction (Fig. 7(a)), the C-C bonds of the junction are weakened
by the embedded particles. As a result, the C-C bonds prematurely
break due to the existence of the nanoparticles, as shown in Fig. 7(b).
After the C-C bonds at the junction are broken, the fracture mode is
very similar to those junctions with metal particles embedded
between the CNT and graphene, as shown in Fig. 7(c)-(d).

&= 0% £=18.0%

@ (b)

£=32.4%

£=57.6%

© (@)

Fig. 7 Atomic configurations of fractured junctions with Fe particle embedded within the C-C bonded junctions: (a) Fe particle-
embedded junctions, (b) junction with broken C-C bonds, (c) particle elongation, and (d) fractured junction. (¢ represents tensile strain)

The fracture energy was also calculated from the area under the
stress-strain (o-¢) curves, shown in Fig. 8. The pure C-C bonded
junctions have the highest fracture energy among the junctions.
Metal particles can noticeably reduce fracture energy of the 3D
junctions, depending on the particle embedding configurations.
Fracture energy reduces by more than 50% as metal particles are
embedded between the CNT and graphene, while it decreases

This journal is © The Royal Society of Chemistry 2012

slightly as metal particle is inside of junction for Fe and Ni particles.
Obviously, the junction without metal particle has the highest tensile
strength and ductility due to pure C-C covalent bonds. Thus,
mechanical properties and deformation behavior of 3D nanostructure
are strongly affected by remaining catalysts after junction growth,
and it is necessary to remove the catalysts after the synthesis of the
new 3D nanostructure or grow pure C-C bonded junctions without
catalysts. As shown in Section 2.1, the high-quality single-layer

J. Name., 2012, 00, 1-3 | 5
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CNT-graphene junctions could be grown on Cu template without
catalysts, providing an effective route to create 3D CNT-graphene
nanostructures with seamlessly C-C bonded junctions.
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Fig. 8 Fracture energy of pure C-C junction and the junctions with
embedded metal particles.

3. Computational Methodology

Templating growth of 3D CNT-graphene junctions: We proposed to
deposit carbon sources on a copper template with hole on it, such

RSC Advances

that CNT could grow into the hole to form 3D CNT-graphene
nanostructures. It has been reported that copper is an ideal substrate
for the growth of single-layer graphene,'*? and single-wall CNT
and single-layer graphene and their junctions could be fabricated
with the copper template. To verify this idea, we used MD methods
to simulate the growing process of the 3D nanostructures. The model
system is composed of a copper substrate (template) and carbon
sources. To generate the copper template, a single-crystal copper
with a size of 12nmx 12nm x1.672nm was created with (111) on its
surface. A hole of given diameter (d = 1~6 nm) was then drilled out
of the center of the copper template, as shown in Fig. 9(a). Carbon
sources are distributed over the template with an atom spacing of 0.3
nm. Periodic boundary conditions were applied in three directions to
represent an infinite large system.

The MD algorithm was used here as implanted in the
LAMMPS code to simulate the deposit of carbon atoms on the
template by releasing the fixed carbon atoms discontinuously (Fig.
9(b)). The forces between Cu atoms were calculated using an EAM
potential,”"*" while the forces of the C atoms were computed using
the second-generation reactive empirical bond-order potential
(AIREBO).*'>** These many-body potentials have been used to study
the growth of carbon materials.® The interaction between C and Cu
atoms were described by a Lannerd-Jones potential: E=4¢ [(o/r)'-
(o/)°] with r the distance between atoms, in which the parameters (&
=0.02587 eV and 0=3.0825 A) were used since experimental results
has definitely shown that the interaction between the carbon atoms
and copper atoms is weak.*® *” With a rescaling thermostat to control
temperature (1073K), the equations of motion were integrated with a
time step of 1.0 fs.

Fig. 9 (a) Copper template with (111) on surface and a hole in the center, and (b) deposit of carbon atoms placed at 0.5 nm above the Cu

(111) surface for the growth of 3D CNT-graphene nanostructures.

Mechanical testing of the junctions: The tensile strength of pure C-C
junctions and those with catalysts was calculated with quantum
mechanical molecular dynamic software SCC-DFTB+ (self-
consistent-charge Density Functional Tight Binding).">*** In the
computation, Noose Hoover thermostat was utilized to perform all
the activities of atoms with timestep of 1 fs. The tensile test was
done at room temperature (300k). In laboratory, Fe and Ni are
usually used as catalysts to grow carbon nanostructure;, hence
deformation of the junctions with different metal catalysts —Fe and
Ni— was calculated. We tested three types of junctions: seamless C-
C bond junctions (Fig. 10(a)), the junctions embedded with particles
between CNT and graphene (C-Fe-C or C-Ni-C junctions; Fig.
10(b)) and the junctions with particle embedded inside CNT (Fig.

6 | J. Name., 2012, 00, 1-3

10(c)). All the models consists of a (5, 5) armchair CNT and single
hexagonal graphene with an edge length of 1 nm. The graphene
sheet was drilled out a hole of 0.65 nm, and CNT was placed above
the nanoparticle and graphene. The outlining boundaries of CNT and
graphene were saturated by hydrogen atoms. Nanoparticle size
varies with different metals. The total number of the atoms in the
simulation is around 250-290. For comparison, single CNT and as-
grown C-C junctions made in the process simulations were also
tested. The saturated H atoms on graphene was fixed during the
simulations, and tensile test was performed by holding the H atoms
and fist top ring of CNT, moving along CNT axial direction at a
constant speed of 0.0125 nm/ps.

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 Models for tensile testing of the junctions: (a) A pure C-C bonded junction, (b) A junction with Fe particle between CNT and
graphene, and (c) A junction with Fe particle embedded in it. (Green represents C atoms, white is referred to H atoms; and pink represents Fe

atoms)

4. Conclusions

Growth processes of 3D CNT-graphene junction on Cu templates
were simulated via classical MD simulations. There are two growing
mechanisms depending on the size of template holes: i) CNT growth
over small hole, and ii) CNT growth inside large hole. Line and
point defects were found in the grown CNT, graphene and junctions.
Pentagons and heptagons play an important role in the junction
growth especially at the transition region of CNT and graphene. The
seamless C-C junction growth mechanisms found in this study
provide a theoretic foundation for growth of 3D nanostructures
without any catalysts. Tensile tests of different types of junctions in
3D nanotube — graphene nanostructures were simulated via quantum
mechanical molecular dynamic method. The simulations show that
the covalently C-C bonded junctions possess the highest fracture
strength and fracture energy. The metal nanoparticles embedded in
the junctions between the CNT and graphene significantly reduce the
fracture strength and energy. Even when the metal particles are
embedded inside junction, the C-C bonded junctions are weakened
by the particles. Our simulations show that it possible to synthesize
high-quality 3D CNT-graphene nanostructures using templating
methods without catalysts.
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