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ABSTRACT (Closed-edged bilayer graphene nanoribbons were
formed by the spontaneous collapse of large-diameter single-walled
carbon nanotubes (SWNTSs) grown on gold nanoparticles by chemical
vapor deposition. Such bilayer graphene nanoribbons could adopt
different stacking configurations, such as AB-stacking or stacking :
order with any rotation angle, correlated with the chiral angles of 743 P
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their parent rounded SWNTs. On the basis of the electron diffraction
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characterizations on a good number of collapsed and uncollapsed SWNTs, the threshold diameter for SWNTSs to collapse was precisely determined to be

5.1 nm, independent of the chiral angle of the SWNTs. The determination is consistent with that calculated by both classical adaptive intermolecular

reactive empirical bond order force field and density functional theory after having taken the stacking effect and thermal fluctuation into account.
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chemical vapor deposition

losed-edged graphene nanorib-
C bons' ' are emerging as a new ana-

logue of graphene nanoribbons with
defined edge structures, which exhibit inter-
esting mechanical'”” and electrical prop-
erties,®® thus holding promise as building
blocks in high-performance nanoelectronics.
Such kind of graphene nanoribbons with
only two layers, namely closed-edged bilayer
graphene nanoribbons (CE-BL-GNRs) can be
formed by the collapse of large-diameter
multiwalled carbon nanotubes after extract-
ing inner tubes by sonication.’ Different from
the sonication-induced extraction processes
which usually generate relatively wide CE-
BL-GNRs,’ the spontaneous collapse of large-
diameter single-walled carbon nanotubes
(SWNTs) provides an efficient and promising
strategy for achieving narrow CE-BL-GNRs.'
It has been widely accepted that a SWNT
collapses spontaneously when its diameter
exceeds a threshold,"?*''=17 which is de-
fined as the threshold diameter for SWNT
to collapse (D+). However, the reported Dt
determined mainly by transmission electron
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microscopy (TEM) images differs from each
other and has been a focus of controversy.
For example, the Dy for SWNTSs reported by
Motta et al." is 4.6 nm, in contrast with 2.6 nm
claimed by Zhang et al? A similar situation
exists for the calculated or simulated thresh-
old diameters, where Dy ranges from 0.9 to
6.9 nm based on different computational
methods.>*"' =17 Consequently, this creates
a research challenge for the reliable and
precise determination of Dr.

The discrepancy in Dy values is partly
attributed to the lack of large-diameter
SWNTs in most carbon nanotube products.
Although great progress has been made in
chemical vapor deposition (CVD) growth of
SWNTs,'®2* studies on growing large-
diameter SWNTs,?'**% especially collapsed
ones have been scarce, because most catalyst
nanoparticles with increasing diameter tend to
nucleate double-walled carbon nanotubes®
or even multiwalled carbon nanotubes?*?*’
instead of SWNTs. Even though large-diameter
or few collapsed SWNTs were observed
in some experiments,'>*' the SWNTs usually

* Address correspondence to
hemaoshuai@gmail.com,
feng.ding@polyu.edu.hk.

Received for review August 1, 2014
and accepted August 17, 2014.

Published online August 18, 2014
10.1021/nn5042812

©2014 American Chemical Society

9657

WWwWW.acsnano.org



exist in bundles' or lie on substrate?’ and need to be
transferred to a grid for TEM characterizations. The
transfer processes® or the interactions of the SWNTS
with the support?® might cause structural deforma-
tion and complicate the determination of Dy. To lift
the hurdle for TEM characterizations, direct growth of
individual, free-standing SWNTs with large diameters is
highly preferred.

Besides the difficulties in growing free-standing
SWNTs with large diameters, it is also hard to judge
whether a carbon nanotube collapses or not by its TEM
image,' > as the TEM image is only a two-dimensional
projection of an object. By imaging the open-edge of
the tubes ' or sample rotation studies,’ it is possible to
confirm the collapse of the tubes. Unfortunately, these
strategies are tedious and not efficient. Just recently,
Zhang et al? proposed to distinguish the collapsed
tubes from uncollapsed ones based on the observed
kinks on the carbon nanotube walls. Nevertheless,
using kinks as indicators of collapsed SWNTs is ques-
tionable, as has been suggested by molecular dynamic
simulations that kinks only lead to the local deforma-
tion of tubes.?® Consequently, it is necessary to devel-
op an efficient and reliable technique to distinguish
collapsed SWNTs from uncollapsed ones. More impor-
tantly, the stacking order of the CE-BL-GNRs, which is
interesting for studying their stability>® and the effect
of interlayer lattice registry,*'> has been lacking in
previous experimental work.

In the work reported here, we will first demonstrate
the CVD synthesis of free-standing, large-diameter
SWNTs on Au nanoparticles. A number of SWNTs
collapse spontaneously to from CE-BL-GNRs due to
their ultralarge diameters. The stacking order of CE-BL-
GNRs will be evaluated by analyzing their nanobeam
electron diffraction (ED) patterns. On the basis of the
extensive ED characterizations on the rounded and
collapsed SWNTs, the threshold diameter, Dy, of the
SWNTs to collapse will be precisely determined. Finally,
the observed threshold diameter will be explained by
the theoretical calculation which counts the stacking
order effect and the thermal fluctuation.

RESULTS AND DISCUSSION

Isolated, free-standing SWNTs were grown by CVD
on Au nanoparticles (about 10 nm) which had been dis-
persed on a SisN; TEM grid (DuraSiN mesh). Figure 1a
shows an overview of the as-received Au nanoparticles.
The schematic illustration of the SWNT growth process
is shown in Figure 1b. SisN, grid supported Au nano-
particles were first annealed in open air for 2 h before
being subjected to CVD growth in the presence of
methane at 950 °C. The air calcination reduces the
particle size owing to the particle evaporation,®' and is
necessary to activate the Au nanoparticles for growing
carbon nanotubes.®? Figure 1c depicts a typical TEM
image of an individual, free-standing SWNT grown on
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Au particle

calcination

Hole™ Si;N, grid
Figure 1. (a) TEM overview of as-received 10 nm Au nano-
particles. (b) Schematic illustration for synthesizing indivi-
dual, free-standing SWNTs or CE-BL-GNRs with large
diameters by CVD. (c) A typical TEM image of an isolated
SWNT grown on Au catalyst predispersed on a SizN; TEM
grid.

Figure 2. . (a) TEM image of an individual, rounded SWNT
and (b) its ED pattern. The chirality of the SWNT is assigned
as (54, 6) by analyzing its ED pattern. (c) TEM image of a
CE-BL-GNR from a collapsed SWNT and (d) its ED pattern.
The insets show the configurations of the uncollapsed and
collapsed SWNTs.

the Au catalyst. Different from double-walled or multi-
walled carbon nanotubes grown on large-diameter
transition-metal nanoparticles,”>?%*” carbon nano-
tubes grown on Au nanoparticles are mainly single-
walled. The growth of SWNTs instead of multiwalled
carbon nanotubes on large Au nanoparticles is related
to the relatively low carbon solubility in the Au
particles,®® which is of great importance for inhibiting
extra wall formation during the tube nucleation
process.

Figure 2 panels a and b present a TEM image of one
SWNT and its corresponding ED pattern, respectively.
The ED pattern of the SWNT displays a strong equator-
ial oscillation and nonequatorial layer-lines, which
are described by Bessel functions with certain orders
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Figure 3. ED patterns of three CE-BL-GNRs formed from collapsed SWNTs, and their corresponding TEM images. Both the
alignment angles and the widths of the CE-BL-GNRs are indicated.

associated with its chiral indices3*™*® As a con-
sequence of the curvature and the finite lateral size
of the SWNT, the spots are elongated and their inten-
sities fade away toward the exterior (Figure S1, Sup-
porting Information). From its diffraction pattern, the
chirality (n, m) of the SWNT is assigned as (54, 6),
denoting a metallic SWNT with a chiral angle of 5.2°
and a diameter of 4.5 nm. The calculated diameter
agrees with the diameter measured directly from its
TEM image (Figure 2a). The SWNT is thus believed to be
uncollapsed and adopt a cylindrical configuration
(Inset of Figure 2b). Extensive ED characterizations on
SWNTSs have been performed, revealing that all SWNTs
smaller than 5.1 nm exhibit typical diffraction fea-
tures of rounded, uncollapsed SWNTs. The findings
are in agreement with our previous ED characterization
results on Fe-grown SWNTs with diameters smaller
than 4.6 nm,>* where no tube collapse has ever been
observed. Besides straight, well-structured SWNTs,
SWNTs with kinks (Figure S2, Supporting Information)
or folds (Figure S3, Supporting Information) were also
observed frequently even for SWNTs with relatively
small diameters. As indicated by the ED patterns
of SWNTs shown in Figure S2d and Figure S3c, the
structures of the straight parts of a SWNT remained
inflated and the local deformations would not induce
the collapse of the entire SWNT.?° Therefore, using
such local deformations in SWNTs as indicators of
collapse? could be misleading. Indeed, when applying
tensile load at high temperatures, the kinks in carbon
nanotubes were reported to motion along the tubes®’
without collapsing the targeted tubes.

Besides a cylindrical configuration of SWNTs,
fully collapsed SWNTs, that is, CE-BL-GNRs with a
“dog bone” structure,’ of which the cross-section view
is composed of two highly strained circular edges
bridged by a flat middle section are also energetically
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favorable.?'® Figure 2c shows a TEM image of a CE-BL-
GNR with a width of 8.3 nm, the projection of which
looks like that of a round SWNT. However, its ED
pattern (Figure 2d) differs greatly from that of a inflated
SWNT. In addition to the equatorial lines vanishing and
dot elongating (Figure S4, Supporting Information),
hexagonal patterns with spacings and symmetry con-
sistent with those of graphene®®3° were observed,
indicating that the SWNT is fully collapsed forming a
CE-BL-GNR (Insets of Figure 2c and 2d). On the basis of
the linear relationships between measured width (W)
and the diameter (D) of the original cylindrical SWNT
before collapse: W = 1.536 x D — 0.372 (the formula
will be discussed later), the diameter of the SWNT when
in the rounded state is calculated to be 5.6 nm.
In addition, from the ribbon orientation and its ED
pattern, it is deduced that the formed CE-BL-GNR is
AB-stacked with an alignment angle oo = 60°. Con-
sequently, it is supposed that the CE-BL-GNR is formed
from the collapse of an armchair SWNT, say, a (41, 41)
tube. The diameter of the rounded, parental SWNT for
the CE-BL-GNR s believed to match the diameter of the
catalytic Au nanoparticle, nucleating the large-dia-
meter SWNT by a tangential mode.

CE-BL-GNRs with different stacking orders were
detected based on ED pattern analysis. Figure 3 pre-
sents TEM images of three nanoribbons and their cor-
responding ED patterns. The three CE-BL-GNRs have
widths of 7.8, 8.2, and 8.3 nm, respectively. By convert-
ing the widths of collapsed SWNTs to the diameters of
their uncollapsed states, diameters of 5.3, 5.6, and
5.6 nm were calculated respectively for their rounded
states. Different from AB stacked CE-BL-GNR, each
diffraction pattern in Figure 3a—c presents two sets
of hexagons (as schematically illustrated in red and
green), resulting from the diffraction from the front
side and the back side of the graphene nanoribbons,
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respectively. The two hexagons are rotated by a (0/2 is
the chiral angle of its parent SWNT), which were
respectively determined to be 49.0° (Figure 3a), 20.4°
(Figure 3b), and 6.5°(Figure 3c). Although the graphene
layers may undergo a rotation to reach a local energy
minimum because of the lattice registry effect,*'* the
rotation (if there is some) is minor (Figure S5 Support-
ing Information) and the above CE-BL-GNRs were
formed from collapse of SWNTs with the original chiral
angles near 24.5°, 10.2°, and 3.3°, respectively. There-
fore, by collapsing large-diameter SWNTSs, it is possible
to obtain CE-BL-GNRs with different stacking orders.

On the basis of the ED pattern analysis from abun-
dant rounded and collapsed SWNTs, the relationship
between the calculated diameters of cylindrical SWNTs
from their ED-defined chiral index and their chiral
angles is plotted in Figure 4 (the open circles in black).
A similar association between the diameters and chiral
angles of parent cylindrical SWNTs which were calcu-
lated from the widths and ED patterns of the CE-BL-
GNRs is also shown (the solid lines in blue). No collapse
of SWNT occurs for free-standing SWNTs smaller
than 5.1 nm, suggesting that the threshold diameter,
Dy, for SWNT collapse is 5.1 nm and is independent
of SWNT chiral angles. It is noted that a SWNT with
a diameter larger than 5.1 nm does not necessarily
collapse. Figure S6 (Supporting Information) presents
TEM images of two SWNTs with diameters of 5.6 and
7.2 nm, respectively. As suggested by their ED patterns,
both the SWNTs still preserve their inflated configura-
tions. Indeed, an uncollapsed large-diameter SWNT was
also occasionally observed in some previous work.2* The
reasons for the “unusual” collapse behaviors of some
large-diameter SWNTs will be discussed later.

To explain the collapse of SWNTs observed in our
experiments, theoretical calculations based on both
classical adaptive intermolecular reactive empirical
bond order (AIREBO) force field*® and density func-
tional theory (DFT) were implemented. Details of the
calculation information were given in the Methods
section. Whether an SWNT collapses or not mainly
depends on its diameter-related energy balance
between the surface energy (van der Waals (vdW)
interaction between the adhering layers and the
elastic energy (curvature energy). Figures S7 and S8
(Supporting Information) present the curvature energy
and vdW attractive energy for SWNTs with different
diameters, respectively. Figure 5a shows the average
total energy (g7) of rounded and collapsed armchair
SWNTs with different diameters. Obviously, with the
increase of diameter, the stability of armchair SWNTs
can be divided into three stages. When the diameter
is smaller than 1.76 nm, only round shape armchair
SWNTs exist. For diameters between 1.76 and 4.07 nm,
though the total energy of collapsed armchair SWNTs
is higher than that of the corresponding round ones,
the collapsed SWNTs can be metastable due to the
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Figure 4. Correlations between calculated SWNT diameters
and their corresponding chiral angles. All the diameters of
the parent SWNTs for CE-BL-GNRs were calculated based on
the formula: W =1.536 x D — 0.372.

small energy difference. The most stable state transits
from the round shape to the collapsed shape at a
threshold diameter of about 4.07 nm. Similar phenom-
enon is also observed in zigzag SWNTs (Figure 5b),
except for the slight difference in the threshold dia-
meters for state transition. The insets in Figure 5 panels
a and b illustrate the optimized structure of collapsed
SWNTs. The distance between two opposite walls
(3.4 A) is actually the interlayer distance in graphite,
which is in agreement with the wall distance observed
experimentally from a twisted CE-BL-GNR (Figure S9,
Supporting Information). Moreover, the height of the
highly strained edges nearly equals the diameter of Cgq
(7 A), indicating the validity of the used force field.

Supporting Information Table ST shows a summary
of Dy obtained from calculations using the second
generation reactive empirical bond order potential
(Brenner or REBO potential) and its derivatives
(AIREBO) in the literature. It can be seen that the
main difference between these calculations lies in
the description of long-range atomic interaction or
the vdW interaction. A stronger vdW interaction
(refs 2 and11 compared to refs 4 and16) gives a small
D+, indicating the critical role of the vdW interaction in
SWNT collapse.

It should be noted that the calculated Dy for SWNTs
to collapse by comparing the optimized energies is
~1.0 nm smaller than the experimental measured
number. This could be attributed to two unconsidered
effects: (i) the overestimation of vdW interaction be-
tween the graphene walls of collapsed SWNTs by
neglecting the stacking effect in the AIREBO potential
and (ii) the thermal fluctuation at finite temperature,
each of which could reduce the vdW interaction be-
tween graphene layers and therefore lead to a large Dr.

The traditional Lennard-Jones (12—6) potential has
its intrinsic drawback that the vdW interaction be-
tween graphene layers is not sensitive to the stacking
patterns (the vdW energy difference between AB
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Figure 5. Total energy (black solid symbol lines) and corrected total energy (black hollow symbol lines) of round and
collapsed armchair (a) and zigzag (b) SWNTs. (c) the vdW attractive energy of bilayer graphene with different stacking
patterns calculated by the DFT-D2 method, the red line denotes the average vdW energy of different stacking patterns. (d) The
vdW energy and total potential energy (¢p) of a (30, 15) SWNT as a function of MD simulation time and temperature, the short
red line denotes the vdW attractive energy at 300 K. The inset shows a snapshot of the collapsed (30, 15) SWNT during MD

simulation at 300 K.

stacking and AA stacking graphene layers is only 0.5%).
To estimate this error, we calculated the vdW energy of
bilayer graphene with different stacking patterns by the
Grimme's DFT-D2 method, in which the vdW interaction
was properly considered. As shown in Figure 5c, the
vdW interaction between a rotated bilayer graphene is
about 10.75% weaker than that for the AB stacked one.
Experimentally, most collapsed SWNTs do not have the
AB stacking configuration (unless the original SWNT is
armchair) and the effective van der Waals interaction
should be reduced by 10.75%.

The thermal fluctuation between graphene layers
and in collapsed SWNTs can be calculated by the
molecular dynamic simulation. As demonstrated in
Figure 5d and Figure S10 (Supporting Information),
the vdW energy of collapsed SWNTs is a function
of temperature. At the normal condition, T = 300 K,
the vdW interaction of the bilayer graphene, collapsed
(30, 15), and (60, 30) SWNTSs are reduced by 1.92, 4.38,
and 3.02%, respectively. Considering both (i) and
(ii), the vdW interaction of collapsed SWNTs should
be approximately reduced by 13% at room tempera-
ture. By subtracting the vdW interaction by 13%
from the AIREBO potential, the corrected threshold
diameter for both armchair and zigzag SWNTs is
~5.1 nm, which is perfectly consistent with the experi-
mental observation.

Next let us consider the formation of round SWNTs
larger than 5.1 nm. Itis clear that the collapse of a SWNT
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must experience an energy barrier because of
the increasing curvature at the beginning;'® thus, a
rounded SWNT is in a metastable state and therefore
the observance of one is not a surprise, but the number
of rounded SWNTs must be much less than the number
of the collapsed CE-CL-GNRs. In addition, by fitting
the results from the calculations, the relationship
between the width of the collapsed CE-BL-GNRs and
the diameter of the original SWNTs was found to be
linear as W = 1.536 x D — 0.372 for armchair SWNTs
and W=1.531 x D — 0.393 for zigzag ones (Figure S11,
Supporting Information).

CONCLUSIONS

Individual, free-standing SWNTs with large dia-
meters were grown on calcined 10 nm Au nano-
particles by CVD growth. The inhibition of forming
multiwalled carbon nanotubes is attributed to the
low carbon solubility in Au particles. Extensive ED
characterizations on the Au-grown SWNTs revealed
that a number of SWNTs were collapsed to form
CE-BL-GNRs. The free-standing CE-BL-GNRs could
have different stacking orders, the stability of which
was attributed to the restriction of interlayer slid-
ing along the axial direction of the parent SWNTs.
In addition, our experiment unambiguously deter-
mined that the threshold diameter for SWNTs to
collapse, Dt, is 5.1 nm. This value is in agree-
ment with the calculation result implemented by
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the classical AIREBO force field and DFT. This work set a
new guideline for large-scale synthesis of CE-BL-GNRs via
spontaneous collapse of SWNTs with large diameters,

METHODS

CVD Growth and Characterizations of SWNTs. The Au nanoparticles
(10 nm) were supplied by Aldrich (CAS: 752584). A drop of as-
received Au particle dispersion was dispersed onto a SisN4 TEM
grid (DuraSiN mesh). The catalyst was loaded into a horizontal
CVD reactor and annealed in air at 800 °C for 2 h. After that,
a flow of 200 cm®/min helium (He) was introduced while
increasing the temperature to 950 °C. Once reaching the
desired temperature, the He flow was replaced by methane
with a flow rate of 200 cm®/min, and the growth period lasted
for 1 h. After the growth process, the system was finally cooled
down under the protection of He. TEM studies were performed
using a JEOL-2200FS double aberration-corrected TEM oper-
ated at 80 kV. The (n, m) determination from ED patterns of
individual SWNTs was based on a calibration-free intrinsic layer
line-spacing method.>*

Calculation Methods. Adaptive intermolecular reactive empiri-
cal bond order potential® is used to perform the geometry
optimization and MD of SWNTs. The well-depth and equilibrium
distance of the Lennard-Jones 12—6 potential are set to be
2.84372 meV and 3.4 A, respectively. The cutoff distance of the
long-range interaction is set to be 10.7 A. In the geometry
optimization, a periodic boundary condition is adopted. A unit
cell of 8.520 and 9.838 A in length along the axial direction of
zigzag and armchair SWNTs is used, respectively. Sufficient
space (>20 A) in the radial direction is set to eliminate periodic
image interactions. Both the unit cell and the atom coordinates
were optimized until the force on each atom is smaller than
1072 eV/A or the total energy has a tolerance of 107> eV. In the
molecular dynamic calculation, the NVT ensemble is adopted
with a time step of 0.1 fs. The unit cells of the (30, 15) SWNT and
the (60, 30) SWNT are set to be 200 x 200 x 112.7091 A3
containing 4200 and 8400 atoms, respectively. The unit cell
of bilayer graphene is 20 x 75.9591 x 82.8374 A® containing
4896 atoms. (To account for the negative thermal expansion
coefficiency of graphene,*’ the unit cell has been shrunk by
1% from the standard one.) At each heating stage, the
system temperature is increased by 1 K every 200 MD steps.
After the heating process, the system is relaxed for 9 ps to get
equilibrium.

For the calculation of the curvature energy of SWNTs,
the second generation reactive empirical bond order (REBO)
potential®! is also used for a comparison purpose.

All DFT calculations are implemented using the Vienna ab
Initio Simulation Package (VASP).*? The exchange—correlation
potentials are treated by the generalized gradient approxima-
tion (GGA) parametrized by Perdew, Burke, and Ernzerholf
(PBE).*® The interaction between valence electrons and ion
cores is described by the projected augmented wave (PAW)
method. To describe the interlayer graphene interaction ex-
actly, the more accurate DFT-D2 method** taking account of
vdW interaction was adopted to treat the long-range intera-
tomic interactions. Moreover, to distinguish the local interac-
tions of these two graphene layers, different stacking styles,
such as AA, AB, and many other stacking styles with different
rotational angles varying from 0 degree (AA stacking) to
60 degree (AB stacking) are examined. The lattice parameters
of these bilayer graphenes are set from 2.46 A (AA, AB stacking)
to 24.228 A according to the different rotation angles between
them, and the vacuum layer is set as large as 18 A. The atoms in
the periodic unit are allowed to fully relax, and the reciprocal
spaceis sampledby 9 x 9 x Tor1 x 1 x 1grid meshes using the
Monkhorst—Pack scheme®® according to the different lattice
parameters previously discussed.

The interaction energies of these bilayer graphenes are
defined as eygw = (Esic — 2Esic)/N, where Eg g and Esig
are the energy of a bilayer graphene at a different rotation
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which would be of great interest to both fundamental
graphene/carbon nanotube research and practical appli-
cations in graphene nanoribbon-based nanoelectronics.

angle and the energy of a single layer graphene accordingly. N is
the number of carbon atoms of one layer of graphene.

The curvature energy (ec) of SWNTs obtained from the DFT
and REBO method is defined as ec = Esyn1/N — &g, where Esynt
is the total energy of the SWNT, ¢ is the energy of a carbon
atom in a single layer graphene, and N is the number of carbon
atoms of the SWNT.

The curvature energy (ec) of SWNTs obtained from the AIR-
EBO method is defined asec = (Eswnt — Evaw)/N — (66 — &vaw),
where Esynr and E,qw are the total energy and the vdW energy of
the SWNT, respectively, &g and &,qw are the total energy and the
vdW energy of a carbon atom in single layer graphene, and N is
the number of carbon atoms of the SWNT.
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