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1. Introduction

The landmark work of Novoselov et al.[1] 
has brought graphene to the worldwide 
attention. Owing to its unique structure, 
graphene exhibits remarkable mechan-
ical, thermal, and electrical properties.[2] 
It is a promising interconnect material 
in replacing fragile copper in modern 
computer microchips and robust against 
short-channel effects down to very short 
gate lengths.[3] Unfortunately, its applica-
tion in transistor devices is inhibited by 
the zero-energy bandgap. Consequently, 
different strategies, such as substrate 
inducing,[4] patterned adsorption of atomic 
hydrogen,[5] chemical functionalization 
and doping,[6] have been developed to 

open energy gaps in graphene. Most of the processes inevitably 
destroy the pristine structure of graphene, causing a significant 
degradation in electron mobility.[7]

Alternatively, electronic confinement of graphene in one 
in-plane direction is proposed to open a bandgap without 
affecting the mobility dramatically, promoting the thriving of 
the graphene nanoribbons (GNRs).[8] Using a tight binding 
model, Wakabayashi et al.[8b] revealed that the energy bandgap 
is inversely proportional to the ribbon width, as later veri-
fied experimentally.[8c,9] A number of approaches, including 
chemical vapor deposition (CVD),[10] epitaxial precipitation,[11] 
nanotomy,[12] and organic chemical method,[13] have been devel-
oped to synthesize GNRs.[14] The produced GNRs having dan-
gling bonds particularly in the major axial direction are defined 
as open-edged GNRs. However, most of them suffer disordered 
edges, making the bandgap of GNR poorly defined.[8c,11,15]

Different from open-edged ones, GNRs without dangling 
bonds in the long axial direction are defined as close-edged 
GNRs (CEGNRs).[16] The configuration of a CEGNR resem-
bles that of a collapsed carbon nanotube (CNT). Indeed, col-
lapse of CNTs or graphene nanotubes leads to the formation 
of CEGNRs,[16b,d] providing a facile route for their fabrication. 
Pioneering work on studying collapsed carbon nanotubes was 
reported by Chopra et al.,[16a] who observed the flattened CNTs 
using transmission electron microscopy (TEM). Under cer-
tain conditions, collapsed CNTs are energetically favored over 
inflated counterparts.[16a] Since then, a surge of interest in col-
lapsed CNTs has occurred in a number of disciplines, including 
determination of the threshold CNT diameter,[16b,d,17] prop-
erty investigation,[18] and application seeking.[19] However, the 

The absence of dangling bonds in close-edged graphene nanoribbons 
(CEGNRs) confers upon them a series of fascinating properties, espe-
cially when compared with cylindrical carbon nanotubes and open-edged 
GNRs. Here, the configuration of CEGNRs is described, followed by the 
structure-related properties, including mechanical, thermal, electrical, 
optical, and magnetic properties. Based on the unique structures and 
extraordinary properties, their potential applications in a variety of fields, 
such as field-effect transistors, energy suppliers, nanoactuators, and fibers, 
are discussed. Remarkably, the strategies applied for generating CEGNRs, 
mainly from the collapse of carbon nanotubes and graphene tubes, are 
depicted in detail. Finally, the prospects in the research area of CEGNRs 
are proposed.

Close-Edged Graphene Nanoribbons
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dearth of experimental studies raises difficulties in obtaining 
a convergent result. Besides, although several review articles 
have been dictated to graphene and graphitic nanoribbon,[14c,20] 
a comprehensive review on CEGNRs is lacking.

In this review, we will first clarify the structure of CEGNRs. 
Based on its extraordinary structures, the properties and the 
potential applications of CEGNRs are addressed (Figure 1). 
Subsequently, different approaches applied for preparing col-
lapsed CNTs are described. Particularly, the spontaneous col-
lapse of CNTs toward the formation of CEGNRs is investigated 
extensively and the efforts in determining threshold diameter 
for CNT collapse are described. Finally, the challenges existing 
in CEGNR research and the prospects are proposed.

2. Fundamentals of CEGNRs

2.1. Structure of CEGNRs

We start the description of CEGNR structure with CNT configu-
ration. A single-walled carbon nanotube (SWNT) can be viewed 
as a cylindrically roll-up a graphene sheet (Figure 2a),[21] and 
has been widely investigated in the past two decades.[22] Under 
suitable conditions, SWNT tends to adopt a collapsed configu-
ration, consisting of two highly strained circular edges bridged 
by a flat middle section (Figure 2b).[16b,17,19a,23] Such a config-
uration is stabilized by the van der Waals (vdW) interaction 
between two opposite walls.[21] In either edge, there is a highly 
strained bulb (or circular edge) with a calculated height ranging 
from 0.46 to 1.07 nm.[24] The height of the edge is sensitive to 
many factors, such as tube diameter, chirality, the presence of 
substrate, etc.[16b,d] When a SWNT is situated on substrate[25] or 
bundled with other tube,[26] the strained bulbs just bulge one 
side (Figure 2c,d).

Similar to SWNTs, multiwall carbon nanotubes (MWNTs) 
also possess two equilibrium states (Figure 2e,f).[23,27] In the 
collapsed state, the distance between flat layers is near 0.34 nm, 
leading to a constant perimeter difference between successive 
layers.[17] With the increase of wall numbers, the inner wall 
bulb radius decreases and the height ratio between the edge 
and the flat part approaches to 1 (Figure 2f).[27] Upon collapse, 
the curvature energies of all the walls increase and only the 
inner wall gains attractive vdW energy.

2.2. Properties of CEGNRs

Most CEGNRs are produced from the collapse of CNTs. Such a 
collapse susceptibility originates from the flexibility of the gra-
phene sheets in bending, and ultimately affects the properties 
of the CEGNRs.

2.2.1. Mechanical Properties

CNTs demonstrate high tensile strength and large Young’s 
modulus in the axial direction.[28] After collapse from the radial 
direction, the mechanical properties in the axial direction are 
inherited. Moreover, collapsed CNTs exhibit a higher flexibility 
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Figure 1. The properties of CEGNRs and the strategies applied for fab-
ricating them.
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than the inflated counterparts.[27] Figure 3a presents an atomic 
force microscopy (AFM) image of dispersed CNTs on silicon 
wafer surface. A close-up view of the segment demonstrates a 
“pillow-”like configuration (Figure 3b), a characteristic of col-
lapsed CNT. Its section analysis (Figure 3c) indicates that the 
collapsed CNT has a height of 3.1 nm and a width of 30 nm. 
Figure 3d depicts the 3D images of the collapsed CNT, which 

closely follows the contour of the underlying CNT, indicating a 
high flexibility. By contrast, cylindrical CNTs do not exhibit such 
a flexibility when crossing other CNTs or surface contaminations.

Besides the high flexibility, the collapsed CNTs have stronger 
interactions with adjacent CNTs in bundles, rendering fibers 
with superior mechanical properties.[19a,29] Zhang et al.[26] 
studied adhesion between two identical, radially collapsed CNTs 
and compared the energy with that of cylindrical and deformed 
CNTs. Figure 3e shows the three types of configurations for 
two CNTs. The adhesion energies as a function of CNT diam-
eter for the three configurations are calculated (Figure 3f). 
Clearly, the collapsed configuration has much larger adhesion 
energy than the other two cases. Experimentally, Motta et al.[19a] 
directly spun fibers out of a CVD reaction zone which consist 
of bundled CNTs with “dog bone” configuration (Figure 3g). 
The stress–strain curves of the fibers give an average strength 
of 1.1 N tex−1 and a stiffness of 60 N tex−1 (Figure 3h). The high 
mechanical performance of the fiber arises from the stress 
transfer in shear between neighboring CNTs. The high flexi-
bility and superior mechanical properties of collapsed CNTs are 
necessary for developing high performance fibers.

2.2.2. Thermal Conductivities

All CNTs are supposed to be good thermal conductors along 
the axial direction. An individual SWNT could demonstrate a 
thermal conductivity of 3500 W m−1 K−1 at room temperature,[30] 
which is comparable with that of diamond. Such a high thermal 
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Figure 2. The possible configurations for: a) a circular SWNT; b) a 
collapsed configuration with interplanar distance of d0. Reproduced with 
permission.[21] Copyright 2005, American Institute of Physics; c) a col-
lapsed SWNT on substrate; d) collapsed SWNT bundle. Reproduced with 
permission.[25b] Copyright 2013, IOP Publishing Ltd.; e) a cylindrical and  
f) a fully collapsed MWNT. Reproduced with permission.[27] Copyright 2001, 
American Institute of Physics.

Figure 3. a) AFM image of two collapsed CNTs with flatten configuration. b) A close-up image of the collapsed CNT. c) Height analysis of the tube. 
d) 3D image of the CEGNR.[27] Reproduced with permission. Copyright 2001, American Institute of Physics. e) Three types of configurations with two 
identical SWNTs: cylindrical, deformed, and collapsed ones. f) Comparison of the adhesion energy as a function of the SWNT diameter for the three 
configurations. Reproduced with permission.[26] Copyright 2013, Springer-Verlag Wien. g) TEM image of the CNTs with “dog bone” configuration.  
h) Stress–strain curves of three fibers consisted of collapsed CNTs. Reproduced with permission.[19a] Copyright 2007, Wiley-VCH.
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conductivity is attributed to the large phonon mean free path 
of CNTs. Using nonequilibrium molecular dynamics (MD), 
Al-Ghalith et al.[31] recently compared the thermal transport 
of cylindrical and collapsed CNTs. Figure 4a,b describes the 
setup applied for the κ calculations. The heat flux along a CNT 
is estimated by the different rates of the kinetic energy extrac-
tion from the two reservoirs. To calculate the interfacial thermal 
resistance of collapsed CNTs, heat baths are applied on the left 
and the right CNT in the stack (Figure 4c).

SWNT exhibits strong ballistic behavior over sub-microm-
eter length scales.[32] Figure 4d (filled symbols) presents the 
calculated κ for a circular (50, 50) SWNT as a function of tube 
length.[31] The initial linear increase indicates a pure ballistic 
behavior, i.e., phonons propagate without being scattered. 
With increasing SWNT length (above ≈200 nm), more phonon 
modes with longer wavelengths are supported, contributing to 
the increase of κ in the diffusive regime. Upon collapse, the 
formation of a vdW bilayer with two strained edge bulbs has 
impact on the κ, although the ballistic transport is not affected. 
As shown in Figure 4d (empty symbol), a smaller κ than that 
of cylindrical CNT is observed in the diffusive regime. The 
result indicates that the heat carrying phonons scatter more 
effectively in the collapsed CNTs. The cross-sectional collapse–
induced small reduction of κ is caused by the slight increase of 
radial-breathing transverse acoustic phonon scattering through 
the anharmonicity. Remarkably, the strained edges connect the 
bilayer in a way that limits the cross-plane scattering, which 
does not reduce the κ in the CEGNRs. By contrast, the rough 
edges in open-edged GNRs can perturb phonon propagation 
and therefore significantly reduce κ. Figure 4e compares the 
κ of collapsed (30, 30) CNTs with that of open-edged bilayer 
GNRs. Different from collapsed CNTs, the GNRs with rough 
edges display diffusive phonon scattering. An ≈83% reduction 

in κ is calculated for the longest GNR with open edges. The 
results highlight the importance of closed edges in inheriting 
the high κ of their parent cylindrical counterparts.

Although the κ of collapsed CNTs is slightly lower than that 
of cylindrical CNTs, when they are tightly packed, the interfacial 
thermal resistance between collapsed CNTs (9.69 × 109 K W−1)  
is much smaller than that between cylindrical CNTs (2.38 × 
1010 K W−1). The small interfacial thermal resistance is owing 
to the larger number of carbon atoms in effective vdW con-
tact between collapsed CNTs (Figure 4c).[31] Therefore, aligned, 
long CNTs in stacked, collapsed architectures are promising for 
efficient heat transport in lightweight composite materials.

2.2.3. Electrical Properties

The electronic structure evolutions of CNTs upon radial defor-
mation have been calculated.[33] By the creation of inhomo-
geneous curvature and the introduction of coupling between 
interior faces, the collapse changes the electronic structure of 
SWNT. For example, Lammert et al.[33b] calculated the band 
structures of the collapsed SWNTs with different chiralities. The 
interlayer coupling governs the low-energy electronic proper-
ties in an energy range from 0.1 to 0.2 eV. Upon collapse, (n, n)  
metallic CNTs become semiconducting and (3n, 0) species with 
small curvature-induced gaps become gapless. Through first-
principle calculations, Mazzoni and Chacham[33a] investigated 
the effect of flattening on the electronic properties of a semicon-
ducting CNT. The cross-section flattening causes a progressive 
reduction of the bandgap, leading to a semiconductor–metal 
transition. Despite the great efforts in computer simulations, the 
overall conclusions on the evolution of the electrical properties 
of CNTs upon collapse are at odds.

Small 2019, 1804473

Figure 4. Nonequilibrium MD setup for collapsed CNTs: a) a straight one; b) a twisted one. c) Nonequilibrium MD setup for computing the intertube 
thermal resistance in a stack of collapsed CNTs. d) κ of a cylindrical (filled symbols) and a collapsed (empty symbols) (50, 50) CNT. e) Comparison of κ in a 
collapsed (30, 30) CNT and a two-layer GNR with similar width but rough edges. Reproduced with permission.[31] Copyright 2017, American Physical Society.
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Experimentally, the electronic structures of deformed CNTs 
was investigated by employing a novel setup (Figure 5a) which 
allows direct probing of the local electronic properties of CNTs 
while they are deformed.[34] In the setup, the AFM tip serves 
both as an electrode and to induce local deformation. Figure 5b 
displays a plot of the conductance (G) as a function of the can-
tilever force (FN). In the range of low-loading force, the con-
ductance measured at 0 V (G|0 V) increases with the loading 
force, which is related to the electrical contact improvement.[35] 
Further increasing the FN over 50 nN leads to the drop of G, 
indicating the opening of a bandgap by radial deformation. A 
localized semiconductor-to-metal transition of SWNT upon 
deformation was recently explored by Raman spectroscopy,[36] 
where the Fano interaction in the G mode is adopted as an 
indication of metallic behavior. By analyzing the deconvoluted 
components of G band along CNT length, it is revealed that 
physical distortion could locally modify the electronic proper-
ties of CNT within a length smaller than 15 nm.

The abovementioned experiments are focused on CNTs under-
going mechanical deformation, which represents only a unit of 
collapsed CNT. Using scanning tunneling microscopy and spec-
troscopy, Giusca et al. compared the electronic structures at dif-
ferent spots of a collapsed CNT (Figure 5c).[18] The normalized 
differential conductance, V/I(dI/dV), provides a good measure of 
the local density of states (DOS), the spectra of which acquired 
at different locations of the CNT are presented in Figure 5d,e. 
The undeformed tube shows a positive and finite DOS at the 
Fermi energy, a typical of metallic behavior. The data recorded 

on the flat part of the collapsed CNT demonstrate zero DOS at 
the Fermi energy between −0.2 and +0.2 V, corresponding to a 
semiconductor. Unlike the central flat part, the strained bulbs at 
the edges of the collapsed CNT show a finite DOS in the tun-
neling spectra, resembling the spectra of the undeformed CNT. 
To wrap all this up, the radial deformation in collapsed CNTs 
could modify the bandgap, which is crucial at metal contacts and 
has important implication in fabricating multiple quantum dots.

Besides the modification of bandgap, the electrical conductivity 
of CNT could increase upon deformation. Balima et al. investi-
gated the conductivities of MWNTs in a polyamide matrix as a 
function of applied pressure.[38] The high pressure would induce 
a radial collapse of CNTs, leading to a resistance reduction and 
a better junction transmission. Similarly, CEGNRs obtained from 
graphene tube collapse also demonstrate superior conductivity, 
especially when compared with open-edged GNRs (Figure 5f,g).[37] 
The improved conductivity of CEGNRs is attributed to the 
reduced parasitic defects at the edge region in CEGNRs.

2.2.4. Optical and Magnetic Properties

The electronic structures of collapsed CNTs, i.e., CEGNRs 
could also be reflected by their optical properties. Optical 
adsorption of collapsed CNTs was calculated for different 
electric field configurations of incident light and described 
by dynamical conductivity for the polarization of electric field 
parallel to the axis.[39] Clear interband peaks corresponding 
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Figure 5. a) Schematic illustration of setup for deforming CNT and measuring CNT conductance. b) Plot of the conductance as a function of canti-
lever normal force. Reproduced with permission.[34] Copyright 2006, American Physical Society. c) Schematic model of a collapsed CNT, mimicking 
the configuration of an investigated CNT by scanning electron microscopy. d,e) Scanning tunneling spectroscopy spectra recorded on the collapsed 
nanotube at different positions. Reproduced with permission.[18] Copyright 2008, American Chemical Society. Conductivity measurement of f) CEGNR 
and g) open-edged GNR. Insets show the schematic illustration of GNR field-effect transistors and their transfer characteristics. Reproduced with 
permission.[37] Copyright 2010, American Chemical Society.
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to bandgaps between allowed bands appear. Meanwhile, col-
lapse-induced interwall interaction leads to splitting and shift 
of the peaks. The overall effect is sensitive to CNT chirality: 
achiral CNTs have relative large displacement of two layers in 
the flattened region and therefore large effect; while the effect 
is minor for chiral CNTs, which have negligible displacement 
upon collapse.[39] Besides CNT chirality, wall number also 
affects the optical properties of collapsed CNTs. By combining 
a classical force field model, a tight-binding model, and first-
principle calculations, Yang and Wu[40] compared the optical 
properties of cylindrical and collapsed double-walled CNTs. 
After collapse, their optical properties change dramatically, 
and a strong anisotropy appears in the collapsed structure.

The orbital magnetic susceptibility of collapsed CNTs was 
calculated within an effective-mass scheme for two magnetic-
field configurations, perpendicular and parallel to the flattened 
plane.[41] The response is diamagnetic in both the directions, and 
much larger in the perpendicular direction. The magnetic suscep-
tibility modification upon collapse arises from the relatively large 
displacement of two layers in the flattened region. Consequently, 
the susceptibility is strongly modified in collapsed achiral CNTs 
and the modification is very small in collapsed chiral CNTs.[8b]

2.3. Applications of CEGNRs

The properties of CEGNRs arise from their unique configu-
ration. CEGNRs with identical structures would exhibit same 
properties. Together with the lack of dangling bonds, CEGNRs 

are expected to demonstrate properties with long-term stability 
and be potentially applied in many fields. Like other GNRs,[20a] 
the imminent applications of CEGNRs are in electronics 
such as the fabrication of ultrafast transistors, sensors, nano-
electromechanical systems, highly conducting transparent 
films, etc. The generation of bandgap in CEGNRs renders 
them a promising component in field-effect transistor (FET). 
Martel et al.[42] compared the FETs made of tubular MWNTs 
and collapsed CNTs. MWNTs with relatively large diameter 
demonstrate metal character and no gate action (curve A of 
Figure 6a). A bandgap is generated in collapsed MWNT and it 
shows a significant gate effect (curve B in Figure 6a). Clearly, 
the source–drain current of the FET increases with increasing 
gate voltage, indicating that the dominant conduction process 
is hole transport.

Taking the advantage of successive collapse into CEGNRs, 
Chang[43] proposed an energy supplier based on domino wave 
generated along the longitudinal direction. From the MD simu-
lations, once a section of a CNT with appropriate diameter is 
collapsed, the neighboring portions can collapse and produce 
a domino wave which can accelerate and finally shoot out the 
molecules inside CNT.[43a] Figure 6b presents the change of 
total system potential energy as a function of time during CNT 
collapse. Remarkably, the middle region (A → B) is correlated 
with the domino process. During the process, the vdW poten-
tial energy stored in CNT is partly converted into kinetic energy 
which keeps the propagation of domino wave. A temperature-
induced reversible dominos in CNTs is also proposed.[43b] For 
a CNT with only one collapsed end, the collapse zone spreads 
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Figure 6. a) I–VG curve of a MWNT device (curve A) and a collapsed MWNT (curve B) of similar cross-section. Inset shows the configuration of the 
collapsed CNT. Reproduced with permission.[42] Copyright 1998, AIP Publishing. b) The system potential energy and the length of collapsed region 
versus time. Reproduced with permission.[43a] Copyright 2008, American Physical Society. c) Schematics of the proposed nanotorsional actuator, con-
sisting of two states: collapsed and tubular. Reproduced with permission.[44a] Copyright 2012, Elsevier B.V. d) Schematic of method to produce and 
control CNT for reversible collapse and reinflation. Reproduced with permission.[45] Copyright 2016, American Chemical Society. e) Bulk CNT systems 
consisting of inflated CNTs and collapsed CNTs, demonstrating different densities. Reproduced with permission.[46] Copyright 2015, Elsevier B.V.
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over the whole CNT at low temperature. When increasing tem-
perature, the circular zone extends over the whole CNT with 
shrunk collapse zone. The reversible domino process is related 
to the different stable states of CNTs at different temperatures, 
which provides a route for energy conversion between thermal 
and mechanical energies. Consequently, a number of nanode-
vices, including heat engines, mechanical oscillators, nano-
actuators, and rechargeable expelling devices, can be potentially 
fabricated.

By virtue of the state transition between tubular and col-
lapsed CNT, Senga et al.[44] proposed a nanosized torsional 
actuator (Figure 6c). Both the ends of a collapsed and a twist 
CNT are connected to electrodes with one end free to rotate. 
When applying a sufficiently high current to the collapsed 
CNT, part of it change the collapse state to the tubular one. 
Once removing the current, the CNT reverts to the initial col-
lapsed state. During the state change process, the free end 
rotates clockwise or counterclockwise. This nanoactuator would 
expand the fields related to functional nanomachines.

The geometrical transition between two forms of CNTs also 
inspires the fabrication of an inflatable nanoballoon actuator.[45] 
Figure 6d presents the schematic illustration of the electrostati-
cally driven nanoballoon actuator. One end of CNT is first fixed 
to Cu grid with conductive paint, and the other end is then 
spot-welded to a tungsten tip. The move of tip to right extracts 
small-diameter core tubes, resulting in a daughter tube. Using 
the same welding and extracting process, it is possible to gen-
erate CNT susceptible to collapse. The collapsed CNT can be 
reinflated via applying an external voltage after contact with a 
stationary electrode. In situ TEM experiment employing a nano-
electromechanical manipulator realizes the prototype of an 
electrostatically driven nanoballoon actuator. The results have 
potential implications for general nanomatter manipulation.

Owing to their excellent mechanical properties, collapsed 
CNTs are the ideal structures for fabricating high-performance 
fibers or composites.[19a,46] Cylindrical CNTs cannot assemble 
into fibers or composites with a very high density (0.665 g cm−3 
for 8 nm CNTs). Together with the poor alignment of cylin-
drical CNT network, the relatively low packing density causes 
a high CNT–CNT interface thermal resistance, inhibiting suf-
ficient thermal transport and causing a practical thermal con-
ductance of only tens of W m−1 K−1. By contrast, the collapsed 
8 nm CNTs tend to form surface to surface stacking through 
shoulder to shoulder assemblies with a relatively high den-
sity (1.820 g cm−3). The high density and the low void volume 
fraction (Figure 6e) are essential for translating the mechan-
ical properties to fibers and composites.[46] Consequently, the 
stacked architecture of long, collapsed CNTs could provide 
unidirectional thermal highways in lightweight functional com-
posite material. Such CEGNRs thus would be applied as basic 
building blocks in high performance thermal materials.[31]

3. Preparation of CEGNRs

To harness the fascinating properties of CEGNRs and realize 
their potential applications, it is necessary to produce CEGNRs 
in controlled manners. Besides CVD and CNT coalescence, 
collapse of cylindrical CNTs or graphene tubes is the main 

approach for preparing CEGNRs. In the following sections, 
strategies applied for generating CEGNRs will be addressed 
separately.

3.1. CVD Synthesis of CEGNRs

Ribbon-like structures were first reported by Boehm through 
disproportionation of CO in 1973.[47] By optimizing the growth 
conditions, Murayama and Maeda[10a] prepared the ribbons in a 
high purity and investigated their structure in detail. Figure 7a 
presents a scanning electron microscopy (SEM) image of the 
carbon nanoribbon. High-resolution TEM image (Figure 7b) 
shows that the ribbon consists of carbon layers which are per-
pendicular to the ribbon axis. By analyzing the electron diffrac-
tion (ED) pattern of the catalyst particle, the particle structure 
is assigned as Fe3C. The interface between catalyst and ribbon 
is (103) Fe3C/(002) graphite, as schematically depicted in 
Figure 7c. It is noted that upon annealing at high tempera-
ture (2800 °C in Ar), the surface structure is converted into a 
frill-like structure, which can be considered as stacks of small 
CEGNRs.

Using the aerosol CVD process, production of crystal-
line GNRs was also reported by Campos-Delgado et al.[48,50] 
Figure 7d shows a typical SEM image of the as produced mate-
rial, which consists of ribbons with width of 20–300 nm and 
thickness < 15 nm. The sharp edges of highly crystalline rib-
bons are either zigzag or armchair. Similarly, high tempera-
ture annealing could eventually lead to the defect-free samples, 
through graphitization and edge loop formation. Figure 7e,f, 
respectively, shows a SEM and a TEM image of ribbons after 
annealing at 2800 °C under Ar atmosphere for 30 min. Obvi-
ously, increasingly straighter lattice fingers, multiloop forma-
tion, and the annihilation of open edges are seen. Besides, 
the temperature effects of heat treatment are systematically 
studied, and the reconstruction of the ribbons at different tem-
peratures is illustrated in Figure 7g. Similarly, Endo et al.[51] 
investigated the structural evolution of stacked cup carbon 
fibers upon heating above 1800 °C. Annealing at such a high 
reaction temperature stabilizes the edge sites with loop forma-
tion through folding of some planar hexagons. Starting from 
platelet carbon fibers, Lim et al.[49] performed different mechan-
ical and chemical treatments, which induced the closed loop 
ends on the surface. By mechanical exfoliation, a primary struc-
ture unit of carbon fiber, which represents ultrashort CEGNR, 
is finally obtained (Figure 7h).

3.2. Coalescence of CNTs

Different from the behaviors of carbon fibers, SWNTs could 
coalesce upon heating. Nikolaev et al.[52] first reported the 
coalescence-induced diameter doubling of SWNTs after heat 
treatment. Such a coalescence under electron beam irradiation 
and heating was later monitored by in situ TEM.[53] Building 
from these works, Kim et al.[54] modified the structure of bun-
dled SWNTs by high-temperature heat treatment in vacuum. 
By carefully choosing the annealing temperature, two types 
of CEGNRs are formed from arc-discharge SWNTs. Figure 8a 

Small 2019, 1804473



1804473 (8 of 19)

www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

shows a TEM image of product after annealing at 1800 °C. A 
stack of collapsed CNTs is clearly seen. The diameter of col-
lapsed CNTs is much larger than the mean diameter (1.4 nm) 
of arc-discharge SWNTs, indicating the coalescence of SWNTs. 
Heat treatment at a higher temperature generates CEGNRs 
resembling collapsed MWNTs. Figure 8b,c depicts TEM 
images of the CEGNRs formed after heat treatment at 2200 °C. 
Schematic illustration for the generation of the two types of 
CEGNRs is presented in Figure 8d.

The CNT coalescence is supposed to follow a “patching-
and-tearing” mechanism, as described by extensive MD simu-
lations.[55] In the process, vacancies and dangling bonds are 
important to initialize the intertube polymerization, which 
is driven by strain energy minimization. In bundled SWNTs 
with less than 4 tubes, the “patching-and-tearing” process 
leads to the formation of large-diameter SWNTs or collapsed 
ones. During the thermal heating at temperatures higher than 
1600 °C, vacancies are produced in the SWNTs and are highly 
mobile through the SWNTs. The vacancies keep migrating until 
they are trapped by dangling bonds in the adjacent tube, initial-
izing the polymerization of SWNTs. The intertube links fur-
ther evolve into “patches,” which are portions of an enveloping 
surface common to both the tubes (Figure 8e). The patches 

develop in some portions of the SWNTs and some of them 
tear, resulting in partial coalescence (Figure 8e, t = 125 ps). As 
the time evolves, the patches grow in the axial direction and 
merge with other newly formed or already existed patches. The 
two SWNTs eventually coalesce in the whole length (Figure 8e,  
t = 165 ps). Depending on the diameter of the coalescent 
SWNT, the final configuration could be cylindrical SWNT or 
CEGNRs. In addition, for bundles with more than 4 tubes, the 
coalescence could lead to the formation of a cylindrical or a col-
lapsed MWNT (Figure 8f).

3.3. Collapse of CNTs

In the CNT coalescence process, the CEGNRs are supposed to 
be directly formed by the “patching-and-tearing” mechanism.[55] 
However, there is a possibility that cylindrical CNTs first form 
from the SWNT coalescence and then collapse into the tar-
geting GNRs, as the collapse of CNTs is energetically favored 
under certain conditions.[16a,17] In the past two decades, many 
experimental and theoretical works have been dedicated to 
determine the threshold diameters (Rthr) and achieve collapsed 
CNTs.

Small 2019, 1804473

Figure 7. a) SEM image of ribbon-like structure synthesized at 700 °C. b) TEM image of the ribbon-like fiber with edges. c) Schematic illustration of 
the ribbon-like structure. d) SEM image of the as-produced ribbons. Reproduced with permission.[10a] Copyright 1990, Springer Nature. e) SEM image 
of the ribbons after heat treatment at 2800 °C for 30 min. f) TEM image of the ribbon after heat treatment. g) Schematic model for the restructuring 
process achieved by the thermal treatment. Reproduced with permission.[48] Copyright 2009, Elsevier B.V. h) TEM image of a platelet fiber, mechanically 
separated structural unit, and the suggested model. Reproduced with permission.[49] Copyright 2004, American Chemical Society.
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3.3.1. Threshold Diameter for Spontaneous Collapse  
of CNTs: Theoretical Predications

The energy characteristics of round and collapsed CNTs of var-
ious sizes are compared to estimate the threshold CNT diam-
eters. The equilibrium cross-section of collapsed CNTs was 
first simulated by the continuum elasticity theory with a Len-
nard-Jones description of intersheet attraction.[17] In the elastic 
theory, the relevant parameter is εattr/k, where εattr represents 
interlayer attractions, and k is the graphite sheet mean curva-
ture modulus. The εattr/k determines the sizes of bulbs and the 
crossover between circular and collapsed configurations.

When performing calculations on Rthr, different approaches 
use different εattr, which is reflected by a Lennard-Jones poten-
tial for carbon. Xiao et al.[23] adopted an εattr of 2.39 meV when 
performing atomic scale finite-element method to determine 
the Rthr for SWNT collapse. For armchair SWNTs, the Rthr is 
4.12 nm. By contrast, when applying an εattr of 53.6 meV in 
MD simulations implemented in large-scale atomic/molecular 
massively parallel simulator (LAMMPS), Rthr is calculated to 
be 2.6 nm.[16b] However, the traditional Lennard-Jones poten-
tial has its intrinsic drawback that the vdW interaction between 
graphene layers are almost independent of the stacking pattern. 
For example, the vdW energy difference between AA and AB 
stacking graphene is only 0.5%. Using atomistic simulation, 
Liu et al.[56] studied the effect of interlayer lattice registry on 
the formation of fully collapsed SWNTs. In the work, various 
types of SWNTs with different chiralities but approximately 
the same diameters are modeled. After SWNT collapse, the 
alignment angles α between the opposite graphene layer are 

in the range of 0°–60°. Figure 9a presents the system energy as 
a function of alignment angles. Collapsed (80, 0) SWNT with 
α = 0° exhibits the largest energy per atom (−0.03613 eV), cor-
responding to the smallest vdW interaction. By contrast, col-
lapsed (40, 40) SWNT with α = 60° demonstrates the smallest 
energy per atom (−0.03692 eV) and the largest vdW interaction. 
For collapsed chiral SWNTs, the energy per atom shows weak 
dependence on the alignment angle, although there are some 
local minimums in the energy state (−0.03667 eV). This work 
shows a relatively large difference in lattice registry–sensitive 
vdW interactions.

To estimate the error and precisely determine the vdW inter-
action between the graphene layers, Ding and co-workers[16d] 
performed Grimme’s density functional theory-D2 (DFT-D2) 
calculations. Figure 9b shows the vdW attractive energy of 
bilayer graphene with different stacking patterns. The vdW 
interaction between a rotated bilayer graphene is about 10.75% 
lower than that of the AB stacked one. Therefore, a 10.75% 
decrease in the effective vdW interaction should be considered 
unless the collapsed SWNTs have the AB stacking configura-
tion. Besides the stacking order, the thermal fluctuation in col-
lapsed SWNTs could also affect the vdW interaction between 
the opposite graphene sheets. As calculated by the MD simu-
lation, the vdW energy of collapsed SWNTs is a function of 
temperature (Figure 9c). Compared with the bilayer graphene, 
which shows a 1.92% of reduction in the vdW interaction if the 
temperature is increased from 0 to 300 K, the vdW interactions 
within a collapsed (30, 15) SWNT is reduced by 4.38%.

Overall, whether a SWNT spontaneously collapses or not 
mainly depends on energy competition between the curvature 
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Figure 8. a) TEM image of arc-discharge SWNTs after heat treatment at 1800 °C. b,c) TEM image of arc-discharge SWNTs after heat treatment at 
2200 °C. d) Schematic presentation of bundled arc-discharge SWNT evolution into different types of CEGNRs upon high temperature calcination. 
Reproduced with permission.[54] Copyright 2005, American Chemical Society. e) Snapshots taken from simulations showing the coalescence of two 
SWNTs. f) Snapshots showing the sequence of bundled SWNT to MWNT transformation. Reproduced with permission.[55] Copyright 2002, American 
Physical Society.
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energy and the vdW interaction, which is coherently related to 
SWNT diameter. However, the energies differ from each other 
when performing calculations using different methods and 
different parameters, accounting for the discrepancy in Rthr. 
Table 1 summarizes the Rthr for SWNT calculated from different 
groups using different methodologies. Clearly, the adopted εvdW 
shows striking differences and the calculated Rthr ranges from 
1.0 to 7.0 nm. Besides, whether the SWNT is suspended or 
lying on a substrate could greatly influence the value of Rthr. 
For example, using MD simulations, Yan et al.[57] investigated 
the radial collapse of SWNTs on Cu2O substrate. The vdW force 
between SWNT and Cu2O substrate promotes the collapse. As 
a result, the system could be stable even though the collapse 
costs large deformation energy. Therefore, Rthr is determined 
to be 1.0 nm, where the full collapse occurs. It is noted that 
the surface energy of the support, which governs the vdW 
interactions between SWNT and substrate, also plays an impor-
tant role in determining the Rthr. Perebeinos and Tersoff[25a] 
investigated the SWNT deformation and collapse under Pd 
contacts having a surface energy of 12.5 eV nm−2. The Rthr of 
a freestanding SWNT is calculated to be 4.3 nm, the structure 
of which is presented in Figure 9d. When lying on a graphene 
substrate, the vdW bonding to the substrate is increased with 
the collapsed geometry, reducing the Rthr to 2.9 nm. The defor-
mations become even stronger under a metal Pd because of the 
presence of the capillary “pressure.” The SWNT collapse and 
flattening lower the energy by reducing the metal surface area 
at the cost of SWNT bending energy. Consequently, a much 
smaller Rthr, 1.6 nm, is obtained on the graphene substrate. 

Similarly, SWNTs in bundles could have a smaller Rthr because 
of the presence of vdW interactions among the SWNTs.[58]

With the increase of wall number (N), Rthr(N) increases.[16b,17,23] 
This is because the attractive energy after collapse is roughly 
independent of the number of tube wall, while the curvature 
energy gain increases with increased wall number. For example, 
the Rthr(6) for a six-wall CNT is calculated to be 8.6 nm at an 
εattr of 0.025 eV per atom.[17] With increase of wall number,  
an increase in the Rthr of the innermost wall is required to 
govern the stable, and fully collapsed CNTs.

3.3.2. Threshold CNT Diameter for Spontaneous Collapse:  
Experimental Evidences

Despite the great efforts in calculating the Rthr for the spon-
taneous collapse of SWNTs, plausible experimental evidence 
in determining the Rthr value has been scarce.[16b,d,19a] This is 
mainly due to the difficulties in achieving collapsed SWNTs in  
a reasonable quantity. Although SWNTs with diameters larger 
than 2 nm are readily produced, collapse of CNTs is rarely 
claimed. For example, Cheung et al.[67] synthesized large-
diameter CNTs from monodisperse Fe nanoparticles. Using 
9 nm Fe particles, SWNTs and double-walled CNTs with an 
average diameter of 7 nm were yielded. However, no col-
lapse of the CNTs was reported. Using tailored trilayered Fe/
Al2O3/SiO2 as the catalyst, Han and Ostrikov[68] synthesized 
vertically aligned SWNTs with a mean diameter larger than 
5 nm. Even though the SWNTs aggregate into small bundles, 
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Figure 9. a) The system energy as a function of alignment angle for two parallel graphenes. Reproduced with permission.[56] Copyright 2004, American 
Physical Society. b) The vdW attractive energy of bilayer graphene with different stacking patterns. c) The vdW energy and total potential energy as 
a function of MD simulation time and temperature. Reproduced with permission.[16d] Copyright 2014, American Chemical Society. d) SWNT geom-
etries for diameters near Rthr: 4.3 nm for freestanding one, 2.9 nm for SWNT on a substrate, and 1.6 nm for SWNT under metal. Reproduced with 
permission.[25a] Copyright 2014, American Chemical Society.
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whether the large diameter SWNTs are collapsed or not is 
overlooked.

The negligence of CNT collapse in the previous works is 
mainly due to the difficulties in discriminating collapsed CNT 
from cylindrical one. High-resolution TEM has been widely 
applied to characterize collapsed CNTs.[16a,19a] Although col-
lapsed CNTs have distinct signatures, a sample rotation study is 
generally necessary to unambiguously confirm the flattened fea-
ture of a collapsed CNT.[16a] Zhang et al.[16b] adopted deformed 
structures, including kinked, folded, and twisted structures, as 
the identifier of CEGNRs. However, the local deformation is 
not necessarily initiate the full collapse of a SWNT.[69] Indeed, 
the Rthr determined in the work is relatively small (2.6 nm for 
SWNT and 4.0 nm for double-walled CNTs), questioning the 
reliability of the CNT collapse identification technique.

To unambiguously distinguish the collapsed CNTs from 
inflated ones, nanobeam ED is proposed.[16d] In the ED pat-
tern of a SWNT, a strong equatorial oscillation and nonequato-
rial layer lines, which are associated with SWNT chirality and 
described by Bessel functions with certain orders, are clearly 
seen (Figure 10a). The spots are elongated, and their intensi-
ties fade away toward the exterior, arising from the curvature 
and the finite lateral size of SWNTs. By contrast, the ED pattern 
of a collapsed SWNT (Figure 10b) differs greatly from that of 
an inflated one. Remarkably, the equatorial line vanishes, and 
the geometry of diffraction spots resembles that of bilayer gra-
phene. Using the nanobeam ED strategy, He et al.[70] systemati-
cally investigated isolated SWNTs grown on a porous Si3N4 grid. 
When using CH4 as the carbon source, the synthesized SWNTs 

tend to adopt a tangential mode,[22b] leading to the synthesis of 
SWNTs with diameters correlated with the catalyst particles. All 
the obtained SWNTs in the diameter range of 1.0–4.7 nm main-
tain their inflated geometry. This work suggests that the Rthr for 
individual, freestanding SWNTs should be larger than 4.7 nm.

Using TEM image, Motta et al.[19a] observed collapsed CNTs 
withdrawn directly from gas phase CVD. Figure 3g shows a 
typical TEM image of a fractured bundle CNTs with the “dog 
bone” cross-section. Altogether, five SWNTs with diameters in 
the range of 4.59–5.66 nm were observed and all of them are 
collapsed. This work indicates that the Rthr for bundled SWNTs 
is close to 4.6 nm. Different from SWNTs, double-walled CNTs 
are the major components and are frequently observed in the 
fiber. Based on extensive examination, it is revealed that most 
double-walled CNTs with diameters larger than 6.0 nm are 
collapsed, while small diameter ones (smaller than 5.0 nm) pre-
serve their cylindrical configurations. The observation suggests 
that the Rthr(2) could be close to 6.0 nm.

The effect of bundling promotes the CNT collapse, thus 
complicating the determination of the Rthr for CNTs. On the 
basis of ED characterizations on a number of large diameter 
SWNTs grown from Au nanoparticles,[16d] some solid conclu-
sions are made. On one hand, SWNTs with local deforma-
tion like kinks still preserve their cylindrical configuration 
(Figure 10c), excluding the validation of using such character to 
identify the collapsed geometry.[16b] On the other hand, the Rthr 
for SWNT collapse is determined to be 5.1 nm (Figure 10d), 
which is consistent with the calculation when choosing appro-
priate parameters and taking the thermal effect and stacking 
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Table 1. Summary of Rthr values of SWNTs in the literature and the employed methodologies. The values of vdW interaction between graphene layers 
are indicated.

Rthr [nm] Methodology εvdW Ref.

2.6 Simple model analysis using a DFT-based curvature energy and a vdW interaction 20 eV Å−2 [16a]

1.8–4.4 Continuum model analysis 25–100 meV per atom [17]

3.0 Molecular dynamics simulation 31.8–32.3 meV per atom [59]

3.4 Molecular dynamics simulation 35 ± 15 meV per atom [60]

2.0 Molecular dynamics simulation 2.84 meVa) [61]

4.1 Atomistic simulation 36.1–36.9 meV per atom [23,56]

4.2–6.9 NσT ensemble molecular dynamics simulation 4.1 meVa) [58a]

0.98 Continuum model analysis and molecular simulation 2.50 eV nm−2 [21]

6.2 Atomistic molecular mechanics 2.39 meV per atom [62]

7.0 Continuum analysis using a DFT-based elasticity model 55 meV per atom [63]

1.0 Molecular dynamics simulation 2.67 eV nm−2 [57]

1.9 Atomistic simulations and continuum analysis 2.39 meV per atom [64]

2.6 Molecular dynamics simulation using LAMMPS 53.6 meV per pair [16b]

2.27 Continuum elasticity model analysis 2.78 meV per atom [65]

2.02 Continuum mechanics analysis and molecular mechanics simulations 2.84 meV per atom [26]

1.63 Molecular dynamics simulation 2.67 eV nm−2 [24]

4.3 (2.9) Full calculation 60 meV per atom [25a]

5.1 Molecular dynamics simulation 2.84 meV per atom [16d]

5.1 DFT calculations with DFT-D2 52 meV per atom [66]

a)Depth of Lennard-Jones potential well.
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effect into account. However, owing to the limited experimental 
results on collapsed CNTs with large wall numbers, the Rthr(N) 
for CNTs other than SWNTs remains controversial.

3.3.3. Synthesis of CEGNRs from CNT Collapse

Templated Synthesis of CEGNRs: Despite of the controversy in 
the exact value of Rthr for CNTs with different wall numbers, 
it is widely accepted that a large inner diameter facilitates the 
collapse of CNTs or graphene tubes. Templated synthesis of  
CNTs provides a facile approach for achieving structures with 
large inner diameters. Using porous anodic alumina as a tem-
plate, Lin et al. synthesized CEGNRs with controlled sizes by 
CVD.[71] Figure 11a illustrates the experimental procedure 
and Figure 11b shows a TEM image of the as-prepared carbon 
nanostructure. Inset presents a high-resolution image, showing 
that the wall thickness is about 6.3 nm. The inner diameters of 
the CNTs are estimated to be 300 nm, and their collapse state 
is energetically favorable. Indeed, the final materials exhibit a 
width of 470 ± 80 nm, which is larger than the diameter of the 
template channel, suggesting the collapse of produced struc-
tures after template removal. The crystallinity of collapsed CNTs 
could be greatly enhanced by annealing at high temperatures. 
Figure 11c presents the TEM image of an 800 °C-annealed 
GNR and its diffraction pattern (inset). Such a pair of promi-
nent (002) diffraction spots suggests the good crystallinity of 
the GNRs while preserving their isolate configurations.[71] This 
approach provides a facile means to achieve CEGNRs with rela-
tively large widths.

Besides porous alumina channels, other nanomaterials, such 
as metal-containing nanowires,[37,72] could serve as a sacrificial 

template for the synthesis of GNRs. For example, Yu et al.[37] 
reported the synthesis of CEGNRs using Pd nanowire template. 
In their approach, Si-/SiO2-supported Pd nanowires are first 
placed into a plasma enhanced CVD chamber on which the gra-
phene layers are grown. After Pd etching using diluted HNO3, 
graphene layers would collapse into CEGNRs if the layers 
are thin enough. On the contrary, the graphene tubes might 
retain their tubular structure if the graphene layers are suffi-
ciently thick (Figure 11d). As a result, the final configuration 
of the product can be controlled by tuning the number of gra-
phene layers deposited on Pd nanowires. Figure 11e shows a 
Pd nanowire (dark area) uniformly coated with graphene layers 
(white on the surface) after CVD. After the removal of Pd wires, 
hollow graphene layers are left exclusively. Figure 11f,g shows 
graphene layers with different thicknesses achieved by tuning 
the amount of C2H4 during growth process. For thick graphene 
layers, their tubular structure could be maintained after Pd wire 
removal (Figure 11f). By contrast, thin graphene layers tend to 
collapse into graphene tubes, i.e., CEGNRs (Figure 11g). Simi-
larly, scalable synthesis of few layer GNRs with controlled mor-
phologies was also achieved by ZnS-templated CVD process.[72] 
However, due to the lack of detailed characterizations on the 
edge structures, it is unclear whether the edges of obtained 
GNRs are closed or open.

Template-Free Synthesis of Collapsed CNTs: Different from the 
abovementioned template technique, where the template must 
be removed after CVD growth, direct growth of CNTs favorable 
for collapse could be achieved. Employing a Fe2O3/Al2O3 cata-
lyst, Zhang and Jia[73] efficiently synthesized fully collapsed 
CNTs through catalytic decomposition of CH4. Figure 12a 
shows the SEM image of the curved belt-like structures with 
tens of micrometers long. TEM characterizations (Figure 12b) 
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Figure 10. a) TEM image of an individual, cylindrical SWNT and its ED pattern. b) TEM image of a collapsed SWNT and its ED pattern. c) TEM image 
of a SWNT with kink and the ED pattern taken from a straight section. d) The determined Rthr for SWNT from simulations (left) and nanobeam ED 
experiment (right). Reproduced with permission.[16d] Copyright 2014, American Chemical Society.
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Figure 11. a) Schematic illustration of CEGNR formation using porous alumina as the template. b) TEM image of the as-obtained GNR. Inset 
shows the high-resolution image of the edge. c) TEM image of the CEGNR after heat treatment at 800 °C. Inset shows the diffraction pattern of the 
ribbon. Reproduced with permission.[71] Copyright 2008, Elsevier B.V. d) Schematic of the process for CEGNR fabrication using Pd nanowires as  
the template. e) TEM image of graphene layers on Pd nanowire. f) TEM image of graphene layers (23 layers) after Pd removal. g) TEM image of single 
graphene layer after removing Pd wire. Insets are high-resolution image of the graphene layers. Reproduced with permission.[37] Copyright 2010, 
American Chemical Society.

Figure 12. a) SEM image and b,c) TEM images of collapsed CNTs grown on Fe2O3/Al2O3 catalyst. Reproduced with permission.[73] Copyright 2015, 
Elsevier B.V. d–f) ED patterns of three CEGNRs from collapse of SWNTs and their corresponding TEM images. Reproduced with permission.[16d] 
Copyright 2014, American Chemical Society.
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confirm that the product is a single collapsed CNT, as schemati-
cally illustrated in the inset. The interlayer spacing is 0.353 nm, 
larger than that of CNTs, suggesting the presence of the repul-
sive force between the graphite layers. This work opens a new 
and simple way for synthesizing fully collapsed CNTs. How-
ever, owing to the relatively large size of the catalytic Fe parti-
cles, the collapsed CNTs usually have a relatively large number 
of walls. For example, the CNT presented in Figure 12c pos-
sesses 38 graphite layers.

Compared to MWNTs, SWNTs have a smaller Rthr to col-
lapse. However, simply increasing the catalyst particle does not 
necessarily lead to the formation of SWNTs with large diam-
eters. Owing to the high carbon solubility in catalyst like Fe, 
large size particles could cause the growth of MWNTs. To cir-
cumvent the synthesis of MWNTs on large catalyst particles, 
Au nanoparticles, which are known to possess a low carbon 
solubility, are adopted to grow large diameter SWNTs.[16d] In the 
experiment, 10 nm Au nanoparticles are first dispersed onto 
Si3N4 grid and annealed in air to activate the catalyst.[74] CVD 
growth of SWNTs is carried out at 900 °C using CH4 as the 
carbon source. Figure 10a presents a TEM image of a SWNT 
and its corresponding nanobeam ED pattern, respectively. The 
ED pattern displays a strong equatorial oscillation and layer 
lines, the spots of which are elongated, characteristics of a 
cylindrical SWNT arising from the tube curvature and the finite 
lateral size. The chirality of the SWNT is assigned as (54, 6), a 
metallic SWNT with diameter of 4.5 nm. Besides large diam-
eter SWNTs with inflated configuration, collapsed SWNTs are 
also observed in the Au-grown product. Figure 10b shows the 
TEM image of a collapse SWNT, the width of which is 8.3 nm. 
The collapse state of the SWNT is confirmed by its ED pat-
tern, which demonstrates hexagonal patterns with spacings 
and symmetry consistent with those of graphene. The stacking 
orders of the collapsed SWNTs inherit the chiral angles of 

their inflated counterparts. As a result, CEGNRs with different 
stacking orders can be achieved from the collapse of SWNT 
(Figure 12d–f). This work would guide the design of catalyst 
particles for growing large diameter SWNTs which tend to col-
lapse spontaneously.

Extracting Shells from MWNTs: CNTs with larger inner diam-
eters can also be achieved by extracting shells from MWNTs. By 
employing current-induced electrical breakdown, Kim et al.[75] 
reported the production of GNRs from MWNTs in a high 
vacuum, nonchemical environment. In the experiment, a mov-
able electrode, which is attached with a MWNT, is sliding to 
generate GNRs with the assistance of proper voltage bias con-
trol. The applied electric current has two roles: one is to break 
CC bond along the current direction; the other is to weld 
and fix the CNT. Under suitable electrical current, the GNR 
could be formed by sliding the GNR and the inner core of the 
MWNT. Unfortunately, the atomic resolution characterizations 
on the edge structures are lacking.

CEGNRs are unambiguously obtained by telescopically 
extracting shells from MWNTs using a nanomanipulator inside 
TEM.[16c] The schematic illustration of the process and experi-
mental results are, respectively, presented in Figure 13a,b. Ini-
tially, one end of conventional MWNT is fixed via silver paint 
to a TEM grid, which is subsequently attached to a stationary 
sample holder. Subsequently, the other end of the tube is spot-
welded by applying a bias voltage. As the tungsten tip moves 
away, it extracts the outer layers of the parent tube, yielding 
CNTs with few walls and relatively large diameters. When a 
long enough daughter CNT is generated, its collapse can be 
easily initiated by a small displacement of the tungsten tip 
transverse to the tube axis. The maximum length of the col-
lapsed CNT is equal to the length of the parent CNT. This work 
demonstrates the use of nanomanipulator to create CEGNRs by 
telescoping them from the fixed core.
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Figure 13. a) Schematic of experimental setup and b) the corresponding TEM images for generating CEGNRs by extracting shells from MWNTs.  
c) Schematic representation of the solution procedure for preparing CEGNRs. Reproduced with permission.[16c] Copyright 2016, Tsinghua University Press 
and Springer-Verlag Berlin. d) TEM image of raw MWNTs. e) TEM image of obtained CEGNRs. f) High-resolution TEM image of an isolated CEGNR and 
its fast Fourier transformation pattern. g) TEM image of the cross-section of a GNR. Reproduced with permission.[76] Copyright 2013, Springer Nature.
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Although the use of nanomanipulator in TEM allows in situ 
track of the extraction and the collapse of CNTs, the process 
is costly and not applicable for large-scale production. A high 
yield production of fully collapsed CNTs was reported by Choi 
et al.,[76] who developed a solution-based approach to extract the 
inner tubes from larger-diameter MWNTs (Figure 13c). After 
the inner tube extraction, the large diameter CNTs spontane-
ously collapse to form flatten GNRs. The starting materials are 
commercial MWNTs (Figure 13d), which have a diameter of 
13 nm and the average wall number is 5. Prior to the extrac-
tion, the caps of MWNTs are opened by air oxidation. The open-
ended CNTs are subsequently sonicated in surfactant solution 
or dichloroethane for 1 h. Figure 13e shows TEM image of the 
sample after sonication. The typical diameter of the sample 
increases to 20 nm and the wall number decreases to 2–3. Fast 
Fourier transformation image demonstrates four sets of hexag-
onal patterns, consistent with that of bilayer graphene nanorib-
bons (Figure 13f). The cross-section of the material is further 
characterized to confirm the collapsed structure (Figure 13g). 
This work provides a facile method for large-scale production 
of close-edged GNRs, which has great potential for future elec-
tronics and basic research.

3.3.4. Collapse of CNTs by External Forces

Besides the spontaneous collapse of CNTs with relatively large 
inner diameters, other strategies, such as applying external 
mechanical forces, exerting hydrostatic pressure, irradiation 
using TEM electron beam, ball milling, and electrical unwrap-
ping, would induce the collapse of CNTs. Yakobson et al.[77] 
simulated the transformation of CNTs subjected to large 

deformation using a realistic many-body potential. The simula-
tions show that under mechanical duress, a deformation which 
is proportional to the external force initially occurs. Further 
increasing the external force eventually leads to the collapse of 
CNTs. In the following subsections, different forces adopted to 
induce the collapse of CNTs are separately addressed.

Hydrostatic Pressure–Induced CNT Collapse: An exceptionally 
large and reversible volume reduction of SWNTs was observed 
when compressing them.[78] In the experimental work, the 
starting materials are purified, highly crystalline SWNTs. A 
piston–cylinder apparatus was applied to determine the volume 
change as a function of pressure. After several circles, all the 
behaviors are reproducible. Figure 14a shows the deduced 
SWNT density as a function of applied pressure. The starting 
density of the compressed SWNTs is ≈1.5 g cm−3, which is 
close to the crystallographic density (1.33 g cm−3), suggesting 
that all the porosity has been compacted out. The calculated 
compressibility for fully compacted SWNTs at 1 atm is about 
100 × 10−3 kPa−1 and decreases to (6–10) × 10−3 kPa−1 at high 
pressure, which is still a factor of 3–5 greater than the theo-
retical value. Such a high compressibility and the large volume 
reduction indicate the existence of volume-reducing deforma-
tion of SWNTs, i.e., the cylindrical SWNTs are crushed into 
elliptical cross-section. After the release of the pressure, the 
elliptical cross-section of SWNTs are back to cylindrical one, 
suggesting that the compression process is reversible. Tang 
et al.[79] measured the volume compressibility of SWNTs by in 
situ synchrotron X-ray diffraction (Figure 14b), showing that 
the characteristic SWNT lattice deflection is diminished beyond 
1.5 GPa. The lattice disappearance could arise from a struc-
ture deformation, which is reversible up to 4 GPa. That is, the 
diminished SWNT reflection reappears when the pressure is 
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Figure 14. a) The density versus pressure in compacted SWNT sample. Reproduced with permission.[78] Copyright 1999, American Physical Society. 
b) Lattice constant of CNT as a function of pressure measured by in situ synchrotron X-ray diffraction. Reproduced with permission.[79] Copyright 2000, 
American Physical Society. c) Raman shift in the RBM mode of SWNTs as a function of pressure. Reproduced with permission.[80] Copyright 2000,  
American Physical Society. d) Raman shift versus pressure for the G mode of SWNTs. Reproduced with permission.[81] Copyright 1999, American 
Physical Society. e) Comparative plot of the Raman high-frequency peak positions for SWNTs, MWNTs, and graphite. Reproduced with permission.[82] 
Copyright 2003, American Physical Society. f) Collapse pressure of SWNT bundles along loading branch as a function of tube diameter. Reproduced 
with permission.[58a] Copyright 2004, American Physical Society.
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released. However, beyond 5 GPa, the SWNT reflection could 
not recover, which is caused by the destroy of SWNT lattice 
structure, i.e., SWNTs are fully collapsed.

The phase transition in SWNT structure is also reflected 
by the Raman shift as functions of pressure. Peters et al.[80] 
monitored the radial breathing mode (RBM) and tangential 
mode evolution of SWNTs at high pressures. The RBM shifts 
to higher frequency with a slope of 10.1 ± 1.2 cm−1 GPa−1 
(Figure 14c). At pressures above 1.7 GPa, the vanishing of RBM 
indicates a dramatic change in SWNT structure. Similarly, the 
high energy graphite (G) mode demonstrates a response at high 
pressure different from that at low pressure (Figure 14d). At 
low pressure, the slopes for all the three peaks are all consistent 
with the calculation results.[81] At pressures above 1.7 GPa, the 
rates of frequency change for all the peaks decrease abruptly, 
suggesting the deformation of the SWNT cross-section.

Sandler et al. compared the pressure-induced Raman peak 
shifts of various carbon nanostructures.[82] All hollow CNTs dis-
play two distinct regimes with a transition pressure that varies 
for different materials (Figure 14e). At low pressure range, 
steeper slopes are observed for all CNT samples. The slopes 
become shallower and lie approximately parallel to the graphite 
line at higher pressures. The high-pressure results are inter-
preted as the complete collapse of CNTs resembling graphite. 
Subsequently, Elliott et al.[58a] performed a series of MD sim-
ulations to test the hypothesis and investigated the pressure 
dependences of SWNT collapse. Clearly, the SWNT collapse 
pressure mainly depends on the tube diameter (Figure 14f). 
These works provide a way for CNT collapse by applying large 
enough hydrostatic pressures.

Electron Beam Irradiation–Induced CNT Collapse: Using high 
energy electron irradiation in high-resolution TEM, MWNT 
collapse was in situ studied.[83] In the experiment, the accel-
erating voltage for CNT collapse investigation is 800 keV. The 
initial inner CNT diameter of 1.6 nm decreases dramatically to 
1.2–0.8 nm at 60 s. Meanwhile, the lattice fringes are no longer 

continuous walls but wiggly lines, caused by a breaking of 
carbon–carbon bonds and a reduction in the atomic arrange-
ment order. Once the inner walls at a specific region get close, 
a zipper-like effect, where the tube walls in the neighboring 
region move closer, is created and leads to a full collapse of 
CNT all along its length. In the process, atomic replacement 
is induced by the high energy electron collision with carbon 
atoms. Figure 15a shows the schematic view of CNT change 
under electron beam irradiation. The local damage occurs at a 
higher rate on planes perpendicular to the beam, causing sig-
nificant damage at the top and bottom of the CNT. Meanwhile, 
the less damaged part of the walls tends to relax toward the 
equilibrium planar graphitic morphology, i.e., collapsed CNTs. 
Banhart et al.[84] further studied the production and migra-
tion of carbon interstitials in CNTs under electron irradiation. 
Figure 15b presents the structure evolution of the MWNT 
under electron beam. Collapse of the MWNT is accompanied 
by the formation of irregular graphitic cages in the hollow core. 
The initially cylindrical structure evolves into a morphology of a 
double cone. The material lost during CNT collapse is roughly 
the same as the aggregates making up the graphitic cages. 
When the shells shrink, the inner shells are successively lost, 
but the outer shell remains undamaged. The results indicate 
a relatively low stability of inner shells, which is attributed 
to a higher defect generation rate and/or a higher defect dif-
fusivity in the hollow core of the tube. To gain insights in the 
stability of CNT shells under electron beam, the mobility bar-
riers of adatom migration inside tube and on the surface are 
compared by density functional theory simulations. The barrier 
for atom migration inside CNT along the axis is 0.5 eV, which 
is much smaller than the diffusion barrier on the outer surface 
(1.0 eV). If a carbon atom is displaced on the outer surface of 
the CNT, the large energy barrier and the close separation from 
the vacancy would facilitate the spontaneous reannealing so 
that the outer layer remains undamaged. On the contrary, the 
escape of an adatom inside the layer along the axial direction is 
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Figure 15. a) Schematic view of changes in CNT during electron irradiation. Reproduced with permission.[83] Copyright 1996, Elsevier B.V. b) Structure  
evolution of a MWNT under electron irradiation, the irradiation time is labeled in each image. Reproduced with permission.[84] Copyright 2005, 
American Physical Society. c) Simulation results of surface reconstruction for a SWNT. Reproduced with permission.[85] Copyright 1998, American 
Physical Society. d) Morphologies of CNTs after ball milling. Reproduced with permission.[86] Copyright 2004, Elsevier B.V.
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favored due to the smaller energy barrier and higher mobility. 
Overall, the electron irradiation–induced collapse of CNTs 
arises from the loss of atoms inside CNTs and the diffusion of 
interstitials through the inner hollow along the axial direction.

The collapse of CNTs under electron irradiation is also appli-
cable to SWNTs.[85] For sp2-bonded carbon, knock-on atoms 
from the lattice could occur when electron energy is larger 
than 120 keV.[87] As long as irradiation persists, atom removal 
from the SWNT occurs and vacancies are created. The pro-
duced vacancies would cluster into large holes in the structure. 
Meanwhile, due to the generation of dangling bonds associated 
with the defects, the system becomes energetically unstable, 
leading to the SWNT shrinkage through atomic rearrangement 
(Figure 15c). In about 30 min irradiation, the original SWNT 
diameter of 1.4 nm shrinks to 0.4 nm. The shrinking of SWNTs 
also results from the loss of carbon atoms and subsequent 
shrinkage. Together with temperature modulation, the electron 
irradiation could tailor the structure of CNTs with monolayer 
precision, creating new carbon morphologies.[88] Consequently, 
the reconstruction of CNTs under electron irradiation could 
lead to the formation of CEGNRs, although the process is 
complicated.

Ball Milling–Induced CNT Collapse: Besides electron irradia-
tion, ball milling also could transform CNTs into other morphol-
ogies. The treatment of CNTs by ball milling was first reported 
by Li et al.,[89] who milled a mixture of CNTs and iron powder to 
produce carbon particles. During the ball milling process, the 
stress applied onto CNT surface could completely break CNTs 
from the defective sites and generate open-ended CNTs. If only 
some layers rupture, small curved graphene sheets may deposit 
on the fractures to eliminate the dangling bonds, resulting in 
the closure of the carbon nanoparticles. The nearly closed ellip-
soidal nanoparticles form with continued rupture and closure. 
Increasing the balling time transforms the configuration of 
carbon particle from metastable ellipsoidal shape into spherical 
one. During the process of ball milling, CNT collapse, at least 
at the end of CNTs, could be easily obtained. Kónya et al.[86] 
systematically investigated the end morphology of ball-milled 
CNTs and discussed the stability of CNTs with partially or com-
pletely collapsed open ends. Ball milling produces short CNTs 
with new generated tips, accompanied with the decrease of 
length/diameter aspect ratio. The cleavage of CNTs is induced 
by the stresses applied by ball milling and occurs at defective 
sites of CNTs, like kinks. Figure 15d presents two different 
types of ends of cleaved CNTs: open-ended and close-ended. For 
the close-ended CNTs, the innermost cylinders collapse dramat-
ically. All the close-ended CNTs are asymmetric and converge at 
the end, which is important in elucidating the cleavage mecha-
nism. In the ball milling process, the axial pressure generated 
could reach 2–6 GPa, which is insufficient to break defect-
free CNTs but enough to break the weakest position of CNTs,  
like the kink area. The asymmetric feature of the ends inherits 
the geometry of the kink. After the breaking of CNTs along the 
kink site, partially collapsed CNTs could remain closed. The 
observation of partially collapsed CNTs with close ends might 
have potential applications in gas adsorption. Although only 
partially collapsed CNTs are observed in the work, it is possible 
to achieve fully collapsed CNTs if the starting CNTs have fewer 
wall numbers and larger inner diameters.

4. Conclusions and Prospects

The unique structure and configuration of CEGNRs render 
them extraordinary properties, including excellent mechan-
ical properties, superior thermal conductivity, interesting 
electronical, optical, and magnetic properties. Therefore, 
CEGNRs can be potentially applied in a variety of fields, 
such as the FETs in nanoelectronics, energy suppliers, nano-
torsional actuator, ultrastrong fibers, and thermal interface 
materials. The preparation of CEGNRs is the precondition to 
realize their potential applications. So far, several strategies 
have been developed to achieve CEGNRs, mostly through 
the collapse of CNTs. On one hand, it is possible to generate 
CNTs with large inner diameters, which could spontaneously 
collapse, leading to the formation of CEGNRs. Particularly, 
the efforts in determining the threshold diameter for CNT 
collapse are well addressed experimentally and theoretically. 
On the other hand, CEGNRs can be prepared by exerting 
external forces onto cylindrical CNTs. The forces can be 
exerted by hydrostatic pressure, ball milling, or electron 
irradiation.

Despite the progress, there are still many challenges in 
CEGNR field: i) to determine the Rthr(N) for CNTs with dif-
ferent wall numbers. Although previous work has addressed 
the Rthr for suspended SWNTs, the threshold diameters for 
bundled SWNTs and MWNTs in different forms have yet to 
be determined. More efforts should be made to synthesize 
CNTs with diameters close to Rthr(N) and large inner diame-
ters; ii) large-scale production of CEGNRs. Some techniques, 
such as nanomanipulation and electrically unwrapping, have 
shown the possibility to achieve CEGNRs. However, these 
approaches generally suffer from low yield, inhibiting their 
wide application in synthesizing CEGNRs. Techniques, like 
CVD and solution phase extraction, could be potentially 
applied for bulk synthesis. Further efforts are required to 
improve the purity and decrease the cost of the approaches; 
iii) to prepare the CEGNRs with controlled width and thick-
ness. So far, the prepared CEGNRs have wide distributions 
of widths and layers. Further attempts should be focused on 
preparing diameter and wall number controlled CNTs or gra-
phene tubes; iv) To prepare CEGNRs with defined stacking 
orders. From collapse of SWNTs, GNRs with different 
stacking orders have been reported. However, it is one of 
the most challenging tasks in carbon community to control 
the chiral angle of CNTs with large inner diameters, which 
defines the final stacking orders of the CEGNRs; v) to system-
atically investigate the properties of CEGNRs. Limited reports 
have been dictated to study the mechanical and electrical 
properties of CEGNRs. Detailed studies on the properties 
of CEGNRs should be carried out on samples with different 
widths, layer numbers and stacking orders; vi) to explore the 
potential applications of CEGNRs. Due to the difficulties in 
manipulating the CEGNRs, the proposed applications are 
mainly based on theoretical predications and prototype exper-
iments. Grounded on the progress made in CEGNR prepa-
ration, extensive experimental studies on their applications 
should be carried out in the future. If the challenges can be 
fulfilled, more breakthroughs in CEGNR-based nanoscience 
and nanotechnology are expected.
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