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Carbon nanotubes (CNTs) have the recorded mechanical strength, exceptionally high thermal stability
close to that of diamond, and an extremely high carrier mobility, which is two orders of magnitude
higher than that of silicon. A CNT can be conducting, medium or small band gap semiconducting,
depending on the exact atomic configuration and the tube diameter. To realize its applications in high-
end electronics and even replacing silicon in semiconductor industry, the synthesis of high-purity
single-walled CNTs (SWCNTs) with unique structure (chirality) at a relatively low price, is essential.
Direct synthesis of SWCNTs with the desired chirality has been one of the great challenges for more
than 20 years and it is only very recently that direct synthesis of SWCNTs with purity >90% was
achieved. In this review, we have summarized previous researches and state-of-the-art chirality-
selective SWCNT synthesis, including experimental and theoretical studies dealing with the mecha-
nism of SWCNT growth, potential routes toward chirality-selection during growth, and recent
experimental techniques targeted toward the selective growth of high-purity SWCNTs.
Introduction
The observation of CNTs by Iijima [1] in 1991 brought world-
wide attention to the cylindrical material with atom-thick walls.
Subsequently, single-walled carbon nanotubes (SWCNTs) con-
sisting of only one layer of sp2 carbon atoms, were produced
by using a transition metal as catalyst in the synthesis [2,3].
Because of its unique tubular structure, small diameter and high
structural perfection, SWCNT exhibits extraordinary properties
combining high tensile strength [4] and thermal conductivity
[5] with a very high capacity to conduct electric current [6].
The specific structure of a SWCNT, which can be represented
by a pair of chiral indices (n, m) or its chirality, determines its
electrical and transport properties. A SWCNT is conducting if
mod (n-m, 3) = 0, and, otherwise, is semiconducting with a
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bandgap inversely proportional to its diameter [7]. Experimen-
tally, all the as-synthesized SWCNT samples, irrespective of the
preparation process, include SWCNTs of different chiralities,
and such a structural diversity may greatly hinder the applica-
tions of SWCNTs [8,9] because of structure-dependent electronic
properties of SWCNTs.

To harness the extraordinary properties and achieve optimal
performance of SWCNTs in various applications, the production
of SWCNTs with controlled chirality is highly desirable. Sorting
strategies including selective destruction [10], electrophoretic
separation [11], ultracentrifugation [12], DNA or polymer wrap-
ping [13], and gel chromatography [14] have been developed
to separate the as-grown SWCNTs. However, most sorting proce-
dures inevitably degrade the pristine SWCNTs because of con-
tamination from solution or the defects introduced to the
tube’s wall by sonication. In comparison, directly growing
SWCNTs with controlled chirality could circumvent the short-
comings of the sorting processes. High-temperature techniques,
845

mailto:f.ding@unist.ac.kr
https://doi.org/10.1016/j.mattod.2018.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mattod.2018.06.001&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mattod.2018.06.001&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mattod.2018.06.001&domain=pdf


R
ESEA

R
C
H
:R

eview

RESEARCH Materials Today d Volume 21, Number 8 d October 2018
like arc discharge [2,3] and laser ablation [15], which were
broadly adopted to produce SWCNTs in 1990s, generally suffer
a great drawback of low yields. Besides, the poor control over
the catalyst formation and nanotube nucleation normally results
in a structural diversity of the produced SWCNTs. In comparison,
the latterly developed chemical vapor deposition (CVD) method
was successful in producing SWCNTs with very high yields.
Nowadays, the low cost and the improved control over the reac-
tion parameters render CVD the most promising technique for
chirality-controlled synthesis of SWCNTs.

In the past two decades, SWCNT’s chirality-selective growth,
mostly in a low percentage of <50%, has been achieved by vari-
ous CVD methods [16–29]. Besides the selective synthesis of
(6, 5) and (7, 5) tubes from a number of experiments, such as
the CoMoCAT CVD [19] and the alcohol CVD [21], preferential
growth of (9, 8) [24,25], (8, 4) [17], (13, 12) [30], (9, 9) and (12,
12) [31] nanotubes was achieved by catalyst design or by opti-
mizing the experimental condition. Despite all these experimen-
tal progresses, SWCNT growth mechanism is far from clear and it
greatly hinders the establishment of a rational basis for con-
trolled synthesis of SWCNTs. Recent advances in synthesizing
near-zigzag [32,33] or (2m, m) tubes [16,28] by semi-rational
experimental designs opens a new avenue for SWCNT’s control-
lable growth and applications.

At atomic level, the nucleation of a SWCNT occurs at the
surface of a tiny catalyst particle and its subsequent growth is
governed by the addition of carbon atoms at the catalyst–
nanotube interface. To unveil the growth mechanism, it is neces-
sary to monitor the reactions occurring on the catalyst surface
using in situ characterization techniques like environmental
transmission electron microscopy (ETEM) [34]. The atomic scale
monitoring of the processes of catalyst evolution [35,36],
SWCNT nucleation [23,37], prolongation [38,39] and termina-
tion [40] has provided valuable knowledge on the kinetics and
thermodynamics of SWCNT growth. Nevertheless, the presence
of a “pressure gap” and the inherent resolution limit of ETEM
make it complicated to unequivocally determine the major
factors governing SWCNT chirality. In this context, theoretical
calculations can provide complementary information to address
issues that are inaccessible by experimental tools. Several notable
theoretical methods, including molecular dynamic simulations
[41–61] and density functional theory (DFT) calculations
[62–67], have come to the fore and have helped to gain a funda-
mental understanding of SWCNT growth targeted toward chiral-
ity selection. During the long history of CNT researches,
thousands of articles addressed the methods and the mecha-
nisms of CNT growth and the key findings were summarized in
many reviewing articles [68–70]. With the rising of graphene
and 2D materials, the society of CNT research greatly shrunk
and the previous progresses, especially those on the understand-
ing on the mechanisms of CNT growth, were presented in some
recent review articles [71–77]. In this review, we mainly present
the updated research achievements regarding SWCNT’s
chirality-selective growth and the corresponding theoretical
understandings. Besides, including some historical backgrounds
and studies is necessary in order to make the review a complete
story. This review is organized as follows:
846
1. For the benefit of readers, especially young scientists who just
started their researches in CNTs, the in situ characterizations
and observations of CNT growth are presented firstly. From
these in situ studies, one can directly see how a CNT cap
emerges on the surface of a catalyst particle and the mode
of CNT growth can also be directly seen. Although the condi-
tions of CNT in situ growth are mostly different from those
used in large-scale synthesis, such as with very low feedstock
pressure and relative low temperature, the fundamental steps
of CNT growth should be same and, therefore, the mecha-
nisms revealed by in situ observations can be directly used
to guide the experimental design for controllable CNT
synthesis.

2. Besides in situ observations, atomic simulations based on var-
ious potential energy surfaces (PESs, such as empirical poten-
tials, tight binding approaches and density functional theory)
and different simulation methods (such as molecular dynam-
ics and Monte Carlo simulations) provide direct image of CNT
growth. However, due to the limit of the accuracy of the PES
and the time scale of the simulation, the results obtained by
atomic simulations must be carefully interpreted. Following
in situ observations, the atomic simulations provide a clear
picture of CNT growth and the fundamental understanding
on the growth mechanism.

3. Then, in the third part, we review the thermodynamics and
kinetics of SWCNT growth, including nucleation, growth rate,
defect healing, and chirality control, based on DFT calcula-
tions. The DFT method is highly accurate and the conclusions
obtained from it are reliable for being used to guide the exper-
imental design.

4. In part four, we review various experiments of chirality-
selective SWCNT growth classified by the approaches, such
as cloning, epitaxial growth, low-temperature CVD methods
in early stage. The period of these researches is from 2003 to
2014 and the best result is the synthesis of the enrichment
of (6, 5) SWCNTs up to �50%.

5. In the fifth part, we elaborate the recent exhilarating results,
the selective growth of SWCNTs up to �90% purity achieved
by the rational experimental design. One representative result
is the growth of (12, 6) SWCNTs up to �92% using the
W-based solid catalyst particles to template the growth and
another one is the use of solid metal carbide to achieve the
growth of both (12, 6) and (8, 4) SWCNT arrays. In this part,
the underlying mechanism of the selective growth, which is
based on the symmetry match between the catalyst and the
SWCNT grown on it and the growth kinetics, is also discussed.

6. At the end of the review, we summarize the current situation
of in situ CNT growth observation, atomic simulation, and
theoretical modeling, and finally the future perspectives of
the SWCNT-selective growth are presented.

Investigations of SWCNT growth mechanism by in situ
ETEM
Generally, in a CVD process, it is assumed that gaseous carbon
precursor molecules are first dissociated into carbon atoms and
adsorbed on the catalyst surface. The dissociated carbon atoms
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then diffuse through the surfaces of the metal particles and pre-
cipitate at the rear end of the particle to form a sp2 carbon tubu-
lar network. In arc discharge experiments, the SWCNT growth
must follow the vapor–liquid–solid (VLS) growth mechanism
because of the very high experimental temperature. While both
VLS [78] and vapor–solid–solid (VSS) [79] mechanisms were pro-
posed to explain the growth of SWCNTs in CVD experiments
[16,80,81]. The catalyst particle may retain its solid state at low
reaction temperature, which means that SWCNTs synthesized
under these conditions are believed to adopt the VSS mecha-
nism. Analyzing the interface between the tube and the catalyst
roughly yields two growth configurations [56]: one is the tangen-
tial mode, where the diameter of SWCNT is close to that of the
catalyst, and the nanotube wall is oriented tangentially to the
nanoparticle surface; the other is the perpendicular mode, where
the diameter of the SWCNT is smaller than that of the catalyst
and the tube wall is oriented perpendicular to the particle sur-
face. Both growth modes have been observed by ex situ transmis-
sion electron microscopy (TEM) (Fig. 1a and b) [82] and during
ETEM investigations (Fig. 1c and d) [37,38].

ETEM is a very useful technique that gives direct in situ infor-
mation on the structural evolution of catalyst particles during
SWCNT growth. Harutyunyan et al. reported the preferential
FIGURE 1

TEM image and schematic illustration of SWCNTs grown by (a) tangential mode
(c) tangential mode and (d) perpendicular mode. Morphology evolution of Fe
presence of H2O. (g) ETEM image sequence showing the growth of SWCNT from
Sequence of ETEM images of SWCNT growth from a Co nanoparticle at 600 �C
patterns of Co nanoparticles (insets of images) show negligible change in c
Figure (a–b) reproduced from [82] with permission from the Elsevier. Figure (g,
Society. Figure (e, f) reproduced from [83] with permission from AAAS and Figu
Group.
synthesis of conducting SWCNTs, where the increased selectivity
was attributed to the special morphology of the Fe catalyst parti-
cles in He atmosphere (Fig. 1e) [83]. In the presence of H2O,
spherical Fe nanoparticles become faceted with sharp corners if
the carrier gas is switched from Ar to He (Fig. 1e and f). Such a
dynamic shape change of the catalyst is reversible and is caused
by changes in gaseous environment. This work emphasizes the
importance of catalyst morphology in modulating SWCNT chi-
rality. In the CVD process, the reduction behavior of the catalyst
also affects SWCNT growth [18,25,84]. Using elemental analysis,
the reduction of the catalyst, which is a prerequisite for SWCNT
nucleation, could be tracked during ETEM [23]. For example, in
an MgO-supported FeCu catalyst system, the starting CuO is
completely reduced to metallic Cu at 275 �C [85], which facili-
tates the reduction of iron oxide particles adjacent to Cu. Such
in situ studies are essential for clarifying the synergistic catalytic
action of Fe and Cu.

Following catalyst reduction, the nucleation of SWCNTs can
be monitored with atomic resolution by ETEM. Picher et al. stud-
ied the nucleation of a SWCNT by the transformation of gra-
phene formed on the catalyst surface [37]; the nucleation was
recorded in situ, on a Co–Mo/MgO catalyst at 625 �C under
0.005 Pa of C2H2. Movies at atomic-scale resolution show the
and (b) perpendicular mode. In situ ETEM observation of SWCNTs grown by
nanoparticles treated under different conditions: (e) He and (f) Ar in the
a Ni catalyst recorded in situ at 615 �C at 8 � 10�3 mbar pressure. (h)–(k)
using 6.3 mbar CO as the carbon source. The Fast Fourier transform (FFT)
rystallographic orientation during SWCNT nucleation and during growth.
c, d) reproduced from [36–38] with permission from the American Chemical
re (h–k) reproduced from [23] with permission from the Nature Publishing
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weaving of carbon atoms into a graphene sheet, which progres-
sively lifts-off to convert into a carbon nanotube [37]. In combi-
nation with theoretical calculations, it has been confirmed that
in this process, certain facets of the catalyst particle provide
anchoring sites and act as vice-grip for graphene, whereas, other
adjacent facets allow the graphene to lift-off, which is an essen-
tial step for the nucleation of a SWCNT. The different values
obtained for the adhesion of graphene on the catalyst surface
accounts for the different roles of the nanoparticle facets, which
provide both cap-anchoring and lift-off sites; in parallel, using
Fast Fourier transform (FFT) of high-resolution TEM images, the
chemical state of active nanoparticle was identified to be Co3C
or Co2C, which is in consistent with Yoshida’s ETEM investiga-
tions [38]. However, whether the carbide particle is the active
phase for SWCNT growth is debatable. Harutyunyan et al. have
monitored the phase transition of Fe catalyst and found that
the carbide formation might reduce the diffusion of carbon
atoms and decrease the efficiency of hydrocarbon decomposition
and could finally lead to catalyst poisoning and CNT growth
termination [80,81].

ETEM observations have revealed that there is a significant
fluctuation of the nanoparticle, which exhibits a different facet
in each frame, especially during the incubation period [38]. A
stable dome-like structure is formed, which evolves gradually
into an SWCNT that grows tangentially on the particle. Indeed,
such findings are in agreement with those in the previous work
of Hofmann et al., where a dynamic reshaping of the catalyst
nanoparticle is involved in SWCNT nucleation and growth
[36]. The different stages of growth of an SWCNT are summa-
rized using a schematic ball-and-stick model in Fig. 1g. Initially,
a small carbon cap, which replicates the shape of the Ni particle
apex, emerges. The carbon cap then expands to lift off from the
catalyst to form a nanotube, replicating its shape onto the Ni
cluster. Further prolongation of the SWCNT constrains the Ni
particle to adopt a cylindrical shape, which is typical of a tangen-
tial growth mode. As the emerged cap determines the chirality of
a SWCNT, chiral selectivity may be dynamically related to the
catalyst particle–carbon network interaction.

To inhibit the fluctuation of the catalyst particle facet during
SWCNT nucleation and growth, He et al. designed a CoxMg1-xO
solid solution, where metallic Co nanoparticles were formed epi-
taxially during reduction [23]. Owing to the epitaxy-related
anchoring effect from the MgO support, the Co nanoparticle
exhibited extremely high structural stability at 600 �C in CO
atmosphere. A time-sequence of four still images extracted from
a movie is depicted in Fig. 1h–k. During the catalytic growth of
SWCNT under 9.5 mbar CO, the Co nanoparticle showed little
or no variation in its crystallographic orientation, as indicated
clearly in the FFT images of the Co particle in each frame. The
stable structure of the Co nanoparticle was thus consistent with
the highly selective synthesis of SWCNTs achieved under these
optimal conditions.

The mechanism of termination of SWCNT growth was
recently clarified by Zhang et al. by extensively investigating
the dynamic changes occurring on the catalyst surface under dif-
ferent growth conditions [40]. They concluded that insufficient
carbon supply would result in a reduced carbon–metal adhesion,
causing the necking of the tube–catalyst interface resulting in
848
growth cessation. Such a finding is in accordance with DFT calcu-
lations, which showed that a strong carbon–metal adhesion is
required to maintain the open end of a growing SWCNT [64].
If the energy gained when carbon dangling bonds forming a
cap is larger than the adhesion energy, the closure of the SWCNT
open-end is favored, causing the SWCNT growth to terminate.

The improved capabilities of ETEM [86] open new possibilities
to directly study catalyst evolution, SWCNT cap formation and
growth. Thus, ETEM is likely to be an important characterization
technique to help further advance the understanding of
chirality-selective SWCNT formation.
Molecular simulations on SWCNT growth
Complementary to in situ experiments, MD simulation provides
another perspective to investigate SWCNT growth process. MD
simulation can reflect the spatio-temporal movement of the
atoms during non-equilibrium growth and thus affords atomic-
scale information on important processes such as growth mode
[56,87,88] defect evolution [58,89,90], chirality transfer
[33,57,91,92], and growth rate [62,65–67,82,93]. Several MD sim-
ulations on SWCNTs have been carried out in the last 20 years
and different MD methods have been developed such as empiri-
cal force fields [94], density functional-based tight binding
(DFTB) approaches [51], reactive force field (ReaxFF) [60], and
DFT-based MD [59] methods.
Empirical force field potential
Pioneer MD simulations on SWCNTs were developed by Mar-
uyama et al. based on empirical force field [41]. In the method,
the carbon–carbon (C–C) interaction was described using the
Brennel potential [95]. The multi-body classical potential func-
tions for metal–carbon (M�C) and metal–metal (M�M) interac-
tions were constructed with the Morse term and the Coulomb
term as functions of the metal atom coordination number. Based
on their simulations, it is found that only after the catalytic clus-
ter reached saturation with respect to carbon atoms, can hexago-
nal networks form. It was also demonstrated that continued
SWCNT growth only occurred under a set of optimum condi-
tions. Otherwise, an over-layer of amorphous carbon was formed
(Fig. 2a) [42]. More importantly [43], it was noted that the cata-
lyst can serve to prevent the complete closure of the carbon cage,
which highlights the important role of the catalyst in the contin-
ued growth of SWCNT.

Balbuena et al. modified the effective force fields for M–C
interactions proposed by Maruyama et al. and revised the reac-
tive empirical order Brenner potential for C–C interactions. They
tracked the whole catalytic process occurring on the metal sur-
face, including the dissolution of carbon into the metal nanopar-
ticle, precipitation onto the surface, aggregation to form the
carbon nanostructure and finally, the formation of the cap
[45]. This work also highlighted the template effect of the cata-
lyst, defining the chirality of SWCNT at the initial growth stage
[46]. Moreover, they proved that the substrate could stabilize
the catalyst and increase the melting point of the catalyst, which
is key to preserve the solid state of the catalyst and control the
SWCNT chirality in the VSS growth mode [44]. Later, they
demonstrated that the adhesion energy between the carbon
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FIGURE 2

Molecular dynamic simulations of SWCNTs on catalyst nanoparticles using different force fields. (a) Evolution of Ni nanoparticles with time at different carbon
vapor densities using the Brenner potential method. (b) Growth of SWCNT on Ni32 nanoparticle with the adhesion energy set as 0.16 eV for which the Sutton-
Chen potential is used to describe metal–metal interaction. (c) SWCNT nucleates on a Fe38 cluster at 1500 K with the tight binding MD method. (d) Tangential
mode of SWCNT growth with tight binding Monte Carlo method. (e) ab initio MD simulations of SWCNT growth on a Fe55 cluster. (f) Carbon diffusion and its
incorporation on the Ni55 cluster using combined reactive MD and time-stamped force-bias Monte Carlo method. (g) SWCNT growth on a Fe32 cluster at 1000
K with the adhesion energy set as 0.04 eV/C based on an empirical potential energy surface. (h) Simulated defect-free SWCNT growth by multi-scaled
hybridized molecular dynamic and basin-hopping simulations. Figure (a) reproduced from [42] with permission from Elsevier. Figure (b-c) reproduced from
[47,53] with permission from with permission from the American Chemical Society. Figure (d, e) reproduced from [56,59] with permission from the American
Physical Society. Figure (f) reproduced from [60] with permission from the Nature Publishing Group. Figure (g) reproduced from [52] with permission from the
American Institute of Physics. Figure (h) reproduced from [94] with permission from the Royal Society of Chemistry.
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and metal surface will alter the dynamic behavior of the
nanoparticle, which in turn influences the interaction between
the SWCNT and nanoparticle structure and tune the “template
effect” of the catalyst (Fig. 2b) [47].

Along with coworkers, our group has developed a few genera-
tions of the MD method to simulate SWCNT growth. Initially,
classical force field MD simulations were performed to investi-
gate the influence of different parameters and growth conditions
on the growth mechanism (Fig. 2g) [52]. We have monitored var-
ious steps in the VLS growth of SWCNT [49] including the
unsaturated-supersaturated-saturated conditions to reveal the
correlation of the catalyst particle diameter to that of the SWCNT
[48]. Our investigations demonstrated that an optimal interac-
tion between the SWCNT and catalyst is very important for
SWCNT nucleation [64]. A too strong interaction will result in
the capsulation of the catalyst and a too weak one will cause
the lifting of the SWCNT from the catalyst [52]. Moreover, the
size-dependent melting point of the catalyst was also studied
and it was proven that the decrease in the melting point of the
metal cluster is inversely proportional to the cluster diameter,
which obeys the well-known Gibbs–Thomson formula and plays
a very important role that determines the mode of SWCNT
growth [50].

It is noted that all simulated SWCNTs are not very perfect and
have many defects, which deviates greatly from experimental
results. Therefore, achieving defect-free SWCNTs from the atomis-
tic simulation is essential in gaining an in-depth understanding of
the growthmechanism of an SWCNT. Our group has recently car-
ried out atomistic simulations of defect-free SWCNT growth based
on the new generation carbon–metal potential and the basin–
hopping method [94]. In addition, defect healing was observed
using a procedure similar to that explored in previousDFT calcula-
tions (Fig. 2h) [90]. A large number of SWCNTs with different chi-
ralities were also simulated; a narrow but non-uniform chirality
distribution appeared, which is in agreement with most of the
known experimental investigations, that chirality-selective
growth of SWCNT is hard to achieve on a liquid catalyst.

Empirical force field allows the atomic simulation of very a
large system up to 1000 atoms for more than 100 ns. Besides,
some key parameters, such as the metal–metal, metal–carbon or
carbon-substrate interaction strengths, can be easily tuned to sys-
tematically explore the effect of each on SWCNT growth, while,
on the other hand, the lack of the explicit description of the
quantum effects and the electronic structures of the system nor-
mally leads to a large error of the PES, which means that the
quantitative conclusions obtained using a classical PES must be
carefully checked by highly accurate methods, such as DFT
calculations.
Tight-binding potential
Besides the empirical force field, the tight-binding (TB) approach
can be used to effectively describe the sp/sp2/sp3 hybridation and
p conjugation in carbon system. Two research groups, led by K.
Morokuma and C. Bichara, respectively, have developed their
own TB approaches for CNT growth simulations. K. Morokuma
et al. have simulated the nucleation, growth, and healing
phenomena during SWCNT growth (Fig. 2c) [53]. They pointed
850
out that a zigzag SWCNT is less stable than an armchair one of
similar diameter and, therefore, will change its chirality during
growth. Such a result was used to explain the reason why an
enrichment of near zigzag SWCNTs was rarely observed in exper-
iments [96]. Besides, they have addressed the differences between
C2H2 or C2H radical in CNT growth and predicted the maximum
CNT growth rate at an optimal C2H2/C2H ratio [54]. Bichara et al.
have studied the dissolution of carbon atoms into the metal cat-
alyst [55] and found that the dissolution of the carbon atoms
into a catalyst particle can greatly reduce its melting point and
favor the perpendicular growth mode (Fig. 2d) [56].

The TB approach inherits both the strength and the weakness
of the DFT. It can treat the electronic structure of the explored
system more accurately (compared with empirical force field)
and efficiently (compared with DFT-based potential). It is about
2–3 orders of magnitude faster than the DFT-based atomic simu-
lations, but the accuracy of the PES is still far from that of DFT.
Besides, as a semi-empirical method, the simulation is limited
to some specific metal catalysts such as Ni or Fe, only.
Reactive force field potential
Reactive Force Field (ReaxFF) interatomic potential can illustrate
the long-range van der Waals and Coulomb interactions and
allow for polarization [97]. Neyts et al. coupled the ReaxFF model
with the force-biased Monte Carlo (fbMC) method. Within the
framework of this method, they have focused on the evolution
of chirality during SWCNT growth and found that encapsulation
of the nanocatalyst is prevented by a migration of the entire car-
bon network over the metal surface [57]. The influence of hydro-
gen during the nucleation is also investigated. It was found that
the competition between hydrogenation and dehydrogenation
plays an important role during the cap formation (Fig. 2f) [60]
In addition, they explored the effect of electric field and low-
energy ion bombardment on SWCNT growth. It was revealed
that within the non-thermal ion-induced graphene network
restructuring mechanism, ion bombardment in a suitable energy
range allowed these defects to be healed resulting in enhanced
nucleation probability of the carbon nanotube cap [58].

The reactive force field potential includes the electronic
effects, the long-range van der Waals and the Coulomb interac-
tions. As a classical PES, it allows us to explore a relatively large
system for a longer time but the accuracy of the PES highly
depends on the parameter fitting procedure.
Density functional theory-based potential
A more accurate DFT-based simulation has been performed by
Galli et al. in 2005 [59] where the MD simulations of the early
stage of SWCNT growth were performed (Fig. 2e). It was found
that the weak adhesion between the cap and the catalyst enables
the graphene sheet to float on the curved surface. Throughout
their simulations, no tendency of C atoms to penetrate into
the catalyst was found, indicating that the growth followed the
VSS growth mode. Besides, root growth was observed on Fe
instead of Au, which is also consistent with experimental results.

Noticeably, DFT-based potential displays the most
accurate description of the interaction between atoms but the
time-consuming approach only allows the short simulation time
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(�10–100 ps) of a small system (�100 atoms), even if a very large
computing system is used.

Although unremitting efforts have been devoted to simulat-
ing SWCNT growth, there is still quite a large disparity between
the atomistic simulation and the experimental procedure; this is
mainly due to the huge discrepancy in timescale and the lower
accuracy of classical PESs. This means that chirality control dur-
ing SWCNT growth cannot be revealed in sufficient detail when
using MD simulations, and differences in results obtained by dif-
ferent MD methods have not yet been resolved. Other methods,
e. g. first principles calculations, may open new perspectives to
solving chirality-related issues in SWCNT growth.

Kinetics of SWCNT growth
The thermodynamics and kinetics of SWCNT nucleation
It is very important to focus on the kinetics of SWCNT growth
because of its intimate relationship with growth rate, defect
FIGURE 3

The kinetics of SWCNT nucleation and growth. (a) The Gibbs free energy evolutio
exact same diameter, appears on different positions. (b) Screw dislocation in SW
in situ Raman measurement to support dislocation theory of SWCNT growth. (d)
the threshold at each growth cycle. (e) The SWCNT growth rate as a function of
chiral angles. (g) SWCNT growth rate on Fe, Co, Ni surfaces versus the growth
SWCNT in the presence of water. Figure (a, h) reproduced from [98,99] with perm
with permission from Proceedings of the National Academy of Sciences of the
permission from Nature Publishing Group. Figure (d) reproduced from [67] with
from [66] with permission from the American Physical Society.
healing, chirality maintenance, and tube nucleation, which col-
lectively have a considerable impact on the final chirality distri-
bution of as-grown SWCNTs. Not surprisingly, many trials and
efforts have been dedicated to this problem. Harutyunyan et al.
presented a finding about preferential nucleation of SWCNTs
from liquid catalysts. They used the liquid Ga droplet as the cat-
alyst to growth SWCNT and have found that there is a chirality
bias despite the isotropic surface of liquid nanoparticle. They
attributed this bias to the kinetic nucleation of the SWCNT’s
cap, i.e. the Zeldovich factors of the nucleated SWCNTs of differ-
ent sizes (Fig. 3a) [98].

B. Yakobson and coauthors have applied the classical crystal
screw dislocation theory to SWCNT growth (Fig. 3b) [65]. They
proposed that any chiral SWCNT has a screw dislocation along
its axis and obtained a simple chirality-dependent growth rate
of R / h, in which h is the chiral angle of a SWCNT. Further
DFT calculations proved the conclusion and have shown that
n during SWCNT growth, in which the (9, 4) and (11, 1) SWCNTs, which have
CNT and the free energy profile during SWCNT growth. (c) Evidence from

illustration of the growth behavior of a zigzag SWCNT. The kink formation is
the chiral angle in VSS growth mode. (f) The length of SWCNT with different
temperature at different Kl. (h) Experimentally determined growth rate of
ission from the American Chemical Society. Figure. (b) reproduced from [65]
United States of America. Figure (f, e, c) reproduced from [28,62,93] with

permission from Wiley-VCH Verlag GmbH & Co. KGaA. Figure (g) reproduced
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the growth rate of a zigzag SWCNT is 100–1000 times slower than
that of other SWCNT (Fig. 3d) [67]. Rao et al. have performed
in situ Raman measurements on the as-grown SWCNTs [93].
The growth rate of SWCNT was extracted from an exponential
growth plot based on the integrated intensity of in situ G band
of as-grown SWCNTs. After chirality assignment, the growth rate
of SWCNTs was plotted and a linear relation with respect to the
chiral angle was observed, which is in agreement with results
from our previously described kinetic growth theory (Fig. 3c).

What should bepointed out is that in the screwdislocation the-
ory, growth follows the tangential mode or VLS growth mode,
while in the perpendicular mode or VSS growth mode, the active
site should be the kink site instead of the armchair one. As the zig-
zag and even armchair SWCNTs have no active sites, their growth
rates should be extremely low. However, the (2m, m) SWCNT,
whose chiral angle is 19.1�, has the highest kink site density and
grows fastest [62]. Yakobson et al. have drawn the free-energy pro-
file during the growth of a new ring of hexagons on different
edges. The armchair and zigzag SWCNTs have a much higher bar-
rier than the chiral ones, which indicates that the growth rates of
zigzag (0�) and armchair (30�) SWCNT are negligible and (2m, m)
SWCNTs have the maximum growth rate (Fig. 3e). This modified
kinetic growth theory was also verified by experimental results.
Zhang et al. havemeasured the length of as-grown SWCNTswhile
maintaining an extremely high C:H atomic ratio in the growth
atmosphere [28]. It was found that the tubes have the greatest
lengths when their chiral angles are 19.1� and the shortest ones
have lengths similar to those of the tubes measured after only 5
min of growth due to the encapsulation of the catalyst at an extre-
mely high C:H ratio (Fig. 3f). When hydrogen was used in the
growth process, the kinetic dominance of the (2m, m) tube, i.e.,
(12, 6), is weakened by the etching effect of hydrogen.

Apart from the relative growth rate toward different chirality,
the absolute growth rate is also very important, which can serve
as a guideline in the synthesis of high-quality SWCNTs with few
defects and no chirality change. Our group has studied the incor-
poration of carbon atoms into the SWCNT wall at the SWCNT–
catalyst interface and revealed that the threshold step in the
whole growth process is the insertion of carbon onto the SWCNT
edge; the barrier to this process on Fe, Co, and Ni is �2.0 eV [66].
In addition, among the three commonly used catalysts, Fe is the
most appropriate for fast SWCNT growth by virtue of its low-
threshold barrier, which is in line with the experimental prefer-
ence to Fe [100,101]. Based on the calculated results, we also esti-
mated the theoretical growth rate consistent with previous
experimental results [101,102] and validated the rationality of
the recorded experimental growth rate �100 lm/s (Fig. 3g). In
that experiment, the importance of water concentration on the
growth rate [99] was revealed. Under optimal experimental con-
ditions, the average growth rate for a 20-cm-long tube can reach
80–90 lm/s and the instantaneous maximum growth rate can
reach nearly 100 lm/s (Fig. 3h).

Defects healing in CNT growth
After the nucleation of a cap with a definite chirality, the main-
tenance of chirality during growth is also very important in the
chirality-selective growth from the point of view of growth kinet-
ics. Our group has focused on the aspects of defect inclusion and
852
healing during CNT growth. It was found that with the assis-
tance of a metal catalyst, defects at the SWCNT–catalyst interface
can be efficiently healed [90] whereas those far from the interface
with a high barrier (�3 eV) remain unaffected (Fig. 4a). Among
the commonly used catalysts, Fe has a higher defect healing effi-
ciency due to its lower defect healing barrier and reaction energy
compared to Co and Ni; this is in agreement with the fact that
experimentally, Fe is the preferred catalyst for high-quality
SWCNT growth [100,101]. Accordingly, we estimated the defect
concentration and revealed that a low growth rate, and a rela-
tively high temperature are the necessary conditions to obtain
high-quality SWCNT with low defect concentration. With refer-
ence to the experimentally observed growth temperature and
growth rate, defect-free SWCNTs with length up to 0.1–100 cm
can be obtained. With respect to experimental results, Wen
et al. have characterized the chirality of triple-walled carbon nan-
otubes (TWNT) by high-resolution transmission electron micro-
scopy (HRTEM) and electron diffraction (ED) at different
positions of the tube [103] and the results show that a TWNT
maintains a constant chiral index for each shell all along its
length of 25–60 mm (Fig. 4b). This is consistent with our previ-
ously mentioned theoretical predictions.

Thermodynamics of SWCNT chirality control
Kinetics can affect a non-equilibriumgrowthprocess, but has little
influence on the nucleation of the SWCNTs with different chiral-
ities. As mentioned above, the defect of a SWCNT can be effi-
ciently healed, but means to control the chirality at the initial
stage, i.e., during cap formation [63,104], is of cardinal signifi-
cance. To this effect, thermodynamics in the cap formation pro-
cess should also be taken into account. Our group demonstrated
that in the VLS growth mode, the chirality of a SWCNT is deter-
mined kinetically by the formation of the sixth pentagon
(Fig. 5a), which means that the chirality cannot be controlled in
this growth mode [61]. To mitigate this effect, we proposed two
possible solutions: one is to change the chirality frequently during
growth and the other is to use high melting point metals such as
Ta, W, Rh and Os or their alloys as catalysts, so as to change the
growth mode from VLS to VSS. In the VSS mode, the difference
in formation energy is increased by up to 2.0 eV as compared to
the VLS mode (Fig. 5b), which will result in increased selectivity
with respect to the final chirality abundance of the SWCNT. The
first method proposed by us has also been substantiated subse-
quently through experimental results. Zhao et al. have reported
a new CVD process, where the temperature can be periodically
changed several times to construct an optimized SWCNT–catalyst
interface [33], which is energetically preferred. With this method,
near-zigzag SWCNTswith chiral angles less than10�werepredom-
inantly observed in the final product (Fig. 4c). Further theoretical
calculations found that the formation of zigzag SWCNTs has the
highest incidence among all the chiralities, and intra-tube trans-
formations with small (<5�) and large (>25�) chiral angle differ-
ences have lower formation energies, which reveals that chirality
transfer from larger chiral angles to smaller ones continues step
by step with a small angle change in each step (Fig. 4d).

Another method to control the chirality is to modify the
growth mode from VLS to VSS during SWCNT growth. In
2006, Robertson et al. attributed the chirality-selective



FIGURE 4

Defect healing and maintenance of chirality during SWCNT growth. (a) Healing of the 5|7 defect in a SWCNT at different positions on the SWCNT rim. (b) ED
patterns recorded on a TWNT at these three positions. (c) Distribution of the chiral angle after a 90-cycle tandem plate CVD process. (d) Formation energy of
intra-tube junctions with different chiral angle differences. Figure (a) reproduced from [90] with permission from the American Physical Society. Figure (b)
reproduced from [103] with permission from Wiley-VCH Verlag GmbH & Co. KGaA. Figure (c, d) reproduced from [33] with permission from the AAAS.
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mechanism of the VSS mode to epitaxial growth [105]. They
proposed that a particular type of cap is favored by its epitaxial
relationship to the solid catalyst surface and the corresponding
tube grows preferentially; this was proposed as a general rule
but it does not explain the specific chirality enrichment observed
in the experiments (Fig. 5c). Yakobson et al. have applied a
continuum model to study the thermodynamics of the
SWCNT-catalyst interface with respect to the chiral angle w
[62]. Achiral SWCNTs, including armchair and zigzag tubes have
lower formation energies, which indicates that these tubes are
preferentially nucleated. The relation between the nucleation
density and chiral angle can be written as N / e�x (x = w at the
near-zigzag type or 30� � w at the near-armchair type) (Fig. 5d).
Combining thermodynamics with the aforementioned kinetics,
the theoretical result indicates a predominant abundance of
near-armchair SWCNTs which is of frequent occurrence in exper-
iments. Such theories are of great importance to understand
specific chirality control during SWCNT growth, but the experi-
mental results on chirality-selective SWCNT growth show that
real processes are more complicated and this issue cannot be
totally resolved within the framework of this theory.

Previous efforts on SWCNT growth with enriched
species
Cloning or epitaxial growth
Owing to difficulties in obtaining a uniform catalyst particle and
the thermal fluctuations of the catalyst surface at the reaction
temperature, it has been challenging to achieve SWCNTs with
a uniform structure. To circumvent stochastic variations, Smalley
et al. proposed SWCNT “amplification” where the nanocarbon
serves as a template for the SWCNT growth [106]. As a proof-
of-concept, Fe salts tethered at the end of a short SWCNT act
as a catalyst under a H2-rich atmosphere and catalyze the growth
of a long SWCNT upon the introduction of a carbon source
(Fig. 6a). The newly grown SWCNT is supposed to inherit the
chirality of the short one; atomic force microscopy (AFM) charac-
terizations revealed that the height of the amplified SWCNT is
identical to the seeded SWCNT (Fig. 6b and c). However, a defini-
tive proof of constant chirality after amplification was lacking
and the process yield was only �3%. Zhang et al. further devel-
oped the so called “cloning” growth using SWCNTs obtained
by cutting ultra-long SWCNTs [107]. Without the addition of a
catalyst, “new” SWCNTs could be cloned to grow from parent
segments via an open-end growth mechanism (Fig. 6d). Raman
spectroscopy across the seeded SWCNT and the duplicated one
showed that the radial breathing modes (RBM) had identical fre-
quencies indicating the maintenance of SWCNT chirality. The
yield of “cloning” on SiO2 is �9%, but could be increased to
40% by growing SWCNTs on a quartz substrate.

Using purified single-chirality SWCNTs separated by a DNA-
mediated technique as seeds, Zhou and coworkers successfully
cloned (7, 6), (6, 5), and (7, 7) nanotubes by vapor-phase epitaxy
[108]. Prior to SWCNT cloning, the separated SWCNTs
were annealed in air and H2/H2O atmosphere to activate
853



FIGURE 6

(a) Schematic illustration of SWCNT amplification. Fe nanoparticles situated at the two ends, resulting in SWCNT growth in both directions. (b) AFM image of a
starting short SWCNT. (c) AFM image of amplified SWCNT from the short tube shown in (b). (d) AFM image sequence of SWCNT “cloning” from an “open-
ended” short SWCNT segment, which is obtained by cutting ultra-long SWCNTs. (e, f) Illustration of thermal surface-catalyzed cyclo-dehydrogenation to form
a (6, 6) tube cap. (g) Scanning tunneling microscopy (STM) image of the as-deposited C94H54 precursor on Pt (111). (h) STM image of the precursor after
heating at 700 K. (i) Height analysis of precursor (P1), SWCNT seed (S1), SWCNT after exposure to ethylene (1L and 5L). (j) STM image of a sample exposed to
ethanol for 1 h at 770 K. Inset shows a close-up STM image of (6, 6) SWCNT obtained in the experiment. Figure (a–c, d) reproduced from [106,107] with
permission from the American Chemical Society. Figure (e–j) reproduced from [27] with permission from Nature Publishing Group.

FIGURE 5

Thermodynamic factors influencing SWCNT growth. (a) The nucleation of a SWCNT from a graphitic cap with five pentagons. (b) The relative formation
energies of the different caps shown in (a). (c) Optimized structures of (9, 0) and (10, 0) SWCNTs epitaxially grown on Ni. (d) Formation energies of SWCNTs
with different chiralities on Fe, Co and Ni (111) surfaces. Figure (a) & (b) reporduced from [61]with permission from Royal Society of Chemistry. Figure (c)
reproduced from [105] with permission from Elsevier. Figure (d) reproduced from [62] with permission from Nature Publishing Group.
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hydrogen-terminated sp2 carbon edges for growth. It is proposed
that Diels–Alder cycloaddition, a classic chemical reaction used
for the generation of six-membered rings, occurs between the
carbon source and the SWCNT edges. Using this approach, single
chirality SWCNTs with purity comparable to seeded SWCNTs
(90%) could be achieved.

In contrast to efforts using a short SWCNT segment as the
seed, Fasel et al. seeded SWCNTs from a geodesic carbon dome
with a molecular formula of C94H54 (Fig. 6e and f) [27]. The pre-
cursor was first deposited onto a Pt (111) surface to adopt a
threefold symmetric conformation (Fig. 6g). After annealing at
770 K for 10 min, the molecule transformed into a dome-
shaped species with a prominent height increase (Fig. 6h). Expos-
ing the surface-anchored seeds to a carbon feedstock results in an
increase of seed height (Fig. 6i) and a prolonged carbon feed led
to the epitaxial formation and elongation of (6, 6) SWCNTs
(Fig. 6j) by surface-catalyzed cyclodehydrogenation on the Pt sur-
face. As only molecules adopting the desired configuration can
act as seeds for SWCNT growth, such a surface synthesis enables
the production of essentially defect-free SWCNTs with a single-
chirality. Other attempts have applied either open fullerenes or
carbon rings as templates in the growth of SWCNTs. However,
due to the thermal instability of these “seeds”, chirality-
controlled synthesis was not successful.

Even if there is no doubt that cloning will be important in
achieving progress in the field of chirality-controlled SWCNT syn-
thesis, most of the synthesis protocols reported so far suffer from
highseedcost and lowSWCNTyield. Further efforts to achievehigh
seed efficiency are neededbefore transferring SWCNTcloning tech-
nology to practical applications in SWCNT-based nanodevices.

Chirality-selective synthesis of SWCNTs on transition metal
catalysts
In a CVD process, all the related parameters including carbon
precursor, temperature, pressure, and catalyst, affect the nature
of the formed product. Varying degrees of chirality control have
been achieved in CVD SWCNT growth by modulating experi-
mental parameters. Among these, catalyst design has shown
the greatest promise in influencing SWCNT chirality. This is
because the catalyst can affect SWCNT growth in many ways
including accelerating the carbon source dissociation, facilitating
SWCNT nucleation, healing defects, and maintaining the end of
SWCNT open. Apart from the popular transition metals (Fe, Co,
Ni)-containing catalysts [16–26,30,32,83–85], other unconven-
tional metals or oxides have also been explored as catalysts for
SWCNT growth. However, reports on the chirality-selective syn-
thesis of SWCNTs on these “unconventional” catalysts are
scarce. Major achievements on SWCNT chirality-selective
growth are so far realized on Fe, Co, Ni or their combinations
with other metals; the enriched (n, m) species currently obtained
in chiral-selective synthesis are depicted in Fig. 7a [109].

The earliest catalyst to grow SWCNTs with a narrow (n, m)-
distribution is the CoMoCAT system developed by the group of
Resasco [19]. In this catalyst, a synergistic effect between Co and
Mo is essential for the selective growth of SWCNTs. Fig. 7b illus-
trates the respective roles of Mo and Co and emphasizes the
importance of inhibiting particle sintering during SWCNT produc-
tion [110]. Non-interacting Co species can aggregate into large Co
particles upon reduction, catalyzing the formation of undesired
carbon forms. In contrast, the Co nanoparticle is prohibited from
sintering by the presence of a Co–Mo interaction, resulting in the
selective synthesis of SWCNTs where (6, 5) and (7, 5) tubes are the
major species obtained at low reaction temperatures (Fig. 7c)[19].

Using zeolite-supported FeCo catalyst, Maruyama et al. syn-
thesized small diameter SWCNTs enriched with (6, 5) and
(7, 5) species by ethanol CVD at 650 �C [21]. It is believed that
the cage structure of zeolite inhibits the aggregation of metal par-
ticles, favoring the selective synthesis. Similarly, Pfefferle’s group
applied MCM-41 silica as the support to constrain the mobility of
reduced metal nanoparticles [26]. Combined with low CVD reac-
tion temperature, sub-nanometer SWCNTs with diameters in the
range 0.5–0.7 nm were produced. Photoluminescence character-
izations revealed the predominance of (6, 5) SWCNTs. He et al.
developed a MgO-supported FeCu bimetallic catalyst by atomic
layer deposition technique [18]. At a relatively low temperature
of 600 �C, the presence of Cu in the catalyst not only facilitates
the reduction of the adjacent iron oxide by a “spillover” mecha-
nism (Fig. 7d), but also stabilizes the reduced Fe clusters, catalyz-
ing the growth of SWCNTs with a high selectivity to (6, 5) type
(Fig. 7e). Besides, other Fe-based catalysts, like FeRu [20] and
FeMn [111], also afford a high predominance of (6, 5) tubes.
The functions of Ru and Mn in respective catalysts are supposed
to be the same as those of Cu in the FeCu catalyst. Particularly, a
CoxMg1-xO catalyst, which affords the epitaxial formation of uni-
form Co particles, as revealed by in situ ETEM experiments, cat-
alyzed (6, 5) SWCNT growth with an extremely high selectivity
(53% as determined by nanobeam ED) [23].

Selective growth of SWCNTs other than (6, 5) species includ-
ing (9, 8) [24,25], (8, 4) [17], (13, 12) [30] tubes, have also been
reported. Chen et al. [24,25] developed a unique Co-TUD-1 cata-
lyst to selectively grow (9, 8) nanotubes (Fig. 7f and g) [24,25].
Here, the selectivity was related to the low reduction temperature
of catalyst, as increased amounts of reduced Co species favor the
formation of support-stabilized Co clusters with a diameter sim-
ilar to that of the (9, 8) tube. A Ni0.27Fe0.73 alloy catalyst prepared
by microplasma reaction affords the growth of SWCNTs with a
large population of (8, 4) tubes [17]. Fig. 7h presents the photo-
luminescence of SWCNTs grown at 600 �C, where the proportion
of (8, 4) was calculated to be nearly 40% (Fig. 7i), which is higher
than that grown on monometallic Ni particles. In the alloy cata-
lyst, the incorporated Fe atoms perturb the original face-centered
cubic structure of the Ni crystal, thus affecting the chirality of
SWCNT epitaxially nucleated on the catalyst surface. Such crys-
tal structure perturbation is responsible for the tunable SWCNT
chirality distribution with respect to catalyst composition.

Apart from catalyst design, adding a catalyst promoter like N,
or S-containing molecule can induce a remarkable change in cat-
alyst properties and can therefore affect SWCNT chirality distribu-
tion. By adding a trace amount of NH3 during ferrocene floating
CVD [30], chiralities of the formed SWCNTs were found to be lar-
gely centered around the (13, 12) tube, as determined by nano-
beam ED technique. Compared to SWCNTs grown in NH3-free
environment, the SWCNTs grown in the presence of NH3 prefer-
entially adopt large chiral angles (90%). Similarly, the injection of
CS2 into ferrocene floating CVD [31] resulted in the selective syn-
thesis of (9, 9) and (12, 12) tubes as reported by Windle’s group.
855



FIGURE 7

(a) Chirality map of SWCNTs. The colored (n, m) indicates chiral species that are currently achieved in high purity. (b) Schematic illustration of SWCNTs grown
from CoMo catalyst. (c) Chirality map of CoMo-grown SWCNTs as determined from the emission intensity of photoluminescence. (d) Illustration of SWCNTs
grown from an FeCu catalyst. (e) Ultraviolet-visible-near-infrared (UV–vis-NIR) absorption spectrum of SWCNTs grown on FeCu catalyst at 600 �C using CO as
the carbon precursor. (f) Photoluminescence (PL) contour plot of SWCNTs grown using 6 bar CO on a sulfate-promoted CoSO4/SiO2 catalyst pre-reduced at
540 �C. (g) Relative abundance of SWCNTs with different chiralities determined from PL emission intensity. (h) PL contour plot of SWCNTs synthesized on
Ni0.27Fe0.73 nanoparticles at 600 �C with 0.5 sccm C2H2 and 50 sccm H2. (i) Relative chiral abundance of SWCNTs grown on Ni0.27Fe0.73 nanoparticles. Figure (a)
reproduced from [109] with permission from Elsevier. Figure (b) reproduced from [110] with permission from the Springer. Figure (d-e, c, f-g) reproduced
from [18,19,25] with permission from the American Chemical Society. Figure (h–i) reproduced from [17] with permission from Nature Publishing Group.
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Recent progress on chirality-controlled SWCNT
growth
Single chirality selectivity toward (12, 6) on W6Co7
Although great efforts have been dedicated to chirality-selective
SWCNT growth, the results so far were not encouraging until
2014, when the deadlock was broken by Li et al., reported the
design of a new type of W-based intermetallic compound
(W6Co7) catalyst to achieve the formation of (12, 6) SWCNTs
with a selectivity as high as 92% [16]. As mentioned before, bulk
W has a melting point �3400 �C, which contributes to the high
melting point of theW–Co alloy (�2400 �C). In their experiment,
W–Co alloy nanoparticles were prepared under moderate condi-
856
tions using a molecular cluster tungstate as precursor. Extended
X-ray absorption fine structural data (EXAFS) of the as-prepared
nanoparticles showed that W and Co are alloyed at the growth
temperature of 1030 �C, with a W–Co bond length of 2.2 Å.
X-ray diffraction (XRD) patterns also detected peaks arising from
(0012), (110), (116) and (1010) crystal planes of the W6Co7

alloy. In situ TEMmeasurements affirmed that theW6Co7 catalyst
maintains its solid structure with a well-faceted shape when
heated in vacuum to 1100 �C (Fig. 8a–c) and strongly confirmed
that the corresponding SWCNT growth on this catalyst follows
the VSS growth mode, which is key to chirality-selective SWCNT
growth. In addition, the interfaces between (12, 6) tubes and the
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FIGURE 8

Experimental analysis of (12, 6) SWCNT on W6Co7 (0 0 12) plane. (a)–(c) In situ HRTEM images of W–Co catalyst particles taken at 1100 �C in vacuum. (d)
Scanning electron microscopy (SEM) image of as-grown SWCNTs. (e) High-resolution TEM images of (12, 6) perpendicularly growing on W6Co7 (0012) plane.
(f) Raman spectroscopy measurement on as-grown samples (excitation wavelength 633 nm). Figure (a–f) reproduced from [16] with permission from Nature
Publishing Group.
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corresponding W6Co7 catalyst nanoparticles were probed by ex
situ HRTEM, and the obtained results confirmed that the (12, 6)
SWCNTs grew on the (0012) plane ofW6Co7 (Fig. 8e). Apart from
ED, micro-Raman measurements also confirmed the most abun-
dant chirality to be (12, 6) (Fig. 8f). The abundance of (12, 6)
was estimated with three different methods. Raman mapping, a
combination of AFM and Raman, and UV–Vis–NIR absorption
spectrum showed the content of (12, 6) tubes to be of 94.4%,
94.9% and 92.5%, respectively.

Choosing a W-based bi-metal alloy as the catalyst to achieve
chirality control of SWCNT is not restricted to this single result.
Highly selective synthesis of (16, 0) with �80% and (14, 4) tubes
with�97%usingW6Co7 as catalyst and adjusting the growth con-
ditions [29,32]was reported. It should behighlightedhere that the
(16, 0) is a zigzag tube, which is the most challenging to obtain in
SWCNTgrowthdue to its extremely lowgrowth rate and (14, 4) is a
semiconducting tube, the enrichment of which, has great interest
for nanoelectronics. Besides, other W-based intermetallic com-
pounds, such as W-Fe andW-Ni have also displayed better chiral-
ity control, which proves the universality of this method.

Single chirality selectivity of (12, 6) and (8, 4) on Mo2C and WC
SWCNT arrays are particularly appealing for application in nan-
odevices. Hence, the direct growth of SWCNT arrays with chiral-
ity control has been an important goal in SWCNT synthesis but
has not been achieved until 2017. Zhang et al. have chosen
metallic carbides, Mo2C and WC as catalysts and achieved arrays
of metallic (12, 6) tubes with �90% selectivity and arrays of semi-
conducting (8, 4) tubes with �80%, selectivity [28]. In Fig. 9b,
the HRTEM image shows the WC catalyst with well-facetted
crystalline patterns along with (8, 4) SWCNT grows along the
(100) plane of the WC nanoparticles. XRD patterns also show
the fingerprint intrinsic crystalline diffraction peak of WC and
prove that the as-prepared catalysts are in the form of well-
ordered crystals, indicating the growth mode is VSS (Fig. 9c). It
is noteworthy that the as-synthesized SWCNTs have a uniform
diameter (Fig. 9a), which indicates a better diameter control of
both the catalyst and the SWCNTs, since SWCNTs usually have
a diameter similar to that of the corresponding catalyst [48].

Besides diameter control, the kinetics of growth was also con-
sidered. In their experimental design, a very high C:H ratio was
adopted. In accordance with the previously discussed kinetic
growth theory, in the VSS growth mode, the (2m, m) tube, pos-
sessing the highest kink density grows fastest and thereby reduces
the carbon concentration to the largest extent on the catalyst sur-
face. Under such an extremely high C:H ratio, the catalyst particle
with (2m,m) SWCNT has a longer lifetime and the corresponding
(2m, m) SWCNT can grow longer by combining a faster growth
rate with a longer growth time. This prediction of kinetic control
was already validated as shown in Fig. 3e. Fig. 9d shows the AFM
image of as-grown SWCNT arrays with an average density ofmore
than 20 tubes/lm, which can adequately satisfy the demands of
application in nanodevices. The chirality of (12, 6) and (8, 4) is
confirmed from the frequencies of the RBM peaks in Raman spec-
tra ED patterns, as well as optical absorption spectra. The RBM
peaks at 197 cm�1 and 283 cm�1 in Fig. 9e and f are assigned to
(12, 6) and (8, 4), respectively. The relative abundances of (12,
6) and (8, 4) tubes were estimated by different methods, namely
Raman mapping, and absorption spectroscopy. All arrays show
a similar content of the prominent chirality.

Theoretical understanding of the enrichment of (12, 6) on
W6Co7 or Mo2C and (8, 4) on WC
As stated above, the VSS growth mode, where the catalyst main-
tains its solid state during growth is found to be a prerequisite for
chirality control. High melting point catalysts such as W6Co7,
857
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FIGURE 9

Experimental analysis of (12, 6) and (8, 4) arrays grown on Mo2C and WC nanoparticles. (a) Size distribution of a (12, 6) SWCNT array. (b) HRTEM image of the
catalyst and the corresponding FFT of a WC nanoparticle. (c) XRD patterns showing the transformation from monodisperse MoO3 to Mo2C catalyst during the
growth process. (I), (II) and (III) represent reduced Mo nanoparticles, Mo2C catalysts after introducing a carbon source, and monodisperse MoO3 on Al2O3

support, respectively. (d) AFM image of the as-grown (12, 6) array. (e–f) Raman spectra of (12, 6) and (8, 4) arrays. Figure (a–f) reproduced from [28] with
permission from Nature Publishing Group.
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Mo2C, and WC seem to satisfy this prerequisite. In addition,
another characteristic common to both (12, 6) and (8, 4) tubes
is that they are both of type (2m, m) and grow fastest among
the tubes in the chirality map. Nevertheless, just the kinetic con-
trol is far from enough because it could not explain the nucle-
ation enrichment of these two chiralities, which is in the
thermodynamic scope.

As proposed by the epitaxial growth mechanism, the struc-
tural match between the SWCNT and the corresponding catalyst
FIGURE 10

Theoretical explanations for the abundance of (12, 6) and (8, 4) SWCNTs on W6Co
(12, 6), (9, 9) and (16, 0) SWCNTs on W6Co7 (0012) plane. (b) The optimized struct
structures of (8, 4), (9, 3), (12, 0) and (11, 0) SWCNTs on a WC (100) plane. Forma
with similar diameters.

858
should be a key factor in chirality control. Therefore, considering
the characterizations in these two experiments, we have calcu-
lated the formation energies of SWCNTs on different catalyst sur-
faces which in turn, determines the preferred nucleation of
SWCNT with certain chirality.

In the W6Co7 system, the W6Co7 (0012) plane and the
SWCNTs with similar diameters as that of (12, 6) were chosen,
including (16, 0), (9, 9), (12, 6), (15, 2), (13, 5), (11, 7), including
zigzag, armchair, (2m, m), and other chiral types [16]. Fig. 10a
7 and metal-carbide (Mo2C and WC) catalysts. (a) The optimized structures of
ures of (12, 6), (9, 9) and (16, 0) SWCNTs on Co (111) plane. (c) The optimized
tion energies of two groups of SWCNTS: (d) zigzag SWCNTs and (e) SWCNTs
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shows the optimized structures on W6Co7 (0012) plane and it is
clearly seen that the (12, 6) tube has a better structural match
with the W6Co7 (0012) plane with lower deformation as com-
pared to other chiralities. The calculations also reveal that a lower
uniformity in the arrangement of the catalytically active Co
atoms in the alloy brings in a more specific structural match
between the SWCNT and the catalyst, when compared with
monometallic Co nanoparticles (Fig. 10b). Moreover, the forma-
tion energy of (12, 6) is much lower than that for other chirali-
ties, which is in accordance with the result of structural match.

When considering metal carbide catalysts, we take the
SWCNT-WC system as an example. Experimentally, it was
shown that (8, 4) SWCNT grows on the WC (100) plane. Hence,
we chose the WC (100) as the object and calculated formation
energies of SWCNTs with a diameter similar to that of a (8, 4)
tube [28]. Evidently, the (8, 4) SWCNT andWC (100) plane have
a fourfold or quasi fourfold symmetry, respectively. The symme-
try match will contribute to a structural match between the (8, 4)
SWCNT and the WC nanoparticles and lower the formation
energy of (8, 4) tubes with respect to tubes with other chosen chi-
ralities. In order to confirm the symmetry match theory, we
chose another group of zigzag SWCNTs from (7, 0) to (13, 0),
among which, both (8, 0) and (12, 0) have a fourfold symmetry.
Fig. 10c shows the optimized structure of zigzag SWCNTs on a
WC (100) plane. The (12, 0) tube exhibits a better structural
match and shows lower deformation. Further calculation of for-
mation energies also proved that a symmetry match will indeed
lower the formation energy and lead to a high nucleation density
at the initial growth stage (Fig. 10d and e). Therefore, symmetry
control is the intrinsic thermodynamic factor for the chirality-
selective growth of SWCNT [28].

Conclusions and perspectives
While SWCNTs have shown exceptional electronic and optoelec-
tronic properties and have great potential to be applied as thin
film transistors and transparent conductive films, the synthesis
of SWCNTs on predefined positions with the desired energy
bandgap, still remains to be achieved. Recent developments in
SWCNT growth by catalytic CVD have demonstrated the possi-
bility of controlling SWCNT chirality. In view of both fundamen-
tal research and practical applications, many challenges still need
to be overcome in the field of SWCNT synthesis. These are: (i) the
large-scale production of single chirality SWCNTs with high pur-
ity (nearly 100%) is yet to be realized. The highest chirality purity
of SWCNTs grown by CVD is �90%; SWCNT growth from
molecular precursors with predictable chirality control suffers
from low yields. (ii) It is still a long way to go before processes
to grow SWCNTs with a particular chirality are available. So far,
only specific near-armchair SWCNTs, certain (2m, m) species,
and near-zigzag ones have been reported to be directly synthe-
sized with large abundance. (iii) Growth mechanisms of
chirality-controlled SWCNTs are far from clarified and provide
little guidance to catalyst design at the molecular level. Thus,
SWCNTs and the developments of high-selectivity catalysts are
still in the domain of technology rather than science. (iv) Reli-
able characterization techniques to evaluate SWCNT chirality
distribution are required to enable precise evaluation of the dif-
ferent synthesis processes. Optical characterization techniques
can only selectively detect “resonant” SWCNTs and the correla-
tion between SWCNT abundance and response intensity, espe-
cially for large diameter SWCNTs, is lacking.

To meet these challenges and realize the ultimate goal of
chirality-selective SWCNT synthesis, further development of
experimental techniques is essential. First, the fine tuning of
the CVD experimental parameters is required to improve the
SWCNT’s selectivity. Previous work has shown that pressure,
temperature, as well as the type of carbon feedstock affect the dis-
tribution of SWCNT’s chiralities and, therefore, the repeatability
of the CVD experiments must be improved. Secondly, the prepa-
ration of uniformed solid catalysts is crucial. In particular, cata-
lyst nanoparticles with well-defined size, composition,
structure, and morphology are highly desirable. Thirdly, well
designed in situ experiments and highly accurate theoretical sim-
ulations or the combination of both are essential for a deep
understanding of the CNT’s growth mechanism. In pumped
ETEMs, the operational pressures are mostly limited to �20
mbar, which is much lower than the pressure of most CVD fur-
naces for CNT growth. In parallel, further atomistic simulations
to understand criteria that determine SWCNT chirality are also
indispensable. In the case of classical MD simulations, a more
accurate PES might be developed with the assistance of artificial
intelligence algorithms. Lastly, a thorough characterization of
SWCNTs by combining both optical spectra and electron micro-
scopy techniques is essential. Different from optical approaches
which are sensitive to the environment of test, high-resolution
TEM and nanobeam ED retrieve information at the atomic scale
and can help to unambiguously assign a SWCNT a pair of chiral
indexes.

The applications of SWCNTs, especially in electronics, can be
greatly promoted by the reliable production of high-quality
single-chirality SWCNTs. The recent advances in chirality-
controlled SWCNT synthesis shows a hope to control SWCNT’s
chirality by a rational experimental design and opens a way
toward the final target of SWCNT synthesis—synthesizing
SWCNTs of arbitrary chirality by touching a (n, m) button. To
really achieve such a goal, hard work must be done in the future,
especially the full understanding of the CNT’s growth mecha-
nism and the development of reliable methods to characterize
the chirality of SWCNT samples. The current progresses also
show that the combination of both experimental and theoretical
efforts might be the optimal route toward the final goal of
SWCNT synthesis.
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