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ABSTRACT: Preparation of chirality-defined single-wall
carbon nanotubes (SWCNTs) is the top challenge in the
nanotube field. In recent years, great progress has been
made toward preparing single-chirality SWCNTs through
both direct controlled synthesis and postsynthesis separation
approaches. Accordingly, the uses of single-chirality-domi-
nated SWCNTs for various applications have emerged as a
new front in nanotube research. In this Review, we review recent progress made in the chirality-controlled synthesis of
SWCNTs, including metal-catalyst-free SWCNT cloning by vapor-phase epitaxy elongation of purified single-chirality
nanotube seeds, chirality-specific growth of SWCNTs on bimetallic solid alloy catalysts, chirality-controlled synthesis of
SWCNTs using bottom-up synthetic strategy from carbonaceous molecular end-cap precursors, etc. Recent major
progresses in postsynthesis separation of single-chirality SWCNT species, as well as methods for chirality characterization
of SWCNTs, are also highlighted. Moreover, we discuss some examples where single-chirality SWCNTs have shown clear
advantages over SWCNTs with broad chirality distributions. We hope this review could inspire more research on the
chirality-controlled preparation of SWCNTs and equally important inspire the use of single-chirality SWCNT samples for
more fundamental studies and practical applications.
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Carbon nanotubes (CNTs),1 especially single-wall
carbon nanotubes (SWCNTs),2−4 have been exten-
sively studied due to their excellent mechanical,

chemical, electronic, optical, and thermal properties and their
potential use in various fields including composites, electronics
and optoelectronics, biological and medical applications, energy
harvest and storage, among many others.5 At this stage,
industrial-scale production6−8 of CNTs has been realized after
extensive research,9−11 and several CNT-based products have
been commercialized, mainly using multiwall CNTs
(MWCNTs).12 On the other hand, applications of SWCNTs
are still rare, where one of the key hurdles is the structure and
property heterogeneity problem in current SWCNT products.
A SWCNT can be viewed as a rolled-up tube from a

graphene sheet (Figure 1a). Depending on the way the
graphene sheet is rolled up, the resulting SWCNT can have
very different structures, i.e., atom arrangements in the three
dimensions. The structure of a SWCNT can be described by its
chirality (n,m) or, equivalently, diameter (d) and chiral angle
(θ). Figure 1b,c shows the atomic structure of (6,5) and (9,1)
SWCNT, respectively. It is well-known that electronic band
structures and many properties of SWCNTs are determined by
their chiralities. For example, about one-third of SWCNTs are
metals (when n − m = 3q, here q is an integer), while the rest of
the two-thirds are semiconductors (when n − m ≠ 3q). Equally

noticeable is that for semiconducting SWCNTs, their band gaps
are inversely proportional to tube diameters. Therefore, the
structure and property of SWCNTs, including diameter,
chirality, and electronic properties, have to be well controlled
for various applications of nanotubes. Among these tasks,
chirality control is the most difficult one. In the past two
decades, tremendous efforts have been devoted to this direction
with great success. Nowadays, researchers are able to prepare
SWCNT samples with highly enriched single-chirality species,
through either direct controlled growth or postsynthesis
separation approaches or a combination of both. On the
other hand, there is increasing interest in studying chirality-
dependent properties and applications of SWCNTs, especially
in electronics and optoelectronics, energy, and biorelated fields.
Such chirality-dependent studies benefit greatly from the
success in obtaining single-chirality SWCNT samples. These
successes also call for more efforts in single-chirality SWCNT
preparation, especially by direct synthesis approaches that could
potentially provide both high quality and large quantity. In this
Review, we provide an up-to-date overview of the major
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Figure 1. Structure of SWCNTs and recent major achievements on the chirality-controlled synthesis of SWCNTs. (a) Chirality map of
SWCNTs where key parameters such as the chiral index, chiral angle, and diameter, are shown. (b, c) Atomic structure of (6,5) and (9,1)
SWCNT, respectively. (d) Schematic illustration of metal-catalyst-free SWCNT cloning by vapor-phase epitaxy elongation of single-chirality
nanotube seeds.13,16 (e) Schematic illustration of the chirality-specific growth of SWCNTs on W−Co bimetallic solid alloy catalysts.14

Reproduced with permission from ref 14. Copyright 2014 Nature Publication Group. (f) Schematic illustration of the chirality-controlled
growth of SWCNTs using bottom-up synthetic strategy from molecular end-cap precursors.15 Reproduced with permission from ref 15.
Copyright 2014 Nature Publication Group.

Figure 2. Chirality-controlled synthesis of SWCNTs using short nanotube segments as the growth template via VLS amplification and cloning
process. (a) Schematic diagram of the VLS amplification growth process using an Fe-docked SWCNT as the growth template.32 (b−f) AFM
images and analysis of SWCNTs before (b and c) and after amplification growth process (d−f). (a−f) Reproduced with permission from ref
32. Copyright 2006 American Chemical Society. (g) Schematic diagram showing the SWCNT cloning process using e-beam lithography cut
nanotube segments as the template.34 (h) AFM images and height profiles of SWCNTs before and after the cloning process. (i) SEM image of
a SWCNT before and after cloning. (j) RBM region Raman spectra across the SWCNT in panel i which shows the unchanged RBM shift at
192.8 cm−1. Peaks marked by * come from the quartz substrate. (g−j) Reproduced with permission from ref 34. Copyright 2009 American
Chemical Society.
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achievements on the chirality-controlled preparation of
SWCNTs, with an emphasis on the direct growth approaches.
Specifically, we review chirality-controlled synthesis of
SWCNTs by various approaches, including metal-catalyst-free
SWCNT cloning using vapor-phase epitaxy (VPE) elongation
of purified single-chirality nanotube seeds13 (Figure 1d),
chirality-specific growth of SWCNTs on bimetallic solid alloy
catalysts14 (Figure 1e), chirality-controlled synthesis of
SWCNTs using bottom-up synthetic strategy from carbona-
ceous molecular end-cap precursors15 (Figure 1f), and so on.
Meanwhile, the use of single-chirality or chirality-enriched
SWCNTs for various applications, which appears to be an
emerging direction that deserves more attention, has also been
discussed. At the end of the Review, we point out some
challenges in the field and opportunities lying ahead.

CHIRALITY-CONTROLLED SYNTHESIS OF CARBON
NANOTUBES

Direct synthesis of SWCNTs with defined chirality has long
been a sought-after goal for two decades. The chirality of a
SWCNT is believed to be fixed at the nucleation stage as
evidenced by the unchanged chirality along long SWCNTs.17

Therefore, controlling the nucleation step during nanotube
growth is crucial to realize chirality control. In principle, many
parameters involved in CNT synthesis can have influence on
the nucleation and consequently chirality distribution of as-
grown CNTs, including types of catalysts,7,13−15,18,19 carbon
sources,20,21 growth temperatures,20,22−26 the carrier gas
composition,20,27,28 system pressure,7 growth time,29 etc. In
reality, judging from the results researchers have reported so

far, it is clear that catalysts have the most deterministic role on
the chirality of as-synthesized CNTs. The reported methods for
controlling nucleation and chirality can be grouped into three
major classes: (i) seeded growth using CNT segments as
growth templates; (ii) catalytic growth using elaborately chosen
nanoparticle-based catalysts with desired chemical composition,
size, structure, and high-temperature stability; and (iii) growth
initiated from carbonaceous molecular seeds.

Seeded Growth Using Carbon Nanotube Segments as
the Growth Templates. Seeded growth from short CNT
segments is a promising approach to realize the exclusive
production of any specific single-chirality SWCNTs starting
from a small amount of nanotube seeds, considering recent
success in single-chirality-based nanotube separation.30,31 In
this way, synthesis and separation can be combined together
into a single method aiming for single-chirality SWCNTs. As
early as in 2005, Smalley et al. reported the use of Fe
nanoparticle (NP)-docked short SWCNTs as growth templates
and realized the growth of much longer nanotubes via vapor−
liquid−solid (VLS) amplification process (Figure 2a).32 Atomic
force microscopy (AFM) analysis indicated that the elongated
parts of SWCNTs possessed the same diameter and surface
orientation with the nanotube seeds (Figure 2b−f), although it
was not known whether the chirality changed or not during the
amplification process. Nevertheless, there is no doubt that this
work opened up a possibility to realize chirality-controlled
synthesis of SWCNTs via seeded growth from CNT templates
or potentially other carbonaceous molecular seeds. In another
work, they used a similar approach and started with open-end
SWCNT arrays followed by reductively docking the nanotubes
with Fe NPs.33 Then they used the Fe-docked SWCNT arrays

Figure 3. Chirality-controlled synthesis of SWCNTs using the VPE approach.13 (a) Schematic diagram of the VPE process for the chirality-
controlled synthesis of SWCNTs. (b, c) RBM-region Raman spectra of (7,6) nanotubes before and after VPE process. (a−c) Reproduced with
permission from ref 13. Copyright 2012 Nature Publication Group.
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for VLS amplification growth. Raman analysis indicated the
epitaxially grown SWCNTs inherited the diameter and chirality
on bulk amount of samples.
Later, an exciting approach using metal-free open-end

SWCNTs as the growth template to aim for chirality-controlled
synthesis via an open-end growth mechanism, named “cloning”,
was reported by Zhang, Liu et al.34 They used short CNT
segments with random chiralities, which were cut from long
CNTs, to initiate the growth of the “new/duplicated”
nanotubes without metal catalysts (Figure 2g). AFM and
scanning electron microscopy (SEM) images showed that
around 9% of seeds were elongated successfully. The yield was
improved to 40% by using quartz as the growth substrate
instead of SiO2/Si. From the AFM analysis, the “new/
duplicated” CNTs had the same diameters with the seeds
(Figure 2h). Micro-Raman analysis further indicated that the
newly grown CNT segments had the same radial breathing
modes (RBMs) with the mother CNTs, indicating that the
chirality of CNTs was preserved during the process (Figure
2i,j). This work suggests a potential strategy to grow CNTs
with controlled chirality via a metal-free open-end mechanism.
Recently, our group has achieved direct synthesis of single-

chirality SWCNTs with predefined chirality by combining
SWCNT separation with chemical vapor deposition (CVD)
synthesis together.13 In our method, which we called VPE, we
started with DNA-separated single-chirality SWCNT seeds.30,31

Three different single-chirality (7,6), (6,5), and (7,7) CNT
seeds, with purity higher than 90%, were used as growth
templates for the following metal-free VPE growth using CH4
or C2H5OH as the carbon sources (Figure 3a). Based on the
AFM and SEM analysis, the nanotube seeds have been
significantly elongated by a factor of ∼100, from a few hundred
nanometers to tens of microns. We note that Raman

spectroscopy can determine the chirality of SWCNTs
unambiguously only for small-diameter CNTs. In contrast,
for large-diameter CNTs (>1.2 nm), there exist lots of
uncertainties in using Raman alone to determine the chirality
of a SWCNT, because multiple (n,m) chiralities can have very
similar RBM positions and may be in resonance with the
incident laser. Our Raman analysis unambiguously showed the
chirality of the as-grown SWCNTs inherited the chirality of the
nanotube seeds (Figure 3b,c), demonstrating controlled growth
of CNTs with predefined chirality. The semiconducting nature
of the as-grown (7,6) and (6,5) CNTs was confirmed using
field-effect transistor (FET) measurements. Later, we found
that by adding a small amount of C2H4 into CH4 as the carbon
source, we could increase the yield of VPE process significantly
and have successfully grown SWCNTs of seven different
chiralities, including armchair (6,6), (7,7), near-armchair (6,5),
(7,6), medium-chiral-angle (8,3), and near-zigzag (9,1), (10,2)
species.16 We also observed chirality-dependent growth and
termination behaviors of SWCNTs in the VPE process, which
will be discussed later. Afterward, Homma et al. reported a
similar strategy using DNA-separated CNT seeds as the growth
templates for VPE regrowth of SWCNTs by both hot-wall and
cold-wall CVD methods.35 Systematic studies have been
conducted to optimize the pretreatment conditions, carbon
sources, and growth substrates. As a result, dense, long, and
well-aligned CNTs were synthesized from seeds on quartz
substrates by using a mixture of ethanol and acetylene at 850
°C, under optimum pretreatment conditions to activate the
ends of seeds.35 Raman analysis was employed to characterize
the chirality of the as-grown SWCNTs, indicating the grown
SWCNTs preserved the chirality from the short nanotube
seeds. In addition to the traditional hot-wall CVD system, the
cold-wall CVD system was also able to achieve the regrowth of

Figure 4. Chirality-controlled synthesis of SWCNTs via various catalyst engineering approaches. (a) Contour plots of normalized fluorescence
intensities for CoMoCat sample7 (top) in comparison with HiPco sample (bottom). Reproduced with permission from ref 7. Copyright 2003
American Chemical Society. (b) High-resolution transmission electron microscope image showing the lattice-mismatched epitaxial
relationship between a Co nanoparticle and the MgO matrix.42 (c) A chirality map of the SWCNTs grown on CoxMg1−xO catalysts with the
occurrence of a (n,m) nanotube labeled in its corresponding hexagonal cell, measured from electron diffraction analysis of 57 individual
SWCNTs. (b, c) Reproduced with permission from ref 42. Copyright 2013 Nature Publishing Group. (d) Optical absorbance spectra of
SWCNTs grown with CoSO4/SiO2 catalyst after catalyst reduction at 540 °C.19 (e) Relative abundance of SWCNTs produced from the same
catalyst, quantified by three characterization techniques including PL (blue), Raman (red), and absorption (yellow). (d, e) Reproduced with
permission from ref 19. Copyright 2013 American Chemical Society.
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nanotubes from seeds, suggesting this strategy is robust and
independent of specific CVD systems. The VPE-cloning-based
approach could in principle solve the nanotube chirality
problem. However, the yield of VPE-grown CNTs is still low
at this moment, which limits many mechanistic studies of the
process and the use of such chirality-pure SWCNTs for
applications. We envision that by using three-dimensional (3D)
porous substrates or floating CNT seeds in gas phase, we may
be able to increase the yield of the VPE cloning. Such studies
are ongoing in our laboratories.
Metal-Nanoparticle-Based Catalysts for Single-Chir-

ality Nanotube Synthesis. During the early days of nanotube
research (before ∼2005), the community generally believed
that only iron-group metals, Fe, Co, and Ni, can catalyze
SWCNT growth. Later on, numerous other metal NPs,
including Cu, Ag, Au, Pd, Pt, Mn, etc.,36−41 were also found
to be able to grow SWCNTs. However, it is impossible to
produce tiny metal NPs with identical sizes, structures, and
compositions. Furthermore, during CNT growth stage at high
temperatures, metal catalyst NPs are usually not stable and
would change their properties through several mechanisms.
The above features would bring uncertainties to CNT growth
and make chirality-controlled growth of CNTs challenging
when using metal NP catalysts. In order to realize good chirality
control, the precise control of catalyst composition, size,
structure, and especially its high-temperature stability is
essential.
Increasing interactions between catalyst support and catalyst

NPs by “anchoring” catalyst NPs on the support is an effective
way to mitigate the property changes of metal NPs. Chirality-
selective synthesis of SWCNTs using a silica-supported Co−
Mo catalyst (CoMoCAT) was realized by Resasco et al.7

Selective growth of (6,5) and (7,5) nanotubes was achieved,
together comprising 57% of all semiconducting SWCNTs in
the as-grown samples estimated from photoluminescence (PL)
intensities (Figure 4a). The interaction between Co and Mo
oxides was believed to play an important role in preventing Co
NPs from aggregation at high temperatures. Later on, the same
group further optimized the gaseous feed composition, growth
temperature, and catalyst support and increased the selectivity
of (6,5) nanotubes to 55%.20 The successful realization of
chirality-selective synthesis of (6,5) nanotubes with a relatively
good selectivity using CoMoCAT has drawn great attention to
solid-supported catalyst systems.
Besides using porous substrates, active catalyst NPs can also

be stabilized by using various other methods. Fouquet et al.
developed a much simpler approach for the selective growth of
(6,5) SWCNTs.22 They started with a thermally evaporated
ultrathin Co film on Si/SiO2 wafer, instead of using specifically
designed catalysts or porous supports, followed by vacuum
annealing treatment and C2H2 exposure.22 In situ X-ray
photoelectron spectroscopy (XPS) indicated that Co−Si
reactions at the interface may play an important role in
controlling the nanoparticle size distribution, leading to a
narrow chirality distribution of SWCNTs in the grown sample.
Later on, He, Jiang et al. reported the use of epitaxially grown
nanocrystals with uniform and well-defined crystalline
structures to selectively synthesize SWCNTs.42 Magnesia
(MgO)-supported monometallic Co NPs were prepared by
reducing a CoxMg1−xO solid solution in CO. The dynamics of
the formation of Co NPs, monitored by in situ transmission
electron microscopy (TEM), showed that the epitaxially
formed monodispersed Co NPs anchored to the MgO support

firmly with little fluctuation during the nanotube growth stage.
The lattice-mismatched epitaxy relationship between the Co
NPs and the MgO matrix (Figure 4b) may be responsible for
the good stability of the Co NPs at high temperature and the
uniform size and structure, which are the critical factors to
realize the chirality-controlled growth of SWCNTs. Highly
selective growth of (6,5) nanotubes with abundance of 53%
(Figure 4c) was achieved under optimum growth temperature
of 500 °C. This work suggests that lattice-mismatched
epitaxially formed catalyst NPs, with uniform size and
crystalline structure and good stability at high temperatures,
can serve as effective catalysts for the chirality-controlled
synthesis of SWCNTs.
Formation of alloys in bimetallic catalyst systems is another

practical approach which can increase the stability of metal
catalyst NPs and grow CNTs with narrow chirality distribu-
tions. A silica-supported bimetallic Fe−Ru catalyst was reported
to grow predominant (6,5) SWCNTs under methane CVD.25

The selectivity toward (6,5) was found to be better at 600 °C,
while the selectivity shifted to (7,5), (7,6), and (8,4) when the
growth temperature increased to 800 °C. Afterward, a MgO-
supported bimetallic Fe−Cu catalyst23 was also found to be a
good catalyst to selectively grow (6,5)-enriched SWCNTs at a
low temperature of 600 °C. During the growth stage, Cu was
believed to play an important role in inhibiting Fe NPs from
aggregating together to form big clusters. So far, for most
papers using porous-supported bimetallic catalysts to selectively
grow (6,5) SWCNTs, it is essential to keep the CNT growth
temperatures low, usually around 600 °C, which may sacrifice
nanotube yield and quality. In 2012, Ren et al. developed a
bimetallic catalyst, silica-supported CoPt, which selectively grew
high-quality (6,5)-enriched SWCNTs at a relatively high
temperature of 800 °C.24 The high selectivity at such a high
growth temperature was attributed to the high-melting point of
CoPt solid alloy, endowing the catalysts good stability at high
temperatures. It is expected that by tailoring the catalyst
compositions of bimetallic catalysts, considering the large
amount of alloys to choose from, improved selectivity and/or
selectivity toward more chirality species could be achieved.
Based on all of the progress mentioned above, chiral-selective

synthesis was restrained to small-diameter nanotubes only, like
(6,5), (7,5), etc. Since CNT of each chirality has its own band
gap, it is desired to expand chiral selectivity to other chirality
species. Chen et al. designed a Co-incorporated TUD-1 catalyst
(Co-TUD-1) and realized the selective growth of predominant
(9,8) SWCNTs, which have relatively large diameters
compared to the commonly grown (6,5) SWCNTs.43 The
strong interaction between mesoporous silica support (TUD-1)
and Co NPs stabilizes Co NPs and is believed to be responsible
for the high selectivity toward (9,8) nanotubes. Later on, a
sulfate-promoted CoSO4/SiO2 catalyst developed by the same
group further pushed the selectivity of (9,8) SWCNTs to 33.5%
among all SWCNTs.19 The abundance of (9,8) nanotubes was
estimated by optical absorption spectroscopy (Figure 4d). The
hydrogen reduction temperature of the catalyst, 540 °C, was
found to be essential in order to achieve a good selectivity.
Figure 4e shows the relative abundance of various (n,m) species
synthesized from such catalyst at this reduction condition,
estimated from micro-Raman, PL excitation (PLE) mapping,
and optical absorption spectroscopy. The narrow chirality
distribution of SWCNTs may come from the narrow
nanoparticle size distribution of the as-formed Co NPs with
an average diameter of 1.23 nm, which closely matches the
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diameter of (9,8) SWCNTs. The authors attributed the high
selectivity to the important roles played by sulfur atoms in
forming Co−S compounds and inhibiting aggregation of Co
atoms. Overall, CoSO4/SiO2 catalyst is a good choice to
selectively synthesize (9,8) CNTs because it enables chiral
selectivity toward a relatively large-diameter nanotube with a
satisfying yield. This work indicates that more catalysts with
sulfate incorporation are worth further development to achieve
chirality-controlled synthesis of SWCNTs with different target
chiralities. Recently, a “smart poisoning” approach has been
developed by the same group for the selective synthesis of (9,8)
SWCNTs.44 In this approach, Co/SiO2 catalysts were sulfided
in H2S/H2 to form Co9O8 catalyst nanoparticles, which
modulated the selectivity toward (9,8) chirality without
sacrificing the growth yield. This sulfidation-based “smart
poisoning” concept suggests a promising approach to create
catalysts with not only good selectivity but also high activity,
aiming for scalable synthesis.
In order to gain a better understanding of the relationship

between the chemical composition of catalyst and the chirality
distribution of SWCNTs, Sankaran et al. compared different
NixFe1−x solid alloy NPs with constant sizes.18 To decouple the
influence of catalyst size, fabrication of catalyst NPs with fine-
tuned composition at constant NP size was realized by a
microplasma-based gas-phase synthesis method. As a result, by
solely tuning catalyst composition while keeping all other
parameters identical, the authors were able to modify the

chirality distribution in the grown SWCNTs.18 They attributed
the change of the chirality distribution of CNTs to the
structural change in the catalyst NPs as a result of the change in
NP composition, which altered the epitaxial relationship
between catalyst NPs and open-ends of CNTs. The intimate
relationship between the chirality distributions and the
corresponding composition-dependent catalyst structures
provides direct experimental support to the epitaxial growth
model of CNTs proposed earlier.45 Meanwhile, the practical
methods of precisely fabricating catalyst NPs with tunable
compositions and sizes suggest a way to achieve chirality-
controlled synthesis of various chirality species via the
manipulation of catalyst compositions and geometries. This
work clearly demonstrates that the chemical composition of
catalyst NPs does have a deterministic role on the chirality
distribution of thus-grown CNTs and suggests a possible
epitaxial relationship between certain chirality CNTs and
certain facets of metal catalyst NPs.
The epitaxial growth model suggests that the chirality of

SWCNTs can be regulated by the crystal structure of catalysts.
This model requests catalyst NPs to be solid and crystalline
during CNT growth stage. However, most metals, for example,
Fe, Co, and Ni, have relatively low melting points.
Furthermore, the melting points of materials would dramati-
cally decrease when the dimension of the material decreases. As
a matter of fact, in most cases, the working tiny metal catalyst
NPs may stay in a liquid or surface−liquid stage, losing the

Figure 5. Chirality-selective synthesis of SWCNTs with intermetallic W6Co7 solid alloy catalysts.14,29 (a) Preparation of W−Co nanocrystal
catalyst and the templated growth of a SWCNT with specific (n,m) structure. (b) RBM-region Raman spectra of SWCNTs grown at 1030 °C.
(c) Relative abundances of various chiralities denoted in a SWCNT chiral map, quantified by Raman measurements from 3300 nanotubes. (a−
c) Reproduced with permission from ref 14. Copyright 2014 Nature Publication Group. (d) HRTEM image of a W6Co7 catalyst nanoparticle
prepared at 1050 °C. (e) Interface between the (1 1 6) plane of a W6Co7 catalyst and a (16,0) nanotube. (f) RBM-region Raman spectra of
SWCNTs grown at 1050 °C. (g) Relative abundances of various chirality species quantified from 361 RBMs denoted in a SWCNT chiral map.
(d−g) Reproduced with permission from ref 29. Copyright 2015 American Chemical Society.
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controllability to the chirality of as-grown CNTs via the above-
proposed epitaxial model. In this regard, exploring NPs with
exceptional high-melting points is interesting. Noticeably, some
nonmetal NPs, like SiOx, Al2O3, SiC, and diamond, have been
reported to be able to grow high-quality SWCNTs under
suitable conditions in the past few years.46−50 However, there is
no report about chirality-controlled growth of SWCNTs using
these nonmetal NP catalysts.
A more recent breakthrough was made by Li et al. by

developing a tungsten (W)-based bimetallic solid alloy catalyst,
W6Co7, which has exceptional high-temperature stability.14 As a
result, this catalyst can synthesize (12,6)-enriched SWCNTs
with a noticeably high purity of >92% (Figure 5c). Micro-
Raman characterization showed dominant RBMs at ∼197 cm−1

(Figure 5b), and the authors claimed that this peak
corresponded to (12,6) SWCNT. This extraordinary high
selectivity was attributed to the extremely high-melting point,
2400 °C, of the W6Co7 solid alloy catalyst. Thus, the catalyst
NPs can remain solid and crystalline at high-growth temper-
atures, as evidenced by in situ TEM study. High-resolution
transmission electron microscopy (HRTEM) investigations

further showed that the (0 0 12) plane of the W6Co7 NPs was
the effective plane to nucleate (12,6) nanotube growth due to
the perfect structure match between the atomic arrangement on
(0 0 12) plane and the open end of a (12,6) nanotube (Figure
5a). This work demonstrates that designing and using high-
melting point solid and crystalline NPs with desired facets as
catalyst can be a promising approach to achieve chirality
control. The interesting point of this work also lies in the fact
that nanotubes with (12,6) chirality have a pretty large diameter
and moderate chiral angle, and such chirality has been proven
to be difficult to be selectively grown previously.
Later on, the same group combined solid alloy catalysts with

a suitable kinetic-control approach and achieved selective
synthesis of zigzag (16,0) nanotubes,29 which has been one of
the most challenging tasks due to the unfavorable growth
kinetics of zigzag nanotubes. X-ray diffraction patterns and a
HRTEM image (Figure 5d) indicated plenty of (1 1 6) planes
existing in the as-formed W6Co7 catalysts. Based on the density
functional theory (DFT) simulations, the (1 1 6) plane of
W6Co7 is a good structure match with the open-end of a (16,0)
nanotube (Figure 5e), suggesting that (1 1 6) facet may serve as

Figure 6. Various carbonaceous molecular precursors for chirality-controlled synthesis of SWCNTs. (a) Schematic illustration of SWCNT
growth using fragmented C60 as an initiating cap.58 Reproduced with permission from ref 58. Copyright 2010 American Chemical Society. (b)
The structures of some representative carbon nanorings including “armchair” nanorings and “chiral” nanorings.56 Reproduced with
permission from ref 56. Copyright 2013 Nature Publication Group. (c) Structure of the molecular end-caps used for SWCNT growth.59

Reproduced with permission from ref 59. Copyright 2014 American Chemical Society. (d) Schematic illustration of a two-step bottom-up
synthesis of SWCNTs from molecular end-cap precursors.15 Reproduced with permission from ref 15. Copyright 2014 Nature Publication
Group.
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a template for the nucleation of a (16,0) nanotube. In order to
shift the selectivity toward the kinetically unfavorable zigzag
nanotubes, a higher flow rate of H2 was used, which has a
stronger restraining influence on the growth of nonzigzag
nanotubes than that of zigzag nanotubes. Micro-Raman results
showed dominant RBM peaks at ∼195 cm−1 (Figure 5f),
assigned to (16,0) chirality, which was then verified by PL and
electron diffraction patterns. The abundance of (16,0)
nanotubes in the as-grown sample was quantified to be
79.2%, estimated from micro-Raman spectroscopy (Figure 5g).
This work proposes a general strategy of combining the catalyst
template effect and kinetic control together to realize
predominant zigzag nanotube growth. Recently, the same
group has further modulated the crystal structure of W6Co7
nanocatalysts by introducing water vapor into the reduction
and crystallization process of W6Co7 and has achieved the
selective synthesis of (14,4) SWCNTs with high purity.51

In addition to the above success in the use of specially
designed metal catalyst NPs toward chirality-selective synthesis
of SWCNTs, there are also some reports showing that other
growth conditions can also be modified to narrow down
SWCNT chirality distributions, despite that the amount of such
reports are far less than the amount of catalyst-engineering-
based methods. For example, certain selectivity of SWCNTs
has been achieved in an aerosol floating catalyst CVD system
by introducing a small amount of NH3 under optimum growth
conditions.27 Narrow chirality distribution centering in a large-
diameter (13,12) nanotube has been realized by Kauppinen et
al.,27 with over 90% of as-grown nanotubes showing a chiral
angle in the range of 20°−30°. Although the role played by
NH3 is still not clear, the authors proposed that the selectivity
may come from the etching effect of NH3, which selectively
etched nanotubes with small chiral angles and diameters. Even
though the selectivity toward a certain chirality is not very high,
it opens up a way to tailor the chirality distributions by
introducing an in situ etchant like NH3 to selectively etch some
CNT species which are more reactive than others.52 If this
approach can be combined with other chirality control
methods, such as catalyst design, porous support, etc., in
principle even higher selectivity could be achieved.
Carbonaceous Molecular Precursor Initiated Carbon

Nanotube Growth. Recent advances in organic chemistry
have enabled synthesis of various carbonaceous molecular
precursors, including flat CNT end-cap precursors,53 3D CNT
end-caps,54 and carbon nanorings (which are sidewalls of CNTs
without caps),55,56 etc., which have been demonstrated to
initiate CNT growth under suitable conditions. The use of
pristine C60 fullerene for SWCNT growth was reported by
Wang et al.,57 but little information was provided about the
chirality of thus-grown SWCNTs. At the same time, Liu et al.
reported an approach of using thermal oxidation to open
fullerendione in order to yield hemispherical caps (Figure 6a).58

Then they used the as-formed caps to initiate SWCNT growth.
As a result, the diameter distribution of the as-grown SWCNTs
showed a step-like fashion. The lack of perfect control in the
structure of hemispherical caps formed by thermal oxidation
step makes it challenging to achieve exclusive synthesis of
single-chirality CNTs. Later on, Itami et al. realized initiation of
CNT growth from well-defined carbon nanorings, which can be
viewed as sidewall segments of CNTs without caps (Figure
6b).56 Although the as-grown CNTs had diameters close to the
diameter of the nanorings used to initiate CNT growth,
unfortunately there was still no successful control over the

diameter and chirality of the as-grown nanotubes. An
alternative approach of seeded growth was reported by Zhou
et al.59 In this work, the authors used 100% pure C50H10
molecular seeds synthesized using an organic chemistry
approach (Figure 6c), which is the end-cap of a (5,5) nanotube,
aiming for chirality-controlled growth of SWCNTs via metal-
free VPE elongation. High-density, well-aligned CNTs were
produced from these seeds on quartz. However, detailed
Raman characterization revealed that the formed SWCNTs
were not (5,5) chirality. Instead, Raman and electrical
measurements indicated that the as-grown nanotubes were
nearly pure small-diameter semiconducting nanotubes.59 The
change of CNT chirality during growth from C50H10 molecules
is believed to originate from the change of the molecular
structures at a high-growth temperature of 900 °C. The same
may also be true for the chirality-changed growth of SWCNTs
from carbon nanorings as discussed above. Further reduction of
molecule pretreatment temperatures and CNT growth temper-
atures may result in chirality-controlled synthesis of (5,5)
CNTs from C50H10.
At the same time, the use of planar single-crystal metal

surface and end-cap precursor for single-chirality SWCNT
synthesis with predetermined chirality was reported by Fasel et
al.15 To start, a precursor P1 (C96H54) was specially designed
and synthesized by an organic chemistry method, which yields a
(6,6) nanotube seed via a surface-catalyzed cyclodehydrogena-
tion (CDH) process (Figure 6d). Then the epitaxial elongation
of the seed took place by incorporating a carbon species
decomposed by platinum (Pt) surface at a pretty low
temperature of 400−500 °C and in a high vacuum of ∼10−7
mbar. A close-up scanning tunneling microscope (STM) image
of a long CNT lying on the substrate unambiguously identified
it to be a (6,6) CNT. Furthermore, Raman analysis showed
single RBM peaks at 295 cm−1. However, we note that the 532
nm laser used in their study is not in resonance with (6,6)
nanotubes. Instead, (9,2) and (10,0) SWCNTs are in good
resonance with 532 nm laser, and these two chiralities have
RBM peaks very close to 295 cm−1. Moreover, the splitting of
G band reported in ref 15 is not consistent with early studies
which show that the G-band of armchair metallic CNTs should
be a single symmetric peak.31,60 It is clear that further Raman,
absorption, and STM statistic studies are needed to examine
whether the as-grown SWCNTs are indeed pure (6,6) chirality
in this work. Even though there are still some open issues with
the chirality identification, this well-controlled surface-catalyzed
synthesis approach is undoubtedly a promising alternative to
further develop for chirality-controlled synthesis of SWCNTs.
As organic synthesis technology develops, more molecular
precursors with more robust structures and higher efficiency
may come into reality and realize synthesis of single-chirality
CNT products sooner or later. One important advantage of
such organic chemistry synthesized molecules is that one can
obtain a relatively large quantity of materials, and they have a
nominal purity of 100%. In principle, if one can achieve CNT
growth using such molecules, it is possible to grow single-
chirality CNT species because the seeds/catalysts are identical,
while such identical catalysts cannot be achieved so far in either
metal NP catalysts or separated CNT templates.

Theoretical Considerations of Chirality-Dependent
Carbon Nanotube Growth. In most cases, SWCNTs are
produced with a seemingly random chirality distribution,
making synthesis of SWCNTs with single chirality challenging.
The growth mechanism behind this commonly seen growth
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phenomenon has been puzzling to researchers for decades.
Yakobson et al. proposed a theory viewing any CNT with a
chirality of (n,m) as a zigzag (n,0) CNT with an axial m-fold
screw dislocation.61 Then they showed that the growth rate of
any CNT should be proportional to the magnitude of the
Burgers vector of its screw dislocation, thus proportional to the
chiral angle of that CNT. Based on this theory, they predicted
the dominance of near-armchair nanotubes, which agrees well
with experimental results. Later on, metal-free chirality-
controlled synthesis of chiral and zigzag nanotubes from
carbon nanorings as the growth template was simulated by
Morokuma et al. using quantum chemical simulations.62

Similarly, this simulation predicted the same trend that the
growth rate of nanotubes would increase with chiral angles. As
for the dependence of growth rate on diameter, two different
growth mechanisms, C2H- and C2H2-based, led to different
results. For the nanotube growth induced by C2H- radical, the
growth rate was independent of the nanotube diameter. In
contrast, for the nanotube growth via Diels−Alder cyclo-
addition, the growth rate was strongly influenced by the
nanotube diameter. Given the growth rate is proportional to
the chiral angle, it is likely that after a certain growth time, the
lengths of CNTs may also be proportional to chiral angles,
enabling length to be an important factor for postgrowth
selection. Moreover, different carbon species, for example,
single carbon atom and C2 dimer, have been found to interact
with growing CNTs following two competitive reaction paths.63

Specifically, chirality mutation caused by single carbon atom
addition, and nanotube elongation induced by C2 dimer
addition.63 This finding suggests that the concentrations of

single carbon atoms and C2 dimers existing in the reaction
environment can affect the chirality selectivity of nanotube
growth. In order to better understand the physical mechanism
underneath the preference toward chiral CNT instead of achiral
species, Yakobson et al. combined kinetic growth theory and
nanotube/catalyst interface thermodynamics into a single
model.64 Considering kinetic growth theory, CNTs are believed
to grow with kinks at the end following a screw dislocation
model. Thus, the growth of CNTs with higher chiral angle is
favored. On the other hand, based on nanotube/catalyst
interface thermodynamics, the nucleation barrier for an achiral
nanotube is lower than for a chiral nanotube, favoring growth of
achiral species. With these two trends opposite to each other,
minimally chiral CNTs become favorable as a “compromise”.
This result helps explain the predominance of (6,5) nanotubes
in the growth products synthesized by various catalytic CVD
systems.
Although the screw dislocation theory has done a great job in

explaining the high abundance of nanotubes with high chiral
angles, the growth rate of zigzag nanotube is ignored in this
theory due to the high-energy barrier of adding a new hexagon
at the smooth rim of a zigzag nanotube. Despite the small
amount of zigzag nanotubes existing in the grown sample, a
better understanding of the growth mechanism guiding the
zigzag nanotube growth is in need. Ding et al. conducted a
theoretical study on the growth behavior of zigzag nanotubes
through first principle calculations.65 They found that the
growth of zigzag nanotubes followed a stepwise ring-by-ring
fashion including two repeatable steps: (1) forming a new
hexagon on the smooth rim of a zigzag nanotube, and (2)

Figure 7. Recent progress in a chirality-dependent growth kinetics study. (a) Schematic diagram showing laser-induced growth of a SWCNT
from a catalyst nanoparticle. (b) The linear growth rates (blue triangles) with assigned (n,m) chiral indices are plotted against the chiral angle
χ. The red line represents the growth rate calculated based on the dislocation mechanism of SWCNT growth.67 (a, b) Reproduced with
permission from ref 67. Copyright 2012 Nature Publication Group. (c, d) Chiral-angle dependent growth rate (R0) and lifetime (τ) of five
kinds of semiconducting SWCNTs. The inset of panel c is a chirality map showing the information of the seven chiralities studied.16 (c, d)
Reproduced with permission from ref 16. Copyright 2013 American Chemical Society.
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forming a complete hexagon ring with continued growth. As a
result, the growth rate was predicted to be 10−100 times slower
compared to armchair and chiral nanotubes. Furthermore, the
growth rate of a zigzag nanotube was predicted to be
proportional to its diameter because a larger diameter nanotube
could provide more active nucleation sites on the rim. This
theory successfully explained the commonly seen lack of zigzag
nanotubes in the grown SWCNTs and completed the growth
mechanism of SWCNTs. Another puzzle regarding the
chirality-dependent growth rate of CNTs is that double-wall
and multiwall CNTs usually have the same lengths for the tubes
in different shells, however, it is reasonable to believe that the
tubes in different shells possess very diverse chiral angles based
on early electron diffraction studies.66 Then why do CNTs with
different chiral angles have the same length after identical
growth time? One possible explanation is that there exist strong
interactions among CNTs at different shells in a multiwall
nanotube, which modulate the growth rates of each shell and
eventually lead to the same growth rate and consequently the
same length for each shell. Further studies are clearly needed to
clarify this point. Overall, with a better understanding of the
growth mechanism of SWCNTs, we can gain better control
over the chirality distributions of the grown nanotube sample
by controlling the growth kinetics.
Chirality-Dependent Growth Kinetics of CNTs. While

most researchers focus on controlling the chirality of SWCNTs
by controlling the nucleation stage through either catalyst
engineering or “growth from template”, Maruyama et al.
studied the growth kinetics of individual SWCNTs and
correlated the growth rates of CNTs with their chiralities.67

Through in situ Raman spectroscopy, they have successfully
measured the growth rates of individual SWCNTs and
correlated the growth rates of SWCNTs to their corresponding
chiralities. The setup used in this work was a cold-wall laser-
induced CVD as shown in Figure 7a. In this work, the growth
rates of SWCNTs were found to be directly proportional to the
chiral angles of these SWCNTs (Figure 7b), agreeing well with
the theoretical predictions.61,68 The results in this work suggest
a potential route to achieve chiral-selective growth of SWCNTs
by careful manipulation of the synthetic strategies based on
kinetic control. Later on, our group used the VPE cloning
approach13 to study growth kinetics and termination
mechanisms of 7 different single-chirality nanotubes, including
(9,1), (6,5), (8,3), (7,6), (10,2), (6,6), and (7,7), ranging from
near-zigzag nanotubes to armchair nanotubes.16 The results
showed that as the chiral angles increased, the growth rates also
increased (Figure 7c). On the contrary, the active lifetimes of
nanotubes decreased with increasing chiral angles (Figure 7d).
These experimental results, in good agreement with theoretical
predictions,61,62,64 can guide future growth process designs in
order to achieve chirality control from the growth kinetic
control perspective.
Growth of Carbon Nanotubes with Controlled

Electronic Types (Metallic or Semiconducting). Band
gaps of SWCNTs are directly determined by their chirality,
classifying nanotubes into two categories based on their
electronic conductivities, metallic or semiconducting. The
coexistence of both semiconducting and metallic CNTs in
most current samples is a big impediment toward the vast
applications of SWCNTs in nanoelectronics, macroelectronics,
optoelectronics, power cable, etc.69 While ultimate chirality-
controlled synthesis of SWCNTs is the top challenge, direct
synthesis of SWCNTs with high selectivity toward either

semiconducting or metallic is highly desired in many practical
applications and may be less difficult than true chirality control.
Huge efforts have been devoted to the synthesis of SWCNTs
with controlled electronic types over the past two decades. A
rational strategy to realize selective synthesis of semiconducting
SWCNTs is to selectively etch metallic nanotubes with an in
situ etchant due to their higher reactivity compared to
semiconducting nanotubes. Oxygen was reported by Cheng,
Kauppinen et al. to be an effective in situ etchant to selectively
etch metallic species during SWCNT synthesis by floating
catalyst CVD.70,71 Later on, Liu et al. found water vapor to be
an alternative effective in situ etchant for metallic nanotube
etching and realized selectivity of semiconducting nanotubes as
high as 97%.72 Afterward, the selectivity of metallic nanotube
etching was found to be diameter dependent on the quartz
substrate.73 Hence, better selectivity of metallic nanotube
etching can be achieved by narrowing the diameter distribution
into a small and optimum range. To realize a narrower diameter
distribution of the grown SWCNTs, bimetallic solid alloy
catalyst Fe−W nanoclusters, which are stable at high temper-
ature, were utilized under optimum etchant concentration.
Electrical measurements conducted on individual SWCNTs
indicated the purity of semiconducting species was around 95%.
This work offers a good strategy of combining diameter control
with in situ etchant to realize high selectivity toward
semiconducting nanotubes. An alternative approach to
selectively synthesize semiconducting nanotubes is to use
ceria as the catalyst support, which can provide an oxidative
environment during the nucleation and growth processes to
inhibit the formation of metallic species.74 Moreover, different
carbon sources have been investigated and found to be related
to the abundance of semiconducting species in the grown
sample. Liu et al. reported that the introduction of methanol in
the ethanol CVD growth process could lead to selectivity as
high as 95% on a quartz substrate.75 Later on, Zhou et al. have
found that isopropyl alcohol (IPA) is an effective carbon source
to produce semiconducting-enriched SWCNTs with purity
∼90%,21 due to the suitable amount of water vapor present in
the IPA CVD environment. Recently, oxygen-deficient TiO2
NPs, with the ability of generating oxygen vacancies, were
reported to selectively grow semiconducting nanotubes with a
percentage of over 95%.76 The selectivity was attributed to the
oxygen vacancies generated by the catalyst which made the
formation energy of semiconducting nanotubes lower than that
of metallic nanotubes. Another recent breakthrough has been
made by Cheng et al. by using specially designed acorn-like,
partially carbon-coated Co nanoparticle catalysts.77 Combining
with in situ etching of metallic nanotubes, they achieved
selective synthesis of semiconducting nanotubes with a purity
higher than 95% and with a narrow band gap distribution (band
gap difference as small as 0.08 eV). To sum up, all of the
approaches mentioned above are effective to grow semi-
conducting-enriched SWCNT products by either selectively
removing the metallic species or directly inhibiting the
formation of metallic nanotubes.
Although metallic nanotubes are usually not wanted for

applications in digital circuits, metallic nanotubes with high
purity are actually highly desired in other applications, like
power cables, which require high electrical conductivities.
Overall, there were very few reports on the selective growth of
metallic-enriched SWCNTs. Harutyunyan et al. realized
predominant growth of metallic nanotubes with a percentage
as high as 91% by optimizing the noble gas ambient for catalyst
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annealing and the H2/H2O ratio.28 In situ TEM results
indicated that the catalyst annealing conditions could affect
the catalyst morphology and thus affect the nucleation of
carbon nanotubes. With more efforts devoted to further
improving the purity of metallic nanotubes, metallic SWCNTs
with high electrical conductivity but low mass can be ideal
candidates for many applications, such as power cables,
transparent conductive films, etc.

POSTSYNTHESIS PURIFICATION OF
SINGLE-CHIRALITY CARBON NANOTUBES

In addition to direct controlled synthesis, postsynthesis
separation is another effective way to obtain single-chirality
SWCNTs. Many powerful methods for chirality separation have
been demonstrated in the past decade or so. In 2004, Zheng et
al. reported the successful enrichment of (6,5) nanotubes via
ion-exchange chromatography (IEX) separation of DNA-
wrapped SWCNTs.78 In 2007, Zheng et al. achieved
purification of (6,5), (6,4), and (9,1) nanotubes by conducting
size exclusion chromatography (SEC) separation first to narrow
the nanotube length distribution, followed by IEX.79 Later,
hundreds of single-stranded DNA (ss-DNA) sequences were
tested to identify SWCNT recognition sequences, which
resulted in the purification of all 12 major semiconducting
single-chirality SWCNTs from a synthetic mixture (Figure
8a).30 Through single-point scanning mutation and sequence
motif variation of previously identified ss-DNA sequences for
semiconducting tubes, recognition sequences for the metallic
armchair (6,6) and (7,7) have also been identified, resulting in
the purification of the corresponding SWCNT species.31 The
mechanism of the IEX separation is becoming clearer after
years of investigations. DNA−SWCNT interaction and the
resulting hybrid structure are dependent on both the DNA

sequence and the chirality of SWCNT. Some hybrids have well-
ordered DNA folding structure when the DNA-sequence is
properly chosen. IEX is basically a selection method that picks
out ordered DNA-SWCNT hybrids that show minimum
electrostatic and electrodynamic interactions with the ion-
exchange resin. This selection process and the molecular
recognition involved led to single-chirality SWCNTs with such
high purity levels that few other methods can offer. However,
the cost of DNA should be taken into consideration concerning
scaling-up of the process.
Another approach is to exploit differences in the buoyant

densities among SWCNTs of different structures. In a density
gradient, the balance between buoyant force and centrifugal
force results in SWCNTs with different buoyant densities to
locate in their respective layers in the gradient, and therefore
separation can be achieved. Hersam’s group developed a
density gradient ultracentrifugation (DGU) approach to
separate surfactant-coated SWCNTs according to their
electronic structures and diameters.80 High-purity (6,5)
SWCNT samples were produced via orthogonal iterative
DGU.81 When a chiral surfactant sodium cholate was used
for SWCNT dispersion, enrichment of left- and right-handed
(6,5) SWCNTs were also demonstrated.82 A significant step
forward was the development by Weisman’s group of nonlinear
DGU, which resulted in the purification of 10 semiconducting
single-chirality SWCNTs and enantiomerically enriched
fractions of 7 pairs of (n,m) species.83 Figure 8b illustrates an
image of sorted layers obtained by a nonlinear DGU separation
of HiPco SWCNTs and absorption spectra of the separated
layers showing single-chirality enrichment.
Gel chromatography has also been adopted for single-

chirality purification of surfactant-dispersed SWCNTs.84,85 In
this approach, allyl dextran-based polymer beads are employed

Figure 8. Single-chirality SWCNTs separation methods. (a) IEX separated 12 major semiconducting single-chirality DNA-wrapped
SWCNTs.30 Reproduced with permission from ref 30. Copyright 2009 Nature Publication Group. (b) HiPco SWCNTs sorted by nonlinear
DGU and the absorption spectra of the colored layers showing the single-chirality enrichment.83 Reproduced with permission from ref 83.
Copyright 2010 Nature Publication Group. (c) A schematic illustrating the single-surfactant multicolumn gel chromatography sorting
procedures.84 Reproduced with permission from ref 84. Copyright 2011 Nature Publication Group. (d) Photographs of collected fractions of
single-chirality SWCNTs separated by countercurrent chromatography (upper panel) and their corresponding UV−vis-NIR absorption
spectra (lower panel).92 Reproduced with permission from ref 92. Copyright 2014 American Chemical Society.
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as the stationary phase. Adsorption of surfactant-dispersed
SWCNTs on the stationary phase is highly sensitive to the
structure of SWCNTs and can be tuned by the choice of
surfactant used for SWCNT coating and for the mobile phase.
Temperature also has a strong effect on the adsorption. By
modulating the adsorption and desorption processes via control
of surfactant and temperature, Kataura’s group showed that 13
chiralities of SWCNTs were separated with purity up to 93% in
a large scale (Figure 8c).84 Subsequent work from the same
group demonstrated that simultaneous single-chirality and
enantiomer purification of many semiconducting SWCNTs
have been achieved.86,87 Recently, this method has been further
optimized to realize milligram-scale separation of high-purity
single-chiraltiy SWCNTs.88

Recently, Zheng et al. introduced the aqueous two-phase
(ATP) separation technique, a technique widely used for
biochemical separations, for SWCNT separation.89 A polymer
ATP system exploits the polymer phase separation phenom-
enon to create two separate but permeable water phases of
slightly different structures.90,91 As a result, the hydration
energy of a solute is rescaled differently in the two phases,
leading to uneven solute distribution. This can be exploited for
separation. Both surfactant-dispersed and DNA-dispersed
SWCNTs can be separated by ATP to achieve single-chirality
SWCNT purification.92−96 Figure 8d shows that an automated
ATP process can be performed to achieve single-chirality
purification in a single run. Overall, compared with other
existing CNT separation methods, the ATP separation method
is quick, low-cost, and feasible to scale up.

CHIRALITY CHARACTERIZATION
How to measure the chirality of a nanotube and the population
of each chirality in a SWCNT sample is of equal importance
with the chirality-controlled preparation of SWCNTs. There
are two categories of techniques to measure the chirality of
SWCNTs, i.e., direct-imaging-based techniques and spectros-
copy-based techniques. Direct-imaging methods include
atomic-resolution AFM, STM, and TEM.15,97 Spectroscopy

methods mainly include optical absorption spectroscopy, PL
spectroscopy, Raman scattering spectroscopy, Rayleigh scatter-
ing spectroscopy, electron diffraction, etc.7,52,98−104 In general,
imaging-based methods can provide direct and accurate
information on the chirality of SWCNTs, and via large
numbers of statistic studies, in principle, these methods could
provide convincing and quantitative information about the
population of each chirality in a SWCNT ensemble. However,
there are noticeable drawbacks with these imaging methods,
such as, long operation time, high requirement to the
instrument, and special sample preparation procedures. In
most studies, spectroscopy-based methods are frequently used
with advantages of, for instance, short operation time, relatively
easy sample preparation procedures, and general availability of
the instrument like Raman microscopy and absorption
spectrometer in many laboratories.
Currently, researchers can achieve chirality-controlled or

chirality-enriched growth of SWCNTs in both bulk growth and
surface growth forms. It is now not challenging to characterize
the chirality distribution of SWCNTs in a sample. However,
how to obtain quantitative information about the population of
each chirality in a SWCNT ensemble in a relatively fast and
convincing way is difficult. For bulk nanotubes grown with
methods such as CVD processes using porous substrates or
high-surface-area substrates, and floating catalyst CVD process,
since one can obtain relatively large quantity of nanotubes,
spectroscopy methods are widely used to determine the
structures and properties of nanotubes grown with such
methods. Usually, SWCNTs would be dispersed in aqueous
or organic media with the assistance of surfactants, DNA, or
polymers, to form individually dispersed nanotube dispersions.
Then, one can perform optical absorption or PL measurements
on such nanotube solutions and obtain semiquantitative
information about the population of each chirality in a
nanotube sample. It is worth pointing out that PL measure-
ments can only detect semiconducting SWCNTs, while optical
absorption measurements work for both semiconducting and
metallic SWCNTs. In addition, one should note that these

Figure 9. High-throughput, true-color, and real-time imaging and chirality characterization of surface-grown SWCNTs using a RIAS
method.106 Reproduced with permission from ref 106. Copyright 2015 Springer.
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methods work well for relatively small-diameter SWCNTs,
while for large-diameter SWCNTs, there are some uncertainties
in chirality identification. First, water is the most frequently
used solvent to disperse SWCNTs, and due to the fact that
water itself absorbs light strongly for wavelength >∼1400 nm,
other solvents should be considered if the interested nanotube
absorptions are in the range above 1400 nm. The solvents of
consideration can be heavy water (deuterium oxide, D2O,
which can extend the spectra to ∼1600 nm),24 or some organic
solvents such as toluene.105 Second, for large-diameter
SWCNTs, the number of combinations of (n,m) which have
similar Eii transition energies increases significantly and
becomes much greater than that of small-diameter SWCNTs.
Therefore, careful analysis should be given to assign the
chirality of large-diameter SWCNTs based on the optical
absorption or PL measurements. Raman spectroscopy is
another powerful method to measure the chirality and quality
of SWCNTs in a fast and nondestructive way. Although Raman
spectroscopy can tell the existence or absence of SWCNTs of
certain chirality easily, it is very challenging to obtain
quantitative information about the population of each chirality
since the Raman intensity of RBM peaks is related to many
other factors besides the amount of nanotubes.
On the other hand, for surface-grown SWCNTs, usually the

amount of SWCNTs is low to conduct optical absorption or PL
measurements to obtain quantitative information about the
population of each chirality. In spite of the difficulty, the use of
optical absorption, PL, Raman scattering, or Rayleigh scattering
to measure the chirality of individual SWCNTs on substrates
have been realized. However, it is anticipated that a large
amount of spectra needs to be taken to obtain quantitative
information of each chirality nanotube, which would be time-
consuming. Unlike bulk SWCNT samples, so far, it is still
challenging to obtain convincing information about the chirality
population in surface-grown SWCNTs. One solution to this
problem is to combine the direct imaging method with
spectroscopy methods together, which may greatly speed up
the characterization process and enable high-throughput
chirality characterization of surface-grown SWCNTs. In a
very recent study, Jiang et al. have developed a powerful
Rayleigh-imaging-assisted spectroscopy (RIAS) method which
can do true-color real-time imaging and spectroscopy of
surface-grown SWCNTs without the need of decorating
SWCNTs with small solid particles or water droplets (Figure
9).106 The authors have managed to significantly improve the
Rayleigh scattering process via an interface dipole enhancement
effect,107 which allows for the direct imaging of SWCNTs via
Rayleigh scattering. There are several innovations in this
method. First, the authors used supercontinuum (SC) white
laser, which has a much higher intensity than a normal light
source, as the incident light during Rayleigh imaging. Second, a
suitable medium with a matching refractive index with the
substrates where nanotubes lie on was used to eliminate light
scattering from the substrate and, consequently, to improve the
visibility and image quality of SWCNTs during Rayleigh
scattering based imaging. Third, this Rayleigh imaging system
was integrated with resonant Raman spectroscopy and Rayleigh
spectroscopy and allows for the imaging and spectroscopy
analysis. As a result, SWCNTs with different chiralities show
different colors during imaging, which provides an overview of
information about the structure heterogeneity of the samples
over a large area of 100 × 100 μm. Later, since the SWCNTs
can be seen under optical microscopy, Raman and Rayleigh

spectra can be easily collected for subsequent chirality analysis.
This method allows for high-throughput imaging and
measuring the chirality distribution of surface-grown, low
density SWCNTs, and we think this method could be very
helpful to evaluate the success of chirality-controlled SWCNT
growth in surface-grown samples, which was difficult previously.

APPLICATIONS OF CHIRALITY-PURE CARBON
NANOTUBES
The driving forces for the chirality-controlled preparation of
SWCNTs have many aspects, including the use of chirality-pure
SWCNTs for fundamental studies on chirality-dependent
properties of SWCNTs and applications of SWCNTs with
pure chirality and well-controlled properties in different
research areas.12,108,109 In recent years, with the availability of
single-chirality or highly chirality-enriched SWCNT samples,
researchers have conducted many fundamental and applied
studies based on these chirality-pure SWCNT samples.

Fundamental Research. There is a huge amount of
theoretical literature predicating that many properties of
SWCNTs are chirality-dependent, such as electronic band
structure, optical properties, thermal conductance, chemical
reactivity, optical absorption/emission coefficients, etc.110−113

The penetration of CNTs into cell membranes is also chirality-
dependent based on theoretical calculations.114 A previous
strategy to study chirality-dependent properties of nanotubes
was randomly picking up SWCNTs, measuring their properties,
and then determining the chirality of the studied SWCNTs
either in situ or ex situ. For example, the chirality-dependent
electronic structure of SWCNTs, which is one of the most
important features of such chirality-dependent properties of
SWCNTs, was verified experimentally in 1998 via STM studies
of randomly picked SWCNTs, and the results confirmed early
theoretical calculations.115,116 In a later study, Liu et al.
performed in situ electron diffraction studies and transport
measurements to correlate the transport properties of double-
wall CNTs with the chirality of both outer and inner tubes.100

In another study, Cheng, Kauppinen et al. used electron
diffraction and studied chirality-dependent reactivity of
SWCNTs to oxygen and found that metallic SWCNTs are
more reactive than semiconducting ones when they have similar
diameters,52 which sheds light on the mechanism of selective
growth of semiconducting SWCNTs in oxidative environments
as reported by many groups.21,71,75,117 However, it is difficult to
test many other theoretical predications experimentally,
because of the inability to select SWCNTs with a particular
chirality or the lack of a reasonable amount of SWCNTs with
uniform chirality. For example, it is known that for SWCNTs
with very small diameters, there should be some deviations
from the tight-binding theory based calculations of the chirality-
dependent band structures, because strains play important roles
in such small-diameter SWCNTs. Recent DFT calculations
have predicted that (5,0) CNTs actually should be a metal with
a zero band gap,118 which contradicts the commonly accepted
view that a (n,m) tube should be a semiconductor if (n − m) is
not an integer multiple of 3. However, this prediction118 cannot
be tested experimentally so far, because it is hard to selectively
synthesize, separate, or pick up a (5, 0) CNT for such a
particular study.
With recent successes in obtaining single-chirality or highly

chirality-enriched nanotube samples, by now researchers have
conducted several experimental studies to examine chirality-
dependent properties of SWCNTs. For example, with the
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ability to separate single-chirality SWCNTs from the DNA-
based recognition method, Dai, Zheng et al. have fabricated
FETs using enriched (10,5) SWCNTs.119 The results indicate
that transistors based on (10,5) SWCNTs, which have a
relatively large diameter of 1.03 nm, have a larger on-state
current compared to transistors made from small-diameter
(0.8−0.9 nm) SWCNTs. This is due to the fact that large-
diameter SWCNTs can deliver a large current, and also it is
easy to form low-resistance contacts for large-diameter
SWCNTs.119 In addition, by taking advantage of DNA-based
SWCNT recognition and separation techniques, Doorn, Telg et
al. have measured Raman spectra of 14 kinds of SWCNTs
which were highly enriched with different chiralities.120 They
further established the relationships between chirality and the
tangential G-mode features of these SWCNTs. As a result,
researchers can now use not only the RBM features but also the
G-modes from the Raman spectra to determine the chirality of
SWCNTs, which have expanded the usage of Raman
spectroscopy in nanotube research. The availability of pure
armchair (n,n) SWCNTs, which are true metallic species with
massless carriers, allows experimental studies of a lot of
interesting physics of armchair nanotubes including electron−
electron interactions, one-dimensional (1D) excitons and
photons, and Tomonaga−Luttinger liquids, etc.31,60,121 For
example, it has been shown that armchair (6,6) and (7,7)
SWCNTs have a single and symmetric tangential G-mode in
Raman spectra,31 which was not reported in previous
theoretical studies. In turn, such features of G-mode for
armchair SWCNTs may also serve as an important criterion to
evaluate whether an as-grown SWCNT sample is enriched with
an armchair tube.15

Energy Applications. Our world is facing a global energy
challenge as the society’s demand for energy increases

dramatically. Using photovoltaic devices for solar energy
harvesting is an important way to potentially solve the energy
crisis. CNTs possess several noticeable advantages that make
them interesting for use as solar cell components, including
high charge mobility, strong absorption of visible to near-
infrared (IR) light, large intratube exciton diffusion length,
good stability in air, and solution-compatible processing.122 The
incorporation of SWCNTs into solar cells as near-IR absorbers
has shown great promise since SWCNTs can absorb light in
such an IR regime efficiently. For solar cell devices, or more
generally many other devices which involve charge transfer at
the interface of materials, energy band alignment among
different functional components is critical to achieve good light
absorption, electron and hole transfer, and the overall solar
energy conversion efficiency. SWCNT-fullerene as donor−
acceptor pairs for solar cells has been extensively explored, and
there are several possible ways to further optimize the device
performance, including energy band alignment between these
two materials, interface, traps, light absorption, etc. In a recent
study, Strano et al. used (6,5) chirality-enriched SWCNTs and
fabricated a polymer-free solar cell (Figure 10).123 The unique
point of (6,5) SWCNT is that, due to its specific energy levels,
it can form a type II heterojunction with fullerene and thus
facilitate a lower barrier transport path for holes. As a
comparison, nanotubes with a 20% impurity of (6,4) chirality
resulted in a 30× decrease in power conversion efficiency
(PCE). The reduction in PCE was caused by the lack of well-
defined band alignment between the SWCNT film and
fullerene C60. Due to the presence of impure SWCNTs,
which leads to nonuniform band gaps and energy levels of
SWCNTs, electrons and holes can be trapped within the
SWCNT film and facilitate exciton recombination, which is
harmful for achieving a high PCE in photovoltaic devices. The

Figure 10. Solar cells using (6,5) SWCNT as the hole transport layer and the IR absorption layer. The electron transport layer was
fullerene.123 (a, b) Polymer-free photovoltaic device which contains glass/ITO hole-collection electrode, (6,5) SWCNT film as the hole
transport layer, C60 film as the electron transport layer, and silver as the electron collection electrode. (c) Energy diagram of the device with a
type II heterojunction due to the relative position of the conduction and valence energy levels of (6,5) chirality SWCNT and fullerene C60.
Reproduced with permission from ref 123. Copyright 2012 Wiley-VCH Verlag GmbH & Co.
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importance of chirality selection on the charge transfer between
SWCNT and fullerene in solar cells was also reported in
another study by Isborn, Tung et al., by fabricating and
comparing the performance of solar cells comprised of (9,7),
(7,6), or (6,5) SWCNTs as the active components.124

However, the PCE was not high by using single-chirality-
enriched SWCNTs, due to the fact that (6,5) SWCNTs can
only absorb few portions of solar light, which are in resonance
with the nanotube’s Eii energies.

125 Nevertheless, the use of
single-chirality SWCNTs provides a much simpler device
design than a mixture of SWCNTs126 to study the limiting
factors which lead to the low PCE in carbon-based solar cells.
In a more recent publication, the diameter limit of SWCNTs to
be used efficiently for polymer-free SWCNT-fullerene solar
cells has been determined by Flavel et al., which offers guidance
in the chirality selection for building high performance
SWCNT-fullerene solar cells.127 More generally speaking, for
any devices where charge transport is involved, the rational
selection and on-purpose growth of SWCNTs with desired
energy levels could be beneficial to the device performance
because energy band alignment is important for all such
devices, including metal contacts to SWCNT field-effect
transistors, hydrogen evolution, carbon dioxide reduction,
nanotube-nanomaterial junction devices, etc.128−131

Biological Applications. SWCNTs hold great potential for
biological and medical applications including biological
imaging, photothermal therapy, drug delivery, etc.132−135

SWCNTs can absorb light in visible to near-IR regimes,
which can be used for photothermal therapy. In addition,
semiconducting SWCNTs have an intrinsic band gap PL with a
wavelength at near-IR regime, which is of great interest for
biological imaging. For biomedical imaging applications,
fluorescent species that can emit light in near-IR regime are
in high demand, because biological systems do not absorb near-
IR light strongly and the wavelength of 700−1700 nm is a
biological transparent window. More importantly, the scattering
of light by biological tissues is related to the wavelength of the
light with a relationship of scattering ∝ λ−α. Therefore, the
longer the wavelength of the light is, the smaller the scattering

and the deeper penetration of the light into the tissues, and
consequently more suitable for imaging deep inside the
body.132,133 The 1D nature of SWCNTs makes them have
absorption and emission at well-defined energies (Eii)
corresponding to the Van Hove singularities, and the energy
of the Eii transitions can be further tuned by tuning the chirality
of SWCNTs. The use of as-grown SWCNTs with random
chiralities for biological imaging has been studied extensively.134

However, due to the 1D structure of the nanotubes, only a very
small portion of SWCNTs (for example, <9% for HiPco
samples) that are in resonance with the incident laser can emit
light,7,132 while the rest of SWCNTs are silent and do not
contribute to the imaging. In recent studies, Dai et al. have
combined recent advances on nanotube chirality separation
techniques with in vivo biological imaging and have significantly
improved the detection sensitivity and reduced the required
nanotube dosage during biological imaging. In one study, by
tuning the composition of surfactants, they managed to obtain
(12,1) and (11,3) chirality-enriched SWCNTs using the gel
filtration method.133 These two SWCNT chirality species have
very similar E11 (∼803 nm for (12,1) chirality and ∼798 nm for
(11,3) chirality) and E22 (∼1171 nm for (12,1) chirality and
∼1197 nm for (11,3) chirality) energies, and consequently,
they can be excited by a single wavelength laser (808 nm) and
both can have strong PL at ∼1200 nm. The results show that
compared with as-grown HiPco nanotubes with many
chiralities, the separated, (12,1) and (11,3) chirality-enriched
SWCNTs have a 5× stronger PL, and as a result, a 6-fold lower
injection dosage is needed to achieve a good biological imaging.
Considering the facts that the purities of (12,1) and (11,3)
SWCNTs are still not very high judging from the optical
absorption spectra shown in the paper, and those two
SWCNTs do not emit light at exactly the same wavelength,
further optimization by using single-chirality SWCNTs with
even higher purity could further improve the performance of
nanotubes for biological imaging. In a follow-up study, the same
group used DGU-separated, highly enriched single-chirality
(6,5) SWCNTs for dual imaging and photothermal therapy
purposes with a lower dosage of SWCNTs.132 It can be clearly

Figure 11. Biological imaging using chirality-enriched SWCNTs.132 (a) Optical image (upper left) and PL image of unsorted SWCNTs (left),
(6,5)-enriched SWCNTs (middle), and (6,5)-enriched SWCNTs with a higher purity than the middle one (right). The concentrations of the
SWCNTs are the same. (b, c) and (e−g) Near-IR II fluorescence images of tumor-bearing mouse injected with PBS control (no signal),
unsorted SWCNTs (weak signal), and (6,5) chirality-enriched SWCNTs (very strong signal). (d) Optical image of a mouse bearing tumor at
its right shoulder. The right vertical bar indicates the intensity of the PL at near 900−1400 nm regime after excitation at a laser at 808 nm.
Reproduced with permission from ref 132. Copyright 2013 American Chemical Society.
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discerned that (6,5)-enriched SWCNTs possess a much
brighter PL than the unsorted raw HiPco samples which have
a mixture of many chiralities (Figure 11a). In addition, by
irradiating the nanotube solution under a 980 nm laser, the
(6,5)-enriched sample underwent a greater temperature
increase than the unsorted one, due to resonant absorption
and consequently highly efficient heating of (6,5) SWCNTs by
a 980 nm laser which is in resonance with the E11 of (6,5)
SWCNTs. More specifically, compared with unsorted HiPco
SWCNTs with random chirality distribution, the (6,5)-enriched
SWCNTs are 6-fold brighter in PL, which led to clear tumor
imaging, and reached the required photothermal tumor ablation
temperature with a more than 10-fold lower injected dosage.
The intravenous injection concentration of 0.254 mg/kg of
SWCNTs is the lowest reported dosage for nanomaterial-based
in vivo therapeutics and can deliver clear imaging (Figure 11).
Concerning the toxicity and biocompatibility issues of nano-
materials, the low dosage is a much appreciated advantage.
These results clearly demonstrated the powerfulness of
chirality-enriched samples on the performance of nanotube
probes for biological imaging and photothermal therapy
applications. Moreover, the unique electronic and optical
properties of SWCNTs also make it rather feasible to do
biological imaging at different wavelengths of interest, via
choosing nanotubes with different chiralities. For example, in
another study, Dai et al. have demonstrated the separation of
(6,4)-enriched SWCNTs (>99% purity) by tuning the PH
during DGU separation process and the use of such ultrahigh-
purity (6,4) SWCNTs for NIR-I biological imaging.135 The
unique point of (6,4) SWCNT is that this nanotube has an E 22
energy of ∼1.42 eV (∼873 nm), and therefore, an ordinary
silicon detector, instead of an expensive InGaAs detector, was
used to detect the emitted light since the silicon detector still
has a good efficiency at this wavelength. This could reduce the
cost of imaging greatly and make it more practical for use in a
clinical environment. As mentioned above, by increasing the
wavelength during imaging, the scattering of light by biological
tissues is much weaker, thus offering a much deeper penetration
depth, and the interference with autofluorescence is also
reduced. These features call for the preparation of large-
diameter single-chirality SWCNTs for biological imaging at an
even longer wavelength, for example, >1400 nm.
Single Photon Sources. Single photon source is a light

source that emits light as single photons and is an important
component in technologies such as quantum key distribution

and photonic quantum information processing. Crystal
structure imperfections in solids often act as efficient carrier
trapping centers, which, when suitably isolated, can be
harvested as sources of single photon emission. Some of the
well-known examples include semiconducting heterostructures
and colored centers in diamond (nitrogen vacancy).136 The use
of CNTs and monolayer two-dimensional (2D) semiconduc-
tors as single photon sources has also been reported in the past
years. For example, in some recent studies, researchers have
shown that monolayer WSe2 can be a single photon source that
emits light in the visible light range.137 On the other hand,
single photon sources that are capable of emitting light in the
telecom wavelength range of 1300−1550 nm and at room
temperature are particularly important to the realization of
quantum optical applications. In a recent study, Htoon, Doorn
et al. have developed a technique to dope chirality-pure (6,5)
SWCNTs with solitary oxygen and realized room-temperature,
fluctuation-free, and stable single photon sources working at a
near-IR regime of 1100−1300 nm (Figure 12).138 The authors
used single-chirality (6,5) SWCNTs that were separated using
an ATP method and deposited these (6,5) SWCNTs on a
silicon substrate coated with Au and SiO2 film. Later, another
thin layer of SiO2 (10 nm) was deposited on top of the
SWCNTs using e-beam evaporation to encapsulate the
nanotubes. They found that such thin SiO2 layers can dope
SWCNTs at a low concentration to form solitary oxygen
dopants. Such solitary oxygen dopants, which form spatially
localized either ether-d or epoxide-l functional groups on the
sidewall of (6,5) SWCNTs, can create optical transition states
that are pinned to deep trap states located ∼130 meV (E11*)
and 300 meV (E11*

−) below the E11 band-edge of SWCNTs
(Figure 12a). Since the concentration of oxygen dopants is very
low, they can form isolated trapping centers in the (6,5)
SWCNTs and realize strong exciton localization, which is
critical for single photon emission. Figure 12b shows undoped
(6,5) SWCNTs which emit light at 975−1025 nm, close to the
E11 transition energy of (6,5) SWCNTs (∼975 nm). Note that
there is no emission at >1045 nm wavelength for undoped
(6,5) SWCNTs, as seen from the middle and right panels of
Figure 12b. In contrast, for the solitary-oxygen-doped (6,5)
SWCNTs, they observed strong emission centered at 1120 and
1250 nm (Figure 12c), exactly 130 and 300 meV below the E11
transitions of undoped (6,5) SWCNTs. These results indicate
that oxygen dopants create local trap states in the band
structures of (6,5) SWCNTs. They further studied photon

Figure 12. Single photon sources made of solitary oxygen-doped (6,5) SWCNTs.138 (a) Schemes showing the formation of ether-d and
epoxide-l groups on a SWCNT, which leads to the creation of deep trap states located 130 meV (E11*) and 300 meV (E11*−) below the E11
state of SWCNTs. (b, c) 2D PL intensity maps of undoped (6,5) (b) and solitary oxygen doped (6,5) SWCNTs. Left: Signals collected in the
975−1025 nm emission range. Middle: Histogram of the wavelength of the emitted light. Right: Signals collected in >1045 nm range.
Reproduced with permission from ref 138. Copyright 2015 Nature Publication Group.
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antibunching in such oxygen-doped (6,5) SWCNTs and
unambiguously demonstrated the observation of single photon
emission in such oxygen-doping-induced trapped states in
nanotubes. Notably, although the emitted light is still below
1550 nm which is most frequently used in optical
communications, it is possible to engineer nanotube-based
single photon sources to 1550 nm range, by choosing other
chirality nanotubes with smaller band gaps and then using the
similar low-concentration oxygen doping method. The wide
choices of SWCNTs with different chiralities and therefore
different electronic structures offer a feasible way to tune the
wavelength of emitted light, which has advantages and is
complementary to other solid-state single photon sources such
as colored centers in diamond and monolayer WSe2 materials
which emit light in the visible light region.136,137

OPPORTUNITIES AND OUTLOOK

Growth Innovations. It is clear that substantial progresses
have been made by scientists worldwide toward chirality-
controlled growth of SWCNTs. Many factors may affect the
chirality distribution of as-grown SWCNTs, making chirality
control of CNT a formidable task. Noticeably, recent
experiments have clearly shown that the catalyst is the most
deterministic one among many factors in modulating the
chirality of CNTs during the growth process. Many aspects of
the properties of catalysts, including their chemical composi-
tions and physical states, sizes, shapes, pretreatment conditions,
have been extensively studied, and now the purity of single-
chirality SWCNT species have been improved continuously
thanks to many researchers’ efforts in catalyst engineering.
However, controlled growth of pure SWCNTs with specific
chirality is still not possible at this stage. More growth
innovations such as further development of catalysts and
exploration and optimization of the growth process will
definitely be necessary to solve the nanotube chirality problem.
Here we raise some key questions and offer our perspectives
toward chirality-controlled growth of SWCNTs in the spirit of
stimulating further explorations in this important direction.

(1) How can one prepare crystalline NP catalysts with
excellent high-temperature stability and identical compo-
sition and size? The use of metal NP-based catalysts for
chirality-enriched growth of SWCNTs has been reported
extensively, and great success has been made recently.
The chirality selectivity is believed to stem from the
epitaxial relationship between solid crystalline NP
catalysts and specific chiralities of CNTs. However,
currently one cannot prepare small NPs with identical
composition, size, shape, etc. Moreover, even when we
start from NP catalysts with identical properties, how to
completely suppress or minimize changes of these NPs,
which can be caused by high-temperature processing or
interactions of NP catalysts with underlying substrates
and surrounding gaseous environments, is worth critical
thinking and further development.

(2) How can one improve the yield of nanotube cloning?
The nanotube cloning method, in principle, could grow
single-chirality SWCNTs if the seeds used are 100%
pure. On one hand, this request calls for further
development of postsynthesis separation approaches to
improve the purity of single-chirality nanotubes. On the
other hand, so far the yield and efficiency of nanotube
cloning is quite low, and some key questions such as how

carbon species are added to the open-ends of nanotube
seeds and how new CNT segments grow are still poorly
understood. Comparative studies of nanotube cloning
from nanotube seeds with different chiralities or wrapped
by different surfactants can shine a light on a better
understanding of the cloning process,16,35 and there
needs to be further detailed studies.

(3) How can one maintain the original structures of
carbonaceous molecular seeds? One key advantage of
molecular seeds compared with NP catalysts and
separated nanotube seeds is that these molecules are
identical prior to CNT growth. Unfortunately, recent
results have shown that these small molecules underwent
irreversible structural changes at high growth temper-
atures.56,59 Therefore, how to maintain the molecule
structure intact during CNT growth process, for
example, by lowering the growth temperature signifi-
cantly, could be a promising way to solve the nanotube
chirality problem. SWCNT growth usually requires high
temperatures to decompose carbon sources and heal
defects of as-grown SWCNTs. One approach is to use
certain types of external means such as plasma to assist
the decomposition of less thermally stable carbon-
containing precursors like C2H2. This approach can
further be combined with low-temperature SWCNT
growth (which may produce defective SWCNTs),
followed by a postgrowth high-temperature graphitiza-
tion (annealing) process to improve the quality of
SWCNTs while maintaining their chirality defined by the
original molecular seeds.

(4) Development of the nanotube growth process. Nowadays
CVD is the most commonly used method to grow
CNTs, and most achievements in chirality-controlled
synthesis of CNTs were made using CVD methods. We
note that most CNT CVD processes are operated in
pressure ranges of rough vacuum (10−3 Torr) to several
atmosphere pressures. In such processes, there exist
numerous gaseous species and gas-phase and on-
substrate reactions, which make the CNT growth process
very complicated. If we can grow CNTs under a more
“clean” system, can we achieve better selectivity and
controllability? For example, in a high-vacuum molecular
beam epitaxy (MBE) process, which is known to have
very good process controllability, the structures of newly
grown materials can be precisely controlled by the
substrates via epitaxial relationship. If we do CNT
synthesis in a MBE-like fashion, can we eliminate all
other unwanted reactions and achieve a good selectivity?
Such processes may decrease the yield and increase the
cost of CNT growth, but it is still meaningful if one can
achieve a better control of CNT chirality. In addition,
previous reports have indicated that single-chirality (2,2)
CNTs can be formed inside the channels of zeolite
template, despite that such ultrasmall CNTs would
decompose without confinement of template.139 These
results suggest that design and exploration of suitable
templates or substrates that have very strong interactions
with certain types of CNTs could also be an interesting
approach to try besides catalyst engineering. Further-
more, the charge transfer from catalyst nanoparticles to
the growing nanotube edge atoms was studied and found
to play a role in enhancing the reactivity of growth edges
by changing their frontier electron density, which implies
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that the growth active sites are strongly correlated with
the structures of metal nanoparticles through charge
transfer.140 Thus, charge transfer engineering between
the growing nanotubes and the catalyst nanoparticles
may be a way to tailor the growth selectivity. A more
recent publication has shown that SWCNTs are
negatively charged during CVD growth, and charged
SWCNTs may have influence on the chirality distribu-
tion of as-grown samples.141 This discovery may open up
a possibility to control the chirality of as-grown
SWCNTs through electrochemical methods, which has
drawn very little attention previously.

(5) Growth kinetics versus thermodynamics. Experimental
results from many groups have clearly shown the
enrichment of near-armchair (n,n − 1) SWCNTs in
very diverse growth processes. This fact indicates that
there must be some unique points for these near-
armchair SWCNTs. There are two possible attributes
that can lead to the enrichment of near-armchair CNTs.
The first is thermodynamics, i.e., near-armchair SWCNTs
may be more stable and therefore, the number of near-
armchair SWCNTs is more than other nanotubes in a
sample. The second is kinetics, i.e., near-armchair
SWCNTs may grow faster and consequently have longer
lengths than other nanotubes. We note that either reason
could result in an enrichment of near-armchair
SWCNTs7,19 based on many kinds of characterization
including direct imaging and spectroscopy methods. It is
also possible that both thermodynamic and kinetic
processes may have influence on the final chirality
distribution of a SWCNT ensemble. These results also
suggest to us to take both reasons into consideration
when designing our growth process. There is no doubt
that the comparative investigations of nucleation, growth,
termination, and reaction behavior on individual nano-
tube level with known chirality are important to elucidate
many aspects of these questions.

(6) Lessons from nanotube separation. Several nanotube
separation methods have been well-documented to be
able to produce single-chirality SWCNTs with purity
higher than 90%, while direct growth of single-chirality
SWCNTs with purity higher than 90% is still elusive.
One noticeable difference between separation and
growth processes is that in nanotube separation, the
chiral dispersant molecules (DNA, bile salts, etc.) interact
with the entire nanotube surface over the length range of
a few hundred nanometers to a few micrometers. A small
difference among different nanotube species in dis-
persant/nanotube binding energy per unit length can be
amplified into a large one through integration over the
entire nanotube length, resulting in high selectivity in
separation. As a comparison, in the nanotube growth
process, the nanotube/catalyst interfaces, which deter-
mine the chirality selectivity of the as-grown nanotubes,
cover much shorter length scales, ranging from
subnanometer to a few nanometers. The nanotube/
catalyst binding energy difference among different
nanotube species may be too small to effectively impact
the chirality selectivity due to the much shorter
interaction length between nanotubes and catalysts.
Therefore, a lesson that the nanotube-growth community
can learn from the nanotube-separation community is to
increase the interaction length between nanotubes and

the growth environment, including but not limited to
catalysts and growth substrates. While numerous efforts
have been devoted to the exploration of new catalysts
aiming for chirality-controlled growth of nanotubes,
there exist few studies on the design of novel substrates
for nanotube controlled-growth. Imagining if there is a
special growth substrate which can selectively bind with a
specific (n,m) nanotube, in principle, one may be able to
achieve the selective growth of this specific chirality
nanotube with high purity. To explore this possibility,
more efforts should be given to the study of novel
substrates such as recently emerged 2D crystals, for the
chirality-controlled growth of nanotubes.

The Relationship between Chirality Control and
Handedness Control. There is another level of fine structures
of SWCNTs beyond chirality, which is called handedness, and
handedness control of SWCNTs has very rarely been studied so
far from the direct controlled growth approach.142 From the
atomic structure point of view, a left-handed nanotube is
structurally distinct from its mirror image right-handed
nanotube. Consequently, a full chirality map of SWCNTs
should include both right-handed and left-handed domain
(Figure 13). In common practice, however, only half of the

chirality map is shown because the electronic structures of an
enantiomer pair are identical. This simplification in our opinion
has some unintended consequences: There has been little
research on handedness control at the synthesis level, and not
enough thoughts have been given to the observation that there
are always an equal amount of left-handed and right-handed
tubes present in synthetic mixtures. Recent work by us suggests
a need to consider the full chirality map when it comes to
structure control. For example, it is found that DNA-based
single-chirality purification is almost always accompanied by
enantiomer enrichment.143 This observation leads us to believe
that as far as separation is concerned, chirality control and
handedness control are two related parts of the same structure
control problem. Since left-handed and right-handed CNTs
have distinct structures, true structure control implies the ability
to distinguish left-handed and right-handed CNTs. We can
draw ample support to this notion from biology where structure
control is critical: All biomolecules have defined handedness

Figure 13. A full chirality map of SWCNTs shows both right- and
left-handed species.
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(or homochiral). We propose that a truly structurally controlled
synthesis should yield both chirality and enantiomer enrich-
ment, corresponding to one hexagon site on the full chirality
map. Using this criterion, we realize that most of the reported
structure controlled synthesis is diameter-controlled syntheses
along the armchair direction (with few examples showing
distribution along zigzag direction),29,144 with limited control
over chirality and no control over handedness. This is probably
the result of racemic structures taken by catalyst particles. In
this context, the result of Li et al. for (12,6) enriched synthesis
of SWCNTs is quite remarkable, because the chirality
distribution of the synthesized CNTs is off the two special
achiral directions (i.e., armchair and zigzag), implying that the
catalyst used may have some intrinsic chiral preference. It
remains to be seen if the chirality-enriched tubes made by Li et
al.14 and many other selective growth methods7,24,98 are also
enantiomer-enriched. Catalyst design in the future should take
handedness control into consideration. Likewise, in VPE-based
cloning, attention should be paid to the conservation of
handedness in addition to chiral indices by the cloned
nanotubes.
What Are the Truly Exciting Future Applications of

Single-Chirality Carbon Nanotubes? Being able to make
structurally well-defined SWCNTs through either separation or
synthesis has its intrinsic scientific value. It is also a fair question
to ask what the truly exciting and realistic applications of single-
chirality tubes are. In the past, many tantalizing CNT-based
applications were proposed, ranging from space elevator to
armchair quantum wire. While these captured many people’s
imagination when first proposed some years ago, they still are
far away from reality. Now that we know more about CNTs, we
should be able to propose something more realistic but still
exciting. In the past, a lot of attention has been given to the
application of CNTs in electronics, photonics, and optoelec-
tronics. In these cases especially for electronics, the electronic
structures of CNTs are certainly important, but the detailed
atomic structure of a CNT is not critical: There is no difference
between left- and right-handed CNTs and between CNTs of
the same diameter but different chiral angles (e.g., (6,5) and
(9,1)). Biorelated applications are the place where chirality-
defined SWCNTs may find themselves most useful. Biology is
enabled by well-defined structures. Biomolecule-nanotube
hybrid structures composed of biopolymers of well-defined
sequence and SWCNTs of well-defined chirality may be used to
construct biomimetic systems, which can facilitate interfacing of
electronics with biological system. Another related exciting
application is multiplex imaging and sensing through either
optical or electronic detections. In this case, SWCNT serves as
an optical or electronic reporter whose band gap defines the
detection channel, whereas the coating biopolymer confers
substrate specificity. Combinatorial diversity of SWCNTs and
biopolymer sequences thus provides a huge endowment for
these applications. As we have included in this Review, there
have been lots of activities in this area already. Further
handedness control of nanotubes could provide an additional
degree of freedom to play with in these directions.
A True Material for the Future. CNTs are a family of

molecules that have many structure varieties and many
interesting electronic and optical properties. They are easily
interfaced with biomolecules and can be derivatized in a variety
of ways by conventional chemistry. We are currently limited by
our ability to control their structures, not by the rich
endowment of the material itself. If past history tells us

anything, it is this: What we cannot do today, we will be able to
do tomorrow; what we cannot imagine today, we will be able to
realize tomorrow. We encourage young scientists to take on the
challenge. The reward will be big.

AUTHOR INFORMATION
Corresponding Authors
*E-mail: chongwuz@usc.edu.
*E-mail: ming.zheng@nist.gov.
ORCID
Bilu Liu: 0000-0002-7274-5752
Ming Zheng: 0000-0002-8058-1348
Chongwu Zhou: 0000-0001-8448-8450
Author Contributions
#These authors contributed equally.
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
This work was supported by the Air Force Office of Scientific
Research (AFOSR). B.L. acknowledges support from the 1000-
Talent Program of China, Tsinghua-Berkeley Shenzhen
Institute (TBSI), and the Development and Reform
Commission of Shenzhen Municipality.

VOCABULARY
Single-wall carbon nanotube, a single-wall carbon nanotube
can be conceptually viewed as a seamless rolled-up cylinder
from a graphene sheet; Chirality, a term used to describe
atomic configurations of carbon nanotubes; Handedness, a
term used to describe enantiomers of carbon nanotubes where
a left-handed nanotube is structurally distinct from its mirror
image right-handed nanotube; Chemical vapor deposition, a
commonly used material synthesis technique to deposit solid
materials by chemical reaction of gaseous precursors; Vapor-
phase epitaxy, a widely used epitaxial growth technique to
grow high-quality, crystalline semiconducting materials on
crystalline substrates using gaseous precursors
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