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ABSTRACT: Single-wall carbon nanotubes (SWCNTs)
can be either semiconducting or metallic depending on
their chiral angles and diameters. The use of SWCNTs in
electronics has long been hindered by the fact that the as-
prepared SWCNTs are usually a mixture of semi-
conducting and metallic ones. Therefore, controlled
synthesis of SWCNTSs with a uniform electrical type or
even predefined chirality has been a focus of carbon
nanotube research in recent years. In this Perspective, we
summarize recent progress on the controlled growth of
semiconducting and metallic SWCNTs by in situ selective
etching and by novel catalyst design. The advantages and
mechanisms of these approaches are analyzed, and the
challenges are discussed. Finally, we predict possible
breakthroughs and future trends in the controlled
synthesis and applications of SWCNTs.

B INTRODUCTION

A single-wall carbon nanotube (SWCNT) can be imagined to be
a seamless one-dimensional tubular structure rolled up from a
single graphene layer." Due to their unique atom-thick graphitic
layer and very strong C—C bonding, SWCNTSs demonstrate
excellent properties, such as ultrahigh strength and Young’s
modulus, good chemical stability, high thermal and electrical
conductivity, and high carrier mobility.” It is particularly
intriguing that a SWCNT can be either semiconducting or
metallic depending on its chiral angle and diameter, i.e., chirality.3
It has been experimentally and theoretically demonstrated that
metallic SWCNTs (m-SWCNTs) can endure ultrahigh current
densities due to ballistic electron transport, while semiconduct-
ing SWCNTs have high current on/off ratios and high carrier
mobilities.* Therefore, s-SWCNTs can be an ideal channel
material for field effect transistors (FETs), and m-SWCNT's can
be used as electrodes and interconnectors in circuits and for the
fabrication of transparent conductive films (TCFs). Due to their
nanosize, environmental friendliness, and excellent electrical and
mechanical properties, SWCNTSs are expected to be used in
SWCNT-based computers’ and various flexible electronic
devices with unprecedented excellent performance which may
lead to revolutionary changes to human life and the development
of society.” However, the use of SWCNTs in electronics has long
been hindered by the fact that the as-prepared SWCNTSs are
usually a mixture of semiconducting and metallic tubes, which
degrades device performance and causes serious nonuniformity.
The electrical properties of SWCNT's are very sensitive to their
structures, ie.. the way that carbon atoms are assembled along
the tube axis. A slight change of chiral angle or diameter will lead
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to changes in the semiconducting/metallic features of a
SWCNT. Usually, there are ~2/3 semiconducting and ~1/3
metallic nanotubes in an as-prepared SWCNT sample, and it is
very difficult to achieve perfect structure and property control,
due to their very similar structures and formation energies.

Therefore, the selective growth of s- and m-SWCNT s has been a
focus of CNT research in recent years.

There are basically two approaches to obtaining SWCNTs of a
uniform electrical type. The first is postsynthesis separation,
where the mixed s- and m-SWCNT's are separated based on the
differences in their physical and chemical properties, for example,
by gradient density centrifugation,”® electric current break-
down,™” gel-based chromatography,'® and selective polymer
interactions."" With the use of these methods, high purity s- and
m-SWCNTs or even SWCNTs with specific chiralities can be
obtained. However, due to the involvement of complex chemical
and physical treatment processes and the introduction of
chemicals for sample dispersion and separation, the SWCNTs
produced are usually cut short, defective, and contaminated.'>"
As a result, devices fabricated from these SWCNTs show
degraded properties.'* In addition, the preparation efficiency and
yield of SWCNTs using this approach is extremely low, which
limits scale-up production. Therefore, it is more desirable to
prepare SWCNTs of a uniform type by another strategy, i.e.,
direct growth. The as-grown SWCNTs, without further
separation treatment, are of good crystallinity and contain
fewer defects, and are, therefore, more suitable for electronic and
optoelectronic devices. The difficulty of synthesizing SWCNT's
using the direct growth approach lies in the control of the
structures and properties of SWCNTs during their growth
process, which usually occurs at high temperatures and in a
complex environment containing a catalyst, carbon source and
carrier gas, and the formation energies and stabilities of s- and m-
SWCNTs are very similar.

In this article, we summarize recent progress on the direct
growth of s- and m-SWCNTs by in situ selective etching and by
novel catalyst design. The selective growth mechanisms of the
SWCNTs are analyzed, and the challenges remaining are
discussed. Finally, we suggest the future trends in the controlled
synthesis and uses of s- and m-SWCNTs.

B GROWTH OF S- AND M-SWCNTS BY IN SITU
SELECTIVE ETCHING
Although the structures of s- and m-SWCNTs are quite similar,

their chemical stabilities are different. Liu et al. studied the
dependence of the chemical stability of SWCNTs on their
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Figure 1. Chirality-dependent stability of SWCNTs as determined by the oxidation of individual SWCNT's at different temperatures. As indicated by the
arrow, semiconducting, large diameter, and high-chiral-angle SWCNT's are chemically more stable. Reproduced with permission from ref 15. Copyright

2013 Wiley.

chiralities using transmission electron microscopy (TEM)."* The
chirality of SWCNT's was determined by electron diffraction, and
their chemical stability was evaluated by oxidation in air at
different temperatures and subsequent observation under TEM.
It was found that semiconducting, large diameter SWCNTss are
chemically more stable (Figure 1). This is because the ionization
potential of m-SWCNTs is higher than that of their semi-
conducting counterpart, and that the C—C bonds are evidently
weakened for small diameter SWCNTSs due to their higher
curvature.'®'” Therefore, m-SWCNTs and small diameter s-
SWCNTs may be preferentially removed by chemical etching.
Here, “etching” means that SWCNTSs with lower chemical
stability in a sample preferentially react with an introduced
etchant by forming carbon oxides or hydrocarbons and are
removed selectively from the sample. Compared to the
postsynthesis treatment methods, in situ selective etching is
more desirable because the removal of newly nucleated
SWCNTSs around catalyst nanoparticles is easier and more
cost-efficient.'® This is because better contact between etchant
and newly grown SWCNTs (before bundling) can be achieved
for the in situ etching. In addition, the active metal catalyst may
also accelerate the etching process.

To achieve the selective growth of SWCNTs by etching,
introduction of appropriate etchants is essential. Ding et al. grew
aligned s-SWCNTs on a quartz substrate by chemical vapor
decomposition (CVD) from mixed ethanol and methanol using
Cu as catalyst.” It can be seen from Figure 2a—d that the
SWCNTs are well-aligned, densely packed, straight, and uniform
in diameter. Figure 2e—f shows radial breathing mode (RBM)
band Raman spectra of the sample excited with 633 and 488 nm
lasers. The s-SWCNT content was found to be ~95%. It was
proposed that the HO radicals originating from the methanol
carbon source play a key role as an etchant to preferentially
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remove m-SWCNTs, and this was supported by the fact that no
semiconducting and metallic selectivity was observed when only
ethanol was used as the carbon source. In addition, the selective
growth of s-SWCNTs only applies to the aligned nanotubes with
a very narrow diameter distribution, which facilitates efficient
selective etching of m-SWCNTs. Water vapor was also used as an
etchant to selectively remove m-SWCNTs.””*' Zhou et al.
achieved direct growth of s-SWCNT's on both quartz and silicon
substrates, and the content of s-SWCNTs reached ~97%.2° It
was proposed that a suitable amount of moisture and a low
carbon feed rate are essential to ensure that the growth rate of the
m-SWCNTs is lower than the etching rate, so that the sample is
enriched with s-SWCNTs. Che et al. reported the growth of s-
SWCNTSs on a quartz substrate using an isopropyl alcohol
carbon stock.”> Mass spectrometry studies revealed that water
vapor existed in the reactor. The water originating from the
decomposition of isopropyl alcohol which acts as an etchant for
m-SWCNTs. Rather than using a gas phase etchant, Qin et al.
prepared s-SWCNTSs on a Si substrate using a CeO, catalyst
support, which released oxygen at elevated temperatures to
obtain an oxidative environment and efficiently eliminated m-
SWCNTs.”® Hong et al. prepared s-SWCNTs (~95%) on a
quartz substrate by applying UV beam irradiation.'®
proposed that the UV irradiation leads to the formation of free
radicals, which preferentially react and remove the as-formed
caps of m-SWCNTSs, thus resulting in the enrichment of s-
SWCNTs. Although it is generally accepted that free radicals play
a key role in the selective etching process, more detailed
characterization is needed. It would be more desirable to realize
in situ observation of the etching process of m-SWCNTs, which
provides direct evidence and useful kinetics of the selective
removal.

It was
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Figure 2. Arrays of almost exclusively semiconducting SWCNTs obtained using mixed ethanol and methanol as carbon source. (A and B) SEM images.
(C) AFM image. (D) Diameter distribution of 200 SWCNTs of an array measured by AFM. (E and F) Raman spectra of the SWCNTs transferred onto
a $iO,,Si substrate. Each colored curve in (E) and (F) shows a spectrum measured at one spot of the sample. The rectangles marked with “S” and “M”
denote the frequency ranges of RBM peaks of semiconducting and metallic SWCNTs, respectively. Reproduced with permission from ref 19. Copyright

2009 American Chemical Society.
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Figure 3. (a) TEM images and (b) absorption spectra of the SWCNTs prepared by FCCVD with a suitable amount of O, introduced. It can be seen that
the SWCNTs are dominated by high-quality semiconducting nanotubes. Scale bar: 10 nm. The labels S,; and S,, indicate the excitonic optical
absorption bands of s-SWCNTs, and the M, label corresponds to the first-order transition of m-SWCNTs. Reproduced with permission from ref 27.

Copyright 2011 American Chemical Society.

The above studies focus on the direct growth of s-SWCNT's on
the substrate surface. The advantage of these surface-grown
SWCNTs is that the position and alignment of the nanotubes are
controllable, but the disadvantage is that the amount of
SWCNTSs grown is very limited, usually invisible to the naked
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eye. For the fabrication of large-area thin film FETs (TFTs) and
TCFs, there is a great demand for the large-scale synthesis of high
quality s- and m-SWCNTs.

The floating catalyst CVD (FCCVD) method is one of the
most efficient techniques for the growth of SWCNTs.”*** The

DOI: 10.1021/jacs.6b00838
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Figure 4. (a) A flowchart showing the dry transfer of as-prepared s-/m-SWCNTs by selective etching-FCCVD to a target substrate. (b) Optical image of
a SWCNT-based TCF transferred onto a flexible PET substrate. (c) Typical SEM image of a self-assembled SWCNT thin film. Reproduced with

permission from ref 30. Copyright 2014 American Chemical Society.

SWCNTs prepared are usually pure, straight, long, and highly
crystalline.” Because the catalyst nanoparticles are in a floating
state during the growth of the SWCNTs, it is much easier and
efficient for the growing nanotubes to make good contact with
the environmental gases and consequently to achieve selective
etching. We have developed a selective etching-floating catalysis
approach® in which a small amount of O, was introduced. The
sample obtained was characterized by TEM and absorption
spectroscopy (Figure 3), from which it can be seen that the
SWCNTs are pure and straight and that the absorption peaks
originating from the m-SWCNTs are evidently weakened at an
optimum condition.”” TFT performance and laser Raman
measurements further confirmed the enrichment of s-SWCNTs
in the as-prepared sample, and their content reached ~90%.
Because oxygen is a strong oxidant, the optimum window for the
selective growth of s-SWCNTs is very limited, and too much or
too little oxygen leads to complete removal of either all SWCNTs
or poor selectivity. In addition, the oxygen also tends to
introduce defects in the surviving s-SWCNTs. We have,
therefore, explored a milder gas phase etchant of H,.” It was
demonstrated that the introduction of an appropriate amount of
hydrogen during the growth of SWCNTs by FCCVD can
selectively remove m-SWCNTs, and the content of s-SWCNTSs
was shown to be ~93% by absorption spectroscopy. In addition,
the temperature for the rapid oxidation of the s-SWCNT's was as
high as 800 °C, indicating their very high quality. It was proposed
that H, could be partially decomposed to free radicals at a high
temperature of 1100 °C in the presence of the iron catalyst
nanoparticles, and these free radicals then preferentially react
with the m-SWCNTs.

These studies have achieved selective growth of s-SWCNT's
based on the principle that m-SWCNTs are chemically more
reactive than the semiconducting ones when they have similar
diameters. Therefore, the selective growth of m-SWCNTSs by
etching is more difficult. Zhang et al. reported the synthesis of m-
SWCNTs by postsynthesis gas phase etching using SO; as
etchant.”” However, the mechanism of this process is still
unclear. Hou et al. intentionally synthesized SWCNTSs
containing small diameter s-SWCNTSs and large diameter m-
SWCNTs by tuning the synthesis parameters of ECCVD,*’ and
hydrogen was introduced as an etchant. As a result, the small
diameter s-SWCNTs were selectively removed, and a m-
SWCNT-enriched (~88%) sample was obtained. A large-area
m-SWCNT film was directly collected from the reactor (Figure
4). The transparent conductive performance of the m-SWCNT
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film was much higher than that of SWCNTs without any
selectivity for electrical type.

The selective etching-floating catalyst CVD permits large-
scale, continuous synthesis of high-quality s- and m-SWCNTs
controllably. The as-prepared SWCNT's can be directly collected
in a form of thin films by using filters or rolled up substrates
without any solution process (Figure 4a). Thus, high quality,
large-area s- and m-SWCNTs can be prepared (Figure 4b,c) and
used for the fabrication of various SWCNT-based high-
performance devices, such as integrated TFTs and TCFs. For
the selective etching-FCCVD approach, it is important to further
improve the content of s-/m-SWCNTs in the samples obtained,
which depends largely on the selection and optimization of the
etchant used.

B GROWTH OF S- AND M-SWCNTS BY CATALYST
DESIGN

As mentioned above, in situ etching is an efficient method for the
selective synthesis of high quality s- and m-SWCNTs. However,
since the stability of a SWCNT is related to both its electrical
type and diameter, and the grown SWCNT's usually have a range
of diameters, it is difficult to obtain highly pure s-/m-SWCNTs
by selective etching due to competition between the stabilities of
electrical types and tube diameters. Therefore, to achieve precise
control over the electrical type and even the chirality of
SWCNTs, it is important to perform catalyst design and
engineering, since the nucleation and growth of SWCNTs
originate from the catalyst nanoparticles and their structures and
properties are closely related to the catalyst used. The most
commonly used catalysts for SWCNT growth are transition
metals, such as iron, nickel and cobalt, which catalyze the growth
of SWCNTs by the vapor—liquid—solid (VLS) mechanism with
high efficiency.”’ However, the samples obtained usually show
no selectivity and contain both s- and m-SWCNTs with a wide
range of diameters.”* Although pioneer work on controlling the
growth of SWCNTs according to their electrical type and
chirality has been performed using morphology-tuned Fe** and
bimetallic Ni,Fe,_>”** nanoparticles as catalysts, the detailed
mechanisms are still not clear. Therefore, the search for novel
catalysts for the selective growth of SWCNTSs is highly
important, and a thorough understanding of the growth
mechanisms of SWCNTs will undoubtedly provide useful hints
for the catalyst design.

DOI: 10.1021/jacs.6b00838
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Tang et al. studied the growth process and mechanism of
SWCNTs using an in situ TEM technique® as schematically
shown in Figure S. They prepared multiwall CNTs (MWCNTs)
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Figure S. Schematic showing the experimental procedure of the in situ
TEM method for investigating the growth mechanism of CNTs. (a)
Preparation of a CNT with both open ends by the AAO template
method. (b) Loading of catalyst NPs inside the hollow core of the CNT.
(¢) Nucleation of small CNTs driven by Joule heating and electron
beam irradiation inside the TEM. (d) Growth of small CNTs from the
catalyst NPs. Reproduced with permission from ref 35. Copyright 2014
American Chemical Society.
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with open ends by an anodic aluminum oxide template
method;* catalyst nanoparticles were then loaded inside the
hollow core of the MWCNTSs by wet chemical immersion, CVD,
or thermal sublimation. With the aid of a TEM-STM holder, a
voltage was applied to individual MWCNTSs placed in the TEM
chamber and the Joule heating effect induced high temperatures
in the MWCNT nanofurnace. As a result, CNT growth occurred
from the catalyst loaded inside the MWCNT's and the process
was observed in situ under TEM. It was found that the
morphology, composition, and solid/liquid states of the
traditional iron catalyst changed during CNT growth, which
explains why uniform traditional catalyst nanoparticles grow
SWCNTs of random electrical types and chiralities.”> On the
other hand, when SWCNTs grow from catalysts having high
melting points, such as SiO,’” and BN, the structure of these
catalysts was observed not to change during the whole growth
process. Therefore, novel highly stable catalysts may be more
suitable for the structure-controlled growth of SWCNTs. In fact,
carbonaceous nanostructures and high melting point alloys have
been used for the controlled growth of SWCNTs very recently.

Yao et al. first reported “cloning” growth of SWCNTs using
shortened SWCNTSs as growth seeds.”” The lengths of the
original short SWCNTs were apparently elongated after CVD
growth from ethanol. The chirality of the newly grown SWCNTs
was characterized to be the same as that of the SWCNT seeds.
This result indicates that the structure and property of SWCNT's
can be inherited from parent carbonaceous catalysts. Liu et al.
also performed “cloning” growth by using SWCNT seeds with a
specific chirality prepared by postsynthesis separation, and
chirality-pure SWCNTs with an average length of 34. 5 pm, about
100 times that of the original seeds, were obtained.*' Liu et al.
also reported a strategy that combines bottom-up orgamc
chemistry synthesis and vapor phase epitaxy elongation.*” They
first prepared CgsoH,, molecules as the cap of SWCNTs, then
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performed CVD growth of SWCNT's using a mixture of CH, and
C,H, as the carbon source. As a result, small diameter s-
SWCNTSs were obtained, and selective etching produced by
introducing H,O was considered to play an important role.
Sanchez-Valencia et al. synthesized a Cy¢Hg, precursor, which
can be transformed to short (6, 6) SWCNT seeds after annealing
at 500 °C on a Pt(111) substrate.”* By CVD from ethylene or
ethanol, pure (6, 6) metallic SWCNTs with lengths of hundreds
of nanometers were obtained. These results demonstrate that by
designing and preparing a seed with a predefined structure, e.g,,
the cap of SWCNTs or a segment of SWCNTSs for cloning,
SWCNTs with a uniform electrical type or even chirality can be
obtained. However, the yield and growth rate of SWCNTSs from
the carbonaceous seeds are very low, and the fine structure at the
interface between the growth seeds and newly grown SWCNTs
need further investigations.

Except for carbons, high melting-point alloys, metal carbides,
and metal oxides have been explored for the controlled growth of
SWCNTs. Yang et al. prepared tungsten-based alloys such as
WCo, WFe, and WNi nanoparticles as catalysts for the templated
growth of SWCNTSs with specific structures and properties

(Figure 6).** Due to their high melting-points, these alloy

Templated growth
Ethanol CVD

Molecular cluster W @ Co ®C :
@ @coe (n, m) SWNT
Figure 6. Preparation of W—Co catalyst and the templated growth of a
SWCNT with specified chirality. Reproduced with permission from ref
44. Copyright 2014 Nature Publishing Groups.

nanoparticles retained their solid state and crystalline structure
even at CVD growth temperatures over 1000 °C. As a result, the
content of (12, 6) metallic SWCNTs in the sample catalyzed by a
WCo catalyst was shown to be ~92%. Both in situ and ex situ
TEM observations were performed to understand the reason for
this unprecedented chirality-selective growth. It was found that
WCo, nanoparticles kept their crystalline structure with facets
when heated in vacuum up to 1100 °C. Postsynthesis TEM
observations revealed that the (12, 6) nanotube axis was
perpendicular to the (0 0 12) plane of W,Co,. DFT simulations
confirmed a perfect geometrical match for the (12, 6) tube and
the (0 0 12) plane of WCo;,. Furthermore, by using WCo;
catalysts containing an enrichment of (1 1 6) planes, the same
group also achieved preferential growth of (16, 0) s-SWCNTs.*

It is, therefore, suggested that a structural match between catalyst
and nanotube might be an essential factor in the chirality-
selective growth of SWCNTs. Very recently, Zhang et al
reported the growth of s-SWCNTs with a narrow diameter
distribution usmg hexagonal Mo,C nanoparticles as catalyst
(Figure 7).% Figure 7a illustrates the procedure of obtaining a
uniform Mo,C catalyst from the precursor and the following
growth of horizontal SWCNT arrays. A typical SEM image of the
as-grown long, aligned SWCNTs is shown in Figure 7b. The
RBM Raman peaks excited with a 514 nm laser appeared mainly
at ~190 cm™'. Therefore, the SWCNTs were assigned as s-
SWCNTs accordmg to the Kataura plot.*” It was proposed that

DOI: 10.1021/jacs.6b00838
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Figure 7. (a) Illustration of the growth of horizontally aligned s-SWCNT arrays using Mo, C catalysts on a quartz substrate. (b) SEM image of a Mo,C-
catalyzed SWCNT array. (c) Raman spectra in the RBM region of the nanotubes transferred to a Si/SiO, (300 nm) substrate measured with a 514 nm
laser. A linear scan was performed over a distance of 200 ym with a step of 1 ym, and each colored curve shows a spectrum measured at one spot. The
black rectangle labeled with “S” presents the RBM region of s-SWCNT's detectable using the 514 nm laser. Reproduced with permission from ref 46.

Copyright 2015 American Chemical Society.

the Mo,C nanoparticles selectively catalyze the scission of the
C—O0 bond of ethanol, and the resultant O radicals preferentially
etch metallic nanotubes; thus, s-SWCNTs with a narrow
diameter and chirality distribution were obtained. Kang et al.
reported the growth of s-SWCNT arrays using oxygen-deficient
TiO, nanoparticles as catalyst.** Theoretical calculations showed
that TiO, nanoparticles with oxygen vacancies have a lower
formation energy for s-SWCNT's than that for m-SWCNTs, thus
achieving the preferential growth of s-SWCNTs with a high
content of ~95%. High melting-point alloy/compound catalysts
have shown great potential for growing SWCNT's with specific
structures; however, the controllable growth mechanism is still
unclear.

B SUMMARY AND PROSPECTS

As mentioned above, notable progress has been made on the
synthesis of s- and m-SWCNTs in terms of high purity,*~** high
quality,”*** and controllable packing configurations*’ by either
in situ selective etching or novel catalyst design.*’ However, there
are big challenges to be faced. First, the purity of s-/m-SWCNTs
prepared by in situ selective etching needs to be further improved.
In situ selective etching has been demonstrated to be an effective
approach to prepare s- and m-SWCNTs in bulk, based on the
principle that the chemical stabilities of these two types of
SWCNTs are different. The best reported contents of s- and m-
SWCNTs obtained in bulk by selective etching are ~93%* and
~88%,” respectively. Since the stability of a SWCNT is related
to both its electrical type and diameter, it is important to grow
SWCNTs with a very narrow diameter distribution to achieve
high-content s-/m-SWCNTs. To achieve this objective, the
design and preparation of well-dispersed, and stable catalyst
nanoparticles of the same size is essential. Therefore, the
combination of selective etching and novel catalyst design may
be a feasible way to achieve high-content s-/m-SWCNTs. As an
example, very recently, Zhang et al. designed and prepared a
uniform, monodispersed partially carbon-coated Co nanoparticle
catalyst (Figure 8a) using a block copolymer self-assembly
method,”’ where the carbon coating functions to both prevent
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Figure 8. (a) AFM image of partially carbon-coated Co nanoparticles.
The inset is high resolution TEM image showing the structure of a
catalyst nanoparticle. (b) Typical TEM image of the SWCNTs grown
from the partially carbon-coated Co catalyst. (c) RBM Raman spectra of
the as-grown SWCNTs excited with 532 nm laser. (d) Absorption
spectra of the SWCNTs. Red line. as-collected curve; black line, curve
with background subtracted. Reproduced with permission from ref 51.
Copyright 2016 Nature Publishing Groups.

the aggregation of encapsulated Co nanoparticles and guarantee
a perpendicular growth mode of SWCNTs from the exposed Co.
As a result, the SWCNTSs grown have high quality and a very
uniform diameter (Figure 8b). When H, was used as an in situ
growth etchant, high purity s-SWCNTSs with narrow diameter-
and band gap distributions were obtained as characterized by
multiwavelength Raman spectra and absorption (Figure 8c,d).
Furthermore, the currently used etchants for the selective growth
of SWCNTs include mainly O,,>” H,0,”° H,,** and methanol
that may produce reactive radicals. If more efficient and “smart”

DOI: 10.1021/jacs.6b00838
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Figure 9. In situ time-resolved TEM images and models of SWCNT nucleation and growth. (a—d, i, and j) A series of images showing SWCNT growth
from Co,C. (e—h, k, and 1) Corresponding atomic models. The active surfaces of the catalyst are identified as {020} and {210}. (m) Snapshot showing
the average distances between the growing structure and the {020} and {210} catalyst surfaces before nanotube lift-off. Scale bars are 1 nm. Reproduced
with permission from ref 52 Copyright 2014 American Chemical Society.

etchants particularly toward s-/m-SWCNTSs can be developed,
the purity of s-/m-SWCNTSs would be further improved.

Second, the working mechanisms of novel catalysts and their
design principles need further investigation. Exciting progress
has been made on the chirality-controlled growth of SWCNTs
using high melting-point alloys** and structure-defined carbon
caps.*’ To improve the growth efficiency by this approach and to
achieve better controllability, it is important to thoroughly
understand their growth mechanisms. Although efforts have
been made, and possible growth mechanisms have been
proposed based on experimental and simulation results, more
direct evidence showing the correlation between the structure of
the catalysts and the chirality of grown SWCNTs are greatly
needed. It seems possible to get valuable hints and information
on this matter using in situ TEM SWCNT growth, since the
lattice structure of catalysts can be well-defined and the chirality
of SWCNTSs can be determined by electron diffraction. Pitcher et
al. performed atomically resolved imaging of the nucleation of
SWCNTSs from Co,C nanoparticles in an environmental TEM>*
and found that the incorporation of additional carbon atoms
leads to cap lift-off on the (210) plane and nanotube growth,
while the sides stay anchored to the {020} surfaces (Figure 9).
Because the cap structure is controlled by nanoparticle facet
geometry, the chirality of the SWCNT's will also be determined at
this stage.

He et al. also observed the formation of SWCNT caps from Co
nanoparticles with well-resolved crystalline fringes in an
environmental TEM.>® In addition, they reported the prefer-
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ential growth of s-SWCNTs in an ambient CO atmosphere
because the epitaxial Co nanoparticles promote high chiral
selectivity. Although valuable results have been obtained in the
above studies, a relationship between the chirality of the
SWCNTs and the catalyst could not be given, possibly because
that the in situ grown SWCNT's are very short and it is difficult to
determine their chiralities by electron diffraction. In trying to
reveal the correlation between the structures of the catalysts and
the grown SWCNTs using the in situ TEM growth approach,
there may be difficulties originating from the low catalytic activity
of these novel catalysts (compared to normal transition metals)
and the low hydrocarbon pressure allowed in an environmental
TEM chamber, which prevent the growth of SWCNT's with good
crystallinity and sufficient length for diffraction characterization.
Innovation in equipment, such as environmental TEMs and
atmospheric environmental cells, would further facilitate these in
situ TEM studies. On the other hand, theoretical studies, that
have proven efficient in predicting and interpreting the growth
process and structure of SWCNT's, may play an important role in
the design of novel catalysts and in revealing the interactions
between SWCNTs and catalysts at the nucleation and growth
stages.”* >’ A combination of in situ TEM studies and theoretical
predictions could bring new insight to the catalytic growth of
SWCNTs. The clarification of the growth mechanisms and the
design principles of novel high melting-point catalysts will
hopefully further promote the structure- and property-controlled
growth of SWCNTs.
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Third, standardized methods for accurately characterizing the
contents of s-/m-SWCNTSs need to be established. The
structures of s- and m-SWCNTs are quite similar, and it is
difficult to differentiate these two types of SWCNTs using
normal characterization techniques. Thus, to establish reliable
methods for determining the contents of s-/m-SWCNTs in a
sample is essential for understanding the controlled growth of
SWCNTs. Currently, s-/m-SWCNTs can be characterized using
multiwavelength laser Raman spectroscopy,”>*" absorption
spectrosc:opoy,27’6()‘61 fluorescence spectroscopy,m’63 electron
diffraction,**®> SEM observation,”® and the performance of
fabricated FETs.*>*>*” However, each of these techniques may
be applicable to some specific SWCNT samples and may have its
advantages and limitations. For example, absorption spectrosco-
py measurements require a large quantity of SWCNTSs and
reflect macro-scale statistical results. To determine the chirality
of SWCNTSs by electron diffraction, the nanotubes must be
isolated, straight and clean, but the number of SWCNT's that can
be examined is very limited. Fluorescence spectroscopy provides
the chirality distribution of a large sample quantity, but is only
valid for s-SWCNTs. Currently, researchers have to use 2 to 3 or
even more techniques to measure the content of s-/m-SWCNTs
so that comprehensive and reliable results are obtained. Because
of the variety of SWCNT samples in terms of quantity,
crystallinity, size, growth substrate, and configuration, the issue
of s-/m-SWCNT content measurements is still far from well
addressed. A possible solution is to define standard samples with
a series of contents of s-/m-SWCNTs and diameters, and their
standard Raman/absorption/fluorescence spectra determined.
These standard samples could be prepared by postsynthesis
separation and/or direct growth with their structures thoroughly
characterized. Then, their typical Raman spectra, absorption
spectra and fluorescence spectra could be measured and
recorded as standard spectra. By comparing spectra from a new
sample with the standard samples, the contents of s-/m-
SWCNTs in a sample could be determined. Anyway, to achieve
the establishment of convenient, accurate, sensitive, and reliable
standard characterization methods, great effort is still needed.

With further improvements in the controlled synthesis of s-/
m-SWCNTs, we may expect to see their practical applications in
the near future. However, the fabrication of next-generation
SWCNT-based computers requires s-SWCNTSs with both very
high purity (>99.9999%) and high packing density (>125
isolated tubes/um) and appropriate processing techniques need
to be developed to ensure high performance and good reliability,
and therefore, this may take a considerably long time.®® The use
of enriched s-SWCNTs in thin film FETs and the use of enriched
m-SWCNTs in transparent conductive films can hopefully be
achieved in a few years. In these cases, the fabrication of high-
quality, large-area, highly uniform s-/m-SWCNT films is of great
importance. Recent reports have demonstrated that SWCNT's
prepared by the floating catalyst CVD method can be directly
collected through a gas phase approach to form large-area
films.** By combining i situ selective etching, floating catalyst
CVD growth, and gas phase collection techniques, high quality
s-/m-SWCNT films may be obtained on a large scale. For use in
flexible electronics, SWCNT film-based devices have the
advantages of excellent flexibility, good stability and desirable
electrical and optical properties compared to traditional materials
and other newly emerging competitors. Therefore, these high
quality s-/m-SWCNT films can hopefully find uses in TCFs,
TFTs and various flexible devices in the next few years.
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In summary, the direct synthesis of s- and m-SWCNTs is a
focus of CNT research and a bottleneck for the use of CNTs in
electronics. Notable progress has been made using the in situ
selective etching and novel catalyst design approaches in recent
years. Parallel s-SWCNT arrays with a purity of ~97%>° and free-
standing m-SWCNT thin films with a purity of ~88%’ have
been prepared. To further improve the purity and controllability
of s- and m-SWCNTs, it is essential to more clearly understand
the selective growth and etching mechanisms of SWCNTSs, so
that more efficient catalysts and etchants can be discovered. The
combination of catalyst design and selective etching could be a
feasible and efficient way of doing this. These selectively grown s-
and m-SWCNTs can hopefully be used in TFTs, TCFs, and
advance the development of flexible electronics in the near
future.
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