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Semiconducting single-walled carbon nanotubes SWCNTs (s-SWCNTSs) are considered one of the most
promising alternatives to traditional silicon-based semiconductors. In particular, large-diameter s-SWCNTs
(>1.2 nm) exhibit more advantages over small-diameter ones in high-performance electronic applications
because of their higher charge carrier mobility and reduced Schottky barrier height. Great efforts have
been made to enriching large-diameter s-SWCNTs from mass-produced raw CNTs that contain both
metallic SWCNTs and s-SWCNTs. Among separation technologies, the effective and scalable ones are con-
jugated polymer wrapping (CPW), gel permeation chromatography (GC), aqueous two-phase extraction

Received 8th October 2021, (ATPE), and density gradient ultracentrifugation (DGU). In this review, we survey recent progress on enrich-
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ing large-diameter s-SWCNTs using those methods and outline the strategies and challenges in the separ-
ation according to the electronic type and chirality of SWCNTSs. Finally, we highlight some applications of
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1. Introduction

Single-walled carbon nanotubes (SWCNTs) have drawn con-
siderable attention in both academia and industry because of
their unique electrical, optical, mechanical, and thermal pro-
perties. In particular, large-diameter (>1.2 nm) semiconduct-
ing SWCNTs (s-SWCNTs) have exhibited high charge carrier
mobility, low Schottky barrier, and low-temperature processa-
bility. They are considered one of the most suitable materials
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the enriched large-diameter s-SWCNTs and outlook for the future of SWCNT-based electronic devices.

to replace silicon for future high-performance electronics® and
have been successfully used in high-performance digital circuits,
flexible electronics, photovoltaics, thermoelectric devices, etc.”®

Large-scale produced, commercially available SWCNTs are a
mixture of s-SWCNTs and m-SWCNTs, as well as amorphous
carbons and catalysts. Moreover, the as-produced SWCNTs,
especially for large-diameter ones, bundle tightly together and
have poor processability. Therefore, raw SWCNTs need to be
dispersed and separated before use. To date, several enrich-
ment methods, including conjugated polymer wrapping
(CPW),” gel permeation chromatography (GC),® aqueous two-
phase extraction (ATPE),” and density gradient ultracentrifuga-
tion (DGU)" have shown excellent capability in the enrich-
ment of large-diameter s-SWCNTs. This review focuses on a
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summary of recent progress on the state-of-the-art post-growth
separation methods for enriching large-diameter s-SWCNTSs
and provides prospects for future enrichment development.
Additionally, we discuss some important applications of the
enriched large-diameter s-SWCNTs, and finally, give an
outlook for future research and opportunities of large-dia-
meter s-SWCNTSs for next-generation optoelectronic devices.

2. Features of large-diameter
s-SWCNTs

The structure of SWCNTs can be described by two chirality
indices (n,m). Its diameter (d) and chiral angle (¢) can be cal-
culated by equation (1) and (2):"*

d =2+ me +nm (1)
T
0= arctan< s ) (2)
2n +m

SWCNTs with the same chiral vectors can be further
divided into left- and right-hand enantiomers. The diameters
and chiralities of SWCNTs determine their electronic properties
and potential applications. To date, s-SWCNTs extracted from
several mass-production raw materials with different diameters
have been explored for broad applications in various types of
optoelectronics and biological imaging fields (Table 1).

To date, small-diameter SWCNTs (e.g., CoMoCAT or HiPCO)
have been widely used in photovoltaics, bioimaging, and
photon emitters because they have suitable bandgaps and can
be easily dispersed, purified, and functionalized.">">"*?° For
example, a recent simulation work proves that four small-dia-
meter nanotube species, (6,4), (9,1), (7,3), and (7,5) with dia-
meters of 0.69-0.76 nm, could form an idealized tandem solar
cell having a sunlight harvesting potential of up to 28% while
large-diameter nanotubes (1.01-1.47 nm) were predicted to
have a sunlight harvesting efficiency of only 19%.*' In
addition, most well-defined single-chirality SWCNTs and enan-
tiomers have been obtained in the small-diameter range.”*??
However, small-diameter SWCNTs suffer from high production
cost and poor electronic performance compared with their
large-diameter counterparts.

View Article Online

Minireview

Large-diameter s-SWCNTs ( plasma-torch, arc-discharge and
Tuball) tend to be longer, straighter, and have fewer defects,
exhibiting higher charge carrier mobility.”® s-SWCNTs with
diameters larger than 1.2 nm have reduced Schottky barrier
with the contact metal, which is helpful to increase carrier tun-
neling and decrease on-state resistance.>® Therefore, large-dia-
meter SWCNTs are important building blocks for electronic
applications requiring high current density and high charge
carrier mobility, such as high-performance computing
(optimal d: ~1.5 nm*®), thin-film transistors (TFTs), thermo-
electrics, etc. Recently, Statz et al demonstrated that
s-SWCNTs with a diameter from 1.0 to 1.6 nm enable a large
thermally accessible density of states (DoS), which leads to
high Seebeck coefficients, low tunneling barriers and high
conductivities for both electronic and thermoelectric appli-
cations."® Moreover, large-diameter SWCNTs can generate
1500-1600 nm fluorescence which is attractive for silicon-inte-
grated optoelectronic devices for telecommunication techno-
logies.”” They have suitable endohedral volumes for guest
molecule encapsulation. The newly created hybrid nano-
materials with modified properties are useful in photoconver-
sion applications, such as photodetectors and photovoltaic
devices.' 8730

Nevertheless, large-diameter SWCNTs have stronger inter-
tube interactions and tend to form strong and tight nanotube
bundles, making them difficult to be individually dispersed
and separated. The population of chiral candidates with
similar diameters and electronic properties increases as the
diameter increases, and therefore, the structural and property
differences between the large-diameter SWCNTs decreases.’
These challenges make the enrichment of large-diameter
s-SWCNTs more difficult. Despite the challenges, many efforts
have been devoted to enriching high-purity large-diameter
s-SWCNTs and extracting large-diameter single-chiral carbon
nanotubes because of their outstanding electronic perform-
ance and wide applications.

3. Enrichment methods

In recent years, both direct-controlled growth and post-growth
separation methods have been developed for preparing
SWCNTs with specific electronic types or chirality. Direct con-
trolled growth can provide high purity s-SWCNTs or single-

Table 1 Properties and potential applications of s-SWCNTSs extracted from several mass-production raw Materials®

CoMoCAT HiPCO Plasma-torch Arc-discharge Tuball
Diameters (nm) 0.7-0.9 0.8-1.2 1.2-1.5 1.2-1.7 1.4-2.2
Band gaps (eV) 1.2-1.1 1.1-0.8 0.9-0.7 0.8-0.6 0.8-0.5
Costs (USD) $300-700/g $300-600/g $10-40/g $35-280/g $4-20/g
TFT mobilities” 1-3 5-12 20-40 20-60 NA
(em” (V's)™)
Preferred optoelectronic Photovoltaics and Photonics and infrared TFTs and TFTs and Not widely used
applications sensing®"> ™ photodetector>*® thermoelectrics”*® integrated circuits® in optoelectronics

“Data based on s-SWCNT random networks.

This journal is © The Royal Society of Chemistry 2022
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chirality SWCNTs. However, its high cost, poor tube quality,
and low CNT density hinder its practical applications.***' On
the contrary, post-growth separation methods have advantages
of simplicity, controllability, and high efficiency. Several of
them allow high-purity (>99%) s-SWCNT separation and
exhibit large-scale production capacity (Fig. 1). These methods
are listed in Table 2. In general, these four methods are wet
chemical techniques. They all need sonication/centrifugation
processes to obtain well-dispersed SWCNTs with the presence
of a dispersing agent, such as conjugated polymers, small
molecular surfactants, and DNA, and use different types of
solvents.

2.1. Conjugated polymer wrapping

Conjugated polymer wrapping is a powerful tool for enriching
large-diameter s-SWCNTs and the highest purity has reached

a b
Conjugated
Polymers
s-SWCNT
(2)
Centrifugation
m-SWCNT
c ‘ d
") ") ")
— [— 7
mix extract
i B

refill

' settle

View Article Online

Nanoscale

99.9999%,%® which was evaluated by electrical measurement.
Polyfluorenes, polycarbozoles, polythiophenes, and their
derivatives are commonly used as sorting polymers (Fig. 2a).""
The sorting process mainly includes two steps: (1) dispersing
SWCNTs with conjugated polymers by sonication and (2) sep-
arating s-SWCNTs and m-SWCNTs/impurities by centrifu-
gation. It is believed that m-SWCNTs have more free electrons
on surface, and they will exhibit stronger charge transfer
with polymers. The charge transfer interactions make the
m-SWCNT-polymer complex tend to form bundles in non-
polar organic solvents and finally precipitate after ultracentri-
fugation.’” Using conjugated polymers as the dispersant,
SWCNT separation does not require extra medium, and the
centrifuge force and period are found to be much lower than
the surfactant-based processes.*®*° However, it is based on
organic solvents which are not environmentally friendly.

SWCNT Gel SDS Eluti DOC
solution permeation wash UHonn wash

V M-SWCNT V S-SWCNT

Re-equilibration

@ Surfactants

/0

\ Ultracentrifugation

-7

. |
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Fig. 1 Four solution-based post-growth separation methods. (a) Conjugated polymer wrapping (CPW). (b) Gel permeation chromatography (GC).
(c) Aqueous two-phase extraction (ATPE). Reproduced with permission.®2 Copyright 2015, American Chemical Society. (d) Density gradient ultracen-

trifugation (DGU).

Table 2 Comparison of several large-diameter s-SWCNT enrichment methods

Highest purity =~ Capability for single- Mean length
Method Dispersant Solvent Separation medium  reported chirality enrichment ~ Yield Cost distribution®
CPW Conjugated polymer ~ Organic solvent NA >99.9999%>°  Low High Low >1pm
GC Surfactant Water Sephacryl/Agarose >99.9%°* High Low High ~0.6 pm
ATPE Surfactant or DNA  Water PEG/DX >99.56%"° High High Low NA
DGU Surfactant Water Iodixanol >99%°° Medium Low High ~0.6 pm

1098 | Nanoscale, 2022, 14, 1096-1106

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1nr06635h

Published on 06 December 2021. Downloaded on 6/18/2026 2:03:30 AM.

Nanoscale

PFO (R=CgH,7) (P1)

CgHyzy CoHiz N:S;N
GO
F8BT (P2)

c10H21
CgHizCsHiz |

PFO-BPy (P3) PC (P4)

csHﬁ\rCaHﬂ R R
N S 7\ S 1\
Yaavas
R R d
P3HT (R=CgHy) (P6) P3DT (R=CyoHyy) (P7)
PCz (P5) P30T (R=CyHyy) (P8) P3DDT (R=Caatlzs) (P9)

=
R
+ Chain Stopper

<

Removable and recyclable

View Article Online

Minireview

Polyoxometalate (POM)

3 Polymer
g5
5

POM@SWCNT bundle

3 5 —_—
. Encapsulation “- Separation

%

S

SWCNT bundle

Metallic SWCNTs

Semiconducting (s-) SWCNTs

m-SWNTs
& Impurity

—

SWNT mixture SWNT

separation

polymer PFPD CizHas CizHas

s

Recycling or
re-synthesis

s-SWNTs
& PFPD

Polymer
removal

Polymer .
monomers amn» e  s-SWNTs

Fig. 2 (a) Conjugated polymers used for separate SWCNTSs: Polyfluorenes(P1-P3), Polycarbazoles (P4, P5), Polythiophenes(P6—-P9). (b) Schematic
for SWCNTSs encapsulated by redox polyoxometalates and s-SWCNTs separation using polymer wrapping. Reproduced with permission.>? Copyright
2021, American Chemical Society. (c) Engineering supramolecular polymer conformation by introducing chain stoppers for efficient carbon nano-
tube sorting. Reproduced with permission.>®* Copyright 2020, John Wiley and Sons. (d) Diagram of s-SWCNTs separation circle of removable and

recyclable polymer PFPD.

The structure of conjugated polymer plays an important
role in enriching different diameter s-SWCNTs. For example,
poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO, P1) and poly(N-
decyl-2,7-carbazole) (PC, P4) are not favorable for extracting
s-SWCNTs with diameters larger than 1.1 nm.’>*' By adding
rigid and planar conjugated building blocks, like benzothia-
diazole(P2) and pyridine(P3), to the backbone, polymers can
enrich large-diameter s-SWCNTs produced by arc-discharge,
and the purity is higher than 99.9%.***® Several groups found
that polymers with longer alkyl chains (P5, P9) could enrich
larger-diameter s-SWCNTs.>”"”*® In addition, parameters,
such as the molecular weight, polymer concentration, polymer
to SWCNTs ratio, and temperature, will also affect the dia-
meter selectivity. Enrichment of s-SWCNTs with different dia-
meters with the same polymer has been achieved by altering
those parameters.*®**>"

The diameter and purity of s-SWCNTs sorted by conjugated
polymer wrapping have satisfied the requirement of a wide
range of electronic applications. The devices made from the
polymer-wrapped s-SWCNTs show excellent performance. The
biggest challenge for this method may be its deficiencies in
extracting specific nanotube species, especially in the large-
diameter range. Several groups reported that enhanced inter-

This journal is © The Royal Society of Chemistry 2022

action between polymers and specific (n,,) SWCNTs could
promote chiral selectivity and reduce diameter distribution.
For example, it is reported that PSBT (P2) could enrich (15,4)
S-SWCNTs (d = 1.36 nm).*>** Tange et al** attributed the
selectivity to the structure and energy matching between PS8BT
and (15,4) SWCNT. Several other reports also demonstrated
that it is promising for single-chirality s-SWCNT enrichment if
polymers could wrap SWCNTs with a preferred stacking path
or a good alignment.>*>® Recently, Li et al. used polymers with
the diameter or chiral angle selectivity to successfully enrich
(10,8) (d = 1.24 nm) and (12,5) (d = 1.2 nm) s-SWCNTs with a
high single-chirality purity larger than 90%, and the optical
and electrical performances of the purified s-SWCNTs were
still excellent.’® They developed two novel methods, namely,
enhanced ultracentrifugation (ultracentrifugation under a suit-
able centrifugal force and time) and stepwise extraction pro-
cessing (an alternating process of CPW purification with
different polymers), which paves a way for future chirality
enrichment of large-diameter SWCNTSs. Moreover, endohedral
filling effects were used for modulating the interaction
between polymers and SWCNTs. Yang et al. filled redox poly-
oxometalates in SWCNTs and successfully enriched s-SWCNTSs
with a narrow diameter distribution (centered at 1.3-1.4 nm)

Nanoscale, 2022, 14,1096-1106 | 1099
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(Fig. 2b).>* They attributed the enrichment to different degrees
of oxidation between redox clusters and nanotubes with
different metallicity and diameters, which finally modifies the
binding affinity between polymers and the SWCNTs.

In addition, polymer contamination is a severe problem in
the CPW method. Excess polymers need to be removed
because they will significantly affect the charge transport prop-
erty and reduce device stability. Therefore, removable and
recyclable polymers have been developed, such as supramole-
cular polymers (SMP), imine-bonded conjugated polymers,
and foldable polymers." Supramolecular polymers (SMP) and
imine-bonded polymers have exhibited high separation ability
for large-diameter s-SWCNTs. Recently, Gao et al. reported a
conformation control method to improve the sorting yield of
supramolecular polymer, and they improved the sorting yield
by twice (from 7% to 14%) without losing purity (>99%)
(Fig. 2¢).”* Lei et al. synthesized imine-based polymer PFPD
for sorting plasma-torch SWCNTs and achieved both high
purity (99.7%) and high yield (23.7%) (Fig. 2d).>” Recently,
they further improved the semiconducting purity to 99.997%
after an additional purification step.” When using removable
and recyclable polymers, the decomposed monomers can be
recycled for polymer resynthesis and reuse, which helps lower
the sorting costs.

2.2. Gel permeation chromatography (GC)

Using GC, SWCNTs can be effectively separated by metallicity,
diameter, and chirality. Sodium dodecyl sulfate (SDS), sodium
cholate (SC), and sodium deoxycholate (DOC) are commonly
used dispersants and eluents (Fig. 3a). These surfactants can
form different coating sizes, shapes, or thicknesses around
different types of SWCNTs according to their surface n-electron
states,>® modulating the interactions of SWCNTs with the gel
and therefore influencing SWCNT separation. SDS has been
studied more thoroughly compared with other surfactants. It
is believed that SDS has electrical and bandgap selectivity. It

a  sps Q o b

DOC

HO™
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tends to form packed and dense micelles on the surface of
m-SWCNTs, which weakens the SWCNT/gel interaction and
promotes m-SWCNT elution. After m-SWCNTSs, the larger dia-
meter s-SWCNTs first elute, and then the smaller diameter
ones” (Fig. 3b).

GC has been successfully used in sorting small-diameter
s-SWCNT species (e.g., COMoCAT and HiPCO SWCNTs) in a
mass-production manner and obtained a single-chirality purity
up to 98%.°°7°* Nevertheless, separation of large-diameter
s-SWCNTs still faces the problems of higher surfactant
package densities and lower absorbability to the gel, as well as
a reduced (n,m) resolution because of decreased structure
differences.® Temperature and pH are critical factors for con-
trolling the absorbance and coverage of surfactants.>®%%%27¢4
Usually, improving the GC temperature will desorb the
wrapped surfactants or make them loosely packed, thus
increasing the interaction between SWCNTs and the gel. pH
could change the number of wrapped surfactants by affecting
the oxidation of SWCNTs or altering the surfactant micelle
structure.”® Wang et al. reported a record semiconducting
purity above 99.94% by tuning the pH value of the surfactant
solution.®® Yang et al. achieved a structural separation of
s-SWCNTs with diameters ranging from 1.2 to 1.7 nm by a
NaOH-assisted gel chromatography method.® They proposed
that the introduction of NaOH could reduce the oxidation of
SWCNTs and decrease the SDS coverage, therefore enhancing
the interaction of large-diameter SWCNTs with gel and assist-
ing separation of SWCNTs with different structures. Using
mixed surfactants with a proper concentration could help to
amplify the interaction difference between various SWCNTSs
with gel, which is also beneficial for separating large-diameter
s-SWCNTs. Several groups have reported successful enrich-
ments of high-purity large-diameter s-SWCNTs using a
mixture of SDS and SC.*°® Studies found that SC absorbs and
binds tighter than SDS on the SWCNTs, reducing SDS absor-
bance and increasing the interaction difference of large-dia-

m-SWCNTs

Larger-diameter s-
SWCNTs

Smaller-diameter
s-SWCNTs

—0

Surfactants

Fig. 3 (a) Chemical structure of three commonly used surfactants. (b) Schematic diagram of SDS wrapping and sorting mechanism. The number
and density of SDS on SWCNT surface: m-SWCNTs > large-diameter s-SWCNTs > small-diameter s-SWCNTSs. The interaction strength with the gel:

small-diameter s-SWCNTSs > large-diameter s-SWCNTs > m-SWCNTs.
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meter species with the gel.®® Using mixed SDS and SC, Wang
et al. successfully separated mixed s-SWCNTs species with
mean diameters of 1.30, 1.38, 1.45, and 1.58 nm.°® Later, they
found that DOC displays good selectivity for different dia-
meters. They achieved high-purity single-chirality separation
using triple surfactants as the eluent. However, adding DOC as
an ingredient in the eluent can only efficiently separate pure-
chirality s-SWCNTs under 1 nm (Fig. 4).°>°* Therefore, a more
suitable surfactant mixture, surfactant concentration, and opti-
mized external conditions need to be explored for larger-dia-
meter SWCNT separation.

The gel medium also plays an important role in SWCNT
separation. Clar and Zanoni et al. studied a series of commer-
cially available hydrogels for the GC separation method.®”"*®
Their results show that the chemical composition, pore size,
and charge moieties of hydrogels are closely related to specific
absorbance sites for SWCNTs, which can be tuned for improv-
ing selectivity and yield. Moreover, the commonly used gel
medium (Sephacryl S-200) is expensive, limiting the practical
usage of the GC method for scalable enrichment of s-SWCNTs.
To address the cost issue, several groups began to develop low-
cost gels for SWCNT separation.®®””? Khamidullin et al. used
nitrated cotton wool as the gel medium and successfully
extracted s-SWCNTs from Tuball tubes.”! However, the
reported purity of s-SWCNTs using these low-cost gels is no
more than 98.7%.”>

2.3. Aqueous two-phase extraction (ATPE)

ATPE uses two immiscible phases, polyethylene glycol (PEG)
and dextran (DX), to separate surfactant/DNA-coated SWCNTs
with different metallicity and chirality.”*’* SWCNTs can be
separated into more hydrophobic, upper PEG-rich phase or

9
0.95- o
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@ 7.6
£ 0.85 5'G
£ 0.80- 83) @
% 0’3
5 0.75 T
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164
0.70{ 3 e

Early Elution order  Late

Fig. 4 Diameter separation of single-chirality use triple surfactants
(0.5 wt% SDS + 0.5 wt% SC + y wt% DOC, y is increased from 0.019 to
0.085 with an incremental step of 0.002 wt% to 0.003 wt%.) as the
eluent. Elution order is constant with DOC concentration. Reproduced
with permission.>® Copyright 2017, John Wiley and Sons.
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less hydrophobic, lower DX-rich phase depending on their
different solvation energy and equilibrium affinity for those
two phases. Because DNA is mostly used for sorting small-dia-
meter species, we will not discuss DNA-based ATPE in this
review. ATPE is able to separate both pure-chirality semicon-
ducting and metallic SWCNTs, unlike GC or polymer wrap-
ping, which is effective only for separating semiconducting
species.

For large-diameter SWCNTs (>1.2 nm), the metallic/semi-
conducting tube separation automatically happened using the
PEG-DX-SDS/SC system.”” It was proposed that m-SWCNTSs’
large polarizability renders them more hydrophilic than
s-SWCNTs, and tend to be enriched in the bottom DX phase.
Wei et al. explored the upper limit purity of s-SWCNTs of ATPE
separation using the above commonly used system. They
found that the s-SWCNT purity was more than 99.5% after 6-8
cycles of iterative sorting.®> Adjusting the redox condition of
the ATPE system can modulate m-SWCNT/s-SWCNT separation
because different oxidation state of SWCNTs can induce
different degree of electron transfer and surfactant reorganiz-
ation on the SWCNT surface® (Fig. 5a). In addition, adding a
small amount of oxidizing agent, such as ~mM NacClO, could
help make the redox potential of ATPE system more fixed than
without any oxidant, making the separation more reliable and
robust.

Using the PEG-DEX-SDS/DOC or PEG-DEX-SDS/SC/DOC
system can realize single-chirality enrichment.®”>”® The separ-
ation mechanism is probably related to the competition
between surfactants, for which one will primarily adsorb on
the surface of specific chirality SWCNTs.® Generally, the
affinity order is DOC > SC > SDS. SWCNTs mainly coated with
DOC or SC tend to stay in the DX phase while SWCNTs coated
with SDS prefer to stay in the PEG phase. Therefore, a suitable
concentration of surfactants is vital to refine the chirality dis-
tribution of SWCNTs, as well as decrease the number of
enrichment steps. Fagan et al established an empirical
formula about the SDS content and the SWCNT diameter or
species at a fixed DOC content: d = 0.284 nm SDS™" (%) +
0.48.”°> They demonstrated that 1.6-1.8 nm diameter SWCNTs
could be discriminated at ~0.1% DOC and 0.7-0.15% SDS.
Combining mixed surfactants with pH adjustment is demon-
strated to enhance the separation of large-diameter SWCNTs
species. Recently, Li et al. successfully separated specific large-
diameter single-enantiomer SWCNTs (1.41 nm, (14,6)) by
adding HCI to assist ATPE separation.’ Adding acid to the
system can alter the structure of DOC and SC, make them
detach from SWCNTs and increase SDS absorption, finally,
push species coated with the most SDS to PEG phase (Fig. 5b).
By controlling pH, one can carry out the enrichment of
SWCNTs with reduced iterations or without changing the
global surfactant concentrations.”*

2.4. Density gradient ultracentrifugation (DGU)

The main process of DGU includes three steps: (1) dispersing
SWCNTs with ultrasonication and ultracentrifugation to
remove impurities like metallic catalysts and amorphous
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Fig. 5 (a) AD SWCNTs partition in a redox modulated PEG/DX ATPE
system. From left to right is: a “reduced” regime, both m-SWCNTs and
s-SWCNTs stay in DX phase; a “semi-reduced” regime, m-SWCNTs and
s-SWCNTs stay in PEG and DX phase, respectively; (3) an “ambient”
regime, both m-SWCNTs and s-SWCNTs stay in PEG phase; a “semi-oxi-
dized” regime, m-SWCNTs and s-SWCNTs stay in DX and PEG phase,
respectively; an "oxidized” regime, both m-SWCNTs and s-SWCNTs
bake to DX phase again. (b) Diagram of the pH-driven SWCNT separ-
ation. Before adding HCl, nanotubes are wrapped mostly by DOC and
SC, and all SWCNTSs stay in the less hydrophobic DX phase. After adding
HCl, DOC and SC are aggregated due to the protonation of the car-
boxylic acid and taken off from the surface of SWCNTSs. Therefore, more
SDS begins to coat around SWCNTs and drive nanotubes migrate to the
top PEG phase.

carbon; (2) forming an initial linear or nonlinear density gradi-
ent by mixing iodixanol, surfactants, and water with an appro-
priate density; and (3) adding SWCNT dispersion into the
medium and performing long-term, high-speed ultracentrifu-
gation to separate SWCNTs with different densities. After the
procedures, SWCNTs with different metallicity, diameter, and
chirality can be separated into different layers in the density
gradient medium. This method is also effective for separating
empty and filled SWCNTs.”” It can enrich both high purity
(>99%) s-SWCNTs and m-SWCNTs with large diameters.>®”®
The strategy used for m-SWCNT/s-SWCNT separation is
based on regulating the surfactant proportions. Many studies
demonstrated that a 3:2 or 4:1 ratio of SDS/SC could enrich
high-purity m-SWCNTs while a 1: 4 ratio of SDS/SC can enrich
high-purity s-SWCNTs when their concentrations are around
1% w/v.>*’®7° For realizing tight diameter distributions of
s-SWCNTs, Seo et al. reported a dual-iteration DGU method:
initially using SC to purify raw materials and extract well-
coated SWCNT species followed by using the SDS/SC co-surfac-
tant to isolate s-SWCNTs.>® Using this method, they could
enrich ~1.6 nm s-SWCNTs consisting of several chiralities,
including the (18,4), (19,2), and (20,0) tubes. Furthermore,
they enriched ~1.4 nm s-SWCNTs by adding Nacl to the dis-
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persion because excess sodium ions could lead to preferential
aggregation of larger-diameter species.

DGU methods with a nonlinear density profile media have
been developed to improve the resolution for diameter separ-
ation. Nonlinear DGU was able to separate SWCNTs with
different chiralities and several pairs of enantiomers. However,
the largest separated single-chiral tube is (8,6) with a diameter
around 1 nm.*® Although this technology is readily scalable for
industrial production, its ability for extracting pure-chirality
large-diameter s-SWCNTs needs to be further explored.
Moreover, this technology faces several severe issues, such as
time-consuming, high-cost, low-yield, and difficulties in pre-
paring density gradient media. Therefore, more studies focus
on the other three methods, and DGU has not been greatly
developed in recent years.

4. Applications of large-diameter
s-SWCNTs

Compared with small-diameter ones, large-diameter
s-SWCNTs have many advantages, such as higher charge
carrier mobility, smaller contact resistance, and larger current
density. These features are especially desired for carbon-based
integrated circuits,”® like high-speed ring oscillators (ROs),*"*>
radio-frequency (RF) transistors,*>®* as well as thin-film tran-
sistors (TFTs) for flexible electronics.>*> Tulevski et al. pointed
out that based on the modeling results, using small-diameter
(<1 nm) s-SWCNTs, the threshold voltage (V;) variation of a
transistor could greater than 1:1 ratio impact on V,, while
using large diameters (>1.4 nm) leads to much less impact on
V..>®> However, larger diameters (e.g., >1.8 nm) could lead to a
high off current due to a smaller bandgap.

Except for purity requirements, well-defined and high-
density aligned s-SWCNT films are critical for reducing inter-
tube resistance and providing sufficient driving ability.”®
Various SWCNT alignment methods have been reported, and
several reviews discussed them in detail.>****%” Recently, Liu
et al. made significant progress: they achieved 99.9999%
purity s-SWCNTs arrays with a packing density of adjustable
100-200 tubes per micrometer using a dimension-limited self-
alignment (DLSA) procedure (Fig. 6a).”® More recently, the
same group fabricated 11-stage ring oscillators (ROs) with a
record propagation gate delay of 11.3 ps exceeding all ROs
made by other nanomaterials.®® However, this method faces
the problems of SWCNT bundling and limited uniformity. Gao
et al. invented a method to suppress bundle formation by
introducing inter-tube electrostatic repulsion, providing a
possible approach for reducing bundles and increasing uni-
formity over a large area(Fig. 6b).%

Despite the advantages of aligned nanotube films, random
SWCNT networks show a higher uniformity in a large area and
a higher device yield, ready for high-volume semiconductor
manufacture. For example, Bishop et al. developed a method
for uniformly depositing SWCNTs over a large-area industry-
standard substrate (at least 200 mm-diameter wafer) which

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Schematic images of DLSA procedure to assemble aligned-SWCNT arrays on a 4-inch wafer. The purple layer is formed by 2-butene-1,4-

diol (C4HgO,). As the wafer is slowly pulled out, the possible hydrogen bonds between polymers and C4HgO, allowed the confined on the interface
between two insoluble solvents and assembled onto the wafer surface along the contact line. (b) Schematic illustration of a positively charged con-
jugated molecule, proflavine hemisulfate (PFS), modifying the surface of PCz wrapped s-SWCNTSs. The positive charges can prevent the aggregation
of s-SWCNTs during alignment. (c) Layer structure of the digital and analog circuits build on a flexible substrate. Reproduced with permission.®
Copyright 2019, Springer Nature. (d) Relationship between maximum thermoelectric (TE) power factor (optimally doped network) and the maximum
conductivity (fully doped network) for different types of sorted s-SWCNT networks. The maximum conductivity and TE power factor for s-SWCNT
networks using removable polymers (SMP, PFPD, blue oval) are larger than the values for s-SWCNT networks sorted with non-removable polymers
(PFOBPy, PFHA, orange oval). Among them, plasma-torch s-SWCNT network with PFPD exhibited the highest TE power factor. Reproduced with
permission.®° Copyright 2017, Royal Society of Chemistry. (e) Schematic diagram of a carbon nanotube floating-gate FET biosensor. The ultrathin
high-k Y,Os3 passivation layer is helpful to amplify response and improve sensitivity. (f) Schematic diagram of a series carbon nanotube photo-
detector device contains eight cells. Red arrows represent a current direction at forward bias. The cells are connected by a pair of overlapping Sc

and Pd electrodes.

allows carbon nanotube transistors to be fabricated in a com-
mercial silicon manufacturing facility.”® Additionally, the
random SWCNT network is easy to deposit, exhibits reliability,
flexibility, and little device variation, making it suitable for
large-area flexible electronics. Hills et al. successfully demon-
strated a 16-bit modern microprocessor containing more than
14000 complementary metal-oxide-semiconductor (CMOS)
carbon nanotube FETs by carefully designing electronic circuits
and manufacturing procedures to overcome material defects
and transistor variations.> Lei et al fabricated flexible digital
and analog circuits based on nanotube networks by simple
soaking method. They achieved a >99.9% transistor yield and a
state-of-the-art performance on a flexible substrate (Fig. 6¢).
Except for TFT arrays and circuits, some thermoelectric,
sensing, and photoelectric devices are also developed profiting

This journal is © The Royal Society of Chemistry 2022

from the unique properties of large-diameter SWCNTs.”'™**

Macleod et al. fabricated both p- and n-type thermoelectric
generators based on plasma-torch s-SWCNTs enriched by
removable polymers PFPD (Fig. 6d). They achieved a thermo-
electric power factor of over 700pW m™" K™ at 298 K, which is
among the highest metrics for SWCNT and polymer thermo-
electric materials.®® Although theoretical prediction shows that
small-diameter s-SWCNTs have theoretically larger maximum
thermopower (Seebeck coefficient, S), the high mobility and
high doped electrical conductivity of large-diameter s-SWCNTs
make them exhibit better thermoelectric properties (power
factor, PF) when forming carbon nanotube networks.
Additionally, the results revealed that aligned carbon nano-
tubes with reduced tube-tube junctions are also important to
improving the electrical conductivity and TE performance of
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solution-processed s-SWCNT networks. Liang et al. reported
wafer-scale, label-free, and highly stable carbon nanotube bio-
sensors for biomarker detection (Fig. 6e). They used a floating-
gate structure with a high-k ultrathin Y,0; layer to amplify
response and improve sensitivity. They successfully detected
DNA sequences and microvesicles down to 60 aM and 6 par-
ticles per mlL, respectively.”> Ma et al. used arc-discharge
s-SWCNTs as the active material for photodetectors and logic
circuits and developed an optoelectronic integrated system
(Fig. 6f).> The photodetectors based on carbon nanotubes
exhibit 12.5 mA W' photoresponsivity at 1530 nm with the
silicon-waveguide. Their work demonstrated large-diameter
s-SWCNTs as a potential material for future electrically driven
on-chip sensing and fiber-optic telecommunication.

Despite the successful implementation of s-SWCNTs in a
wide range of electronic applications, further developments
are still required. First, SWCNTs with higher purity and nar-
rower diameter distribution are needed to decrease device vari-
ations in large-scale integrated circuits. Second, pure-chirality
SWCNTs are more desired in photoelectric emission and
absorption devices for their well-defined emission wavelengths
and narrow absorbance peaks. Endohedral encapsulation pro-
vides an idea for further enhancing optical properties. Third,
post-growth enrichment methods introduce a large number of
surfactants or polymers onto SWCNTs which negatively affects
the properties of the nanotubes. Therefore, minimum intro-
duction and complete removal of those dispersants need more
studies and exploration. The settlement for these problems is
closely related to the development of controllable technologies
for pure single metallicity or chirality SWCNT enrichment.

5. Conclusions and outlook

In this review, we introduced four mainstream, potentially scal-
able separation methods for enriching large-diameter
s-SWCNTs. Among these methods, CPW produces the highest
semiconducting purity while the single-chirality enrichment is
insufficient, and it has severe polymer contamination issues.
GC could enrich high purity and high yield single-chirality
species but is only effective for small-diameter semiconducting
carbon nanotubes. Although ATPE is the latest reported
method, it is possible to extract large-diameter SWCNT species
regardless of their metallicity. However, the purity of
s-SWCNTs is lower than the above methods. DGU is a powerful
technique in separating large-diameter SWCNTs with a narrow
diameter distribution, but this technique needs long-term,
high-speed ultracentrifugation with a low yield. Therefore,
using a single purification method seems challenging to
obtain both high semiconducting purity and single-chirality
purity in a low-cost manner. We believe that combining
different enrichment methods and integrating their advan-
tages for purification may be a feasible approach. For example,
after the ATPE separation based on surfactants, exchanging
the surfactants with DNA can generate pure-chirality SWCNT
samples.”®®” In addition, the sorting mechanism of these
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methods is not fully understood, and more theoretical and
experimental studies are required. Simplifying the enrichment
protocols, increasing the purity and yield of SWCNTs with
specific metallicity, diameter, chirality, and enantiomers are
still desirable for practical applications of sorted SWCNTs in
various optoelectronic fields.
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