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Figure 1 (a) Schematic of a single-layer graphene rolled up to form
SWCNT [33]. (b) SWCNTs. From left to right are armchair SWCNTs
(n=m and 6=30°), chiral SWCNTs (6€(0°, 30°)) and m=0, 6=0° zigzag
SWCNTs [34].
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Figure 2 (a) The constant energy contours for the conduction and
valence bands of a 2D graphene layer in the first Brillouin zone [35]. (b)
Band diagram for the (4,2) nanotube [36]. (c) Schematic of electronic
density of states (DOS) of metallic (red) and semiconducting (blue)
SWCNTs [37]. Electron excitations allowed by the selection rules
between van Hoff singularities are indicated by the black arrow. (d)
Schematic of the basic photophysical process of SWCNTs [38] (color
online).
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Figure 3 Summary of dispersants and solvents used for dispersing
SWCNT [39] (color online).
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Figure 4 Phase separation in two-component mixture of aqueous

solutions formed between 34 polymer (or surfactant) solutions (gray-

miscible; blue-incompatible, formation of precipitation or gel; red-

immiscible, phase separation) [41] (color online).
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Figure 5 Schematic phase diagram of an ATP system made of water
and polymers P and Q (color online).
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Figure 6 (a) Schematic of surfactant-SWCNTs complex and PEG/DX aqueous two-phase (ATP) system, whose top phase and bottom phase are
PEG-rich and DX-rich, respectively. (b) Partition of small-diameter CoOMoCAT SWCNTs and absorption spectra of SWCNTs from top and bottom
phase. (c) Partition of large-diameter arc-discharge SWCNTs and absorption spectra of SWCNTs from top and bottom phase. (d) Picture showing the
partition of SWCNTs in PEG/DX ATP system at different SWCNT concentration. (¢) The partition of SWCNTs in PEG/DX ATP system when the
scale is 1 L. (f) Absorption spectra of semiconducting-enriched SWCNTs obtained by four-step separation. (g) The relationship between solvation free

energy of SWCNTs and its diameter [30] (color online).
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Figure 7 When DOC concentration is fixed at 225 mg/mL, SDS concentration is increased from 2.5 to 11 g/L, (a) the partition of SWCNTs in PEG/
DX ATP system, absorption spectra of SWCNTs from top phase (b) and bottom phase (c) under different SDS concentration. When SDS concentration
is fixed at 800 mg/mL, DOC concentration is decreased from 1000 to 50 mg/L, (d) picture showing the partition of SWCNTSs in PEG/DX ATP system,
absorption spectra of SWCNTs from top phase (e) and bottom phase (f) under different DOC concentration. When SC concentration is fixed at
800 mg/mL, SDS concentration is increased from 5 to 11 g/L, (g) picture showing the partition of SWCNTs in PEG/DX ATP system, absorption
spectra of SWCNTs from top phase (h) and bottom phase (i) under different SDS concentration. (j) The order of various SWCNTs partitioned to the top
phase while DOC concentration is fixed at 0.04% and SDS concentration is increased from 0.65% to 1.7%. (k) Single chirality enriched SWCNTs
obtained by combining diameter sorting and S/M sorting [16] (color online).
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Figure 8 (a) Picture of semiconducting/metallic PT(plasma torch) SWCNTs and the sorting process of metallic PT SWCNTs. (b) The sorting process
of semiconducting PT SWCNTs. Absorption spectra of each fractions obtained during the sorting of (c) metallic PT SWCNTSs and (d) semiconducting
PT SWCNTs. (e) The relationship between the required SDS concentration for SWCNT of certain chirality partition from bottom phase to top phase
and its diameter when the DOC concentration is 0.045% (green curve) and the possible relationship when the DOC concentration is increased to 0.1%

(pink curve) [54] (color online).
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Figure 9 (a) Absorption spectra of HiPco 164.4, HiPcol195.2 and
CoMoCAT SG65i SWCNTs dispersion in 1.04% DOC. (b) Picture of
the first-step and second-step separation of CoOMoCAT SG65i SWCNTs.
(c) Absorption spectra of SWCNTs from the top and bottom phase after
first-step separation. (d) Absorption spectra of SWCNTs from the top
and bottom phase after second-step separation. (¢) Absorption spectra of
SWCNTs from the top phase of the first-step separation at different
NaCl concentration. (f) Absorption spectra of SWCNTs from the top
phase of second-step separation at different SDS/DOC ratio [59] (color
online).
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Figure 10 Photoluminescence excitation spectra of SWCNTs disper-
sion (a) before and (b) after separation. (c) Absorption spectra of
SWCNTs dispersion before and after separation. (d) Absorption spectra
of SWCNTs from the top phase at different KSCN concentration [60]
(color online).
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Figure 11 (a) The relationship between partition coefficient of
metallic/semiconducting SWCNTs and NaSCN concentration in PEG/
DX ATP system. (b) Schematic illustration of multi-step S/M sorting.
(c) Picture and (d) absorption spectra of multi-step S/M sorting result
[61] (color online).
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Figure 12 (a) The relationship between the partition coefficient of
semiconducting SWCNTs and metallic SWCNTSs and temperature [30].
(b) Absorption spectra of SWCNTs separated from the bottom phase
under different temperature conditions [62]. (¢) Absorption spectra of
(9,8)-enriched SWCNTs separated from the top phase under different
temperature conditions [60]. (d) Absorption spectra of SWCNTs
separated from the top phase under different temperature conditions
[57] (color online).
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Figure 13 (a) The partition of SWCNTs in ATP system under
different redox conditions. (b) Schematic of the separation strategy
designed based on the initial condition in the oxidized state and the
pictures of the separated metallic SWCNTs, small-bandgap and large-
bandgap SWCNTs. (c) Absorption spectra of separated metallic
SWCNTs, small-bandgap and large-bandgap SWCNTSs. (d) Absorption
spectra and (e) Raman spectra of separated metallic SWCNTs [63]
(color online).
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Figure 14 (a) Scheme of separation experiment. (b) The absorption spectra of each fraction in the separation process prove that this method can
separate (6,5) and (7,4). (c) Absorption spectra of 11 single-chirality highly enriched SWCNTs obtained through acid addition ATP separation [14]

(color online).
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Figure 15 Schematic of separation mechanism: in PEG/DX ATP
system, when the global concentration of SDS and DOC is fixed, the
addition of HCI causes SWCNTs partitioning from the bottom phase to
the top phase [14] (color online).
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Figure 16 (a) Schematic of multi-step separation. (b) The absorption
spectra of fractions highly enriched in (13,7), (14,6) and (16,3) obtained
after separation. [12] (color online).
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Table 1 The corresponding systems and main effects of the four
separation strategies
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Figure 17 (a) Circular dichroism and (b) absorption spectra of 23
SWCNTs sorted by ATP systems. (c) Optical picture of 11 single-
chirality SWCNTs solutions [15] (color online).
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Table 2 The chirality, corresponding DNA sequence, yield and ATP system used for sorting 15 single-chirality SWCNTs

FH (n,m) DNAJT % FEER (mass %) ATPIERR
(5,5 (GT)syo 0.5 PEG/PAM
(7,4) (GT)y 0.4
(8,4) (GT)y 2.7
(7,5) (TATT),T,(GTT),G 4.9
(6,5) (TAT),, (TCG),4, (TCG),TC 10.0
9.1) (GTC),GT 1.6
(6,4) (GTC),GT 4.7
(5,5) (CGT),C 0.6 (PEG+PEG-DA)/DX
(6,6) (GTT),G, A(TTAA),T 1.7
(7,4) (TCG),TC, (GTC);, (CCQ), 1.6
(5.4) (CGT),C 0.3
(6,5) (TCG),TC, (CCG),CC 11.0
(7,5) (ATT), 6.0
(7,6) (GTT);G, (GTC), 0.7
(8,3) (TTA);TTGTT 2.6
(8,4) (TATT),TAT 1.5
(10,0) (TTA),TTGTT 0.7
9,2) (TGT),T 1.1
(10,2) (AC)y 1.4 PVP/DX
(8,3) (TCG),TC 1.2 combination of PVP/DX and PEG/DX
(7,3) (TTA),TT 2.0 combination of PVP/DX and PEG/DX
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HERE R EEREAEFEESHNEARY, HiX
— R EVRIEFIMCRENIIFAL T BT & A9 1 5 o5 /K i
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Figure 18 (a) The absorption spectra of each fraction obtained after loading TCT CCC TCT CCC TCT-SG65i dispersion in PEG1.5 kDa/DX250 kDa
ATP system. (b) The absorption spectra of single-chirality (7,3), (6,5), (7,4) and (10,0) obtained from 2T, 6T, 10T and 13B fraction respectively. (c)
Contour plot of the spectra shown in part (a). (d) The sorting of (ATT),-SG65i dispersion in PEG1.5 kDa/DX250 kDa ATP system. (¢) Absorption
spectra of the first top fraction obtained at different pH conditions after loading GC,;-EG150x dispersion in PEG1.5 kDa/DX250 kDa ATP system [13]

(color online).
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Figure 19 Schematic of the sorting process of DNA-SWCNTs [13]
(color online).
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Table 3 Summary of the sorting result by ATP extraction
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Sorting of single-wall carbon nanotubes by aqueous two-phase systems
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Abstract: All intrinsic properties of single-wall carbon nanotubes (SWCNTSs) are directly determined by their chirality.

Commercially available SWCNTs powder samples are usually mixtures of various chiralities. High-performance carbon

nanotube devices, sensing, imaging and other applications require the use of SWCNTs with consistent properties, which

imposes requirements on the structural sorting of SWCNTs. As an emerging technology for sorting SWCNTs, the

aqueous two-phase (ATP) extraction method exhibits stable and reliable sorting results. It is simple, efficient, and easy to

scale up and does not require complicated equipment. This review focused on the aqueous two-phase sorting of

surfactant-SWCNTs and DNA-SWCNTs. By explaining the effects of dispersant, salt, pH and other sorting conditions

on sorting result, the sorting mechanism of aqueous two-phase extraction of SWCNTs are explained. In the end, the

characteristics of the aqueous two-phase extraction of DNA-SWCNTs and surfactant-SWCNTs are compared, followed

by the discussion of its possible research directions in the future.
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