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B I O E N G I N E E R I N G

Submilligram-scale separation of near-zigzag  
single-chirality carbon nanotubes by temperature 
controlling a binary surfactant system
Dehua Yang1,2, Linhai Li1,2,3, Xiaojun Wei1,2,4, Yanchun Wang1,2, Weiya Zhou1,2,4,5, 
Hiromichi Kataura6, Sishen Xie1,2,4,5, Huaping Liu1,2,3,4,5*

Mass production of zigzag and near-zigzag single-wall carbon nanotubes (SWCNTs), whether by growth or sepa-
ration, remains a challenge, which hinders the disclosure of their previously unknown property and practical ap-
plications. Here, we report a method to separate SWCNTs by chiral angle through temperature control of a binary 
surfactant system of sodium cholate (SC) and SDS in gel chromatography. Eleven types of single-chirality SWCNT 
species with chiral angle less than 20° were efficiently separated including multiple zigzag and near-zigzag spe-
cies. Among them, (7, 3), (8, 3), (8, 4), (9, 1), (9, 2), (10, 2), and (11, 1), were produced on the submilligram scale. The 
spectral detection results indicate that lowering the temperature induced selective adsorption and reorganization 
of the SC/SDS cosurfactants on SWCNTs with different chiral angles, amplifying their interaction difference with 
gel. We believe that this work is an important step toward industrial separation of single-chirality zigzag and 
near-zigzag SWCNTs.

INTRODUCTION
The most valuable asset of single-wall carbon nanotubes (SWCNTs) 
for photonics applications is their structure-dependent optical tran-
sitions, which can be optically or electrically stimulated to emit light 
in the near-infrared (IR) wavelength range (1–3). This, together with 
the compatibility of SWCNTs with a range of biological (4), chemi-
cal (5), and complementary metal-oxide semiconductor processing 
methods (6, 7), makes SWCNTs highly attractive for application as 
fluorescence markers in photoluminescence (PL) microscopy or as 
nanoscale emitters for on-chip data transmission with light (8–10). 
In particular, the sp3 functionalization of SWCNTs enables not only 
tuning of their photon emission into telecom wavelengths but also 
great enhancement of their photon emission efficiency (5, 11). The 
enhancement of the photoelectric properties of SWCNTs by sp3 
functionalization is heavily dependent on their chiral angle (11). As 
the chiral structures of SWCNTs move from near armchair to zigzag, 
sp3 defect-state emission is progressively moved to the more red-
shifted energy band, ultimately collapsing to emission from a single 
state in the true zigzag limit (5, 11), implying that the nanotubes with 
smaller chiral angles may have previously unidentified and unique 
photoelectric properties. Industrial production of zigzag and near- 
zigzag single- chirality (n, m) species with identical properties is fun-
damental for the disclosure of their previously unknown properties and 
practical application in photonics, optoelectronics, and related inte-
grated circuits.

In recent decades, intense efforts have been made to develop var-
ious methods, including synthetic methods (12–15) and separation 
techniques (16–22), for producing single-chirality SWCNTs and 

even their enantiomers, building a library of single-chirality species 
(23). Theoretical and experimental studies indicated that the growth 
rates of SWCNTs are directly proportional to their chiral angle (24–27). 
The selective growth of zigzag and near-zigzag SWCNTs remains 
difficult due to their low growth rate (13–15, 24–27). Compared 
with growth methods, postgrowth separation techniques exhibit the 
advantages of simplicity, controllability, and scalability. Various sepa-
ration techniques, such as aqueous two-phase extraction (ATPE) (19), 
density gradient centrifugation (DGU) (20), ion exchange chroma-
tography (21), polymer wrapping (22), and gel chromatography 
(8, 16–18), have been developed, achieving mass separation of several 
species such as (6, 4), (6, 5), (9, 4), and (10, 3) SWCNTs. Although 
it has been reported that zigzag and near-zigzag SWCNTs, includ-
ing (9, 1) and (10, 0) SWCNTs, have been separated using DNA as 
a dispersant with the ATPE method (19), milligram-scale separation 
of these SWCNTs has not been achieved. One of the reasons may be 
the low content of these SWCNTs in the pristine SWCNT mixtures, 
given that the growth rates of near-armchair species are faster than 
those of zigzag and near-zigzag species (13–15, 24–27). Another may 
be the low ability of the current separation techniques to recognize 
the chiral angle of SWCNTs, especially for zigzag and near-zigzag 
SWCNTs (16–23, 28–34).

In the present work, we developed a method to realize submilligram- 
scale separation of near-zigzag single-chirality SWCNTs by tem-
perature controlling their selective adsorption onto a gel medium in 
the binary surfactant system of sodium cholate (SC) and SDS. The 
gel chromatography technique has been demonstrated to be highly 
efficient, simple, and scalable (8, 16–18). In this technique, the 
surfactants that disperse raw SWCNTs in an aqueous solution ex-
hibit selective adsorption toward different-structure SWCNTs, 
producing a structural or coverage difference in the surfactant coat-
ing around different (n, m) SWCNTs (16–18), which induces their 
interaction difference with the gel medium and thus enables separa-
tion via their selective adsorption onto the gel. Recently, we demon-
strated that SC exhibits adsorption selectivity toward the chiral angle 
of SWCNTs in the presence of SDS, while sodium deoxycholate 
(DOC) displays selectivity toward the diameter (8, 28, 29). However, 
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separation of SWCNTs by chiral angle has not been achieved with 
gel chromatography. In addition, pH (30, 31), ethanol (32), strong 
salts (33), strong oxidants (34), and even temperature (17) have been 
proven to finely tune the surfactant coating by driving the selective 
adsorption onto different SWCNTs and to promote the separation 
efficiency of (n, m) SWCNTs because a slight difference of only 
0.003% in the surfactant coating will produce very different interac-
tions with gel (8, 28, 29). Among these techniques, temperature 
adjustment has the advantages of simplicity, efficiency, and being 
impurity free (17). On the basis of these results, we proposed com-
bining temperature tuning and the binary surfactants SC and SDS 
to finely tune the selectivity of the surfactant coating toward the 
chiral angle of SWCNTs and thus realize high-efficiency separation 
of single-chirality SWCNTs with small chiral angles, especially zig-
zag and near-zigzag SWCNTs.

Here, we systematically investigate the effect of temperature on 
the selective adsorption of SWCNTs dispersed in a cosurfactant sys-
tem of SC and SDS onto a gel column. The results show that only 
SWCNTs with chiral angles less than 20° were adsorbed in the gel 
column at temperatures less than 18°C. In contrast, at temperatures 
higher than 18°C, the SWCNTs with chiral angles larger than 20° 
start to adsorb in the gel column. On the basis of these results, we 
proposed two steps for the mass separation of zigzag and near-zigzag 
single-chirality SWCNTs. The first step is to separate the raw SWCNTs 
by diameter at the quasi-industrial scale at room temperature by 
using cosurfactants of SDS, SC, and DOC (8, 29). Subsequently, by 
controlling temperature of the SDS and SC binary surfactants, 
SWCNTs with similar diameters are separated by chiral angle. The 
results show that we achieved nine types of single-chirality SWCNTs 
with chiral angle less than 20°, including (7, 3), (8, 3), (8, 4), (9, 1), 
(9, 2), (10, 2), (11, 0), (11, 1), and (12, 1) SWCNTs, accompanied by 
the separation of (6, 4), (6, 5), (7, 5), (7, 6), (9, 4), and (10, 3). Among 
them, more than 10 types of single-chirality species, including the 
near-zigzag species of (9, 1), (9, 2), (10, 2), and (11, 1), can be pre-
pared on the submilligram scale in one-run separation, exhibiting 
potential for industrial preparation of near-zigzag single-chirality 
SWCNTs. These results indicate that temperature control is extremely 
important to enhance the selectivity of the gel to the chiral angles of 
SWCNTs in the binary surfactant system of SDS and SC. The sub-
milligram separation of single-chirality SWCNTs with chiral angles 
less than 20° and even near-zigzag SWCNTs can be realized, which 
were difficult to separate in the past (8, 17, 28, 29), let alone large 
scale. We further detected the structure of the SC/SDS surfactant 
layer on SWCNTs with different chiral angles and its evolution with 
the SDS/SC ratio and temperature using optical absorption spectra. 
Our present work lays a material foundation for fundamental prop-
erty research and application of near-zigzag SWCNTs. The present 
technique also provides a reference for other methods, such as ATPE 
and DGU, for high-efficiency separation of zigzag and near-zigzag 
SWCNTs because the main feature of these techniques is that sur-
factants such as SDS and SC are used to distinguish the structure of 
various SWCNTs (35–39).

RESULTS AND DISCUSSION
Adsorption selectivity toward the chiral angle of SWCNTs
To reveal the effect of temperature on the selective adsorption of 
SWCNTs into a gel column in the binary surfactant system of SC 
and SDS, the separation temperature was varied to study the struc-

ture distribution of the SWCNTs adsorbed in the gel (see the detailed 
process in the experimental section). Raw high-pressure monoxide 
catalytically-grown SWCNTs (HiPco-SWCNTs) were dispersed in 
a binary surfactant solution of 0.5 weight % (wt %) SC and 0.5 wt % 
SDS. The initial separation temperature was set at 12°C, and 5 ml of an 
SWCNT dispersion was loaded into a 30-ml gel column. The un-
adsorbed SWCNTs were washed with an aqueous solution of 0.5 wt 
% SC and 0.5 wt % SDS, and the adsorbed SWCNTs were eluted by 
5 wt % SDS. Subsequently, the unadsorbed SWCNTs were loaded into 
a second same gel column, whose temperature was increased by 2°C 
to separate the SWCNTs not adsorbed by the first gel column. In this 
manner, by increasing the separation temperature at a step of 2°C, 
the SWCNTs adsorbed at each temperature were collected. The 
separation schematic diagram is shown in Fig. 1A.

The SWCNTs separated at different temperatures were charac-
terized and identified by their optical absorption spectra and PL 
contours (Fig. 1B and fig. S1) (40). The species adsorbed at different 
temperatures are summarized in Fig. 1C. Obviously, only SWCNTs 
with chiral angles of less than 20°, such as (7, 3), (8, 3), (8, 4), (9, 1), 
(9, 2), (9, 4), (10, 2), (10, 3), (11, 0), (11, 1), and (12, 1) species, were 

Fig. 1. Temperature tuning the selective adsorption of SWCNTs by chiral an-
gle. (A) Schematic diagram of the separation of SWCNTs by chiral angle through 
temperature control. (B) Optical absorption spectra of the SWCNTs selectively ad-
sorbed at various temperatures in the binary system of 0.5 wt % SC and 0.5 wt % 
SDS. a.u., arbitrary units. (C) Chirality map of the different chiral angle distributions 
of the SWCNTs selectively adsorbed at various temperatures.
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adsorbed at 12° to 18°C. As the temperature increased from 12° to 
18°C, a redshift of the first van Hove singularity transition absorp-
tion peak (S11) was observed (Fig. 1B), indicating that the average 
diameter of the adsorbed SWCNTs increased, i.e., rough diameter 
separation of the nanotubes was simultaneously achieved. Note that 
the SWCNTs with large chiral angles, such as (6, 4) and (6, 5) 
near-armchair nanotubes, even if their diameters are small, could 
not be adsorbed at the low temperature of 12°C. With an increase in 
temperature to 18°C, trace amounts of small-diameter near-armchair 
SWCNTs were adsorbed. As the separation temperature increased 
to higher than 20°C, the near-armchair SWCNTs of (6, 4), (6, 5), (7, 
5), (7, 6), and (8, 6) started to dominate in the adsorbed SWCNTs. 
These results demonstrate that lowering the separation temperature 
strongly enhanced the selectivity of the gel medium toward the chiral 
angle of SWCNTs in the binary surfactant system of SC and SDS, 
providing a simple method for high-efficiency separation of SWCNTs 
by chiral angle. A similar result has been observed when CoMoCAT 
(6, 5) SWCNTs (SG65i; Sigma-Aldrich), which are produced by Co-
Mo catalysts, are used as raw materials (fig. S2), which suggests the 
generality of the present method.

Submilligram-scale separation of single-chirality  
near-zigzag SWCNTs
It is well known that the atomic arrangement structure of a specific 
SWCNT is uniquely determined by its diameter and chiral angle. 
We expect that single chirality separation of zigzag and near-zigzag 
SWCNTs could be realized by successive separations by diameter 
and chiral angle, as shown in Fig. 2A. In the previous work, the sur-
factant DOC exhibits high recognition ability for the diameters of 
different SWCNTs (8, 29). When the SWCNTs dispersed in the 
binary surfactants 1 wt % SDS and 0.5 wt % SC were loaded into a 
Sephacryl gel column, quasi-industrial diameter separation of the 
adsorbed SWCNTs could be obtained via stepwise elution by 
increasing the DOC concentration in the eluent (8, 29). As shown 
in Fig. 2B, the optical absorption peaks of the eluted fractions by 
increasing DOC concentration show an overall redshift trend, sug-
gesting that the diameter separation of SWCNTs was achieved, 
although the diameter separation shows some deviation possibly due 
to the presence of SC (8, 29). The SWCNT fractions eluted at each 
DOC concentration exhibited a narrow diameter distribution but 
differed greatly in chiral angle. For example, the fraction eluted by 
0.07 wt % DOC contained predominantly (6, 5) and (9, 1) SWCNTs 
with identical diameters and very different chiral angles. Single- 
chirality (9, 4) and (10, 3) SWCNTs were also achieved. Most of the 
separated fractions contained a higher content of the SWCNTs with 
chiral angles less than 20° than the raw materials, which provides 
feedstock suitable for single-chirality separation on a large scale.

Chiral angle separation was further performed at low temperatures, 
as shown in the right panel in Fig. 2A. The SWCNTs separated by 
diameter in the first step were simply redispersed in the binary sur-
factants SDS and SC and then loaded into a gel column at a low 
temperature (less than 18°C). In this manner, the SWCNTs with 
smaller chiral angles were adsorbed, while the species with larger 
chiral angles directly flowed through the gel column. Thus, high- 
efficiency separation of single-chirality SWCNTs with chiral angles 
less than 20° was obtained on a large scale. For instance, the SWCNT 
fraction containing (7, 3) and (6, 4) SWCNTs eluted at 0.06 wt % 
DOC was redispersed in the cosurfactants 0.5 wt % SC and 0.5 wt % 
SDS and then applied to a gel column at 15°C. The (7, 3) SWCNTs 

with a smaller chiral angle of 17° were adsorbed in the gel column, 
while the (6, 4) SWCNTs with a chiral angle of 23.41° directly flowed 
through the gel column. Thus, single-chirality (7, 3) SWCNTs were 
easily obtained, simultaneously accompanied by enrichment of 
(6, 4) SWCNTs in the flow-through dispersion, as shown in the top 
left panel in Fig. 2C.

Similar procedures were performed to separate other species 
(Fig. 2C and fig. S3). The concentration/ratio of SDS and SC was 
slightly adjusted to separate the small–chiral angle SWCNTs with 
larger diameters [for example, (9, 2), (10, 2), and (11, 1) SWCNTs]. 
Meanwhile, the separation temperature was higher for these species. The 
use of the different separation conditions will be discussed later. 
The experimental details of separating different species are shown in the 
experimental section and also in fig. S4. With this technique, nine 
single-chirality SWCNTs with chiral angle less than 20° including 
(7, 3), (8, 3), (8, 4), (9, 1), (9, 2), (10, 2), (11, 0), (11, 1), and (12, 1) 
were separated by a simple one-column flush procedure, which 
was difficult to achieve previously. The unadsorbed near- armchair 
SWCNTs of (6, 4), (6, 5), (7, 5), and (7, 6) were subsequently extracted 
from the flow-through fractions. Together with (10, 3) and (9, 4) 
SWCNTs in the first step, 15 single-chirality species were separated 

Fig. 2. Separation of single-chirality zigzag and near-zigzag SWCNTs. (A) Sche-
matic diagram of the experimental scheme for separating single-chirality zigzag 
and near-zigzag SWCNTs through successive separations by diameter and chiral 
angle. (B) Optical absorption spectra of the SWCNTs separated by diameter at 
different DOC concentrations with fixed 0.5 wt % SC and 1.0 wt % SDS. (C) Optical 
absorption spectra of the nanotubes separated by chiral angle in the second step. 
In each spectral pattern, the top spectrum corresponds to one of the first separated 
SWCNT fractions eluted at different DOC concentrations, and the lower spectra are 
the optical absorption spectra of the corresponding second separated single- 
chirality fractions.

 on A
pril 7, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Yang et al., Sci. Adv. 2021; 7 : eabe0084     17 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 10

(as shown in Fig. 3, A and B). Because of the simple separation pro-
cess, submilligram-scale separation of single-chirality species of 
(7, 3), (7, 6), (8, 3), (8, 4), (9, 1), (9, 2), (10, 2), and (11, 1) was 
achieved (Fig.  3D) using a 200-ml gel column. The purity of the 
separated SWCNTs was evaluated with a previous method (16). 
PeakFit software was used to simulate the near-IR optical absorp-
tion spectra representing the individual (n, m) species with wave-
lengths from 700 to 1350 nm, as shown in fig. S5. The purity of each 
(n, m) species was computed as the ratio of the area of the dominant 
absorption peak to the sum of all peak areas in the near-IR region. 
The results are integrated in Fig.  3C. The purity of 10 species is 
greater than 90%, and only the purity of the (11, 0) species is below 
80%, indicating that the present technique is highly efficient in rec-
ognizing the atomic structures of SWCNTs, especially for the SWCNTs 
with chiral angles less than 20°. Note that, although the stock 
SWCNT solution was dispersed for 5 hours at 0.38 W/ml before 
separation, high ratio of G-band/D-band in Raman spectra for dif-
ferent (n, m) species evidenced that the dispersion process did not 
introduce too many defects (fig. S6). When the dispersion time was 
reduced to 30 min, we demonstrated that high-purity single-chirality 
species could also be isolated and they have longer length and higher 
PL intensity. However, the concentration of the monodispersed 
SWCNT solution was greatly reduced, which would inevitably 
decrease the overall throughput of the separated species (fig. S7). 
Recently, by characterizing the PL spectra of the separated single- 

chirality SWCNTs, we revealed the relationship between the PL 
quantum yield and the chiral structure of SWCNTs (41).

Detecting the temperature-driven surfactant  
coating change
The length distribution of the separated (n, m) species is basically 
identical, ranging from 100 to 700 nm (fig. S8), indicating that length 
difference is not the main cause for the separation of zigzag and 
non-zigzag SWCNTs. Lowering the temperature would decrease 
the solubility of SDS and SC in the aqueous solution and facilitate 
their aggregation (42–44), driving their selective adsorption onto 
distinct (n, m) SWCNTs (17). Our abovementioned results indicate 
that the temperature-driven adsorption of surfactants onto SWCNTs 
should be chiral angle–dependent in the binary system of SDS and 
SC, which enlarges the difference in the surfactant coatings around 
SWCNTs with different chiral angles. The optical transition prop-
erties of SWCNTs are sensitive to the adsorbed molecules, including 
various surfactant molecules, because of changes in the molecular 
interaction with SWCNTs, dielectric environment, or strain effect 
around them (17, 45–49). To detect the selective adsorption of the 
binary surfactants SDS and SC onto (n, m) species with different 
chiral angles driven by lowering the temperature, we explored the 
effect of temperature on the spectral changes in the first van Hove 
singularity transition (S11) absorption peak of single-chirality (9, 1) 
and (6, 5) species with identical diameters but different chiral angles, 
which were highly dispersed in an aqueous solution of the cosur-
factants 0.5 wt % SDS and 0.5 wt % SC. The results show that low-
ering the temperature induces a clear redshift and quenching of the 
S11 optical absorption peak of both types of SWCNTs (Fig. 4). The 
S11 peak of (6, 5) SWCNTs exhibits a greater redshift than that of (9, 1) 
SWCNTs, while the quenching degree is smaller. These results imply 
that more surfactant molecules should selectively adsorb onto (6, 5) 
SWCNTs and form a denser or tighter surfactant coating at lower 
temperatures, resulting in much weaker adsorbability onto gel. The 
more compact surfactant coating also protects the (6, 5) SWCNTs 
from oxidation and protonation by oxygen or hydronium ions in an 
aqueous solution such that the quenching degree is smaller than 
that of the (9, 1) SWCNTs (49). We can anticipate that three possi-
ble processes occur in the adsorption of the cosurfactants onto 
SWCNT surfaces driven by lowering the temperature: (i) the ratio 
of SC and SDS in the surfactant coating around a specific SWCNT 
remains unchanged or (ii) the composition ratio of the cosurfac-
tants changes, and (iii) the morphology and structure of the cosur-
factant coating changes via reorganization.

The physical adsorption of surfactants onto SWCNTs is a dy-
namic equilibrium phenomenon. The adsorption probability of each 
surfactant mainly depends on its concentration and ratio in the 
mixed surfactants (16, 17). To verify the possibility of the first pro-
cess occurring, we ideally assume that the composition ratio of the 
surfactant coating around an SWCNT remains constant as the con-
centration of each surfactant component in the solution increases 
equally. For this, we investigated the effect of the concentration of 
SDS and SC on the optical absorption spectral change while fixing 
their concentration ratio to 1:1, in which the concentration of each 
surfactant was simultaneously varied from 0.5 to 2 wt %. The results 
show that the wavelength of the S11 peaks of both nanotubes re-
mains unchanged (fig. S9 and Supplementary Materials) at a fixed 
temperature. These results are different from the results induced by 
lowering the temperature that we observed, indicating that lowering 

Fig. 3. Characterization of the separated single-chirality species. (A) Optical 
absorption spectra of 15 types of single-chirality species separated by the tem-
perature control technique. (B) Photographs of the separated single-chirality 
SWCNTs. (C) Purity distribution of various single-chirality (n, m) species. (D) Solu-
tion photographs of the submilligram-scale single-chirality near-zigzag species. 
The mass of each (n, m) SWCNT was calculated on the basis of its optical absor-
bance at 280 nm (60). Photo credit: Dehua Yang, Institute of Physics, Chinese Acad-
emy of Sciences.
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the temperature does not simply increase the surfactant density 
around SWCNTs, and the ratio of SDS and SC adsorbed on SWCNTs 
is likely altered at lowered temperatures.

We further studied the spectral changes of (9, 1) and (6, 5) spe-
cies by varying the concentration ratio of SDS and SC at different 
temperatures, which could drive a composition ratio change of the 
surfactant coating around SWCNTs. The results are presented in 
Fig. 5A and figs. S10 to S12. As the SDS concentration increases 
while fixing the SC concentration at 0.5 wt %, the shift of the S11 
absorption peaks of (6, 5) and (9, 1) SWCNTs shows similar changes 
at different temperatures. In general, the spectral changes can be 
divided into three stages. In the first stage, when the SDS concentra-
tion gradually increases from 0 to 0.5 wt %, the S11 peaks of both the 
(9, 1) and (6, 5) nanotubes exhibit an increasing redshift, reaching a 
maximum at approximately 0.5 wt % SDS. In the second stage, when 
the SDS concentration increases from 0.5 to 1.0 wt %, the S11 peak 
position fluctuates slightly. In the third stage, with an increase from 
1.0 to 2.0 wt %, the S11 peaks of the (9, 1) and (6, 5) blueshift are 
back. Similarly, when the SDS concentration is fixed at 2 wt %, the 
addition of SC to the SDS dispersing SWCNTs also causes a redshift 
of the S11 peaks of (9, 1) and (6, 5) SWCNTs. In comparison, the 
redshift of the (6, 5) SWCNTs is substantially greater than that of 
the (9, 1) SWCNTs regardless of whether SDS is added to the SC 
dispersing SWCNTs or SC to the SDS dispersing SWCNTs. Note 
that the change in the surfactant composition ratio redshifts the 
S11 absorbance of (6, 5) SWCNTs by 8 meV and (9, 1) SWCNTs by 
3 meV at most at 24°C, which is smaller than the redshift caused 
by lowering the temperature from 24° to 8°C at the fixed concen-
trations of 0.5 wt % SDS and 0.5 wt % SC [13 meV for (6, 5) and 
9 meV for (9, 1) SWCNTs]. On the basis of the above results, we 
believe that the spectral redshift induced by temperature reduc-
tion may be due, in part, to a change in the SDS/SC ratio on 
SWCNTs.

In the single-surfactant SDS system, a redshift of the optical 
absorption spectrum was also reported with lowering of the tem-
perature (17). The spectral change was attributed to the change in 
the microdielectric environment or strain enhancement of SWCNTs 
due to the adsorption and reorganization of the surfactant (17, 45–48). 
However, the redshifts caused by lowering the temperature from 
24° to 8°C in the single-surfactant SDS or SC system are less than 
5 meV for (9, 1) and (6, 5) SWCNTs (figs. S13 and S14), which is 

much smaller than that in the case of the mixed surfactants [13 meV 
for (6, 5) and 9 meV for (9, 1) SWCNTs] (Fig. 5A). In combination 
with the above results, whether adding SDS to the SC-dispersing 
SWCNTs or adding SC to the SDS-dispersing SWCNTs will cause 
marked redshift of optical absorption spectra, we propose that the 
interaction between SDS and SC should be present in the binary 
surfactant system because a simple competitive adsorption or re-
placement between SDS and SC on the surface of SWCNTs should 
not cause a large spectral redshift (50–52). Compared to the head-
tail surfactant SDS, SC shows a lower self-aggregation tendency and 
allows tighter SC coating of the SWCNT surface by accommodating 
the SWCNT curvature and wrapping around the SWCNTs like a 
ring, preventing the adsorption of SWCNTs on gel (53), while SDS 
is prone to form a more loosely packed structure owing to van der 
Waals interactions on SWCNT surfaces (54, 55), allowing for a 
stronger interaction of SWCNTs with the gel. Several studies have 
reported that the flexible alkyl chains of SDS tend to interact with 
the nonplanar hydrophobic -faces of SC molecules to form com-
pound micelles of SDS/SC (56–59). We propose that the introduced 
SDS molecules likely shift the dynamic equilibrium of the physisorp-
tion of SC molecules on SWCNTs and destroy the well-packed SC 
coating by removing a fraction of monomeric SC molecules on 
SWCNTs and forming SDS/SC compound (cosurfactant) that loosely 
coat the SWCNTs, leading to increase in the exposure area of SWCNT 
sidewalls (as shown in Fig. 5B), which enhances the adsorbabililty 
of SWCNTs onto gel. Compared with single surfactant SDS or SC 
dispersing (9, 1) and (6, 5) SWCNTs, the adsorption of SDS/SC 
compound on SWCNTs causes a great redshift of the S11 optical 
absorption peak, probably due to the increase in the contact area 
and the enhancement of the interaction between SWCNTs and cos-
urfactants (Fig. 5A and fig. S14). Because of the presence of chiral 
SC molecules, the compound surfactants prefer to adsorb on the 
SWCNTs with larger chiral angles, resulting in a larger redshift of 
the S11 peak of (6, 5) SWCNTs than (9, 1) SWCNTs. This hypothe-
sis is consistent with the change trend of the optical absorbance of 
SWCNTs. With the introduction of SDS, the optical absorbance of 
SWCNTs decreases likely because the formation of the loosely SDS/
SC layer weakens the protection of SWCNTs from oxidation. Because 
of the relatively dense SC/SDS layer, the absorbance of (6, 5) SWCNTs 
decreases less compared with (9, 1) species (fig. S12). It has been 
reported that dissolved oxygen may cause the spectral redshift of 

Fig. 4. Temperature effect on the optical absorption spectra of the (6, 5) and (9, 1) SWCNTs. (A and B) S11 absorption peaks of (6, 5) and (9, 1) dispersed in 0.5 wt % 
SC and 0.5 wt % SDS at various temperatures. (C) Plots of redshift and relative absorbance of the S11 peaks of (9, 1) and (6, 5) SWCNTs as a function of temperature.
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SWCNTs due to the reorganization of surfactant layer resulting 
from oxidation (34). Here, the dissolved oxygen may partially 
contribute to the spectral shift of SWCNTs due to the loosely SDS/
SC coat.

The density of the SDS/SC cosurfactant adsorbed on SWCNTs 
should strongly depend on the concentrations and ratio of SC and 
SDS. As shown in Fig. 5C, with the introduction of SDS (less than 
that of SC) in the first stage, the SDS/SC cosurfactant starts to 

Fig. 5. Effect of the SDS/SC concentration ratio and temperature on the S11 peak shifts of (6, 5) and (9, 1) and the surfactant coating on them. (A) S11 peak shifts 
of (6, 5) and (9, 1) as a function of the concentration ratio of SC and SDS at various temperatures. Notably, the SDS concentration is varied with fixed 0.5 wt % SC in the left 
two panels; the SC concentration is varied with fixed 2 wt % SDS in the right two panels. (B) Schematic illustration of the surfactant coating structure change on an SWCNT 
when SDS molecules are introduced into SC dispersing SWCNTs. (C) Schematic illustration of the effect of the SDS/SC ratio on the surfactant coating change on SWCNTs. 
The colored regions correspond to the three stages in (A).
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form and adsorb on SWCNTs. However, because of the low SDS 
concentration, much of the surface area is still covered by well-
packed SC, which results in weak adsorbability onto the gel. With 
an increase in the SDS concentration, an increasing amount of 
SDS/SC cosurfactant is formed. When the SDS concentration in-
creases to 0.5 to 1.0 wt % (equal to that of SC or higher), the con-
centration of the SDS/SC cosurfactant reaches the maximum and 
dominates the surface coating on SWCNTs. The exposure area of 
the SWCNT sidewalls reaches the largest value. With a further 
increase in the SDS concentration, SDS molecules gradually re-
place the SDS/SC compound surfactant and lastly dominate the 
surfactant layer structure on SWCNTs, resulting in the S11 peak 
shifting back to the blue region. In comparison, the relative blue-
shift of the S11 peak of (6, 5) SWCNTs is significantly smaller than 
that of (9, 1) SWCNTs. For example, the S11 peak of (6, 5) 
SWCNTs blueshifts back by ~24% of the maximum redshift at an 
SDS concentration of 2 wt %, while that of (9, 1) shifts back by 
~88% of the previous redshift at 24°C possibly because the inter-
action between the SDS/SC cosurfactant and (6, 5) SWCNTs is 
stronger, making the cosurfactant more difficult to replace by mo-
nomeric SDS (29).

According to the experimental results and the proposed 
structure of the cosurfactant SDS/SC coating, we further put for-
ward the structural change of the cosurfactant layer caused by 
the temperature decrease. At room temperature (24°C), although 
the coating structure of the cosurfactant was tuned by alter-
ing the concentration of SDS and SC, reaching the maximum red-
shift at 0.5% SDS/0.5% SC of 8 meV for (6, 5) and 3 meV for 
(9, 1), the difference in the coating is not sufficient to separate 
the SWCNTs by chiral angle. The selective adsorption onto gel 
by chiral angle can be observed only by overloading, but a large 
number of near-armchair SWCNTs are still adsorbed in the gel 
(fig. S15). Lowering the temperature induces a further spectral 
redshift of (6, 5) and (9, 1) SWCNTs at various ratios of SDS/SC 
(Fig. 5A), implying that more cosurfactants should adsorb and 
reorganize on the SWCNTs driven by the reduction in the solu-
bility of surfactants (as shown in Fig. 5C) (43, 44). Because of the 
different effects of temperature on the solubility of SDS and SC, 
the ratio of SDS/SC in the cosurfactant coating adsorbed on 
SWCNTS is likely altered at lowered temperatures (42, 56). (6, 5) 
SWCNTs exhibit a greater redshifts than (9, 1) SWCNTs (Fig. 5A 
and table S1) at various concentrations of SC and SDS and small-
er quenching in the S11 peak (fig. S12). As shown in Figs. 5A and 
4C, lowering the temperature from 24° to 12°C further induces a 
redshift of the S11 peaks of (6, 5) by 9 meV and (9, 1) by 5.8 meV 
at 0.5 wt % SDS/0.5 wt % SC. These results indicate that a tighter 
or denser cosurfactant coating is selectively adsorbed on (6, 5) 
SWCNTs compared to (9, 1) SWCNTs, which further amplifies 
the interaction difference of (6, 5) and (9, 1) SWCNTs with the 
gel. Thus, the denser and tighter SDS/SC cosurfactant markedly 
weakens the adsorbability of (6, 5) SWCNTs onto the gel, while 
the adsorbability of (9, 1) SWCNTs is preserved at a lower tem-
perature. Actually, it is a very complex and systematic task to 
fully illustrate the structure of the SC/SDS surfactant layer and 
how it varies with the SDS/SC ratio and temperature. In this 
work, we only proposed a possible model on the basis of spectral 
detection (Fig. 5). More systematic studies are needed to clarify 
the structure of SDS/SC cosurfactant layer and its evolution with 
environment.

Effect of the ratio of SDS and SC on the adsorbability 
of SWCNTs
The hydrophobic interaction and electrostatic repulsion between SDS 
and SC molecules can be adjusted by changing the ratio and the total 
concentration of these two surfactants, which will tune the molecular 
self-assembly process on SWCNTs. The critical point for the struc-
tural separation of nanotubes via gel chromatography is the selective 
adsorption of SWCNTs into the gel medium, which strongly de-
pends on the exposure area of the SWCNT sidewalls. As mentioned 
above, the separation of (9, 1) SWCNTs from a (6, 5)/(9, 1) mixture 
was achieved under 0.5 wt % SC and 0.5 wt % SDS because of the 
maximum difference in the cosurfactant coating at a low temperature. 
For the separation of larger-diameter SWCNTs, the concentration/
ratio should be tuned for the same purpose. Given that the SC mol-
ecules need not bend to a great extent to cover an SWCNT with a 
larger radius, the larger-diameter SWCNTs should have a stronger 
interaction with SC molecules and usually form a denser SC coating 
(59). Thus, more SDS molecules should be introduced to interact 
with or replace SC adsorbed on SWCNTs to form the SDS/SC cosur-
factant, increase the exposure area of the nanotube surface, and enable 
adsorption onto gel.

To verify the effect of the concentrations and composition ratio 
of the mixed surfactants on their selective adsorption onto SWCNTs 
at low temperatures, we further investigated the separation of SWCNTs 
based on their chiral angle by varying the surfactant concentration/
ratio. In this experiment, we dispersed SWCNTs in 0.5 wt % SC and 
0.3 wt % SDS, 0.5 wt % SC and 0.4 wt % SDS, 0.5 wt % SC and 
1 wt % SDS, 0.05 wt % SC and 2 wt % SDS, and 0.5 wt % SC and 2 wt % 
SDS. In both cases of 0.5 wt % SC/0.3 wt % SDS and 0.5 wt % 
SC/2 wt % SDS, adsorption of SWCNTs onto the gel medium was 
not observed, possibly due to the well-packed surfactant coating 
around them. In the other cases, the nanotubes adsorbed at tem-
peratures of 12° to 22°C were characterized by the optical absorp-
tion spectra (fig. S16), and the relative contents of different (n, m) 
species among the adsorbed SWCNTs are summarized in Fig. 6. In 
both cases of 0.4 wt % SDS/0.5 wt % SC and 1 wt % SDS/0.5 wt % 
SC, the SWCNTs with smaller chiral angles can selectively adsorb at 
low temperatures, showing strong chiral angle selectivity. The selec-
tive adsorption of small-diameter species with smaller chiral angles 
is even more distinct for the case of 0.4 wt % SDS/0.5 wt % SC, but 
the amount of adsorbed SWCNTs, especially large-diameter nano-
tubes, is much smaller (fig. S16). The (11, 1), (10, 2), (10, 3), and 
(9, 4) SWCNTs with relatively large diameters were not adsorbed. 
This should be attributed to the stronger interaction of SC molecules 
with these SWCNTs and thus the denser SC coating on them. Mean-
while, as we predicted, in the case of 0.5 wt % SC and 1 wt % SDS, 
where SDS is higher than SC in concentration, chiral angle selectivity 
still dominates, while the adsorbability of SWCNTs with relatively 
large diameters or medium chiral angles (slightly smaller than 20°) 
is enhanced. This scenario is consistent with the use of 0.5 wt % SC 
and 1 wt % SDS or 0.25 wt % SC and 1.25 wt % SDS for the separa-
tion of single-chirality (11, 1), (10, 2), (10, 3), and (9, 4) SWCNTs 
that have larger diameters. In the situation of 0.05 wt % SC and 2 wt % 
SDS, in which a trace amount of SC is introduced, chirality selec-
tivity at low temperature (at 12°C) is also observed. As shown in 
Fig. 6A and fig. S16, a small amount of multiple (n, m) species with 
chiral angles less than 20° [i.e., (9, 1), (7, 3), and (8, 3) SWCNTs] is 
adsorbed in the gel column, indicating that chiral angle selectivity 
emerges. In contrast, only near-armchair nanotubes, such as (6, 4), 
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(6, 5), and (7, 5), are adsorbed at temperatures lower than 12°C in 
the single-surfactant SDS system (17).

We developed a novel and efficient method to separate SWCNTs 
by chiral angle, in which the highly selective adsorption of the 
SWCNTs with chiral angles less than 20° into a gel medium was 
achieved by temperature controlling the binary surfactant system of 
SDS and SC. On the basis of this result, we designed a two-step 
strategy to separate single-chirality zigzag and near-zigzag SWCNTs: 
The raw SWCNT mixture was first separated by diameter using 
stepwise elution, and subsequently, the eluted fractions with narrow 
diameter distributions were separated by chiral angle through tem-
perature control. With this technique, more than 10 types of single- 
chirality species, including near-zigzag SWCNTs of (9, 1), (9, 2), 
(10, 2), and (11, 1), were separated on the submilligram scale. We 
further detected the temperature-driven adsorption selectivity of 
SC/SDS toward the chiral angle of SWCNTs using optical absorp-
tion spectra and revealed that lowering the temperature caused the 
adsorption of more SC/SDS cosurfactant on the SWCNTs with 
smaller chiral angles, which amplified the interaction difference of 
the SWCNTs with different chiral angles with gel and improved the 
separation efficiency of SWCNTs by chiral angle. Our present results 
lay a fundamental basis for the industrial separation of single -
chirality near-zigzag SWCNTs and provide guidance for other 
methods, such as ATPE and DGU, to separate small–chiral angle 
SWCNTs. In addition, the achievement of multiple single-chirality 
near-zigzag SWCNTs with a broad diameter distribution by tuning 
the ratio of SDS/SC provides a possible pathway for the mass sepa-
ration of larger-diameter single-chirality SWCNTs, which exhibit 

higher carrier mobility and saturation current due to the formation 
of ohm contact with metal electrode.

MATERIALS AND METHODS
Dispersion of SWCNTs
HiPco-SWCNTs were purchased from NanoIntegris (raw powder 
batch no. 29-037). The as-received SWCNT powder was dispersed 
in 100-ml aqueous solution of 1 wt % SC (99%; Sigma-Aldrich) 
using a homogenizer equipped with a half-inch tip at 0.38 W/ml of 
output power density for 5 hours (Sonifire 450D, Branson). To dis-
sipate the heat generated during sonication, the dispersion was 
immersed in a water bath at 15°C. Subsequently, ultracentrifugation 
(S50A, Hitachi, CS150FNX) was performed on the dispersion at 
210,000g for 30 min. Eighty percent of the supernatant was collected 
as the as-prepared dispersion. SDS was introduced to the dispersion 
by adding SDS (99%; Sigma-Aldrich) aqueous solution of various 
concentrations to achieve specific concentrations of SC and SDS 
according to the experimental conditions. Alternatively, the raw 
SWCNTs were directly dispersed in the aqueous solution of 0.5 wt % 
SDS and 0.5 wt % SC, followed by centrifugation. The supernatant 
was collected as parent solution for the separation of SWCNTs.

Temperature-controlled separation in the binary surfactant 
(SC and SDS) system
Several columns filled with 30 ml of gel (Sephacryl S-200 HR, GE 
Healthcare) were prepared. The columns, surfactant solutions, and 
SWCNT dispersion were soaked in a bath at 12°C. Then, 5 ml of the 

Fig. 6. Effect of the SDS and SC concentration ratio on the chirality distribution of the SWCNTs adsortbed at 12 °C and 18 °C. Relative content of different (n, m) 
species adsorbed onto gel at (A) 12° and (B) 18°C. The proportion of each (n, m) species was calculated as the ratio of the S11 peak area of (n, m) to the sum of the S11 peak 
areas.
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dispersion was applied to an equilibrated column. The adsorbed 
SWCNTs were eluted by 5 wt % SDS. The flow-through fraction was 
collected and loaded onto the next column until no SWCNTs could 
be adsorbed at this temperature. Then, repeated separation of the 
unadsorbed SWCNTs was performed as described above after in-
creasing the temperature at a step of 2°C.

Mass separation of single-chirality SWCNTs with different 
chiral angles
Two hundred milliliters of gel was packed in a column (XK 50/40, 
GE Healthcare). Then, the column was connected to an automated 
chromatography system (AVANT 150, GE Healthcare). The whole 
system was kept in a homemade thermostat to control the tempera-
ture. At 18° to 22°C, the SWCNT dispersion in the mixed surfactant 
of 0.5 wt % SC and 1 wt % SDS was loaded onto the equilibrated 
column. After eluting the unadsorbed SWCNTs, the mixed surfac-
tants X wt % DOC/0.5 wt % SC/1 wt % SDS were loaded to stepwise 
elute the adsorbed SWCNTs, where X was increased from 0.06 to 
0.2 wt % at a step of 0.01 wt %. The eluted fractions were collected 
and characterized by optical absorption spectra.

Single-chirality separation of small–chiral angle SWCNTs was 
performed by the temperature control method. The SWCNTs in each 
eluted fraction from the first separation were condensed by ultra-
centrifugation and redispersed in the cosurfactant SDS/SC. Each 
as-prepared SWCNT dispersion was loaded onto the gel column at 
a specific set temperature to selectively adsorb single-chirality 
SWCNTs with smaller chiral angles. Specifically, the fractions eluted 
by 0.06 and 0.07 wt % DOC in the first step were redispersed in 
0.5 wt % SC/0.5 wt % SDS and loaded onto a column at 15° and 
18°C to adsorb the (7, 3) and (9, 1) species, respectively. The flow-
through fractions were redispersed in an aqueous solution of 2 wt % 
SDS to adsorb (6, 4) SWCNTs at 10°C and (6, 5) SWCNTs at 14°C. 
The fraction eluted by 0.09 wt % DOC was redispersed in 0.5 wt % 
SC/0.5 wt % SDS and loaded onto a column at 15°C. (10, 2) and (8, 3) 
SWCNTs were eluted by 2 and 5 wt % SDS, respectively. The frac-
tion eluted by 0.11 wt % DOC was redispersed in 0.5 wt % SC/0.5 wt % 
SDS. (11, 0) and (12, 1) were selectively adsorbed at 16° to 18°C 
and 20° to 25°C, respectively. The fraction eluted by 0.10 wt % DOC 
was redispersed in 0.25 wt % SC/1.25 wt % SDS, and (9, 2) nanotubes 
were adsorbed at 15° to 18°C. (7, 6) nanotubes were extracted from 
the flow-through fraction at 1.5 wt % SDS and 16° to 20°C. The fraction 
eluted by 0.12 wt % DOC was redispersed in 0.5 wt % SC and 1.0 wt % 
SDS. (10, 2) nanotubes were adsorbed at 14° to 16°C. The fractions 
eluted by 0.13 and 0.135 wt % DOC were redispersed in 0.25 wt % 
SC and 1.25 wt % SDS. (11, 1) nanotubes were adsorbed at 16° to 18°C. 
The flow-through dispersions were then redispersed in 2 wt % SDS, and 
(7, 5) and (8, 4) nanotubes were extracted at 15° and 18°C, respectively. 
The detailed description of the methodology is presented in fig. S4.

Optical absorption characterization
Optical absorption spectra were recorded using an ultraviolet near-
IR spectrophotometer (UV-3600, Shimadzu). A temperature con-
trol module was used to cover the cuvette and was connected to a 
circulating-water system to control the temperature of the sample 
during measurement.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabe0084/DC1
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