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Structure Sorting of Large-Diameter Carbon Nanotubes by 
NaOH Tuning the Interactions between Nanotubes and Gel

Dehua Yang, Jinwen Hu, Huaping Liu,* Shilong Li, Wei Su, Qian Li, Naigen Zhou, 
Yanchun Wang, Weiya Zhou, Sishen Xie, and Hiromichi Kataura

The structure separation of synthetic single-wall carbon nanotube (SWCNT) 
mixture species with diameters larger than 1.2 nm still remains a challenge. 
Here, an NaOH-assisted gel chromatography method is used for the struc-
ture separation of the SWCNT mixture with a diameter range of 1.2–1.7 nm, 
in which NaOH is used to tune the interaction between distinct (n, m) 
SWCNTs and gel. Incrementally increasing NaOH concentration in SWCNT 
dispersion selectively enhances the adsorbability of different-structure 
SWCNTs and enlarges their interaction difference with gel, leading to their 
structure separation after applying into a gel column system. On this basis, 
a two-step method is developed for further improving the structure purity 
of the separated SWCNTs by combining overloading and stepwise elution. 
These results are well demonstrated by the optical spectra of the separated 
SWCNTs. This work paves a way for single-chirality separation of large-
diameter SWCNTs using gel chromatography technique and is an advanced 
progress in the structure control of SWCNTs.
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that an SWCNT with larger diameter has a 
higher saturation current.[6–8] An increase 
in diameters would reduce the Schottky 
barrier between SWCNTs and metal elec-
trodes,[6–8] which accelerates the source–
drain tunneling of carriers and decreases 
on-state resistance. These results indicate 
that a larger diameter semiconducting 
SWCNT is more suitable for the fabri-
cation of high-current and high-power 
devices. Some studies have suggested that 
the optimum diameter range of SWCNTs 
for transistor applications would lie from 
about 1.2 to 2 nm.[8] The advantages of 
higher carrier mobility and optical reso-
nance in infrared region of larger diameter 
SWCNTs make them have a great poten-
tial application in infrared optical detec-
tors.[9] However, the synthetic control of 
large-diameter SWCNTs with well-defined 
structures still remains a challenge. 

Recently, great efforts were made to develop various solution-
based sorting methods of SWCNT structures, such as density 
gradient ultracentrifugation (DGU),[10,11] DNA-encapsulated 
separation,[12,13] and aqueous two-phase extraction (ATPE),[14,15] 
and yield predominantly single-chirality species with diameter 
less than 1.1 nm. Most Recently, the DGU and ATPE tech-
niques were optimized and achieved the structure separation of 
the SWCNTs with diameters larger than 1.2 nm.[16,17] However, 
these two methods suffer from high cost, complicated separa-
tion process or low efficiency because multiple iterations have 

Structure Separation

1. Introduction

As 1D structure, single-wall carbon nanotubes (SWCNTs) pos-
sess unique and superior optical and electrical properties, and 
have great potential applications in optoelectronic devices.[1–5] 
The electronic properties of an SWCNT are determined by its 
chiral angle and diameter. On the basis of its atomic arrange-
ment structure, an SWCNT might be metallic or semicon-
ducting. The band gaps of semiconducting SWCNTs are 
inversely proportional to their diameters. Previous results show 
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to be performed for the achievement of the structure separation 
of the SWCNTs, hindering the mass production of tight-dis-
tribution semiconducting SWCNTs for the technical applica-
tions. A simple, high-efficiency and low-cost structure sorting 
method is highly desirable for the separation of the SWCNTs 
with diameters larger than 1.2 nm.

In our previous work, the gel chromatography technique 
was demonstrated to be a simple, high-efficiency and low-
cost for the separation of SWCNTs with diameters less than 
1.1 nm,[18,19] in which sodium dodecyl sulfate (SDS) was used 
to tune the interaction between SWCNTs and gel. SDS is an 
anionic surfactant, which consists of 12-carbon tail attached to 
a sulfate group. In an aqueous solution of the SDS-dispersed 
SWCNTs, the hydrophobic alkyl group of SDS prefers to 
interact with SWCNT surfaces while the hydrophilic ani-
onic “head group” with negative charges points toward water. 
Because of surface negative charge repulsion between nano-
tubes, they were dispersed into individuals in the solutions. 
The density of SDS on a nanotube is strongly dependent on 
its smallest CC bond curvatures, which inversely determines 
its interaction with the SDS-functionalized gel medium. When 
the SDS-dispersed SWCNTs are loaded into a multistage gel 
column system, the distinct (n, m) species can be sorted across 
different columns because of their different interactions with 
gel. Recently, gel chromatography methods were further opti-
mized to effectively amplify the interaction difference among 
various (n, m) SWCNT species with gel by overloading,[18] tem-
perature,[19] ethanol,[20] pH,[21] and salts[22] and the separation 
yield of SWCNTs was improved greatly, even industrial separa-
tion of single-chirality SWCNTs and their optical isomers was 
achieved by introducing surfactant mixture.[23–26] However, the 
structure separation of the SWCNTs with diameters larger than 
1.1 nm is not addressed yet. There are three possible reasons: 
(i) surfactant molecules prefer to adsorb on the larger-diameter 
SWCNTs, leading to their weaker interaction with gel; (ii) the 
population of SWCNTs with similar diameter increases as 
diameter increases; and (iii) the interaction difference among 
SWCNTs with the gel decreases as diameter increases.

In the present work, we report the separation of large-
diameter SWCNTs (>1.2 nm) by the NaOH-assisted gel chro-
matography technique, in which NaOH is used to tune the 
interaction of SWCNTs with gel. Previous study revealed that 
large-diameter SWCNTs were more easily oxidized in acidic 
and even neutral solutions.[27,28] Such an oxidation of SWCNTs 
in acidic environment could reduce their adsorbility to gel.[21,22] 
On the basis of the results, we proposed that the interaction 
of large-diameter SWCNTs with gel could be tuned by NaOH 
neutralizing with H+ ions in aqueous solution to prevent the 
oxidation of SWCNTs and amplify the interaction difference 
among various (n, m) SWCNTs with gel.[22] In this work, we 
systematically explored the effect of NaOH on the interaction 
between large-diameter SWCNTs (>1.2 nm) and gel and found 
that the introduction of NaOH could selectively enhance the 
interaction of SWCNTs with gel which was strongly dependent 
on the NaOH concentration. Based on this finding, we devel-
oped an NaOH-assisted gel chromatography technique and 
achieved the structure separation of large-diameter SWCNTs 
(>1.2 nm) by incrementally increasing the concentration of 
NaOH in SWCNT dispersion to finely tune their interactions 

with gel. The structure purity of the separated nanotubes has 
further been improved by a two-step method of combing over-
loading and stepwise elution. Compared with the DGU and 
ATPE techniques, the semiconducting purities of the separated 
nanotubes are comparable. The structure distributions of the 
separated SWCNTs are very tight, highly enriched in only three 
or four distinct species. More importantly, the yield of sepa-
rating SWCNTs by our present strategy can reach mg-scale per 
day, which is much higher than the other two methods. Our 
present work is an advanced progress in the structure separa-
tion of SWCNTs, accelerating their application in devices.

2. Results and Discussion

2.1. The Effect of NaOH on the Interaction of SWCNTs with Gel

The arc-discharge produced SWCNTs (Diameter 1.2–1.7 nm, 
Pure SWCNTs, AP23-146, NanoIntegris) with a diameter range 
of 1.2–1.7 nm were used as the starting materials. The SWCNT 
dispersion with 1 wt% SDS was prepared by ultrasonication, 
centrifugation, and gel filtration processes (see details in the 
Experimental Section). The as-prepared SWCNT dispersion 
of 32 mL with 1 wt% SDS was divided into 8 mL aliquots and 
diluted into 0.6 wt% SDS. NaOH with various concentrations 
from 0 to 0.5 × 10−3 m was introduced into these SWCNT frac-
tions to investigate its effect on the adsorbability of SWCNTs 
onto gel. Before separation, four same gel columns filled with 
allyl dextran-based gel beads (Sephacryl S-200, GE Healthcare) 
of 25 mL were prepared for parallel experiments. The adsorbed 
nanotubes were eluted and collected with a 5 mL aqueous solu-
tion of 5 wt% SDS. The optical absorption spectra are presented 
in Figure 1a. The peaks at the wavelengths from 900 to 1050 nm 
and from 350 to 650 nm represent the second (S22) and third 
optical (S33) transition of the semiconducting SWCNTs with 
diameters ranging from 1.2 to 1.7 nm, while the absorption 
peaks in the range of 600–800 nm denote the first optical tran-
sition (M11) of metallic nanotubes. With an increase in the con-
centration of NaOH from 0 to 0.5 × 10−3 m, the absorbance of 
the S22 and S33 peaks gradually increase, accompanying with a 
redshift of S22 peaks and an increase in absorbance peaks in S33 
region. Generally speaking, the S22 absorption peaks of larger 
diameter SWCNTs correspond to longer optical absorption 
wavelengths. The results indicate that increasing NaOH con-
centration could induce the enhancement of the interactions 
of SWCNTs and gel, leading to an increase in the quantity and 
types of the adsorbed nanotubes.[18,19]

We also explored the NaOH effect on the adsorbability of 
SWCNTs into gel under various SDS concentations of 0.4, 0.8, 
and 1 wt% using the same procedure. Figure S1 in the Sup-
porting Information shows the optical absorption spectra of 
the adsorbed semiconducting SWCNTs under different NaOH 
concentrations at each SDS concentration. Compared with 
the case of 0.6 wt% SDS, the similar effect of NaOH on the 
adsorbability of SWCNTs onto gel is observed. Increasing 
NaOH concentration induced the adsorption of more types 
and quantity of SWCNTs into gel columns (Figure 1b,c). How-
ever, for high-concentration SDS such as 0.8 and 1 wt%, the 
quantity of the adsorbed nanotubes is very small, and under 
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the NaOH concentrations lower than 0.1 × 10−3 m, no nano-
tubes can adsorb into gel columns, as shown in Figure 1b. The 
NaOH cocentration has a weaker effect on the adsorbability 
of SWCNTs (Figure 1b,c). With a decrease in SDS concentra-
tion, the optcial absorbance and S22 peak shift of the adsorbed 
nanotubes changed more greatly with an increase in the NaOH 
concentration, as shown in Figure 1b,c. In other words, NaOH 
have a great effect on the adsorbability of SWCNTs under the 
SDS concentrations of 0.4 and 0.6 wt% because a low-SDS den-
sity on the nanotube surfaces can be more efficiently tuned and 
thus their interaction with the gel. Nevertheless, in the case of 
0.4 wt% SDS, the absorption peak of metallic SWCNTs can be 
clealy observed even without NaOH (Figure S1a, Supporting 
Information).

On the basis of the effect of NaOH on the adsorbability of 
SWCNTs onto gel, we propose that a stepwise increment in the 
concentration of NaOH in SWCNT dispersion could selectively 
enhance the interaction between larger diameter SWCNTs and 
gel, leading to their structure separation. However, consid-
ering the adsorption of the metallic SWCNTs onto gel in the 
case of 0.4 wt% SDS and weak adsorbability of semiconducting 
SWCNTs under the SDS concnetrations of 0.8 and 1.0 wt%, 
0.6 wt% is the optimal SDS concentration for the structure sepa-
ration of the SWCNTs with a diameter range from 1.2 to 1.7 nm.

2.2. Diameter Separation by NaOH Finely Tuning  
the Interaction between Nanotubes and Gel

In order to separate SWCNT structures, we designed an experi-
ment in which the NaOH concentration in the SWCNT disper-
sion with 0.6 wt% SDS was incrementally increased from 0 to 
0.5 × 10−3 m with a step of 0.05 × 10−3 or 0.1 × 10−3 m. At each 
NaOH concentration, 32 mL SWCNT dispersion was applied 
into multistage gel columns until no nanotubes could be 
adsorbed. Subsequently, the NaOH concentration in the flow-
through fraction was increased to a higher concentration for 
the next separation using the same procedure. The gel columns 
were the same, each of which was prepared by filling a 50 mL 
syringe with 25 mL gel beads. The adsorbed nanotubes were 
eluted with an aqueous of 5 wt% SDS and fractionally collected 
with 5 mL solution.

The optical adsorption spectra for the adsorbed nanotubes 
at each concentration of NaOH are shown in Figure 2 and 

Figure S2 in the Supporting Information. The S22 absorption 
peaks of the separated nanotubes are clearly different at various 
NaOH concentrations, indicating that the diameter separa-
tion of SWCNTs was achieved. Actually, the S22 peak shift at 
the same NaOH concentration is also observed. The lack of 
metallic peaks suggests that few metallic SWCNTs are present 
in the separated SWCNTs, indicating the separation of metallic 
and semiconducting SWCNTs was simultaneously achieved. 
The semiconducting SWCNT species were adsorbed in the 
index from relatively small to large diameter which is consistent 
with the results of the separation of small-diameter SWCNTs 
(0.75–1.1 nm) where smaller diameter semiconducting 
SWCNTs correspond to larger affinity to gel.[18,19,23] Raman 
spectra were also measured for the characterization of the 
separated nanotubes, as shown in Figure 2b. Compared with 
the initial SWCNT mixture, the peaks in the radial breathing 
mode (RBM) region of the separated nanotubes become sharp 
and narrow and shift from ≈185 to 155 cm−1 for the various 
SWCNTs fractions, corresponding to an increase in diameter.[29]

The clear S22 peak shift of the sorted SWCNT fractions under 
the same NaOH concentration (Figure 2 and Figure S2, Sup-
porting Information) implies that the loading amount of the 
unsorted nanotubes is excessive (that is, overloading), which 
promotes the structure separation of SWCNTs. When the 
initially loading amount of SWCNTs was decreased, the S22 
absorption peak shift for the sorted SWCNTs across different gel 
columns is less obvious under the same NaOH concentration 
(as shown in Figure S3, Supporting Information). These results 
further demonstrate that the introduction of NaOH enlarges 
the interaction difference among distinct SWCNTs with gel and 
the structure sorting of the large-diameter nanotubes could be 
achieved by simple overloading effect due to the competitive 
adsorption of different structure SWCNTs onto gel. The struc-
ture separation of SWCNTs was also achieved by incrementally 
increasing NaOH concentration in the 0.4 wt% SDS dispersed 
SWCNT solution. (Figure S4, Supporting Information).

2.3. Diameter Separation by Two-Step Separation

Although the structure separation of large-diameter SWCNTs 
has been achieved by a stepwise increase in the NaOH concen-
tration, the separation process is still complicated because of a 
continuously tuning NaOH concentration in the flow-through 

Adv. Funct. Mater. 2017, 27, 1700278

Figure 1. Effect of NaOH on the adsorbability of SWCNTs into gel. a) Optical absorption spectra of the adsorbed SWCNTs under various NaOH 
concentrations. b) The S22 peak absorbance of the adsorbed SWCNTs functions as the NaOH concentrations. c) The centered position of S22 peak 
functions as the NaOH concentrations.
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SWCNT fractions. Since the addition of NaOH effectively 
increases the interactions between large-diameter SWCNT spe-
cies and gel beads, we can simplify the structure separation 
process by a stepwise elution with various SDS concentrations. 
Specifically, introducing NaOH into the nanotube dispersion 
enhanced the interaction between nanotubes and gel, and then 
the adsorbed nanotubes were eluted by a stepwise increase in 
the SDS concentration. This process is compatible with auto-
matic chromatography system. The chirality purity of the 
separated nanotubes strongly depends on the structure distri-
bution of the adsorbed nanotubes. A wider structure distribu-
tion of the adsorbed nanotubes would lead to a decrease in the 
structure purity of the separated nanotubes due to the mutual 
disturbance among the different structure SWCNTs. Accord-
ingly, in order to improve the structure purity of the separated 
nanotubes, a preseparation of pristine nanotube mixture is 
necessary. As mentioned above, overloading can simply sort 
different-structure SWCNTs across the different gel columns by 
NaOH enhancing the interaction of SWCNTs with gel. We can 
expect to further improve the structure purity of the separated 
SWCNTs by a two-step method of combining overloading and 
stepwise elution.

In the first separation, we used the overloading method. 
0.2 × 10−3 m NaOH was introduced into the SWCNT/0.6 wt% 
SDS dispersion for enhancing the interaction between SWCNTs 
and gel. After that, 32 mL SWCNT dispersion was applied into 
multistage gel columns, each of which was prepared by filling 
a 50 mL syringe with 25 mL Sephacryl gel. The adsorbed 
SWCNTs on each column were eluted by 2.5 wt% SDS solution. 
After flowing through several columns, the NaOH concentra-
tion was increased to a higher degree with a step of 0.2 × 10−3 m 
to induce the adsorption of more SWCNTs. Such parallel exper-
iment was performed four times. The eluted SWCNTs from the 
same gel column were gathered and diluted to 0.6 wt% SDS 

for the second separation. Figure 3 shows the optical characteri-
zation of the separated nanotubes in the first separation. The 
color of the eluted SWCNT solutions from different columns 
is distinct (as shown in Figure 3a,b), indicating their different 
structure distribution. The clear S22 peak redshift and S33 peak 
change in the absorption spectra (Figure 3c) evidence that the 
structure separation of SWCNTs was achieved. Additionally, the 
corresponding RBM peaks in the Raman spectra excited with a 
wavelength of 514 nm (Figure 3d) also exhibit a peak shift from 
180 to 150 cm−1, which further confirm the structure separation 
of SWCNTs. Note the yield of the separated SWCNTs can reach 
mg-scale per day by the present strategy (Figure 3b), because 
of simple and high-efficiency separation process. The separated 
SWCNTs with narrower structure distribution provide good 
starting materials for the second separation.

The second separation was performed by an automatic 
chromatography system (AVANT 150, GE Healthcare), in 
which the SDS concentration in the stepwise elution can be 
precisely tuned to desorb SWCNTs. A 25 cm long gel column 
was employed for the separation process which was prepared 
by filling an XK16/40 column (GE Healthcare) with 50 mL gel 
beads. We expect that the nanotubes with small interaction dif-
ference with gel can be separated by flowing through a long 
column. The separated SWCNT fractions in the first separa-
tion were concentrated and dispersed for the second separation. 
The SDS and NaOH concentrations were fixed at 0.6 wt% and 
0.2 × 10−3 m in the SWCNT dispersion. The adsorbed SWCNTs 
were eluted and collected with 5 mL fractions by incrementally 
increasing SDS concentration in elution solutions.

The optical absorption spectra of the sorted SWCNT fractions 
in the second separation (Figure 4) exhibit sharper and narrower 
S22 peaks, indicating that a further separation of SWCNT struc-
tures was achieved. Comparison between Raman spectra before 
and after the second separation also confirms that the structure 

Adv. Funct. Mater. 2017, 27, 1700278

Figure 2. Optical characterizations of the separated SWCNTs by incrementally increasing NaOH concentration. a) Optical absorption spectra.  
b) Raman spectra with an excitation wavelength of 514 nm.
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distribution after the second separation becomes much nar-
rower (Figure S5, Supporting Information). The semicon-
ducting purities of the separated SWCNTs were evaluated by the 
area ratio of the S22 and M11 peaks. The highest purity can be in 
excess of 99% (Figure S6, Supporting Information) because of 
the lack of the metallic peaks. Interestingly, the SWCNTs eluted 
by lower concentration SDS solution exhibit shorter wavelength 

absorption peaks in the S22 region, while those eluted by higher 
concentration SDS solution exhibit a longer wavelength S22 
peaks. The results are contrary to the previous results, in which 
SDS molecules selectively prefer to adsorb onto the larger diam-
eter nanotubes.[8,9] The reasons are unclear yet. One of the pos-
sible reasons is that the later eluted nanotubes are present in 
the form of small bundles, which have stronger interaction 

Adv. Funct. Mater. 2017, 27, 1700278

Figure 3. Optical characterization of the separated nanotube fractions across different gel columns by overloading method. a) Photograph of the 
separated semiconducting fractions from Col. 1 to Col. 9 (marked by blue arrow) and the unadsorbed metal fraction (the green fraction on the far right 
side). b) Solution photos of the large volumes of the separated nanotubes, which were separated within 3 d. The mass of the SWCNTs in each beaker 
was evaluated by their optical spectra.[30] The yield can reach mg-scale per day. c) Optical absorption spectra. The peak shift is marked by a dash line. 
d) Raman spectra at an excitation wavelength of 514 nm. The black line at the top shows the Raman spectrum of the pristine materials.
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with gel (see Figure S7, Supporting Information). The optical 
spectra of the sorted fractions across different columns are inte-
grated in Figure 5a and Figure S8a in the Supporting Informa-
tion and exhibit sharp and narrow S22 peaks shifting from 890 
to 1050 nm and covering the whole S22 peak range of the raw 
SWCNTs. The corresponding Raman spectra in the RBM region 
are shown in Figure 5b and Figure S8b in the Supporting Infor-
mation. The sharper and distinct RBM peaks are another solid 
evidence for the structure separation. In Figure S8 in the Sup-
porting Information, although some fractions exhibit similar 
optical absorption spectra due to spectral congestion, their cor-
responding Raman spectra are obviously different, this help-
fully distinguishes their diameter distribution.[31] In order to 
evaluate the chirality distribution of the separated nanotubes, 
we analyzed the S22 peaks in the absorption spectra of the 

separated SWCNTs using the PeakFit software.[18] The purity of 
each (n, m) fraction was computed as the ratio of the area of the 
(n, m) species to the sum of the peak areas (Purity (n1, m1) =  
Area (n1, m1)/Area (n, m)).[18] The chiral index for each S22 
peak was assigned on the basis of the optical transition energies 
of the second sub-band gap for each (n, m).[31] The peaks indi-
cated with stars were difficulty assigned a pair of chiral index 
because they correspond to the optical transition energies of 
multiple (n, m) species. As shown in Figure 5c–f, the chirality 
distributions of the separated nanotubes were very narrow.[31] 
For example, the eluted nanotubes from column 1 with 1.1 wt% 
SDS were enriched in (12, 7), (13, 6), and (15, 4) (Figure 5c). 
They accounted for about 74.4%, among which the (12, 7) nano-
tubes reached about 39.7%. And those eluted from column 1 
with 2.1 wt% SDS mainly contained (12, 7), (17, 1), and (15, 4) 

Adv. Funct. Mater. 2017, 27, 1700278

Figure 4. Optical adsorption spectra of the fractions eluted by various concentration of SDS from Col. 1, Col. 2, Col. 4, and Col. 7 in second separation. 
The spectra were normalized at S22 peaks (800–1300) and offset for comparison.
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Figure 5. Optical characterizations of the separated semiconducting SWCNTs by a two-step method of combing overloading and stepwise elution.  
a) Optical adsorption spectra. The spectra were normalized at S22 peaks (800–1300) and offset for comparison. b) Normalized Raman spectra for the 
corresponding fractions in (a). c–f) Evaluation of the purities of the separated (n, m) nanotubes. The PeakFit software was used to simulate the S22 
peaks in the absorption spectra of the sorted (n, m) nanotubes. The purity of each (n, m) fraction was computed as the ratio of the area of the (n, m) 
species to the sum of the peak areas (Purity (n1, m1) = Area (n1, m1)/Area (n, m)).[18] The chiral index for each S22 peak was assigned on the basis 
of the optical transition energies of the second sub-band gap for each (n, m).[30] The peaks indicated with stars were difficultly assigned a pair of chiral 
index because they corresponds to the optical transition energies of multiple (n, m) species.
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species, which accounted for about 67.2% (Figure 5d). The frac-
tion eluted from column 4 with 1.1 wt% SDS had about 79.4% 
of the (16, 3), (11, 9), (13, 9), and (16, 5) species (Figure 5e). 
The components of the nanotube fraction eluted from column 
7 with 0.9% SDS are about 70.4% of the (11, 10), (12, 7), (16, 5), 
and (13, 9) species (Figure 5f). The results quantitatively pre-
sented that the separated nanotubes mainly contained three or 
four types of (n, m) species.

As described the above results, it is obvious that the introduc-
tion of NaOH significantly enhanced the adsorbability of large-
diameter SWCNTs on gel beads and enlarges the difference in 
their interaction with gel. Previous work reports that the pres-
ence of H + and O2 could induce the oxidation (or protonation) 
of SWCNTs and produce hydroperoxide carbocations.[21,22] The 
reaction proceeds as follow:[28] SWCNTs (reduced) + O2 + H+ →  
SWCNTs+ (oxidized) + H2O. The positive charges on the sur-
face of nanotubes would screen the negative charges of the 
SDS head groups, leading to the larger coverage or higher 
density SDS on the nanotube surfaces and thus a decrease in 
their interaction with gel.[21,22] The oxidation or proto nation 
of SWCNTs is substantially determined by their reduction 
potentials which decrease with their band gaps. Larger dia-
meter semiconducting SWCNTs are more easily oxidized due 
to their smaller band gaps and thus larger SDS coverage and 
weaker adsorbability onto gel.[21] The introduction of OH−  
could neutralize H+ ions in SWCNT dispersion and depro-
tonates or reduces SWCNTs.[22,27] Contrary to the oxidation 
process, the reduction process prefers to occur on the smaller 
diameter SWCNTs with larger band gaps. A stepwise addition 
of NaOH into an SWCNT dispersion would first induce the 
reduction of the smaller diameter SWCNTs and subsequently 
the larger diameter SWCNTs. Our experimental results show 
that a stepwise increase in the NaOH concentration led to the 
successive adsorption of semiconducting SWCNTs in the order 
from smaller to larger diameter (Figures 1 and 2), which is well 
consistent with the separation model we proposed.

The oxidation and reduction of the SWCNTs can be directly 
observed by bleaching or recovering of their optical absorb-
ance.[27,28] In order to confirm that the reduction of the 
SWCNTs occurs by the addition of NaOH in our present work, 
we explored the effect of NaOH on the optical absorbance of 
the SWCNTs. Before adding NaOH, the SWCNT dispersion 
with 1 wt% SDS was prepared by ultrasonication, centrifuga-
tion, and gel filtration processes. As shown in Figure S9 in the 
Supporting Information, with an increase in the NaOH concen-
tration, the optical absorbance in the S22 region of the SWCNTs 
increases clearly. Interestingly, the defects of the SWCNTs were 
also reduced during ultrasonication process at the presence of 
NaOH. As shown in Figure S10 in the Supporting Informa-
tion, the normalized Raman spectra display that the D peak 
intensity of the as-dispersed SWCNTs decreases when NaOH 
was present during ultrasonication process. We believe that 
the suppression of the physical defects should result from the 
oxidation prevention of the SWCNTs by NaOH. These results 
further indicate that the reduction of the SWCNTs by NaOH 
should play dominant roles in tuning the interaction between 
SWCNTs and gel in our present work.

Temperature is an important factor affecting the oxida-
tion of SWCNTs and thus determines the coverage of SDS on 

SWCNTs and their adsorbability onto gel. It was reported that 
the reduction potential of O2 and H+/H2O varied with temper-
ature.[32] The oxidation of SWCNTs in SDS solution can thus 
be controlled by temperature, which inversely could tune the 
interactions between large-diameter SWCNTs and gel beads. 
Our previous work has demonstrated that temperature affected 
the oxidation of different SWCNTs and thus the selective 
adsorption of SDS around SWCNTs and enlarged their interac-
tion difference with gel.[19] Although we kept the temperature 
unchanged through the whole experiment, we can expect that 
temperature could be utilized to further improve the struc-
ture purity of the separated large-diameter SWCNTs in the 
future study.

3. Conclusion

In summary, we demonstrated the ability of NaOH tuning 
the interaction of SWCNTs with gel and achieved the struc-
ture separation of large-diameter SWCNTs ranging from 1.2 to 
1.7 nm by using gel chromatography technique. The introduc-
tion of NaOH could reduce the oxidation of SWCNTs, increase 
the interaction of large-diameter SWCNTs with gel and lead 
to selective adsorption of different-structure SWCNTs and 
achieve their structure separation. We believe that by tuning 
the concentration of OH− more precisely, the structure purity 
of the separated SWCNTs can be further improved. The present 
strategy has the advantages of low cost, technical simplicity, and 
high throughputs and provides a brand-new approach for the 
structure separation of large-diameter SWCNTs. Our present 
work will accelerate the property study of SWCNTs and advance 
their technical applications in the fields of carbon-based elec-
tronics, optoelectronics, bioimaging, and so forth.

4. Experimental Section
Dispersion and Purification of SWCNTs: SWCNTs produced via 

arc-discharge (Diameter 1.2–1.7 nm, Pure SWCNTs, AP23-146, 
NanoIntegris) were used as starting materials. 6 mg of AP-SWCNTs 
were sheared and dispersed in H2O (20 mL) with 1 wt% SDS (99%, 
Sigma-Aldrich) using a tip homogenizer (Sonifire 450D, Branson) at 
30% power for 2.5 h. During sonication, SWCNT solution was immersed 
in a water bath at 15 °C. After sonication, the dispersion was centrifuged 
at 210 000 g for 30 min in the ultracentrifuge (S50A, Hitachi CS150FNX). 
The upper 80% of supernatant was recovered for further purification by 
gel filtration. The gel column for the nanotube purification was prepared 
by filling 30 mL of gel beads (Sephacryl S-200 HR, GE Healthcare) into 
a 50 mL medical syringe. The centrifuged nanotube supernatant was 
applied into the column to remove amorphous carbon and collected 
as 32 mL. Without the gel column purification, the dispersed SWCNTs 
cannot adsorb into gel columns (as shown in Figures S11 and S12, 
Supporting Information). Before the loading of the nanotubes, the gel 
column was equilibrated by SDS solution (1 wt%).

The Effect of NaOH on Structure Separation: The purified SWCNT 
dispersion was separated into four aliquots and their SDS concentrations 
were separately tuned into 0.4, 0.6, 0.8, and 1 wt% SDS by adding pure 
H2O. In order to investigate the effect of NaOH on the adsorbability 
of nanotubes into gel columns, each of the nanotube solutions with 
various SDS concentrations was divided into four aliquots and the 
NaOH concentration were tuned into 0, 0.1 × 10−3, 0.3 × 10−3, and 
0.5 × 10−3 m. Next, each fraction of the nanotube dispersion was applied 
into the same gel columns. The adsorbed nanotubes were eluted by an 
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aqueous solution of SDS (5 wt%). To compare the amount of adsorbed 
nanotubes by optical absorbance, the eluted nanotubes were collected 
with a volume of 5 mL. The effect of NaOH on the adsorbability of 
SWCNTs is shown in Figure 1.

Structure Separation of SWCNTs by NaOH Tuning the Interaction: The 
separation of carbon nanotubes was performed by a stepwise increase 
in NaOH concentration. The raw material was dispersed, centrifuged, 
and purified by gel filtration as described above. The 32 mL dispersion 
was diluted to 0.6 wt% SDS using pure water and applied to a 50 mL 
syringe filled with 30 mL gel beads after equilibrium. Then, 0.6 wt% 
SDS solution was injected into the column to elute the unadsorbed 
SWCNTs. The adsorbed SWCNTs were eluted by 5 wt% SDS solution, 
while the unadsorbed SWCNTs were collected and applied to the next 
column as starting material until no SWCNTs could adsorb into gel 
column. Subsequently, NaOH was added to the unadsorbed SWCNT 
dispersion with a step of 0.05 × 10−3 or 0.1 × 10−3 m. The NaOH in 
equilibration solution was kept consistent with the corresponding 
SWCNT dispersion. At each NaOH concentration, the SWCNT 
dispersion was repeatedly loaded into the gel columns until no 
nanotubes can be adsorbed.

Two-Step Separation of SWCNTs by the Addition of NaOH: 16 mL parent 
dispersion with 1 wt% SDS was further purified by flowing through a gel 
column and collected as 32 mL and diluted to 0.6 wt% SDS. For the 
structure separation of SWCNTs, the NaOH concentration was tuned 
to 0.2 × 10−3 m to increase their interaction with gel. The nanotube 
dispersion with NaOH was applied to multistage gel columns for the 
first separation of nanotubes. Each column was filled with 30 mL gel 
beads. When the amount of adsorbed SWCNTs decreases dramatically, 
the concentration of NaOH increased with a step of 0.2 × 10−3 m. The 
final NaOH concentration reached 0.6 × 10−3 m. The adsorbed nanotubes 
were eluted with solution of SDS (2.5 wt%) without NaOH. Four parallel 
experiments were performed. The separated SWCNT fractions from the 
same gel columns were gathered for the second separation.

In the second separation, each separated SWCNT fraction in the 
first separation was diluted to 0.6 wt% SDS and concentrated using 
ultracentrifugation. The concentrated nanotubes were further dispersed 
by ultrasonication. The NaOH concentration was tuned to 0.2 × 10−3 m. 
A gel column was prepared by filling 50 mL gel beads into an XK16/40 
(40 cm in length, GE Healthcare) and then connected to an automated 
chromatography system (AVANT 150, GE Healthcare). The as-prepared 
nanotube dispersion was loaded into the gel column and the 
adsorbed SWCNTs were eluted with the aqueous solution of SDS with 
0.2 × 10−3 m NaOH by a stepwise increase in SDS concentration. The 
whole experiment was performed in a homemade thermostat to exclude 
the effects of temperature fluctuation.

Characterization: Optical absorbance spectra were measured using 
an ultraviolet−near-infrared spectrophotometer (UV-3600, Shimadzu). 
Raman spectra for 514 nm excitation were measured using a confocal 
Raman microscope (HR800, Horiba) equipped with a charge-coupled 
device detector.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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