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A B S T R A C T

A combined in situ and post-synthesis gas phase oxidation approach for selective removal

of metallic single-walled carbon nanotubes (m-SWCNTs) is reported. The in situ oxidation is

performed by introducing a small amount of oxygen during the synthesis of SWCNTs by

floating catalyst chemical vapor deposition, and the post-synthesis oxidation is conducted

by heat-treating the synthesized SWCNTs in air at 400 �C. A combination of characteriza-

tion techniques shows that m-SWCNTs were selectively removed as a result of their higher

reactive activity to oxygen compared to semiconducting SWCNTs, and the diameter distri-

bution of the SWCNTs is narrowed to a range of 1.5–2.0 nm. The mechanism of the com-

bined in situ and post-synthesis oxidation approach is discussed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Single-walled carbon nanotube (SWCNT) is one of the most

promising materials for future electronics [1,2]. In particular,

semiconducting SWCNTs (s-SWCNTs) are very attractive for

making nanoscale electronic devices because of their small

dimension, good chemical stability, and unique transport fea-

ture. A major obstacle to the application of SWCNTs in nano-

electronics is that almost all the current available synthesis

techniques produce a mixture of s-SWCNTs and metallic

SWCNTs (m-SWCNTs). Therefore, a protocol to obtain high

purity s-SWCNTs is highly important. Several approaches

for the enrichment of s-SWCNTs have been developed, such

as solution-phase separation [3–5], electrical breakdown of

m-SWCNTs [6,7], gas phase plasma treatment [8,9], light irra-

diation [10,11] and selective reaction/interaction [12–15].

Alternatively, selective surface growth of s-SWCNTs and m-

SWCNTs were also reported recently, which are realized by

selecting suitable carbon sources [16], in situ ultraviolet (UV)

irradiation [17], and thermal annealing of the catalyst

particles [18]. Although notable progresses have been made,
er Ltd. All rights reserved
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shortcomings of complex operating procedure, additional

unwanted contamination and un-scalability still need to be

overcome. On the other hand, SWCNTs with large diameter

(>1.5 nm) can provide sufficient band gaps that lead to high

on/off ratio and enhanced mobility, and allow for good electri-

cal contacts [19]. Therefore, SWCNTs with optimum diameter

distribution are highly desired for assembling electronic de-

vices. It will be appealing to develop an easy and scalable ap-

proach that can produce s-SWCNTs with optimum tube

diameter, high purity and well-retained structural intactness.

Gas phase oxidation is a widely used method for purifica-

tion of SWCNTs [20]. However, it usually does not function in

enriching s- or m-SWCNTs due to the similar oxidation tem-

peratures of amorphous carbon impurity and different types

of SWCNTs. In this study, we propose a combined in situ

and post-synthesis oxidation approach for selective removal

of m-SWCNTs. The in situ oxidation is performed by introduc-

ing a small amount of oxygen during the synthesis of

SWCNTs by floating catalyst chemical vapor deposition

(FCCVD). The SWCNTs thus synthesized show two separated

oxidation peaks as revealed by thermogravimetric analysis,
.
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which indicates a possibility for selective removing part of the

SWCNTs by further oxidation. The post-synthesis oxidation is

conducted by heating the as-synthesized SWCNTs at 400 �C
for 5–10 h at ambient atmosphere. Thermogravimetric

analysis revealed that one of the two original oxidation peaks

disappeared while another one remained unchanged. Combi-

national characterizations show that the remained sample is

s-SWCNTs dominated, and these s-SWCNTs have a narrow

diameter distribution of 1.5–2.0 nm. The working mechanism

of the combined in situ and post-synthesis oxidation ap-

proach is discussed.
Fig. 1 – DTG curves of the IO-, PO- and OF-SWCNTs.
2. Experimental

2.1. In situ oxidation of SWCNTs

The in situ oxidized SWCNTs were prepared by an oxygen-as-

sisted FCCVD method at 1100 �C using CH4 as carbon source.

Briefly, 200 ml/min H2 flowed through a quartz tube reactor

with a diameter of 25 mm inserted into a horizontal tubular

furnace. When the temperature of the reactor was increased

to 1100 �C, a mixture of ferrocene/sulfur powder (the ratio of

sulfur is 0.5 wt.%) put at the upstream of the reactor started

to be sublimated and transported into the reaction zone by

the H2 gas flow. Then, 3 ml/min CH4 and 0.2 ml/min O2 flow

was introduced into the reactor. The synthesis process lasted

for 30 min. Finally, the reactor was cooled down to room tem-

perature naturally. Membranaceous products were collected

from the inner wall of the reactor. These in situ oxidized

SWCNTs are denoted as IO-SWCNTs.

2.2. Post-synthesis oxidation of SWCNTs

The IO-SWCNTs film was put into a quartz tube with a diam-

eter of 25 mm and a length of 1 m. The quartz tube was then

inserted into a tubular furnace with both sides open for gas

phase oxidation under ambient atmosphere. The oxidation

was performed at 400 �C for a period of 5–10 h. The oxidized

SWCNTs were further dipped in diluted hydrochloric acid to

remove iron catalyst particles. The SWCNTs obtained by

post-synthesis oxidation at 400 �C for 10 h is denoted as PO-

SWCNTs.

2.3. Characterizations

The morphology of the SWCNT samples was characterized by

scanning electron microscope (SEM, Nova NanoSEM 430) and

high resolution transmission electron microscope (HRTEM,

JEOL2010 at 200 kV and Tecnai G2 F30 at 300 kV). The thermal

stability of the SWCNT samples was measured by a thermo-

gravimetric analyzer (NETZSCH STA 449C). Laser Raman spec-

troscopy was used to investigate the variation of the signals of

m- and s-SWCNTs [21–23]. The Raman spectra of the SWCNT

samples were recorded using four different laser wavelengths

of 785 nm (1.58 eV), 633 nm (1.96 eV), 514 nm (2.41 eV) and

488 nm (2.54 eV). Visible near-infrared (Vis/NIR) spectra (600–

2500 nm) of the SWCNT samples were collected using a spec-

trophotometer (Varian Cary 5000 UV–Vis–NIR). Typically, 1 mg

SWCNT sample was first ultrasonicated in 5 ml water with
1 wt.% sodium dodecyl sulfate (SDS). Then the suspension

was filtered using a membrane filter with a pore diameter of

20 nm. The SWCNTs membrane was then transferred to a

glass surface for the Vis/NIR characterizations.

3. Results and discussion

Fig. 1 shows the differential thermogravimetry (DTG) curve of

the IO-SWCNTs synthesized by the oxygen-assisted FCCVD

method (bottom one). Two distinct peaks centered at 460

and 530 �C can be clearly observed. This is quite different

from the behavior of SWCNTs obtained without undergoing

in situ oxidation (top one, denoted as OF-SWCNTs), where

only one broad oxidation peak appears in the DTG plot. The

distinctly separated oxidation peaks of the IO-SWCNTs indi-

cate that it is possible to eliminate the SWCNTs with higher

reactive activity to oxygen from the sample by post-synthesis

oxidation. We can see from Fig. 1 that the IO-SWCNTs started

to be oxidized at around 400 �C, thus the temperature of the

post-synthesis oxidation was set to be 400 �C. And PO-

SWCNTs were obtained by heat-treating the IO-SWCNTs at

400 �C for 10 h. The DTG curve of the PO-SWCNTs is also

shown in Fig. 1 (middle one). Only one peak centered at

530 �C is observed for the PO-SWCNTs. The absence of the

peak at 460 �C indicates that the SWCNTs with lower anti-oxi-

dation capability have been removed by the post-synthesis

oxidation.

The optical, SEM and TEM images of the PO-SWCNTs are

shown in Fig. 2. The PO-SWCNTs are thin film-like, semi-

transparent, and up to 5 cm2 in area (Fig. 2a). SEM observa-

tions reveal that the PO-SWCNT film is composed of numer-

ous entangled SWCNT bundles (Fig. 2b). Fig. 2c shows a

typical HRTEM image of the PO-SWCNTs, it can be seen that

the SWCNTs are straight and free from impurities attached

on the surface. To further reveal the selective oxidation pro-

cess, we also performed post-synthesis oxidation at 400 �C
for 5 h. And the HRTEM image of thus obtained SWCNTs (de-

noted as PO5-SWCNTs) is shown in Fig. 2d. It can be seen that

some SWCNTs become discontinuous and collapsed (as indi-

cated by red arrows), while some other tubes still keep their

tubular structure even in the same bundle. These results

further verified that some SWCNTs are selectively etched dur-

ing the oxidation treatment.



Fig. 2 – Optical (a), SEM (b), and TEM (c) images of the PO-SWCNTs, and (d) is a TEM image of the PO5-SWCNT sample.

Fig. 3 – Histograms of diameter distributions of the IO-SWCNTs (a) and PO-SWCNTs (b) based on TEM observations.
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The diameters of about 200 SWCNTs for each sample were

measured under TEM, and the resultant histogram of diame-

ter distribution for the IO- and PO-SWCNT is plotted in Fig. 3.

The diameters of the IO-SWCNTs are distributed in a wide

range of 0.8–3.0 nm, while that of the PO-SWCNTs are in the

range of 1.5–2.0 nm. Obviously, SWCNTs with large and small

diameters are both preferentially etched during the post-syn-

thesis oxidation. Generally, SWCNTs with small diameters

have high oxidation reactivity due to their large curvature

[24], and the removal of the SWCNTs with diameters in the
range of 2.0–3.0 nm may be ascribed to their higher content

of defects compared to the nanotubes with smaller

diameters.

The results of thermogravimetric analysis and electron

microscopy observations indicate that a part of SWCNTs is

selectively removed from the PO-SWCNT sample. It is impor-

tant to reveal whether the remained SWCNTs are s-SWCNT

or m-SWCNT dominated. The radial breathing mode (RBM)

and G band features of laser Raman spectra can be used to

assign and distinguish s- and m-SWCNTs, especially when
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multiple excitation wavelengths are employed. Fig. 4 shows

comparatively the radial breathing mode (RBM) of laser Ra-

man spectra for the SWCNT samples with excitation wave-

length of 633 nm (a), 514 nm (b), 488 nm (c), and 785 nm (d).

The metallic (M) and semiconducting (S) features of the

SWCNTs are indicated by dotted rectangles, as determined

from the revised Kataura plot [25]. As shown in Fig. 4a, the sig-

nals appear at 175–230 cm�1 are originated from m-SWCNTs,

while the signals at 115–170 cm�1 are from s-SWCNTs. The

first metallic transition (M11) are attributed to the first von

Hove electronic transition of m-SWCNTs with diameters of

1.07–1.37 nm (xRBM (cm�1) = 223.5/dt (nm) + 12.5) [12,26]. In

addition, the third and fourth semiconducting (S33, S44) tran-

sitions are attributed to the third and fourth von Hove elec-

tronic transition of s-SWCNTs with diameters of 1.47–

2.19 nm. Interestingly, the M11 band from the PO5-SWCNTs

is dramatically weakened, and that from the PO-SWCNTs is

completely removed. This result strongly indicates that

m-SWCNTs are preferential eliminated and that the etching

process is mild since an intermediate state is observed, which

is in accordance with the TEM observation shown in Fig. 2d. In

Fig. 4b, compared with the IO-SWCNTs, the intensity of M22

band of the PO-SWCNTs turns weaker, while those of the

S33 and S44 bands become stronger. In Fig. 4c, we can see that

m- and s-SWCNTs co-exist in the IO-SWCNTs. However, the

M22 bands of the PO-SWCNTs almost disappeared. In

Fig. 4d, the signals of m-SWCNTs are dramatically weakened,

and the signals of small diameter s-SWCNTs disappear, while
Fig. 4 – The resonant Raman spectra of the SWCNTs with excitati
the signals of large diameter s-SWCNTs are almost un-

changed for the PO-SWCNTs. These above results indicate

that the m-SWCNTs are effectively removed by the combined

in situ and post-synthesis oxidations.

The above point is also evidenced by the tangential mode

Raman spectra of the SWCNTs as shown in Fig. 5. The inten-

sity ratios of G/D bands (Fig. 5a) for the IO-, PO5-, and PO-

SWCNTs are �8, 22, and 30, respectively, which indicates that

amorphous carbon and SWCNTs with structural defects are

gradually removed during the oxidation. The remained

SWCNTs are in high purity and possess relatively intact struc-

ture. This coincides well with the result of HRTEM observa-

tions. In addition, comparison on the line shape of the G

bands of the SWCNT samples further confirmed the selective

removal of m-SWCNTs. As shown in Fig. 5b, the G band of the

IO-SWCNTs is fitted with four semiconducting Lorentzian

lines (centered at 1541, 1560, 1570 and 1590 cm�1) and two

broad, asymmetric metallic Breit–Wigner–Fano (BWF) lines

(1515 and 1605 cm�1) [27]. However, these two BWF peaks

completely disappeared and the semiconducting peaks al-

most remain unchanged for the PO-SWCNTs (Fig. 5c).

Vis/NIR spectra can provide valuable information on the

overall metallicity of SWCNTs, which cannot be obtained

practically from resonant Raman data [28–31]. In accordance

with the tight-binding model, the absorption peaks are attrib-

uted to electronic transitions of ES
11, ES

22 and EM
11 between pairs

of van Hove singularities in the density of states of s- and m-

SWCNTs [12]. The optical absorption spectra of the IO- and
on laser wavelengths of 633 (a), 514 (b), 488 (c), and 785 nm (d).



Fig. 5 – G and D mode of the resonant Raman spectra of the SWCNT samples with excitation wavelength of 633 nm (a). Curve

fitting of G band of the IO-SWCNTs, four semiconducting Lorentzian line shapes and two metallic BWF line shapes (red color)

can be observed (b). Curve fitting of G band of the PO-SWCNTs, only four semiconducting Lorentzian line shapes are identified

(c). (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)
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PO-SWCNTs were recorded and shown comparatively in

Fig. 6. For the IO-SWCNTs, the s-SWCNTs related bands (S11

and S22) can be observed near 1200 nm (S11) and 2200 nm

(S22), and the m-SWCNTs related bands (M11) are observed

near 880 nm. The absorption bands of S11, S22 and M11 pre-

sumably represent the absorption bands of individual, mi-

celle-isolated nanotubes [32]. The broad curve suggests that
Fig. 6 – Vis/NIR spectra of the IO- and PO-SWCNTs.
the samples contain small nanotube bundles. It can be seen

that the M11 transition peak almost disappeared for the PO-

SWCNTs. Whereas the intensities of the S11 and S22 peak only

decreases slightly, suggesting that the majority of m-SWCNTs

are removed by the post-synthesis oxidation. Therefore, the

results of the absorption spectra substantially accord well

with the results of laser Raman characterization discussed

above.

Therefore, an enrichment of s-SWCNTs with a narrow

diameter distribution (1.5–2.0 nm) is realized by our combined

in situ and post-synthesis oxidation approach. The working

mechanism of the in situ and post-synthesis oxidations is dis-

cussed as follows. When small amount of oxygen is intro-

duced during the synthesis of SWCNTs by FCCVD method,

the oxygen will preferentially attack and etch amorphous car-

bon and highly defective SWCNTs which have a poor anti-oxi-

dation capability. Actually, these impurity and defective

nanotubes usually co-exist with SWCNTs for normal SWCNT

samples (without in situ oxidation treatment), and they may

ignite neighboring SWCNTs when being oxidized. Therefore,

SWCNT samples usually show one broad oxidation peak in

their thermogravimetric analysis. The function of the in situ

oxidation in this study is to remove these impurities and as

a result, two separated oxidation peaks are shown in the

DTG plot of the IO-SWCNTs. Because the amount of
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introduced oxygen for in situ oxidation is very limited (other-

wise large amount of SWCNTs will be burned off), a post-syn-

thesis oxidation is needed to enrich the s-SWCNTs and to

narrow its diameter distribution. It has been reported that

m-SWCNTs are more easily to be etched than for s-SWCNTs,

for example by plasma-etching [8], light irradiation [10,11],

and oxidation [33]. In this study, our results of post-synthesis

oxidation confirm that m-SWCNTs are preferentially oxidized

while s-SWCNTs are well-retained. The DTG peaks centered

at 460 and 530 �C shown in Fig. 1 are mainly responsible for

the oxidation of m-SWCNTs and s-SWCNTs, respectively.

On the other hand, SWCNTs with small radius of curvature

have higher strain in the C–C bonding configuration [24],

and SWCNTs with large diameters (>2 nm) may contain more

structural defects, especially for those synthesized by CVD

method at relative low temperatures. Therefore, SWCNTs

with small [8] and large diameters are largely eliminated by

the post-synthesis oxidation treatment.

4. Conclusions

In summary, a combined in situ and post-synthesis oxidation

method is proposed for enriching s-SWCNTs with a narrow

diameter distribution by preferentially eliminating m-

SWCNTs and s-SWCNTs with small/large diameters. The s-

SWCNTs with well-preserved structure are obtained in

large-scale and their diameters are mostly distributed in the

range of 1.5–2.0 nm. This combined in situ and post-synthesis

oxidation approach shows advantages of large-scale, high

efficiency, low cost, environment-friendliness, and simulta-

neous selectivity on the diameter and electrical property of

SWCNTs. The resultant SWCNTs with desirable transport

property and tube diameter will be promising for fabricating

CNT-based electronic devices.
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