
Title
Thermal defect healing of single-walled carbon
nanotubes assisted by supplying carbon-
containing reactants

Author(s) Wang, Mengyue; Maekawa, Manaka; Shen, Man et al.

Citation Applied Physics Express. 2023, 16(1), p. 015002

Version Type AM

URL https://hdl.handle.net/11094/90046

rights
This article is licensed under a Creative
Commons Attribution-NonCommercial-NoDerivatives
3.0 International License.

Note 20230221: Preprint公開, 20250507: Accepted
Manuscriptに差替

The University of Osaka Institutional Knowledge Archive : OUKAThe University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



Applied Physics Express
     

ACCEPTED MANUSCRIPT

Thermal defect healing of single-walled carbon nanotubes assisted by
supplying carbon-containing reactants
To cite this article before publication: Mengyue Wang et al 2022 Appl. Phys. Express in press https://doi.org/10.35848/1882-0786/acaaec

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2022 The Japan Society of Applied Physics.

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.
As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 133.1.104.100 on 13/12/2022 at 08:39

https://doi.org/10.35848/1882-0786/acaaec
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.35848/1882-0786/acaaec


1 

 

 

Thermal defect healing of single-walled carbon 

nanotubes assisted by supplying carbon-

containing reactants 

 

 

Mengyue Wang, *a Manaka Maekawa, a Man Shen, a Yuanjia Liu, a Michiharu Arifuku, b 

Noriko Kiyoyanagi, b Taiki Inoue, a Yoshihiro Kobayashi*a 

 

a Department of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan 

b Nippon Kayaku Co., Ltd., 31-12, Shimo 3-chome, Kita-ku, Tokyo 115-8588, Japan 

*Email:  wang.my@ap.eng.osaka-u.ac.jp, kobayashi@ap.eng.osaka-u.ac.jp 

 

 

 

 

 

 

Page 1 of 12 AUTHOR SUBMITTED MANUSCRIPT - APEX-106905

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



2 

 

Abstract: 

We experimentally investigated the effect of carbon-containing reactants (C2H2) on 

healing the defects in single-walled carbon nanotubes (SWCNTs) by thermal processes 

at high temperatures (~1100oC). Introducing C2H2 notably improved the crystallinity of 

healed SWCNTs compared with the thermal process in Ar ambient without C2H2. The 

defect healing rate increased with increasing C2H2 partial pressure and the healing effect 

of C2H2 was more remarkable for relatively thinner SWCNTs (<1.1 nm). Combined with 

the relevant theoretical works reported previously, we propose the healing model, in 

which C2H2 helps to heal the vacancy defects and increases the healing rate at high 

temperatures. 

Keywords: single-walled carbon nanotubes, defect healing, crystallinity, post treatment, 

C2H2  
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Carbon nanotubes (CNTs),1) have been wildly studied because of their supposed 

outstanding electronic,2) optical,3) and mechanical4) properties. Compared to multiwalled 

CNTs (MWCNTs), single-walled CNTs (SWCNTs) becomes one of the potential 

materials for application in electronics,5) sensors,6) and so on. However, the defects 

formed in SWCNTs dramatically degrade the electrical7) and thermal transport8) and 

mechanical strength9) of SWCNTs. Such defects, including adatom,10) vacancy,11) 

pentagon-heptagon pair (5|7) defects,12) can be created in the SWCNT growth process 13-

15) and chemical post-treatment step.16)  

 High-temperature treatment has been suggested to heal the defects.17) During the 

SWCNT growth process, the highly crystalline SWCNTs tends to form in high 

temperature synthesis procedure.18) Theoretical and experimental studies explained this 

phenomenon by the temperature-activated catalytic defect healing,19) which mentioned 

that simple defects with lower healing activation energy would be more readily cured, 

such as the 5|7 defects.12) Besides, the high temperature was also applied to the post-

treatment process to heal the low-temperature synthesized or chemically treated CNTs. 

For example, treating MWCNTs at 1200–2000 oC in a high vacuum or at 2000–2800 oC 

in an argon (Ar) atmosphere improved crystallinity.20-22) Similarly, in SWCNT healing, 

high-temperature treatment (1000–2400 oC) has also been reported to increase the overall 

crystallinity.23, 24) Nevertheless, there appears to be a limitation in healing vacancy defects 

at high temperature. Based on the simulation studies, once the vacancy defects formed 

and diffused into nanotubes, even if the vacancy defects could proceed with a self-healing 

via ring isomerization, it is hard to heal entirely unless foreign carbon atoms are added.25) 

In previous studies, ethanol has been used as the defect healer in the restoration of 

graphene oxide.26, 27) Recently, simulation studies proved that the carbon-containing 

reactants (CO, C2H2 and C2H4) are good candidates to heal vacancy defects during high-

temperature CNT synthesis.25, 28-30) Unfortunately, there is still no experimental report on 

the healing effect of such carbon-containing reactants.      

 In this research, we experimentally present the healing effect of carbon-

containing reactants on the defective SWCNTs. As one of the carbon-containing reactants, 

C2H2 is selected because it does not contain oxygen atoms, which lead to spontaneous 

formation of oxidants during pyrolysis process and disturb the healing result. To decrease 
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the metal impurities and avoid the formation of additional defects during post-treatment, 

we selected the solid carbon nanoparticles as the growth seed.31, 32) Through structure 

characterization, we explored the influence of C2H2 partial pressure on annealing process. 

Besides, SWCNTs diameter dependent healing efficiency is discussed. Noticeably, the 

injection of C2H2 increased the healing efficiency, and it showed a significant increase in 

the thin SWCNTs.  

 Relatively defective SWCNTs were prepared by lowering growth temperature 

from the optimized condition in our previous study.33) As the starting material of growth 

seeds, ~10 nm diameter purified ND particles were dropped on the ozone-cleaned Si 

substrates with a 300-nm-thick thermal oxide layer. The ND pretreatment and the 

SWCNT growth were performed in a quartz tube chamber which is held in a tubular CVD 

furnace (GE-1000, GII Techno).33) Before the growth of SWCNTs, the ND was pretreated 

with the surface-cleaning process and the annealing procedure.33) After the annealing 

process, SWCNTs were synthesized for 10 min with a mixture of 10-sccm C2H2 (2%)/Ar 

and 10-sccm H2 (3%)/Ar. The total pressure was kept at 500 Pa, corresponding to a C2H2 

partial pressure of 5 Pa. The temperature of the three-zone furnace was set with a gradient, 

850-785-750 °C, which corresponds to the temperature of gas mixture preheating, 

SWCNT growth (substrate temperature), and post heating, respectively.  

 Then, the heat treatment for the defect healing was proceeded. The annealing 

temperature was set at 1000 or 1100 °C to ensure the healing of defects in Ar ambient 

and the pyrolysis of C2H2.
20-22, 34) The healing time was varied from 0 min to 90 min, 

where the 0 min represents the healing process stopped once the substrate temperature 

arrived at healing temperature. During the temperature rising process, 250-sccm Ar was 

injected. When the temperature arrived at the annealing temperature, the gas flow was 

switched to a 250-sccm mixture of Ar (235–250 sccm) and C2H2 (2%)/Ar (0–15 sccm). 

The total pressure was 220 Pa, corresponding to a C2H2 partial pressure of 0-0.264 Pa, 

which limits the deposition of amorphous carbon (a-C) and is lower than the value needed 

for the nucleation of CNTs (0.5 Pa).33) To confirm the deposition of a-C, we used the 

same cleaned Si substrates without any growth seeds and SWCNTs as a reference 

(hereafter called blank samples).  
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 The structure of the SWCNTs before and after the healing process was analyzed 

by Raman spectroscopy. A Raman spectrometer (LabRAM HR800, HORIBA Jovin Yvon) 

was used with an excitation wavelength λex of 633 nm. Raman spectra of 30 randomly 

selected spots were collected from each sample, and the averaged spectra were used for 

the analysis. The quality of formed SWCNTs was evaluated using the intensity ratio of 

the G-band (~1590 cm−1) to the D-band (1330–1360 cm−1), which was represented as 

IG/ID. The SWCNT quantity was evaluated by comparing the intensity ratio of the G-band 

with the peak from Si substrates (~520 cm−1), which was represented as IG/ISi. Scanning 

electron microscopy (SEM) (S-4800, Hitachi) was used for morphology observations of 

SWCNTs with an acceleration voltage of 5 kV. 

 To investigate the healing role of C2H2, we analyzed the SWCNT samples 

annealed at 1100 °C with 0, 0.035, 0.088, 0.176, and 0.264 Pa of C2H2 injection. The 

healing time was varied from 0 to 90 min. As shown in Figure S1, a control experiment 

was conducted to exclude the possibility of new nucleation of CNTs. Thus, the increase 

in the Raman spectra intensity of the annealed SWCNT samples results from the healing 

effect.  

 The radial breathing modes (RBMs) of Raman spectra changed with healing time 

and the partial pressure of C2H2 are exhibited in Figure 1 (a). As a representative, G-band 

and D-band of the SWCNT samples annealed with 0.088 Pa-C2H2 is shown in Figure 1(b). 

Compared with the pristine SWCNTs, the RBM, G-band, and D-band intensity first 

decreased during the temperature rising process (at 0 min) presumably because SWCNTs 

were damaged by the interaction between the substrate and SWCNTs 35). Similar decrease 

also appeared in the 1000 oC healing experiments and was explained in the Supporting 

information (Figure S2). By prolonging the healing time to 60 min, the intensity of RBM 

spectra and G-band in Figure 1 gradually increased both with and without the use of C2H2. 

Additional Raman spectra of SWCNTs healed with 0.035 and 0.088 Pa-C2H2 are shown 

in Figure S3. Without the use of carbon-containing reactant, such increase of G-band and 

RBM intensity at high temperature was explained by the healing of defects.23, 24, 36, 37) 

Here, the use of C2H2 caused a more rapid intensity increase of the RBM peaks at around 

210 and 280 cm-1.      
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Figure 1: (a) RBM spectra of the pristine SWCNTs and the healed SWCNTs treated with 0, 0.035, 

and 0.088 Pa C2H2 at 1100 oC for different time. (b) G-band and D band of the pristine SWCNTs 

and the SWCNTs annealed with 0.088 Pa C2H2 at 1100 oC. 

 The Raman spectra and the SEM images of the healed SWCNTs with further 

changing the C2H2 partial pressure is exhibited in Figure S4 and S5. As a representative, 

the SEM images of the pristine SWCNTs and SWCNTs healed with 0.035 Pa-C2H2 are 

shown in Figure 2. As shown in the Raman spectra, injecting C2H2 with a low partial 

pressure (0.035 Pa) helped to increase IG/ID ratio. When increasing the C2H2 partial 

pressure, deposition of a-C was observed by SEM. 

Figure 2: SEM images of (a) the pristine SWCNTs and (b) the SWCNTs healed at 1100 oC for 

60 min with 0.035 Pa C2H2.  

 To further analyze the change in defect density during the healing process, we 

calculate the IG/ID ratio of the SWCNTs healed with different healing time (Figure 3). As 

the time went by, the SWCNTs healed with C2H2 gradually expressed higher IG/ID ratio 

than the SWCNTs healed without C2H2, which reflects the higher crystallinity of 
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SWCNTs. Moreover, different defect healing rates appeared with changing C2H2 partial 

pressure. In 0 and 0.035 Pa-C2H2 injected process, the defect healing rate was similar in 

first 20 min. After 20 min, compared with the 0 Pa-C2H2 case, a higher overall healing 

rate from 20 min to 60 min was found in the 0.035 Pa case, and the IG/ID ratio finally 

increased to ~8. By further raising the partial pressure of C2H2 to 0.088 Pa, a more 

noticeable increase in healing rate appeared in the first 20 min, and the IG/ID ratio reached 

~8.9 at 40 min. When prolonging the healing time to 60 min, however, we noticed that 

the IG/ID ratio decreased. According to Figure S6, the IG/ISi ratio kept stable for 20 min 

and the ID/ISi ratio of the blank samples gradually increased, which represents the 

deposition of a-C. Thus, the decrease of IG/ID ratio for long healing time in the 0.035 and 

0.088 Pa cases can be attributed to a-C deposition.  

Figure 3: Change in the IG/ID ratio of the SWCNTs along the healing time with different C2H2 

partial pressure at 1100 oC.  

 Then, we further discuss the influence of C2H2 injection to the healing rate of 

SWCNTs with different diameters. The SWCNT diameter (dt) is related to the RBM 

wavenumber (ωRBM) according to the equation:38)  

ωRBM (cm-1) = 223.5 /dt (nm) + 12.5  

Thus, the high wavenumber (200-300 cm-1) of RBM corresponds to the thin SWCNTs 

(<1.1 nm), and the low wavenumber (100–200 cm-1) represents the thick SWCNTs (>1.1 
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nm). Among the RBM spectra shown in Figure 1 (a), significant intensity change appears 

on the four peaks at around 133, 188, 210, and 280 cm-1, which corresponds to the 

diameter of 1.8, 1.3, 1.1 and 0.8 nm, respectively. Taking the above four peaks as the 

representative, the healing rates are determined as shown in Figure 4. The related details 

of calculation and normalized RBM intensity varied with the healing time are exhibited 

in Figure S7. As reported by previous works,12, 39, 40) the low formation energy eases the 

formation of vacancy defects in thin SWCNTs. Healing such defects in thin SWCNTs 

would take longer time compared with thick SWCNTs. Thus, without C2H2, slow healing 

rate is found in the thin SWCNTs. When C2H2 was added, the healing rate increased more 

drastically for the thin SWCNTs. This phenomenon confirms that the injection of C2H2 

enhanced the defect healing especially for the thin SWCNTs. 

Figure 4: Change in the healing rate with the partial pressure of C2H2 for the SWCNTs with 

different diameter at 1100 oC. 

 Based on the results of C2H2-injected defect healing, we derived the healing 

behavior of C2H2 and schematically depicted it in Figure 5. During the high temperature 

healing process with the presence of trace amount of oxidative gas impurities (O2, H2O, 

or CO2), the adatom defects could be partly healed through etching reaction.41) 

Theoretical studies suggested that carbon-containing reactant is effective to heal vacancy 

defects because such reactant can adsorbed on the defect sites and incorporated into a 

lattice of SWCNTs.25, 28-30) Thus, in Figure 5, adatom and vacancy defects are the 

representative defects in the healing process. 
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 Because of the low formation energy, adatom defect is easy to construct and 

appears with higher density compared with vacancy defects.39) Besides, related to a 

diameter of SWCNTs, the formation energy of defects is low in thin SWCNTs,12, 40) which 

eases vacancy defect formation in thin SWCNTs. Therefore, as shown in Figure 5, higher-

density vacancy defects appear in the pristine thin SWCNTs. High defect density takes 

longer time to be healed, which brings about low healing rates for thin SWCNTs. 

 When only heated in Ar gas, adatom defects were partly healed while vacancy 

defects were kept. When C2H2 was added, the vacancy defects could be better healed, 

causing an increase in healing rate. Especially for thin SWCNTs, the healing rate was 

drastically increased. Moreover, the pyrolysis of C2H2 produced H2, and it helped to 

remove adatom defects.41)  

Figure 5: Schematic defect healing diagram of the pristine SWCNTs annealed with or without 

the injection of C2H2. The pristine SWCNTs are divided into thick (>1.1 nm) and thin (<1.1nm) 

SWCNTs according to their diameter.  

 Besides, we also investigated the healing effect of ethylene (C2H4). As shown in 

Figure S8, the injection of C2H4 resulted in the efficient healing of SWCNTs similarly to 

the case of C2H2, indicating the general effectiveness of carbon-containing reactants in 

thermal defect healing.  
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 In conclusion, we experimentally confirmed the healing behavior of C2H2 in the 

high temperature annealing process, which had been only analyzed through theoretical 

methods. Compared with the SWCNTs healed in Ar gas, the SWCNTs healed with C2H2 

presented higher crystallinity. The defect healing rate was increased with rising the partial 

pressure of C2H2 from 0 to 0.088 Pa. Further, we found that the healing effect of C2H2 

was more evident in the thin SWCNTs (<1.1 nm). Combining with the previous 

simulation research, we consider that C2H2 helps to heal the vacancy defects and increases 

the high temperature healing rate. Moreover, we also found that C2H4 exhibited a healing 

ability which is similar to C2H2. These results prove that injecting carbon-containing 

reactants, would be an additional important factor for healing SWCNT defects with high 

efficiency. With the assistance of such reactants, SWCNTs with higher crystallinity can 

be achieved by the post treatment process, which would further realize the improvement 

of SWCNT properties required for electronic, thermal, and mechanical applications.  
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Figure S1: Raman spectra of the nanodiamond (ND) sample treated with the same thermal process 

as SWCNT growth but without the injection of carbon source and then the healing process (heated at 

1100 oC for 60 min with 0.088 Pa C2H2 injection). 
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Figure S2: Raman spectra of the pristine SWCNTs and the healed SWCNTs treated with (a) 0.035, 

and (b) 0.088 Pa C2H2 for 0, 5, 10, 20, 40, and 60 min at 1100 oC. 
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Figure S3: Process time dependence of the (a) IG/ID ratio and (b) IG/ISi ratio of the SWCNTs, and (c) 

the ID/ISi ratio of the relevant blank sample treated with the C2H2-injected healing process (0.088 Pa). 

The IG/ID and IG/ISi ratios of the pristine SWCNTs were plotted as a reference.  

 

 

 

 

 

 

 

 

 

 

. 



S5 

 

 

Figure S4: The changes in the RBM peak intensity along the healing time (0, 10, 20, and 40 min). 

The four representative RBM peaks correspond to the SWCNTs with different diameter: (a) 1.8, (b) 

1.3, (c) 1.1, and (d) 0.8 nm. 
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Figure S5: Raman spectra of the healed SWCNTs treated with only Ar, 0.352 Pa C2H2 and 0.352 Pa 

C2H4 for 60 min at 1100 oC. 


