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Abstract:

We experimentally investigated the effect of carbon-containing reactants (CzHz)..on
healing the defects in single-walled carbon nanotubes (SWCNTSs) by thermal processes
at high temperatures (~1100°C). Introducing C2H: notably improved the crystallinity.of:
healed SWCNTs compared with the thermal process in Ar ambient without CaHz. The
defect healing rate increased with increasing C2H2 partial pressure and the healing effect
of C2H2 was more remarkable for relatively thinner SWCNTSs (<1.1 nm). Combined with
the relevant theoretical works reported previously, we propose‘the h@ling model, in
which CzH> helps to heal the vacancy defects and increases ‘the‘healing rate at high

temperatures.

Keywords: single-walled carbon nanotubes, defect healing, crystallinity, post treatment,
C2oH2

Page 2 of 12



Page 3 of 12

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - APEX-106905

Carbon nanotubes (CNTs),Y have been wildly studied because of their supposed
outstanding electronic,? optical,®) and mechanical® properties. Compared to multiwalled
CNTs (MWCNTSs), single-walled CNTs (SWCNTs) becomes one of the potential
materials for application in electronics,® sensors,® and so on. However, the defects
formed in SWCNTs dramatically degrade the electrical” and thermal transport® and
mechanical strength® of SWCNTs. Such defects, including adatomy'® vacaney,'?
pentagon-heptagon pair (5|7) defects,'? can be created in the SWCNT growth process **

19 and chemical post-treatment step.*®)
~
High-temperature treatment has been suggested to heal thedefects.*” During the

SWCNT growth process, the highly crystalline SWCNTs tends“to form in high
temperature synthesis procedure.® Theoretical and experimental studies explained this
phenomenon by the temperature-activated catalytic defect healing,'® which mentioned
that simple defects with lower healing activation.energy would be more readily cured,
such as the 5|7 defects.’® Besides, the high temperature:Was also applied to the post-
treatment process to heal the low-temperature synthesized or chemically treated CNTSs.
For example, treating MWCNTSs at 1200-2000 °C in a high vacuum or at 2000-2800 °C
in an argon (Ar) atmosphere improved:crystallinity.?-?? Similarly, in SWCNT healing,
high-temperature treatment (1000-2400°C) has also been reported to increase the overall
crystallinity.?® 24 Nevertheless, there appears to be a limitation in healing vacancy defects
at high temperature. Based gn 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, itis hard to heal entirely unless foreign carbon atoms are added.?®
In previous studies, ethanolhas been used as the defect healer in the restoration of
graphene oxide, %29, Recently, simulation studies proved that the carbon-containing
reactants (CO¢ C2H> and C2Ha) are good candidates to heal vacancy defects during high-
temperatureé CNT synthesis.? 2830 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 SWCNTSs. As one of the carbon-containing reactants,
CzH> 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
3
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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.®* 2 Through structure
characterization, we explored the influence of C2H> partial pressure on annealing process:
Besides, SWCNTSs diameter dependent healing efficiency is discussed. Noticeably, the
injection of C2H> increased the healing efficiency, and it showed a significantiincrease in
the thin SWCNTSs.

Relatively defective SWCNTSs were prepared by lowering growth temperature
from the optimized condition in our previous study.>® As the starfing miterial 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»prétreatment and the
SWCNT growth were performed in a quartz tube chamber which is held in a tubular CVD
furnace (GE-1000, Gl Techno).3® Before the growth of SWCNTS, the ND was pretreated
with the surface-cleaning process and the annealing procedure.® After the annealing
process, SWCNTs were synthesized for 10 minwith@ mixttire of 10-sccm C2Ha (2%)/Ar
and 10-sccm Ha (3%)/Ar. The total pressure was kept.at 500 Pa, corresponding to a CoHz
partial pressure of 5 Pa. The temperature ofthe three-zone furnace was set with a gradient,
850-785-750 °C, which correspandssto. 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 0r 1100 °C to ensure the healing of defects in Ar ambient
and the pyrolysis of C2H2.2°‘2}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 CoHa (2%)/Ar (0-15 sccm).
The total pressure was 220 Pa, corresponding to a CoH> partial pressure of 0-0.264 Pa,
whichdimitsthe.deposition of amorphous carbon (a-C) and is lower than the value needed
for the nucleation of CNTs (0.5 Pa).>® 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 SWCNTSs 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 Aex 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 SWCNTSs was evaluated using the intensity. ratio of
the G-band (~1590 cm™) to the D-band (1330-1360 cm™?), which wasirepresented as
Ie/lp. The SWCNT quantity was evaluated by comparing the intensityratio of the G-band
with the peak from Si substrates (~520 cm™?), which was represented as Ic/lsi. Scanning
electron microscopy (SEM) (S-4800, Hitachi) was used for morphology\ observations of
SWCNTSs with an acceleration voltage of 5 kV.

To investigate the healing role of CoH,, we analyzed the SWCNT samples
annealed at 1100 °C with 0, 0.035, 0.088, 0.176, and 0.264.Pa of C>H. injection. The
healing time was varied from 0 to 90 min. As shown InFigure 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 CoHo are exhibited in Figure 1 (a). As a representative, G-band
and D-band of the SWCNT samples.annealed with 0.088 Pa-C2H: is shown in Figure 1(b).
Compared with the pristinet SWCNTSs, the RBM, G-band, and D-band intensity first
decreased during the temperatﬁe rising process (at 0 min) presumably because SWCNTSs
were damaged by the interaction between the substrate and SWCNTs ). Similar decrease
also appeared in the 1000 °C 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 C2Ho>.
Additional Raman spectra of SWCNTs healed with 0.035 and 0.088 Pa-C>H> 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.?3 24 3637
Here, the use of C,H> caused a more rapid intensity increase of the RBM peaks at around
210 and 280 cm™.
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Figure 1: (a) RBM spectra of the pristine SWCNTSs and the healed SWCNT s treated with 0, 0.035,
and 0.088 Pa C;H; at 1100 °C for different time. (b) G-band and Dband of the pristine SWCNTs
and the SWCNTs annealed with 0.088 Pa C,H. at 1100 °C.

The Raman spectra and the SEM images of the healed-SWCNTs with further
changing the C,H> 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-C;H: are
shown in Figure 2. As shown in the Raman spectra, injecting CoH, with a low partial
pressure (0.035 Pa) helped to increase le/loyratio. When increasing the C2H partial

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

Figure 2: SEM'images.of (a) the pristine SWCNTs and (b) the SWCNTSs healed at 1100 °C for

60 min with 0.035 Pa C,Haz:

To further analyze the change in defect density during the healing process, we
caleulate the le/lp ratio of the SWCNTSs healed with different healing time (Figure 3). As
the time‘went by, the SWCNTSs healed with C2H> gradually expressed higher lg/Ip ratio
than the SWCNTs healed without C;H>, which reflects the higher crystallinity of

6
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SWCNTSs. Moreover, different defect healing rates appeared with changing C2H: partial
pressure. In 0 and 0.035 Pa-C2H: injected process, the defect healing rate was similarin
first 20 min. After 20 min, compared with the 0 Pa-C2H> case, a higher overall healing
rate from 20 min to 60 min was found in the 0.035 Pa case, and the Ic/lp ratio finally
increased to ~8. By further raising the partial pressure of CoH, to 0.088 Pa, a more
noticeable increase in healing rate appeared in the first 20 min, and the Is/lp ratio reached
~8.9 at 40 min. When prolonging the healing time to 60 min, howeyer, we noticed that
the lg/lp ratio decreased. According to Figure S6, the Ic/lsi ratio kept.stable for 20 min
and the Io/lsi ratio of the blank samples gradually increased, which represents the
deposition of a-C. Thus, the decrease of Ic/Ip ratio for long healing time‘in the 0.035 and

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

10 f --A--0.088 Pa
-'@ - 0.035 Pa
oOF V40 Pa
- B Pristine
sk -

s/ I

o ~
T
\ v\
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\

,\’ \ .
o-.-r—\'{—i -
\".

1
1
]
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|—c—‘-./—n
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3t
0~ 20 40 60 80 100
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Figure 3: Change in the l¢/lp ratio of the SWCNTSs along the healing time with different C2H.

partial pressure at 1100 °C.

Then, we further discuss the influence of C2H: injection to the healing rate of
SWCNTs with:different diameters. The SWCNT diameter (d:) is related to the RBM

wavenumber («rsm) aceording to the equation:3®)

wrem (cm™) = 223.5 /d; (nm) + 12.5

Thus, thé high wavenumber (200-300 cm™) of RBM corresponds to the thin SWCNTSs
(<1.2nm), and the low wavenumber (100-200 cm-1) represents the thick SWCNTs (>1.1

7
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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™, 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,*? 3% 49 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 SWCNTSs. Thus, without €2Ho, slow healing
rate is found in the thin SWCNTSs. When C,H, was added, the healingate increased more
drastically for the thin SWCNTSs. This phenomenon confirms that the_injection of CoH:
enhanced the defect healing especially for the thin SWCNTs.

0.0040
-m-0.8nm

0.0035| —®-1.1nm B-—~ -l
- - 4A-1.3nm ,’ 5=
£ o.0030f ~ V- 18nm /e
E / £ =~
—- / d __:\_ _______ v
2 o0.0025} e s Ve
E k’: /’/f -5\‘\-“A

/ ~

2 o0.0020 - - e
F— s
3 A
£ 0.0015 =/,

0.0010 -

0.00 0.02, 004 0.06 0.08 0.10

~.» Partial pressure [Pa]
Figure 4: Change in the healing rate with the partial pressure of C,H, for the SWCNTSs with

different diameter at,1100 °C.

Based on'the. results of CoH»-injected defect healing, we derived the healing
behavior of CsH2 and schematically depicted it in Figure 5. During the high temperature
healing process with the presence of trace amount of oxidative gas impurities (O2, H20,
or COy), ‘the adatom defects could be partly healed through etching reaction.*?
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.2> 2830 Thus, in Figure 5, adatom and vacancy defects are the

representative defects in the healing process.

8
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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.3® Besides, related {0 a
diameter of SWCNTSs, the formation energy of defects is low in thin SWCNTSs,*? “Qwhich
eases vacancy defect formation in thin SWCNTSs. Therefore, as shown in Figure 5; higher-
density vacancy defects appear in the pristine thin SWCNTSs. 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 C2H. was added, the vacancy defects.could Qe better healed,
causing an increase in healing rate. Especially for thin SWCNTs; the healing rate was
drastically increased. Moreover, the pyrolysis of C,H> produced, Hz, and it helped to

remove adatom defects.*?

A: adatom defect
V: vacancy defect

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 5: Schematic defect healing diagram of the pristine SWCNTSs annealed with or without
the injection of CoH.. The pristine SWCNTSs are divided into thick (>1.1 nm) and thin (<1.1nm)
SWCNTs according. to their diameter.

Besides, we alsarinvestigated the healing effect of ethylene (C2Has). As shown in
Figure S8, the injection of C2H4 resulted in the efficient healing of SWCNTSs similarly to
the case of CaH>, indicating the general effectiveness of carbon-containing reactants in

thermal defect healing.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - APEX-106905

In conclusion, we experimentally confirmed the healing behavior of CoH: in the
high temperature annealing process, which had been only analyzed through theoretical
methods. Compared with the SWCNTSs healed in Ar gas, the SWCNTSs healed with C2H3
presented higher crystallinity. The defect healing rate was increased with rising the partial
pressure of CoH> from 0 to 0.088 Pa. Further, we found that the healing effect. of CoH>
was more evident in the thin SWCNTs (<1.1 nm). Combining with the previous
simulation research, we consider that CoH> helps to heal the vacancy defects and increases
the high temperature healing rate. Moreover, we also found that CoH4 exhibited a healing
ability which is similar to C,H.. These results prove that injécting‘earbon-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.

4
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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 °C for 60 min with 0.088 Pa CH. injection).
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Figure S2: Raman spectra of the pristine SWCNTSs and the healed SWCNTSs treated with (a) 0.035,
and (b) 0.088 Pa C;H; for 0, 5, 10, 20, 40, and 60 min at 1100 °C.
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Figure S3: Process time dependence of the (a) l¢/lp ratio and (b) Ic/lsi ratio of the SWCNTSs, and (c)
the Ip/ls ratio of the relevant blank sample treated with the C;Hz-injected healing process (0.088 Pa).
The ls/lp and lg/lsi ratios of the pristine SWCNTSs were plotted as a reference.
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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 SWCNTSs 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 SWCNTSs treated with only Ar, 0.352 Pa C,H. and 0.352 Pa
C2H,4 for 60 min at 1100 °C.
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