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Abstract

Carbon nanotubes (CNTSs), a kind of one-dimensional carbon material benefiting from their
extraordinary properties, have been applied in several areas, including sensors, field-effect
transistors (FETS), and batteries. Related to the application in the electronic industry, CNTs with
high crystallinity have attracted more attention for decades because of their excellent electrical
transportation, especially for single-walled carbon nanotubes (SWCNTS). The defects formed on
SWCNTs will likely reduce the crystallinity and extinguish the mechanical and electrical
characteristics of SWCNTSs. These years, high temperature treatment has been proven to be one
of efficient methods for defect healing in both CNT growth process and post-treatment process.
However, high temperature growth produced SWCNTs with a lower yield than those grown at
the lower temperature. Besides, another problem needed to be solved is the formation of impurity,
amorphous carbon (a-C), which covers the surface of growth seeds and prevents the growth of
CNTs. Moreover, in the post-treatment process, high temperature annealing exhibited a limitation
in the efficiency of defect healing on SWCNTs.

In this dissertation, aimed on the yield increase of highly crystalline SWCNTSs, I divided
the research into two areas: high temperature CNT growth process and post-treatment process. In
the CNT synthesis, nanodiamonds (NDs), structured by sp® carbon bound, are used as the growth
seeds because of their high thermal suitability and containing no metal impurity. Based on study
of growth driving force, | developed the high temperature growth process to a cap formation
engineered two-step growth process. Further, to prevent a-C deposition during the growth process,
| systematically analyzed the effects of growth enhancers, which were introduced into the carbon
solid seeds-based SWCNTSs growth system. Moreover, in the thermal post-treatment process, we
experimentally investigated the effect of carbon-containing reactants (CzH).

To increase the growth yield of CNTs synthesized at high temperature, a two-stage
growth process was built. The growth process was divided into initial and secondary growth steps
and the growth temperature was adjusted in different growth steps. In this work, the two-step
growth process was further developed. Combining with the study of the growth driving force, |
illustrated the influence of partial pressure of carbon feedstock and growth temperature on the
efficient initial growth of SWCNTSs. It has been found that the yield of cap structure was increased
at low growth temperature and high partial pressure of carbon source, which provided a high
growth driving force for CNT nucleation. After achieving a higher density of the cap structures,
stationary elongation of SWCNTSs was conducted by a secondary growth step. Compared to the
classical high temperature growth process, the cap formation engineered two-step growth process
efficiently increased the yield of SWCNTSs with high crystallinity. Through the two-step growth
process, however, we still cannot avoid the formation of a-C. Therefore, | introduced growth
enhancers in the two-step growth process and analyzed their effects.
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In the metal catalyst-based CNTs growth process, growth enhancers have been added to
etch the a-C formed with the promotion of metal catalysts. Thus, in this ND-based SWCNTs
growth process, | injected the growth enhancers (H.O and CO>) and investigated their enhancing
roles when different carbon sources (C.Hz and Cz2Hs4) were supplied. Using H-O as the growth
enhancer, we found that the a-C deposition is efficiently limited when a low partial pressure of
C2H2 was injected. However, in a high partial pressure C,Has-supplied growth, H.O with high
concentration damaged SWCNTSs structure because of its strong oxidizing ability. In addition to
H-0, CO; exhibited a better a-C formation-preventing role in CoHs-supplied growth. Notability,
in the C,H;-supplied growth, rather than removing a-C in the other combinations, CO; injection
dramatically increased a-C deposition while the yield of SWCNTs was also increased. This
phenomenon indicated the dehydration reaction between CO; and C;H,, which could be referred
from the previous research about the pyrolysis reaction happening at high temperature. The
present findings lead to a promoted growth of high-quality SWCNTs from non-metallic growth
seeds with growth enhancers injection.

When discussing about the application, however, we found that the publication of
SWCNTs directly grown through high-temperature process is still not enough in some cases. Thus,
in the next research, | studied the post-treatment method for the defect healing of the massive
SWCNTSs grown at low temperature. Recently, among the thermal treatment processes for high
crystallinity SWCNTs formation, the injected carbon-containing reactants exhibited a positive
tendency in defect healing. Thus, combining with previous theoretical research, we
experimentally confirmed the healing behavior of carbon-containing reactant (C2H.) in the high
temperature (1100 °C) annealing process. Compared with the SWCNTSs healed only in Ar gas, the
SWCNTs healed with C,H, presented higher crystallinity. Further, we found that the healing
effect of C,H; injection was more evident in the thin SWCNTSs (<1.1 nm).

In the non-metallic growth seed-based SWCNT synthesis, we increased the yield of high
quality SWCNTs by building a cap formation engineered two-step growth process with the
participation of growth enhancers. The healing role of carbon-containing reactant (C;H.) in the
post-treatment process was also experimentally revealed.

Based on such studies, in the future, 1 would like to study the nucleation behavior of
SWCNTSs on the surface of solid carbon growth seeds and modify the growth condition to achieve
SWCNTs with high chirality purity. | also would like to apply this high temperature growth
system into the formation of horizontally well-aligned SWCNTSs arrays and study the related
properties. In the thermal annealing post-treatment with the injection of carbon-containing
reactants, finding method to prevent the formation of a-C would be the next step to be finish.
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Chapter 1: Introduction

1.1 Structure of carbon nanotubes
1.1.1 Single-walled carbon nanotubes and multi-walled carbon nanotubes

Nanostructured carbon materials, including fullerenes [1, 2], graphene [3], and
carbon nanotubes (CNTS) [4, 5] et al., have attracted broad interest for several decades
because of their unique properties. As a one-dimensional material, CNTs are structured
by the rolled-up sheets of graphene, which are consisted of sp? carbon atoms. According
to the layers of the sidewall, CNTs could be divided into single-walled carbon nanotubes
(SWCNTs) [4] and multi-walled carbon nanotubes (MWCNTS) [5] with diameters
ranging from 0.8 to 2 nm (Figure 1.1 (a)) and 5 to 20 nm (Figure 1.1 (b)), respectively.
Recently, single-walled carbon nanotubes (SWCNTS) are going to be attractive recently
due to their excellent electrical transportation [6], mechanical strength [7, 8], and thermal
transportation [9, 10], which brings applications in the area of sensor [11, 12], batteries
[13], and capacitors [14, 15]. These properties have been proven to relate to the structure

of SWCNTs.
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Figure 1.1 TEM images of the (a) SWCNTSs [4] and (b) MWCNTSs [5].
1.1.2 Chirality and crystallinity of SWCNTSs

When mentioning the structure of SWCNTs, many parameters should be
considered, including the diameter, length, purity, and so on. One of the important
structure factors is chirality (helicity). As Figure 1.2 (a) [16, 17] shows, a vector called as
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the chiral vector, connects the centers of the two hexagons. In determining the atomic

structure of a single-walled carbon nanotube, the chiral vector C can be written as
C =nar + maz

where a; and a. are the unit cell base vectors of the graphene sheet. The pair of integers
(n, m) is called the chiral index or just chirality, and n>m [18]. According to the chirality,
CNTs could be divided into three types—armchair (n=m), zig-zag (n=0 or m=0), and
chiral structure (any other n and m). Generally, the armchair structure has electrical
properties similar to a conductor, whereas the zig—zag structure has semiconductor-like
properties. In the case of the chiral structure, it has the characteristics of a semiconductor
or metallic by the chiral index. Here, a general rule is supported to distinguish the
electronic properties of SWCNTSs. If (n—m) is a multiple of 3, the SWCNTSs show metallic
properties. Otherwise, the SWCNTSs present a behavior of semiconducting [19, 20].

Figure 1.2 (a) Schematic of a carbon nanotube in a two-dimensional graphene sheet with lattice
vectors al and a2, and the roll-up vector. [16] (b) armchair, zig—zag, and chiral structure of
SWCNTs [17].

Another important factor that affected the properties of SWCNTSs is crystallinity.
Perfect SWCNTs own a well-defined lattice that is structured by six-membered rings.
However, with the practical process of synthesis and chemical post-treatment, defects
usually form in the SWCNTSs structure. The appearance of defects, as shown in Figure
1.3 [21], including pentagonal, heptagonal defects, and pentagon-heptagon (5|7) pairs [21,
22] or even line defects [23], significantly changed the properties of SWCNTSs.



Figure 1.3 A SWCNT with (a) an isolated pentagon defect, (b) a heptagon defect and (c, d) a 5|7
pair defect [21].

With the formation of defects, the number of anchor points in SWCNTS increases,
which enhances the charge injection, chemical functionalization and benefits the relevant
applications [24, 25]. On the other hand, SWCNTSs’ electronic and transport properties
drastically decreased by the appearance of such non-hexagonal rings. A variety of
theoretical and experimental studies proved the SWCNTs’ remarkable mechanical
properties, including high Young’s modulus values (~1 TPa) [7, 8] and high tensile
strength (~100 GPa) [26]. However, it has been concluded that single defects can bring a
0~25 % reduction in tensile strength [27]. When the number of defects increases to three,
the tensile strength of SWCNTSs will appear to have a 50 % reduction [27]. Similarly, the
experimentally synthesized SWCNTs usually presented lower transportation properties
compared with the theoretically calculated electrical (10° A/cm?) [6] and thermal (3500
W/m K) transportation values [9, 10]. Moreover, defects can be the edge dislocation core
in SWCNTs, which change the chirality of the tube [28, 29].

Until now, we still need efforts to control the crystallinity and chirality of

SWCNTSs during the synthesis and post-treatment process.



1.1.3 Structure characterization of SWCNTSs

As aforementioned, the structure of SWCNTSs is highly related to the properties,
which further affects the applications. Therefore, details of the SWCNT structure should

be precisely evaluated.

Scanning electron microscopy (SEM) is a convenient and recommended tool to
directly observe the morphology of CNTs on a large-scale (Figure 1.4) [18, 30]. In SEM
characterization, CNT sample is irradiated by an accelerated electron beam and signals
are emitted from the sample through electron-sample interaction, including the secondary
electrons (SE), backscattered electrons (BSE), and diffracted backscattered electrons
(EBSD). Among these signals, SE and BSE are mainly used to image samples, which are

more efficient in reflecting the morphology and composition of samples respectively.

However, the usage of SEM is limited by the resolution ratio. Thus, it is difficult
to confirm the atomic structure in CNTs. As shown in Figure 1.5, compared with SEM,
transmission electronic microscopy (TEM) is preferred to characterize the details of
CNTs, especially for the length, diameters, purity, and chirality of SWCNTs [31-33].
High resolution TEM (HR-TEM) can measure atomic structure of CNTs directly and even
see the structure of defects [34]. Recently, in-situ TEM was used as an effective approach
to characterize the real time growth behavior of CNTs, which supports the study of CNT
growth mechanism [35]. However, TEM measurement exhibits a difficulty in quantitative

analysis.



Figure 1.5 TEM images of SWCNTSs with low magnification (a) and high magnification (b) [33],
(c) in situ TEM images of a SWNT growth in nucleation and elongation process from a

nanoparticle catalyst on a substrate [35].

Another method used to mainly measure the morphology of CNTs is the atomic
force microscopy (AFM). Through recording the relative height of the probe, a three-
dimensional shape (topography) of CNTs is exhibited in an image (Figure 1.6) [36].



Moreover, because of the high resolution, AFM is also widely applied to revel the surface

of CNTs which are modified with dispersants.

Figure 1.6 AFM height image (a) and phase image (b) of CNTs wrapped with single-stranded
DNA, (c) a three-dimensional representation of the height of modified CNTs [36].
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Figure 1.7 (a) Energy level diagram for Rayleigh and Raman scattering, where radiation having

an energy hvo incident on a molecule and Awin represents a difference in the vibrational or

rotational energy levels of that molecule [37] (b) Raman spectrum showing the most characteristic
features of CNTSs: radial breathing mode (RBM), the D-band, and G-band [38].

Besides SEM, TEM, and AFM measurement, Raman spectroscopy is another

widely used tool to detect the details of CNT structure on a large-scale. The detection

result could be achieved rapidly by providing a few samples. Raman spectroscopy is a



light scattering technique. As Figure 1.7 (a) shows [37], when high-intensity incident light
from a laser source is scattered by molecules, most of the scattered light has the same
wavelength as the incident laser, and this scattering is called Rayleigh scattering.
Noticeably, there is a very small fraction of the scattered light, called Stokes and Anti-
Stokes scattering, which has a wavelength different from the incident light. Such fraction
is called Raman scattering, and the change in wavelength reflects the chemical structure
of the test sample. In addition, when the wavelength of the incident light is close to the
wavelength needed for an electronic transition of the specific compound, the resonance
effect appears and the intensity of the scattering peak from such compound could be

increased by several times.

The representative Raman active peaks in SWCNTs are the radial breathing
modes (RBM), D-band and G-band, which are shown in Figure 1.7 (b) [38]. The G-band
at ~1590 cm represents the graphite (sp? carbon) structure and the D-band at 1330~1360
cm? reflects all carbon allotropes (amorphous sp? and sp® carbon), including defect
structure. The RBM frequency at 100~300 cm™ (wrewm) is proved to be inversely

proportional to the diameter of tube (d) according to the equation [39]:

wrem (M) =223.5 /d; (nm) + 12.5

This relationship between the RBM frequency and tube diameter is reliable for
SWCNTSs with diameter small than 2 nm.

The resonance energy of SWCNTSs is determined by their chirality, and the
chirality of the resonance varies depending on the laser wavelength used. The chirality
distribution of CNTs can be analyzed in detail by comparing the Raman spectra measured
at several laser wavelengths with the Kataura plot (Figure 1.8), which plots the energy
between van Hobe singularities for each chirality and diameter [40]. The round and square
dots in Figure 1.8 represent the chirality of semiconducting and metallic CNTs,
respectively. The chirality connected by a line is called a family and indicates that 2n+m

calculated from the chiral exponents (n, m) are equal.
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Figure 1.8 The figure of Kataura plot, which exhibits the information of chirality and diameter of

CNTs [40].

The Raman scattering intensity becomes weaker as the resonance energy and
excitation energy move away from each other. Specifically, when CNTs form a bundle,
the resonance energy decreases, and the amount of change is about 0.05-0.15 eV,

depending on the chirality.

Through above characterization methods, the structure and morphology of
SWCNTSs could be clearly detected.

1.2 Synthesis of SWCNTSs and the relevant growth mechanism
1.2.1 Chemical vapor deposition

Until now, several methods have been developed to synthesize SWCNTSs,
including arc discharge [41], laser ablation [42], and chemical vapor deposition (CVD)
[43]. Among these methods. CVD is one of the most investigated and widely used
techniques, which requires simpler equipment and milder conditions in terms of
temperature and pressure [44]. Based on such advantages, CVD synthesis tends to be
more suitable for the large-scale production of CNTs. As shown in Figure 1.9, in CVD

synthesis, carbon-containing reactants, such as carbon monoxide (CO) [45], methane



(CHa) [46-48], ethylene (C2Ha) [49-51], acetylene (C2H>) [52, 53], and ethanol (C2HsOH)
[54, 55], are used as the carbon source. Metal or non-metallic nanoparticles are usually
employed as catalysts or growth seeds, and carbon feedstocks could adsorb on their
surface and form CNTSs. Through controlling the temperature and pressure in the tubular
reactor, the injected carbon source processes decomposition reactions and reconstructs to

CNTs on the surface of catalysts or growth seeds, which are deposited on kinds of

substrates.
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Figure 1.9 Schematic diagram of CNT growth through CVD method happened in a tubular reactor.
1.2.2 Metal catalyst-based SWCNTSs growth

In the synthesis of CNTs, metal nanoparticles are usually applied as catalysts to
promote growth. Through adsorbing on the active sites of the metal catalyst surface, the
decomposition of the carbon sources could be speeded up at a lower temperature than the
temperature needed for spontaneous decomposition. Since the reports of the catalytic
formation of nanotubular carbon filaments in the 1950s [56] and the seminal research
about the metal nanoparticle-based synthesis of the SWCNTs and MWCNTS in the early
1990s [4, 5], significant progress has been made in terms of synthesis yield, nanotube

alignment, and sample purity.

Over the years, nickel (Ni), iron (Fe), and cobalt (Co) are the widely used as
catalysts for high activity in SWCNT growth [57-60]. Besides, the use of other transition
metals and noble metals has been reported recently, including palladium (Pd) [61],
platinum (Pt) [61], chromium (Cr) [62], and so on. Considering the thermal stability of
the metal catalysts during the CNT growth process, weakly active elements, such as
ruthenium (Ru) [63] and molybdenum (Mo) [64], are used in some cases to form alloys

for preventing or controlling the coarsening of catalysts.



Based on the reaction conditions and post-deposition product analyses, the
widely-accepted metal catalyst-based CNT growth mechanism can be outlined as follows.
When injected into the tubular reactor, carbon source vapor adsorbs on the surface of
metal nanoparticles. Under the promotion effect of the catalyst, the carbon source
decomposes into carbon atoms that get dissolved into the metal. When the carbon atoms
reach the limit of carbon-solubility in the metal, such dissolved carbon precipitates out
and crystallizes in the form of a cylindrical network, which finally constructs CNTs. As
shown in Figure 1.10, this growth process is defined as the vapor-liquid-solid (VLS)
growth [65-68].

VLS mechanism

____ Carbon Feed 3, Carbon Feed '__

.-f- o ? - b, '“r - &

Figure 1.10 Schematic diagram of SWCNT synthesis through VLS growth mode [68].

1.2.3 Solid carbon nanoparticle-based SWCNTSs growth

Recently, as Figure 1.11 shows, nanodiamonds (NDs) (~5 nm), produced by
detonation of carbon-containing explosions, were successfully used as a growth seed in
CNT synthesis [69]. In the ND-based CNT growth process, the adsorption step of the
carbon source is similar to the metal nanoparticle-based growth case. However, different
from the metal catalyst, the adsorbed carbon source will not proceed a catalytic effect
promoted decomposition process and will not dissolve into NDs, which remain solid
during the growth process. By diffusing on the surface of the growth seeds, the carbon
source decomposed and constructed into CNTs. This growth process is called the vapor-
solid surface-solid (VSSS) growth [69, 70]. In this growth mode, the diameter of CNTs

is directly related to the size of growth seeds.

As one of the solid carbon nanoparticles, NDs will not fuse and change into large
nanoparticles during the high temperature treatments (1000—1500 °C) because of the high

thermal stability. Especially, with high temperature annealing treatment, the surface of
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NDs gradually transforms sp® to sp? carbon structure (graphite sheets), which further
increase their morphology stability at high temperature. This property makes NDs
suitable to be employed as a growth seed in the high-temperature CVD growth process,
especially in the synthesis of SWCNTSs, which need growth seeds with small size. Besides,
NDs bring fewer metal impurities during CNT growth than the CNTs synthesized with
metal nanoparticles. In the VSSS growth mode, NDs are supposed to be a template for
the nucleation of CNTs and the cap structure of CNTs can be modified by the morphology
of NDs. Therefore, NDs exhibit high potential in CNT chirality control by engineering

the nucleation step, which is supposed to have further study in future.

Figure 1.11 (a), (b) TEM image of SWCNTSs grown from NDs and (c) Fourier transform pattern
obtained from (b), where the diffraction spots represent the (111), (002), and (111) surfaces of
diamond crystal. The scale bars in (a) and (b) are 5 nm [69].

1.3 Thermodynamic analysis for the growth of SWCNTSs with high crystallinity
1.3.1 High temperature treatment for the achievement of SWCNTs with high
crystallinity

As mentioned in section 1.1.2, crystallinity is a significant factor that decide the
properties of SWCNTSs. Due to the high mechanical strength and transportation properties,
there grows the need for SWCNTSs with low density of defects, which can be applied to

logic circuits, batteries, and so on.
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Aimed to prevent or heal the defects formed in SWCNTSs, as Figure 1.12 shows,
high temperature is suggested during the SWCNT growth or the annealing after synthesis
[71]. According to previous research, types of defects formed on the edges or tubular
structure of SWCNTSs, and healing such defects needs to overcome the relevant activation
energy [21]. The use of high temperature brings energy for the defect healing and makes

it more effective, thus leading to a lower overall density of defects.
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Figure 1.12 Schematic diagram of the temperature influenced graphitization process [71, 72].

On the other hand, in the high-temperature growth process, it has been found that
the yield of SWCNTSs tends to be lower than that of SWCNTSs synthesized at the lower
growth temperature. Therefore, the growth mechanism of SWCNTs should be further

discussed to analyze the influence of growth conditions.
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1.3.2 The influence of growth driving force during SWCNTSs synthesis

In order to further understand the mechanism of SWCNTs grown from growth
seeds, it is necessary to understand the concept of growth driving force (Ap) [73]. The
growth driving force represents the energy shift from the equilibrium state, and is a
concept widely used in the field of crystal growth. Applying this to SWCNT growth by
CVD, as shown in Figure 1.13, the growth driving force is determined by the difference
between the chemical potential of carbon atoms in carbon feedstock molecules in the gas
phase pcwas and that of carbon atoms in SWCNTSs in the solid phase pcoig, Which is

expressed as AL = Fegas) — Mesolio)-

The growth driving force Ap can be controlled by the growth conditions, the
growth temperature and the carbon source partial pressure [74]. Since the chemical
potential W is equal to the partial molar Gibbs energy, keeping pressure p constant with

changing temperature T, the variation of W is proportional to the partial molar entropy Sm
according to the equation (g—;)p = — Sm, Where Sp in the gas phase is higher than that in

the solid phase. When the growth temperature increases, the decrease of e IS more
drastic than pegig, these result in a reduction of A at higher temperature (Figure 1.13
(c)). As another influential factor, the change in the carbon source partial pressure mainly
affects pcwas). A higher carbon source partial pressure increases e, which increases Al
(Figure 1.13 (d)).

Based on the above study of growth driving force, it could be found that high
growth temperature decreases the growth driving force in the synthesis process, which
increases the difficulty of SWCNTs growth and finally reduces the yield of high
crystallinity SWCNTSs.
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Figure 1.13 (a) Schematic model of the CVD growth process of SWCNTs from solid carbon
nanoparticles. (b) Reaction coordinate in the nucleation and growth of SWCNT. (c) Reaction

coordinate and growth driving force variations when the temperature changes at a fixed carbon
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source partial pressure (solid line for high temperature and dotted line for low temperature). As
the temperature decreases, the growth driving force at higher growth temperature Ap increases to
AW, (d) Reaction coordinate and growth driving force variations when the carbon source partial
pressure changes at a fixed temperature (solid line for low pressure and dotted line for high

pressure). As the carbon source partial pressure increases, growth driving force Ap increases to
AW,

1.4 Motivation and challenges

Highly crystalline SWCNTs are preferred to be achieved through high
temperature treatment [71]. However, limitations appear with the usage of high
temperature. In the metal nanoparticle-based synthesis process, supplying high
temperature makes metal catalysts easy to fuse and aggregate into particles with large
size, which will decrease the activity of growth catalysts and increase the size of CNTs
[75]. Besides, the deformation of metal nanoparticles at high temperature will trigger the
formation of defects in CNTs [76]. Compared with metal nanoparticles, as shown in
Figure 1.14, the solid carbon nanoparticles, NDs, were proved to be one of the expected
growth seeds because of their advantage of thermal stability, and they will not fuse in
high temperature growth process. Moreover, when used as growth seeds, solid carbon
nanoparticles bring fewer metal impurities to SWCNTSs, which helps to avoid the

chemical post-treatment for impurity removal.
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Figure 1.14 (a) Schematic mode of CNT grown from metal nanoparticles (a) and solid carbon

nanoparticles

Even in the solid carbon nanoparticle-based growth process, the problem of low
yield of SWCNTSs synthesized at high temperature is still unsolved. In previous research,

the flow rate of the carbon source for the initial growth of SWCNTs was adjusted to
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increase the growth yield [77]. Combined with the relevant research about the growth
driving force, the growth conditions for high crystallinity SWCNTSs growth could still be

adjusted to provide more suitable driving force for higher growth yield.

Another influence is the formation of amorphous carbon (a-C), structured by the
hybrid of sp? and sp® carbon with low crystallinity. The formed a-C becomes another
impurity in SWCNTSs, and the lifetime of growth seeds would be shortened if a-C is
covered on their surface. Until now, in the metal catalyst-based growth process, some
reactants (H20, COz, and H>) have been proven to remove a-C by reacting with carbon
atoms [78-87]. In the solid carbon nanoparticle-based growth process, there are few
discussions about employing reactants to prevent the deposition of a-C in the high

temperature growth process, and the effects of the reactants also need to be illustrated.

Not only helps to decrease defects during the formation step, the high temperature
was also proved to heal the defects which are already structured and diffused from the
edge of CNTs into tubular structure. However, high temperature treatment has been
proven to be challenging to heal some kinds of defects perfectly, such as vacancy defects.
Recently, several theoretical studies supported that, with the participation of carbon-
containing reactants, vacancy defects can be healed [88-91]. Therefore, it is necessary to

be further proved this by combining it with experimental results.

1.5 Organization of the thesis

In previous works, high temperature growth process has been applied to achieve
high crystallinity SWCNTSs. However, high temperature growth produced SWCNTSs with
a limitation in yield. Besides in such high temperature growth process, a-C forms as the
impurity and prevents the growth of CNTs. Moreover, when use the post-treatment
process as another method to increase the quality of massive SWCNTSs, high temperature

annealing exhibited a limitation in the efficiency of defect healing on SWCNTs.

Therefore, in this dissertation, | developed the high temperature growth process
to a cap formation engineered two-step growth process to solve the issues of low yield.
Further, to prevent a-C deposition at high temperature, according to previous works about
growth enhancers, | applied them into the carbon solid seeds-based SWCNTSs growth
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system and illustrated the effects of enhancers. Finally, to increase the healing efficiency
of high temperature, | injected carbon-containing reactants in the post-treatment and

experimentally investigated the effect of such reactants.

This thesis consists of six chapters. Chapter one includes the introduction of CNTs
structure, structure measurement methods, synthesis methods of CNTSs, and the growth
mechanism studied recently.

In chapter two, experimental methods were expressed, including the preparation
of growth seeds (NDs), the process of SWCNTSs synthesis in the CVD equipment, and the
methods mainly used for the structural characterization of synthesized SWCNTSs in this

thesis.

Chapter three describes work about building a new two-step growth process, the
cap engineered two-step growth process. According to the research about thermodynamic
considerations of growth driving force required for different growth stages, the growth
temperature and partial pressure of carbon source was mainly analyzed and adjusted to
increase the growth efficiency. Besides, a strong etchant, water vapor, was employed in
this growth process to decrease the amount of deposited a-C. Through the characterization
results of SWCNTSs, we found that the yield of high crystallinity SWCNTSs was increased

by using the cap engineered two-step growth process.

Chapter four discusses the enhancing roles of water (H-0) and carbon dioxide
(CO2) in the non-metallic nanoparticle-based SWCNT growth at high temperature. In this
research, different carbon source was used during the classic high temperature growth
process and the two-step growth process. Through analysis, in the non-metallic
nanoparticle-based growth process, the etching ability of H>O was found. Besides, CO>
presents roles in preventing a-C deposition and/or enhancing carbon source supply,
depending on the injected carbon feedstocks.

Chapter five experimentally investigated the effect of carbon-containing reactants
(C2Hy2) in the high temperature annealing process. In this study, grown from NDs, the
defective SWCNTSs were healed with or without the injection of C,H>. Using the healing
process in Ar ambient as a comparison, the SWCNTs healed with C2H> injection

presented higher crystallinity, and a partial pressure dependent healing effect was
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revealed. Moreover, the CyHo-injected high temperature annealing exhibited higher

healing efficiency in thinner SWCNTs compared with the thicker tubes.

Finally, chapter six states a conclusion of the aforementioned research works and

provides a future perspective based on the achieved results.
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Chapter 2: Experiments

2.1 Preparation of substrate and growth seeds

500-pm-thick Si substrates with a 300-nm-thick SiO2 were cut into a ~10 mm
square. An ultrasonic cleaner was used to clean the substrate in the following order:
acetone (99.5%), ethanol (99.5%), and ultrapure water (99.5%). Each step lasts for 5
minutes. Dried by N2 gas, the ultrasonic cleaned substrate was treated by an ozone
cleaning process (L-UV253, Japan Electronics Industry) by flowing 6 L/min oxygen for
5 min under ultraviolet light for 60 min followed by exhausting with 6 L/min nitrogen for
5 min. Within the above-mentioned cleaning process, the impurities like metal particles

and organic matter can be removed from the surface of the substrate.

In this study, we used high-purity NDs (provided by Nippon Kayaku, impurity
concentrations of 80 ppm for Fe, 2100 ppm for Zr, and 6—20 ppm for Pd) produced by
the detonation method. The ND is purified to remove impurities mixed in during the
manufacturing process and is dispersed in ethanol (2.0 wt %). After ultrasonic dispersion,
20 pl of the ND solution was dropped on the surface of the thermally oxidized Si
substrates (~300 nm-SiO,, ~500 pum-Si) by using a micropipette. Additionally, the Si
substrates treated with the same cleaning process but without any growth seeds were used
as a reference to examine the amount of a-C deposited directly on substrates (hereafter

called blank samples). The substrate dropped with 20 pl-NDs is shown in Figure 2.1

Figure 2.1 The photo of cleaned SiO>/Si substrate (~10 mm square) uniformly dropped with 20
ul-NDs.
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2.2 Synthesis of SWCNTSs in the CVD equipment

Figure 2.2 shows an external view of the CVD equipment and the relevant
schematic diagram used for SWCNT growth. Figure 2.3 shows the diagram of the pipeline
in the CVD system.

According to Figure 2.2, the feature of this equipment is that the temperatures in
the pyrolysis area of the carbon source gas and the growth area of CNTs can be controlled
independently. When using NDs as the growth seeds, the decomposition of the injected
carbon source occurs only by high temperature heating. Therefore, it is effective to keep
the pyrolysis zone at a high temperature to ensure the decomposition of the carbon source
during the growth process. The multi-temperature CVD system used in this study is

described below.

(a) Pyrolysis CNT growth
area area
‘— — f—

| |

MFCI MFCI MFCl

0k

H,/Ar C,H,/Ar C,H;OH

Figure 2.2 (a) Schematic diagram of CVD system with multi-temperature zone, (b) the inside of
the growth furnace and (c) the temperature controller to adjust the heat temperature in different

area.
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As shown in Figure 2.2 (b) and (c), temperature controllers are provided upstream,
midstream, and downstream. Therefore, the temperature can be controlled in each area,
and the temperature can be raised up to 1100 °C. However, because each area is equipped
with a thermocouple, the temperature in each area is affected by the temperature in the
adjacent area, limiting the temperature setting in each area. Therefore, the maximum
temperature difference between the upstream and midstream is ~100 °C and is ~50 °C

between the midstream and downstream.

As shown in Figure 2.3, argon, argon diluted hydrogen gas, hydrocarbon gas,
water vapor (H20), and carbon dioxide (CO) could be introduced in this system. The

features of the H.O and COz gas lines are described in detail.

{ CVD furnace } @
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Figure 2.3 The diagram of gas lines connected to CVD system.

An external view is shown in Figure 2.4. The gas line used for H.O and CO; is
branched into two lines: a vent line and a main line leading to the tubular reactor. The
injected H20 or CO», diluted with argon gas, can be controlled at an extremely low
concentration to participate in the growth process. Especially for H>O, the piping can be
heated by a heater to prevent water coagulation.
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Figure 2.4 The appearance of H20 and CO; introduction gas line.

2.3 Raman measurement of SWCNTSs

In this study, the Raman spectra was observed using LabRAM HR800, HORIBA
Jovin Yvon with a laser wavelength of 633 nm was used. When evaluating the obtained
SWCNT growth yield, the l¢/lsi ratio was used as an index, which is the peak intensity
ratio of the peak from the Si substrate (~520 cm™) and the G-band (~1590 cm™?) from the
in-plane vibration of graphite. As shown in Figure 2.5, the magnitude of l¢/lsi ratio
corresponds to the growth amount estimated from the SEM image, confirming the validity
of this index.

The Ic/lsi ratio can be used when CNTs are growing on the entire surface of the
substrate, as shown in Figure 2.5 [92]. Noticeably, in the case of random growth on the
substrate, the G band observation frequency is used as a method to evaluate the growth

amount.
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Intensity(au )

When evaluating the density of defects in the obtained SWCNTS, the lg/lp ratio
was used as an indicator [93], which is the intensity ratio of the G-band and the D-band

(1300 cm™), which is derived from the defect structure.
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Figure 2.5 (a-c) Raman spectra of CNTs samples and (d-f) the relevant SEM images, where l¢/ls;

ratio corresponds to the yield of CNTs [92].

2.4 Scanning electron microscope (SEM) and atomic force microscope (AFM)

measurement

SEM detection is a system in which the secondary and backscattered electrons are
collected from the electron irradiated sample to form an image. Contrast is added by the
difference in the amount of detected signal at each scanned point. In this study, the growth

morphology of SWCNTSs was observed using NVision, Carl Zeiss, and S-4800, Hitachi.

Atomic force microscopy (AFM) detection is a system used to evaluate the surface
texture of a sample by tracing the sample surface. Through the sharp tip attached to a
cantilever, the sample surface is scanned with a distance between the tip and the sample
surface. The distance is fixed by controlling the vertical displacement of the cantilever.
This scanning becomes precious with the usage of piezoelectric elements, which brings
accurate movements on the command and enable precise scanning. Thus, the AFM image
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provides three-dimensional (3D) shape (topography) of a sample surface with high
resolution. In this study, the morphology of NDs was observed using. In this study, the
size of NDs was analyzed using AFM5000, Hitachi.
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Chapter 3: Single-walled carbon nanotube growth by
two-step process with water injection

Growth of single-walled carbon nanotubes from solid carbon
nanoparticle seeds via cap formation engineering with a two-step

growth process and water vapor supply

3.1 Background

Single-walled CNTs (SWCNTSs) [4] have received increasing attention toward
logic circuits [94], chemical sensors [95], and quantum light sources [96] because of their
excellent performances and chirality-dependent optoelectronic properties [97]. During
the growth of SWCNTSs, carbon atoms decomposed from carbon source molecules are
bonded together on a suitable growth seed, which is a nanoparticle that acts as a template
and initially forms a hemispherical graphitic structure, which is referred to as a cap
structure. After the cap structure lifts off from the growth seed, a tube structure gradually
elongates as the carbon atoms attach at the interface between the edge of the tube and the
growth seed [35]. The CVD process has been extensively investigated for the structural
control and high yield synthesis of SWCNTSs due to the high degree of freedom of growth
parameters and good compatibility with large-scale production [33, 98-100].

Unfortunately, there are still significant differences between experimentally
synthesized SWCNTs and ideal SWCNTSs, which are required for applications in terms
of crystallinity, chirality, and length. The crystallinity of SWCNTSs is one of the most
important aspects, since the structural defects formed on SWCNTSs significantly alter the
electronic structure [101, 102] and deteriorate their superior properties, including
electrical transport [101, 103, 104], thermal transport [105], and mechanical strength
[106]. To achieve highly crystalline SWCNTSs, high-temperature CVD processes are
effective because the activation barrier of healing defects must be overcome [21, 71]. For
high growth temperature, the growth seeds for SWCNTSs require high temperature
stability to prevent aggregation phenomena. Catalytic metal nanoparticles, including iron
[107, 108], nickel [109], cobalt [110], and relevant alloys [111], are widely used as growth

seeds. However, due to their moderate melting points, metal catalysts usually suffer from
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deactivation caused by aggregation, limiting the yield of SWCNTSs at high temperatures
[75]. Also, post-treatment is required in some applications to exclude metallic impurities

from the grown SWCNTSs, but it can induce the formation of additional defects [112].

Recently, non-metallic nanoparticles with higher melting points have been
utilized as growth seeds of SWCNTSs [70, 113-116]. Among them, nanodiamonds (NDs)
[69] are promising growth seeds because of their nonfusion properties that prevent
aggregation or sintering of nanoparticles even at high growth temperatures. In addition,
as-grown SWCNTs from ND nanoparticles are highly pure in terms of elemental
composition, alleviating the need for post-growth purification. One study successfully
synthesized highly crystalline SWCNTSs at 1000 °C using solid carbon nanoparticles
derived from NDs as growth seeds [117]. However, the yield of high-quality SWCNTSs
remained low at high growth temperatures. Increasing the growth temperature has been

reported to make the organization of SWCNTSs more difficult.

As discussed in section 1.3.2 regarding thermodynamic considerations [118], a
reduction of A occurs at higher temperature (Figure 1.13 (c)). This reduction in Ap at
high temperature makes the formation of SWCNTSs difficult, especially for cap structures

with higher strain energies above Py [119].

Since the growth of SWCNTSs starts from the cap formation process, optimizing
the cap formation condition to obtain higher nucleation efficiency is necessary to increase
the growth yield of SWCNTSs. Therefore, increasing the partial pressure of the carbon
feedstock or decreasing the growth temperature only at the beginning of SWCNT growth
should compensate for the high driving force required for the nucleation of the cap
structure. After the effective formation of the cap structures, a moderate driving force
should be provided for the subsequent growth of the nanotube sidewalls by controlling
the growth conditions. Details of the required driving forces for the different growth
stages are explained in section 3.3.2. A two-step growth approach using conventional
metal nanoparticles at moderate temperatures has been used in the synthesis of SWCNTSs
[120]. However, the effectiveness of two-step growth has hardly been investigated so far
because of the unique vapor-solid-surface-solid (VSSS) growth mechanism that occurs
in solid seed-supported SWCNTSs growth systems [69, 70], rather than the vapor-liquid-
solid (VLS) model based on metal catalyst growth [65, 66]. Although our previous study
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reported a preliminary results of two-step growth from solid carbon seeds by temporally
changing the carbon feeding rate [77], a more in-depth investigation of the cap formation
process should enable efficient synthesis of highly crystalline SWCNTSs and elucidate the
unconventional mechanism for growing SWCNTSs from solid carbon nanoparticles.

Another factor that hinders the growth of SWCNTSs is the deposition of amorphous
carbon (a-C), which is easily formed at high temperatures and high carbon feed rates. In
metal catalyst-based CNT growth, with the introduction of water vapor, it has been
reported that the activity and lifetime of metal catalyst was improved by selective etching
of a-C. During growth, the improved catalyst performance resulted in high efficiency of
CNT synthesis and massive or ultra-long CNT growth from metal nanoparticles [33, 87,
121-124]. Therefore, water-induced etching of a-C could potentially be exploited for the
growth of SWCNTs from solid carbon seeds.

In this work, a two-step approach is developed to efficiently synthesize high-
quality SWCNTs using ND-based solid carbon nanoparticles as growth seeds at high
temperatures. The effects of growth temperature, partial pressure of carbon feedstock,
and growth time in the initial growth step on the nucleation of SWCNT caps is
investigated to enhance the synthesis from non-metallic nanoparticles. After an efficient
cap formation stage, the carbon supply was reduced in the secondary growth step at high
temperature to adjust the growth drive. The stationary elongation of tubes in the
secondary growth step increased the growth yield of SWCNTSs with high crystallinity. In
addition, by introducing water vapor as etchant, just after the formation of SWCNT cap
structure, impurity-free SWCNTSs with high crystallinity were obtained and the growth
yield was increased.

3.2 Experimental Section

3.2.1 Growth seed preparation

Figure 3.1 depicts the entire process, including the pretreatment step for growth
seeds and the two-step growth process with and without water injection. Purified ND
particles (provided by Nippon Kayaku, impurity concentrations of 80 ppm for Fe, 2100
ppm for Zr, and 6-20 ppm for Pd) prepared by the detonation method [125, 126] were
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dispersed in ethanol (2.0 wt%) and used as the starting material of the seeds for SWCNT
growth,

The silicon (Si) substrates with a 300-nm-thick thermal oxide layer were cut into
approximately 10 mm squares and cleaned by an ozone treatment process (L-UV253,
Japan Electronics Industry) by flowing 6 L/min oxygen for 5 min under ultraviolet light
for 60 min followed by exhausting with 6 L/min nitrogen for 5 min. After ultrasonic
dispersion, 20 ul of the ND solution was dropped on the surface of the Si substrates. In
addition, the same Si substrates without any growth seeds were used as a reference to
examine the amount of a-C deposited directly on substrates (hereafter referred to as blank
samples).
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Figure 3.1: (a) Schematic diagram of the growth seed pre-treatment and the two-step growth

process of SWCNTs from solid carbon nanoparticles. (b) Temperature profile of the reaction

furnace as a function of processing time.

3.2.2 Two-step growth process without water vapor injection

A tubular CVD furnace (GE-1000, GII Techno) The substrate was placed in the
center of a quartz tube chamber with a semicircular cross-section, a diameter of 43.6 mm,

28



and a heating zone length of 890 mm, and heated in air at 600 °C for 10 min to remove
various impurities from the surface of the substrate and ND (Figure 3.1 (b), process 1).
During this process, the diameter of ND was reduced to the appropriate size for SWCNT
growth [69], and the size variation is shown in Figure 3.2. Further processing was
performed by gradually increasing the furnace temperature to 1000 °C under argon at 85
kPa and keeping it at 1000 °C for 1 h as an annealing procedure (Figure 3.1 (b), process
2). This step should turn the surface of ND (sp® carbon) into a more stable graphitic shell

(sp? carbon), which is called as the carbon nano-onion structure [127, 128].

To adjust the growth conditions suitable for the initial growth step of forming the
cap structures, the growth temperature was set to 850 °C or 900 °C after the annealing
process of 1000 °C described above (Figure 3.1 (b), process 3). Once the temperature
dropped to the set value, which was determined based on the previous high temperature
SWCNT synthesis condition [129], the pressure was dropped to 500 Pa while argon was
continuously injected at 20 sccm and held for 3 min to stabilize the environment.
Afterwards, the gas condition was converted to a mass flow mixture of 20 sccm of CoH»
(2%)/Ar (1-10 sccm) and H2 (3%)/Ar (10-19 sccm) while the total pressure was
maintained at 500 Pa, corresponding to a C2H: partial pressure of 0.5-5 Pa. The typical
flow rates for CoH2/Ar and Ho/Ar were 2 sccm and 18 sccm, respectively, corresponding
to a CoH> partial pressure of 1 Pa. The process lasted for 1 or 2 min as the cap growth
stage. Before entering the secondary growth step, the growth temperature was raised to
1000 °C while the control gas mixture was 1 sccm C2Hz (2%)/Ar and 19 sccm of H»
(3%)/Ar, where the partial pressure of C2H2 was 0.5 Pa (Figure 3.1 (b), process 4). The
secondary growth step, where stationary elongation of SWCNTs should occur, started
when the growth temperature reached 1000 °C and lasting 30 min while maintaining the
same gas phase mixture and pressure conditions (Figure 3.1 (b), process 5). In some
experiments, only the initial growth step was performed, and after 1 or 2 min of the initial
growth at 850 °C or 900 °C, the temperature was decreased and no secondary growth step

was performed.
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3.2.3 Two-step growth process with water vapor injection

Water vapor was added as a growth enhancer in some experiments because water
vapor may prevent the deposition of a-C. According to the two-step growth process
described above, water vapor at 0.15 Pa is usually injected into the gas phase environment.
We started the water vapor supply at two different timings: from the beginning of the

temperature rising step and from the beginning of the secondary growth step. The details

are explained in section 3.3.5.
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Figure 3.2: (a) AFM image and particle size distribution histogram (c, blue column) of the samples
obtained from purified ND before heating in air. (b) AFM image and particle size distribution
histogram (c, red column) of the samples obtained from purified ND after heating in air at 600 °C

for 10 min. The ND particle size was evaluated by height profiles of the AFM images.

3.2.4 Structure characterization and yield evaluation of synthesized SWCNTSs

We analyzed the structure of the synthesized SWCNTs by Raman spectroscopy.
A Raman spectrometer (LabRAM HR800, HORIBA Jovin Yvon) was used with an
excitation wavelength lex of 633 nm. The size of the laser spot was about 0.9 um, and the
laser power of the measurement spot was about 7 mW. The exposure time for each
measurement spot was 1 second and cycled 5 times. Raman spectra were collected from
30 randomly selected spots on each sample, and the average spectra were used for further
analysis. The quality of the formed SWCNTSs was discussed by comparing the intensity
ratio of the G-band (~1590 cm™) to the D-band (1330-1360 cm™), which was denoted
as l/lp [93]. The density of SWCNTs was low, and in the case of high temperature
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synthesis, the G-band was occasionally not observed. Therefore, the growth yield of
SWCNTSs was assessed by the G-band observation frequency (the number of times the G-
band appears in the measured spectrum divided by the total number of measurements).
Typically, 100 spots of Raman spectra were collected to assess the G-band observation
frequency. Note that more measurement spots were used to determine the G-band
observation frequency than that for averaging Raman spectra to ensure the accuracy of
the G-band observation frequency, even for samples with low-density SWCNTSs.
Scanning electron microscopy (SEM) (NVision, Carl Zeiss) was used for morphological
observation of SWCNTs with an acceleration voltage of 1-5 kV. Atomic force

microscopy (AFM) (AFM5000, Hitachi) was used to analyze the morphology of NDs.

3.3 Results and Discussion
3.3.1 Investigation of possible SWCNT growth from impurity in ND

We conducted a separate experiment to examine whether SWCNTSs grow from
metallic impurities contained in NDs. We prepared purified and unpurified ND samples
whose Zr impurity concentrations were evaluated as 2100 ppm and 10000—20000 ppm,
respectively, by inductively coupled plasma mass spectrometry. By heating the ND in air
at 900 °C for 30 minute, the NDs was burned off, leaving only the metallic impurities on
the substrate, and then we performed a two-step SWCNT growth. The purified and
unpurified ND samples after the burning and growth processes were examined by Raman
spectroscopy, SEM, and AFM (Figure 3.3). Raman measurements were performed on
randomly selected 30 spots on each sample. While the G-bands were detected on some
measurement points of the unpurified ND samples, the purified ND samples did not show
any G-bands in their Raman spectra. SEM observation also confirmed that SWCNTSs with
low-density was grown from unpurified ND, while no tubular structures were present in
the purified ND samples. This result proves that the impurity concentration in the purified
NDs is low enough not to grow SWCNTSs and that SWCNTSs obtained in this study which
did not undergo ND burning were grown from solid carbon nanoparticles transformed
from NDs.
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Figure 3.3: Growth results from (a—e) purified and (f—i) unpurified ND after burning in air at 900
°C for 30 min. (a, f) Raman spectra, (b—d, g—i) SEM images, and (e, j) AFM images of the samples.
The SEM images were taken at (b, g) low and (c, h) high magnifications and also at (d, i) high
magnification with a higher acceleration voltage (5 kV).

Note that some structures with deeper contrast than SWCNTSs were observed by
SEM (Figure 3.3 (h)). Referring to the literature, SEM observations were carried out at a
higher magnification and a higher accelerating voltage (5 kV). [130]. The observation
reveals that there are particle-like structures (Figure 3.3 (d, i)). The height of the particles
was evaluated to be several tens of nanometers by AFM (Figure 3.3 (e, j)). We believe
that these structures are aggregated particles composed of impurities, mainly Zr, with a-

C deposition.
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3.3.2 Effects of temperature and C2H2 partial pressure in the initial growth step

In order to improve the growth efficiency of cap structures with solid carbon
nanoparticles as the growth seeds, SWCNT growth was performed under different initial
growth conditions while omitting the secondary growth step. To amplify the difference
of the growth results, the growth time of the initial growth step was preliminarily set to 2
min. Figure 3.4 presents the effect of the growth temperature and the partial pressure of

carbon feedstock in the initial growth step.

The Raman spectra in Figure 3.4 (a) show the variations of the SWCNT growth
results in the initial growth step at temperatures of 850 °C and 900 °C only. For the same
carbon source partial pressure (1 Pa) and growth time (2 min), the sample synthesized at
900 °C shows a higher intensity of the G band than the sample synthesized at 850 °C.
Since the G-band intensity reflects the amount of SWCNTSs in the measurement region,
its increase suggests that the initial growth efficiency of SWCNTSs increases as the
temperature increases from 850 °C to 900 °C. A peak in the D-band, which originate from
structural defects formed on SWCNTSs and/or a-C deposited on the surface of SWCNTSs
and substrates, are observed in both samples. On the other hand, no the D-band was
observed in the spectra from the control samples without ND deposition (blank samples,
Figure 3.4 (a), dotted lines). The absence of D-band in the blank samples indicates that
the D-band of the SWCNT samples mainly originates from the defects formed on
SWCNTSs rather than a-C, which can also be deposited on the blank samples. The samples
synthesized at 900 °C have higher G-band and D-band intensities, which implies that the
stationary growth of SWCNTSs may start with a higher growth efficiency even in the initial
growth step. The earlier start of stationary growth may be the reason for the decrease in

quality of SWCNTSs obtained at 900 °C, which will be discussed in section 3.3.4.
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Figure 3.4: Dependence of the initial growth conditions on the structure and yield of SWCNTSs.
(a) Raman spectra of SWCNTSs grown at 850 °C and 900 °C with C,H; partial pressure of 1 Pa

for 2 min. Dotted lines denote Raman spectra of the blank samples obtained under the same
conditions. (b) G band observation frequency of SWCNTSs synthesized at 850 °C and 900 °C with

a carbon source partial pressure of 0.5 Pa and 1 Pa for 2 min, which represents the growth yield

of SWCNTSs. (c) Raman spectra of SWCNTSs grown at different carbon source partial pressures:
0.5 Pa, 1 Pa, 2.5 Pa, and 5 Pa. Growth temperature is 850 °C and growth time is 2 min. Inset

shows magnified spectra. (d) RBM peaks in Raman spectra of SWCNTSs synthesized through only
the initial growth step of 850 °C, 1 Pa, and 2 min (denoted as 850 °C 2 min) and 850 °C, 1 Pa,
and 10 min (850 °C 10 min) as well as through the initial growth step of 850 °C, 1 Pa, and 2 min
followed by the secondary growth step of 1000 °C, 0.5 Pa, and 30 min (850 °C 2min-1000 °C 30

min).
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As shown in Figure 3.4 (b), the effect of the growth temperature and the carbon
source partial pressure on the growth yield of SWCNTSs were investigated by recording
the G-band observation frequencies of the samples grown at 850 °C and 900 °C and at
0.5 Paand 1 Pa. The increase in the growth temperature from 850 °C to 900 °C led to a
significant improvement in the growth yield. It should be noted that the yield of SWCNTSs
grown at 900 °C decreases when the partial pressure of CoHz is slightly increased from
0.5 Pato 1 Pa. At high temperature, the decrease in the growth efficiency with increasing
the carbon supply may be related to the deposition of a-C around the growth seeds.
Because the growth seed nanoparticles should have a higher surface energy compared to
flat SiO2/Si substrate, a-C is more easily adsorbed on SWCNT growth samples with
growth seeds than on blank samples. This explains why almost no D-band appears on the
blank samples but a small amount of a-C is deposited on the SWCNT samples (Figure
3.4 (a), dotted line). The increase in partial pressure of the carbon source at the higher
temperature of cap formation contributes to the enhanced growth drive, which makes it
easier to overcome the activation barrier of SWCNT cap nucleation. Since the higher
growth driving force also makes it easier to meet the growth threshold of a-C, a higher
temperature accelerates the deposition of a-C. The faster formation of a-C on the growth
surface reduces the growth efficiency of the cap structure and hinders its lift-off from the
nanoparticle. In the case of growth at higher temperatures above 900 °C, the increase in
the carbon source partial pressure enhances the deposition rate of a-C on the surface of
the growth seeds. As a result, even if the initial growth was not completed, a part of the

growth seeds was inactivated early, which led to a decrease in growth yield.

The effect of the carbon source partial pressure during the initial growth step was
examined over a wider range from 0.5 Pato 5 Pa at 850 °C for 2 min. Figure 3.4 (c) shows
the Raman spectra of the samples. At partial pressure of 0.5 and 1 Pa of CoHz, weak G
band intensities of the samples were observed, indicating that the initial nucleation of
SWCNT caps has occurred, but very little SWCNT goes to the next growth stage where
the nanotubes fixedly elongate. The intensity of the G- and D-band increased significantly
when the partial pressure of C>H> is increased to 2.5 Pa or 5 Pa. The cap structure of
SWCNTSs is a hemispherical carbon cage, similar to one half of a Ceo molecule, and no

detectable Raman signal is expected to exhibit in the same wavenumber region as the G-
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and D-band [131]. Thus, the stronger G- and D-band intensities indicate that most of
SWCNTSs have already entered into the stationary elongation stage in the case of 2.5 Pa
or 5 Pa. Unlike the growth at 900 °C, the surface of the growth seeds remains clean at a
slower a-C deposition rate of 850 °C, which allows enough time to complete the
nucleation process (Figure 3.4 (a)). At the same time, the increased partial pressure of
carbon source oversupplies carbon atoms to the growth seeds during the initial growth
step, which leads to an early start of stationary growth even at the lower growth
temperature and the formation of defective SWCNTSs (Figure 3.4 (c), 2.5 Paand 5 Pa).

The experimental results on the growth temperature and partial pressure of the
carbon source suggest that the initial growth step should be well controlled to achieve a
high nucleation efficiency of cap structures, while further stationary growth of SWCNTSs
should be avoided in this step. Therefore, the initial growth process performed at 850 °C
and 1 Pa-CyH> is suitable for further improving the yield of high quality SWCNTSs, and
is employed in the later experiments. It should be noted that the solid carbon nanoparticles
employed as growth seeds in this study do not possess a high catalytic activity, which is
quite different from conventional metal catalysts. Hence, the concentration of carbon
feedstock has to be controlled with high precision to achieve efficient growth of SWCNTSs,

especially in the cap nucleation stage.

3.3.3 Two-step growth of SWCNTSs and diameter variations

During the SWCNT growth process, the diameter of SWCNTs is mainly
determined by the formed cap structure. Therefore, different nucleation rates of SWCNTSs
with various diameters were indirectly investigated by characterizing the diameter of
SWCNT tubes through the radial breathing modes (RBMs) in the Raman spectra (Figure
3.4 (d)). Samples were synthesized only in the initial growth step at 850 °C for 2 min or
10 min. A sample grown with the secondary growth step at 1000 °C for 30 min after
initial growth at 850 °C for 2 min was also examined. Comparison of the samples
synthesized at 850 °C for 2 min and 10 min indicates that the RBM peaks mainly appear
at~130 cm™, ~180 cm™, and ~270 cm ™ in the case of 10 min, but the RBM peak appears
only at ~130 cm ™ in the case of 2 min. This difference represents the growth behavior of
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SWCNTSs as a function of diameter. The thicker SWCNTSs, which showed the RBM peak
at 130 cm™, completed their nucleation and gradually entered into stationary growth

within the first two minutes.

About the above mentioned diameter dependence of cap nucleation, we explain it
by the regulation of Ap, which is the difference between pcges) and pesoia. AS mentioned
in Figure 1.13, the variation of Pcgas and Hewoiiy IS related to growth conditions, including
the growth temperature and the partial pressure carbon source. Moreover, the
thermodynamic parameters need to be adjusted for different crystal structures of
SWCNTSs, such as the cap structures and the tube structures with different diameters,
which own different strain energy. As reported previously [71], in an actual reaction,
reactants in gas phase are not in their standard state, and also strain energy should be
considered. Thus, when the temperature is constant, the growth driving force (Ap) for
carbon feedstock (for example, C2H>) converting into an SWCNT (cap and tube) can be

expressed as

Au = Au° + %kBT In (PISZHZ) -2 (1)

Hp daz

where “°”, ks, d, Pc,p,, Py,, and % represent the standard state, Boltzmann constant,

diameter, partial pressure of C2H>, partial pressure of Ho, and strain energy, respectively.
As a factor partly depended on the SWCNT (cap and tube structures) and the diameter,
the strain energy influenced the chemical potential pcoiiay 0f SWCNT. The constant A

differs depending on the cap or the tube structure.

Due to the higher strain energy, the cap structure of SWCNTs presents higher
Mcsoiigy than the tube structure, which is similar to the higher pceoiqy for thinner SWCNTSs
than thicker SWCNTSs. Therefore, under the same growth conditions (temperature and
partial pressure of CoH>), the Ap during the stationary elongation of the tube structure is
higher than that in cap formation process, and that for thicker SWCNT formation is higher
than that for thinner SWCNT formation (Figure 3.5). According to the above discussion,
for the initial growth step, Ap provided by the growth condition must meet the threshold
of the driving force required for nucleation of the cap structures. The initial growth step

at 850 °C for 2 min, because of the higher Ay, a higher growth efficiency exhibited on
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thicker SWCNTs (Figure 3.4 (d), black line). In the case of the only initial growth step,
once the nucleation stage is finished, the reduction of pcig for the tube increases Ap for
stationary elongation under the same growth condition (Figure 3.6 (a)). Such an increase
makes A fit the threshold for elongation of thinner SWCNTSs. On the other hand, this
increase can also result in a slight excess of A for elongation of thicker SWCNTS, which
is above the growth window (Figure 3.6 (b)). This leads to the increased possibility of a-
C formation, resulting in a decrease in the efficiency of stationary elongation. This growth
mechanism explains the result of the stationary elongation stage after the cap formation
stage only with the initial growth step for the longer time (10 min), which shows a delayed
formation of thinner SWCNTs with RBM peak at ~270 cm™ and the appearance of
stronger RBM peak at ~180 cm* than that at ~130 cm™* (Figure 3.4 (d), red line). If we
consider the two-step growth process, after the initial growth, both the increase in the
growth temperature and the decrease in the carbon source partial pressure cause the
decrease of pc(as) (Figure 3.6 (c)). Additionally, pesia) alSo decreases due to the structural
change from a cap to a tube. These decreases make AW for stationary elongation during
the secondary growth step similar to or lower than that for cap formation during the initial
growth step (Figure 3.6 (d)). Such variation of the growth driving force contributes to the
stronger RBM peak at ~130 cm™* and almost no RBM peak at ~270 cm™* (Figure 3.4 (d),

blue line).
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Figure 3.5: Reaction coordinate in the nucleation and growth of SWCNTSs for different growth
stages and diameters.
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condition). (b) Schematic of growth driving force variation for the cap formation and the
stationary elongation with different diameters by only initial growth step. (c) Reaction coordinate
and different growth driving force by the two-step growth. Growth driving force for the cap
formation in the initial growth step (A, solid line) and the stationary elongation in the secondary
growth step (Au’, dotted line) is shown. (d) Schematic of growth driving force variation for the
cap formation and the stationary elongation with different diameters by the two-step growth.

3.3.4 Effect of growth time in the initial growth step

The growth behavior of SWCNTSs was also studied by changing the initial growth
time. Figure 3.7 (a) and (b) show the Raman spectra of the samples synthesized at 850 °C

with the initial growth step of 1 min and 2 min with and without the secondary growth
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step of 30 min, respectively. In the case of only initial growth, a small D band appears
from the 2 min sample, whereas the D band from the 1 min sample is negligible.
Considering that the blank sample does not show a D band (Figure 3.4 (a), black dotted
line), a-C deposition does not occur even with 2 min. These results indicate that the D-
band from the 2 min sample originates from the defects and that the formation of defects

begins after the initial growth of 1 min.

Furthermore, the RBM peaks of the samples synthesized with the secondary
growth step at a high temperature exhibit information on the temporal evolution of
SWCNTSs with different diameters. By conducting the secondary growth step after the
initial growth step of 1 min or 2 min, a stronger RBM peak around ~180 cm™* emerges,
which represents the extra formation of thinner SWCNTs (Figures 3.7 (a) and (b)). Since
SWCNTSs are grown from solid nanoparticles which keep stable morphology at high
temperature, diameters of SWCNTSs are defined at the stage of cap structure formation
and should remain unchanged during the later growth stage. Thus, such extra formation
of thinner SWCNTSs reflects that the higher amount of smaller size cap structures is
formed while prolong initial growth time. Compared with the 1-min initial growth, the
higher RBM peak intensity at ~180 cm™* for the 2-min initial growth indicates a delay in
thinner SWCNT growth. The results confirm the diameter dependence of the nucleation
timing of SWCNTSs in the cap formation stage, which was discussed for Figure 3.4 (d)

previously.

Besides, growth rate of SWCNTSs with different thickness can be discussed. As
shown in Figures 3.7 (a) and (b), RBM peak around ~130 cm™ appears in 1 min and 2
min initial growth step when there is no thinner SWCNT formed. This growth delay
indicates the slower growth rate of thinner SWCNTS than that of thicker SWCNTSs from

carbon solid nanoparticles.
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Figure 3.7: (a, b) Raman spectra of SWCNTSs grown with different initial growth times of (a) 1
min and (b) 2 min at 850 °C and 1 Pa, with (blue line) and without (black line) the secondary
growth step at 1000 °C and 0.5 Pa for 30 min. (¢c) G band observation frequency of the four
samples with (blue bar) and without (black bar) the secondary growth step.

The growth yield variation upon adjusting initial growth time is displayed in
Figure 3.7 (c). Compared with the 1-min initial growth, a smaller increase in the G band
observation frequency before and after the secondary growth step is observed for the
initial growth of 2 min. This is presumably because the initial growth of SWCNTSs for 2
min induces some deposition of a-C around ND particles, reducing the growth efficiency
in the subsequent growth step.

3.3.5 Water vapor injection during two-step growth

As the growth temperature increases, it becomes more difficult to avoid the
formation of a-C on the surface of growth seeds. The formation of a-C hinders further
growth of SWCNTSs just by adjusting the supply rate of carbon feedstock. To prevent the
deposition of a-C, water vapor [33, 121] was used to eliminate such deposition via an
oxidization reaction. The etching result was analyzed while controlling the injection time
and partial pressure of water vapor. As schematically shown in Figure 3.8 (a), the etchant
injection time was divided into three cases: the addition of water vapor at the beginning
of the initial growth step (Figure 3.8 (a), process 1), the addition of the etchant at the
beginning of the temperature rising step (process 2), and the water vapor addition at the
beginning of the secondary growth step (process 3). Additionally, the etchant

concentration was separately controlled during the temperature rising step and the
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secondary growth step. Here, samples are named according to the three values of the
water vapor pressure for processes 1, 2, and 3. For example, a sample grown without
water vapor during processes 1 and 2 and with the addition of water vapor at 0.15 Pa
during process 3 is represented by 0-0-0.15 Pa. As for the other growth parameters, the
optimized conditions in the previous section were employed for the initial growth strep
(850 °C with 1 Pa CzH> for 1 min) and the secondary growth step (1000 °C with 0.5 Pa
C2H> for 30 min).

The decrease in the D band intensity with the injection of etchant demonstrates
that water vapor helps prevent the formation of a-C, although the timing of water vapor
injection affects the quality (I¢/lpratio in Figure 3.8 (b)) and quantity (G band observation
frequency in Figure 3.8 (c)) of SWCNTs. Compared with the case in which water vapor
is injected from the secondary growth step (0-0-0.15 Pa), the case in which the injection
time is set at the beginning of the temperature rising step (0-0.15-0.15 Pa) exhibits a
higher purity of SWCNTSs with a smaller a-C deposition, as indicated by the lower D band
intensity. It should be noted that the effect of the water vapor concentration was separately
examined for the case of water vapor injection from the secondary growth step (Figure
3.9). As Figure 3.9 shows, even when varying the concentration, water vapor cannot etch
all the deposited a-C. a-C may be partly formed before the water vapor injection time

during the period where temperature rises to 1000 °C.
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Figure 3.8: (a) Profiles of temperature and water vapor partial pressure for the SWCNT two-step
growth process with water vapor injection. (b) Raman spectra of SWCNTs grown with different
timings of water vapor supply: without water vapor throughout the processes (0-0-0 Pa), without
water vapor during the temperature rising step and supplying it during the secondary growth step
at 0.15 Pa (0-0-0.15 Pa), supplying water vapor both during the temperature rising step and the
secondary growth step at 0.15 Pa (0-0.15-0.15 Pa), and supplying water vapor during whole
process at 0.15 Pa (0.15-0.15-0.15 Pa). Growth temperature, partial pressure of C;H,, and growth
time for the initial growth step are fixed at 850 °C, 1 Pa, and 1 min, respectively, while those for
the secondary growth step are 1000 °C, 0.5 Pa, and 30 min, respectively. Dotted lines denote
Raman spectra of the blank samples. (¢) G band observation frequency and l¢/lp ratio of the same
samples as (b), which reflect the SWCNT yield and quality, respectively. Standard deviation was
also calculated and presented as the error bar of averaged Ic/lp. (d) Raman spectra of SWCNTs
grown with different partial pressures of water vapor for both the temperature rising step and the
secondary growth step. Dotted lines denote Raman spectra of blank samples. (e) Corresponding
G band observation frequency and Ic/lp, which reflect the SWCNT yield and quality, respectively.
Standard deviation was also calculated and presented as the error bar of averaged lc/lp
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Water vapor was also injected from the beginning of the initial growth step (0.15-
0.15-0.15 Pa). Compared with water vapor injection from the end of the initial growth
step, the case where water vapor participated in the whole growth process exhibits an
obvious decrease in the growth yield according to the G band observation frequency and
the G band intensity. Such a reduction of the growth yield reflects the negative effect of
water vapor on SWCNT nucleation. It has been reported that the cap of SWCNTS is more
easily oxidized and consequently destroyed than the sidewall due to the strain and the
pentagonal rings of the cap structure [132]. These results indicate that the starting time of
etchant injection should begin as soon as possible once the formation of cap structures is
finished when etchant is employed in a solid carbon seed-based growth system to prevent

a-C deposition and to enhance growth yield.

The Ic/lp ratio in Figure 3.8 (d) and the G band observation frequency in Figure
3.8 (e) show the effect of water vapor etching as a function of partial pressures on the
quality and quantity of SWCNTs. While the partial pressure of water vapor during the
temperature rising step was fixed at 0.15 Pa, that during the secondary growth step at
1000 °C was varied from 0 Pa to 0.25 Pa. From 0 Pa to 0.15 Pa (0-0.15-0 Pa, 0-0.15-0.1
Pa, and 0-0.15-0.15 Pa), both ls/lp and the G band observation frequency show a rising
tendency with the partial pressure, indicating efficient etching of a-C induced by the
participation of water vapor. On the other hand, increasing the partial pressure to 0.2 Pa
(0-0.15-0.2 Pa), even though growth yield is further increased, the quality of SWCNTSs
decreases considerably, and both the quality and the yield decrease when the partial
pressure continues to increase to 0.25 Pa (0-0.15-0.25 Pa)). Since no obvious D band
appears in the Raman spectra of the relevant blank samples, the D band of the SWCNTSs
grown with water vapor of 0.2 and 0.25 Pa is attributed not to a-C but to the formation of
structural defects of SWCNTSs. Similar to a previous study using metal nanoparticles
[133], this result suggests that an excess of water vapor damages the SWCNT structures
during the growth process but it keeps the surface of growth seeds free from a-C and
enhances the SWCNT vyield. In addition, as mentioned earlier, a further increase of
SWCNT vyield appeared in the case of excessive water injection concentration (0-0.15-
0.2 Pa), in which the quality of SWCNTSs decreased. This phenomenon in the VSSS

growth mode brings the possibility to discuss the etching site by water vapor; that is a-C
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on carbon growth seeds or the edges of SWCNTSs. If we assume the edge of newly-grown
SWCNTSs is preferentially etched by water, the growth rate would be sensitive to etchant
concentration and more likely to decrease once the partial pressure of water vapor is
increased to more than 0.15 Pa. However, the experiment provided an opposite result, an
increased yield of SWCNTs. Thus, we speculate that water vapor tends to etch a-C
randomly on the growth seeds surface. Further study is needed to elucidate the atomistic
mechanism of water in the VSSS mode in future.
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Figure 3.9: Raman spectra of SWCNTs grown with different partial pressures of water vapor

added at the beginning of the secondary growth step. Dotted lines represent the Raman spectra of
blank samples.

The interpretation of the growth results with the water vapor addition provides a
practical direction for efficient growth of SWCNTSs from solid growth seeds. Through the
reaction between water vapor and a-C, excessive deposition of carbon source on the
growth seed surface is controlled, which therefore enhanced the lifetime of growth seeds.
The addition of water vapor just after the formation of cap structures and the precise

adjustment of the concentration of etchant are keys to obtain high-quality SWCNTSs with
a high yield.
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3.3.6. Yield and quality of SWCNTSs synthesized under different growth conditions

Figure 3.10 (a) compares the yield and the quality of SWCNTs grown under
various conditions from solid carbon particles as growth seeds. Compared with previous
research on one-step growth at 1000 °C [129], cap engineering using the two-step growth
process developed in this study significantly improves the growth yield, although the
deposition of a-C, which reduces Ic/lp, remains. To solve this impurity problem, water
vapor was employed as an etchant to keep the surface of growth seeds clean. We
successfully obtained highly crystalline SWCNTs with a higher growth yield, which have
Ic/lpo of ~52 and a G band observation frequency of 40%. The value of the G band
observation frequency demonstrates a significant improvement from the previous work
of 4% [129]. This result demonstrates the effectiveness of the two-step growth process

combined with water vapor addition.

Figures 3.10 (b) shows SEM image of SWCNTs grown by the two-step growth
process with water vapor injection. Supported by carbon nanoparticle seeds (light gray
particles in Figs. 3.9 (b)), SWCNTs with a length of a few micrometers are observed. The
SWCNT density of the samples well corresponds to the values of the G band observation
frequency. It should be noted that the length of SWCNTSs is limited by the relatively low
efficiency of SWCNT growth at a high temperature. Based on the present achievement to
enhance the cap formation, future studies on prolonging growth lifetime of SWCNTSs
from solid carbon nanoparticles should further improve the length and the yield of high-
crystallinity SWCNTSs.
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Figure 3.10: (a) Variations of the growth yield (G band observation frequency) and quality (Ic/Ip
ratio) of SWCNTSs according to the control of the initial growth conditions and the addition of
water vapor in the high temperature synthesis procedure. Standard deviation was also calculated
and presented as the error bar of averaged lc/lp. (b) SEM image (acceleration voltage: 5 kV) of
SWCNTSs grown from two-step growth with water vapor injection, where the initial growth step
is conducted at 850 °C and 1 Pa for 1 min followed by the secondary growth step at 1000 °C and
0.5 Pa for 30 min. Water vapor was injected with 0.15 Pa from the beginning in the temperature

rising step.

3.4. Conclusion

In conclusion, we developed a cap formation-engineered two-step growth process
of SWCNTSs from solid carbon nanoparticles at a high temperature by considering the
growth driving forces in different growth stages. We successfully grew highly crystalline
SWCNTSs with improved vyields. In this growth system, we mainly concentrated on the
initial growth efficiency, which significantly influences the quality and quantity of the
resulting SWCNTs. To fit the higher growth driving force needed for cap structure
formation, a higher partial pressure of carbon source was selected for the initial growth
step. The effects of growth temperature and time for the initial growth step were also
systematically examined to prevent the deposition of a-C and to control the formation of
SWCNT caps. After achieving a higher nucleation density of the cap structures, stationary

elongation of SWCNTs was conducted by a secondary growth step. Furthermore, the
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deposition of a-C at high temperatures was eliminated by supplying an etchant, water
vapor, to the growth system. By investigating the injection time and the concentration of
water vapor, we optimized the condition for efficiently removing a-C while preserving
the nucleation of the cap structures. We significantly improved the growth yield, as
evidenced by the increase of the G band observation frequency from 4% to 40% while
maintaining a high le/lp ratio of 52. Our results provide a rational guideline to synthesize
high quality SWCNTSs using high temperature-stable solid carbon nanoparticles as growth
seeds, and will enable various high-end applications based on SWCNTSs that are free from

defects and a-C.

In this research, as one of the growth etchants, H>O was applied in the catalyst-
free high temperature growth process and expressed its high efficient in a-C etching.
However, the strong etching ability of H>O also brings a shortage to the H2O-injected
growth process. As shown in section 3.3.5, the concentration of H20 should be kept in
ppm level carefully to prevent the defect formation on SWCNTs by the existence of
excess H20. Therefore, in the next research, we further studied the growth enhancers
which could be used in such high temperature system to prevent a-C deposition and
achieve high yield SWCNTSs with high purity.
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Chapter 4: Growth enhancers injection in single-walled
carbon nanotube growth process

Combination effect of growth enhancers and carbon sources on
synthesis of single-walled carbon nanotubes from solid carbon

growth seeds

4.1 Background

To achieve highly crystalline SWCNTs, a high temperature has been
recommended for the CVD process because it assists SWCNTs in overcoming the
activation energy of defect healing during growth [21, 71]. Along with the increase in
growth temperature, the selection of growth seeds that possess high-temperature stability
is a necessary factor for the synthesis of highly crystalline SWCNTSs. Unfortunately,
traditional metal catalysts, such as iron [107, 108], nickel [109], cobalt [110], and related
alloys [111], cannot avoid aggregation because of their low melting point [75, 134].
Moreover, even though they could be used as solid catalysts, e.g., W [135], Mo [135], Re
[135], and TiC [136], metal nanoparticles are regarded as an impurity in some
applications and must be removed through post-treatment procedures, which causes
damage to the as-grown SWCNTs [112]. Non-metallic nanoparticles, such as Si [113],
SiC [113], Ge [113], and nanodiamond (ND) [69, 70], which possess desirable high
melting points, have gradually attracted attention as alternative growth seeds of CNTSs.
Among these growth seeds, ND [69] possesses the notable advantage of avoiding the

introduction of unnecessary elements owing to its composition, i.e., carbon.

Another important point to be considered in the CVVD procedure is the deposition
of amorphous carbon (a-C). As a byproduct formed during SWCNT growth, a-C is
adsorbed on the surface of growth seeds and the nanotube sidewall. This results in
blocking of the active sites of the seeds and shortening of growth lifetime, which
decreases the synthesis efficiency [137]. In a metal-catalyzed CNT growth system, to
prevent the formation of a-C, some types of oxidants were employed as growth enhancers
to etch away a-C. Water (H20O)-assisted CVD methods helped realize the growth of
millimeter-long SWCNTSs by maintaining the activity of the metal catalyst by selectively
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removing the deposited a-C on its surface [33]. In addition, as the etchant, H>O exhibited
its role in CNT growth Kinetics [86, 87]. However, the strong oxidation activity of H.O
limits the supply of the enhancer to the ppm level, while a low concentration results in
loss of uniformity of the enhancer in a large-scale reactor [133]. Further, a high
concentration of H20 leads to the possibility of etching of both a-C and CNTs [138]. To
date, carbon dioxide (COz)—another known growth enhancer with less oxidative
activity—has been employed with a higher concentration to induce oxidation reactions
[78-85]. A mild etching effect is the advantage of CO: in balancing a-C etching and the

preservation of CNTs from damage during the mass production of CNTSs.

Recently, other enhancing roles of CO. in metal-catalyzed CNT growth processes
have been found when using acetylene (C2H) [81, 139] or methane (CH4) [140] as the
carbon feedstock. One of its roles is to promote the dehydrogenation reaction of
hydrocarbons, which are used as a carbon source in CNT growth. For synthesizing CNTs
via CVD, the carbon source is flown into the reactor and the deposition process proceeds
with pyrolysis reactions—including the dehydrogenation reaction—to form the
intermediate products, which adsorb on the surface of catalysts or growth seeds and are
used to construct the CNT structure. When a carbon source such as C2H, was mixed with
CO2 in an equimolar ratio, a dramatic increase in the CNT growth yield and initial growth
rate was observed [81]. To prove the occurrence of the CO2-promoted hydrocarbon
dehydrogenation reaction, further evidence was provided through a theoretical calculation.
When C2Hz was taken as the carbon source, with the injection of CO., the calculated

energy barrier of the dissociation of the first H atom from C,H> decreased [139].

Despite progress in the use of growth enhancers in metal-catalyzed growth,
enhancer effects on SWCNT growth from non-metallic seeds have been scarcely studied,
mainly due to the originally low efficiency of SWCNT growth particularly at high
temperatures. We recently realized high-temperature SWCNT growth using ND-derived
nanoparticles, which we hereafter call carbon nanoparticles (CNPs), as solid growth seeds
[141]. The CNPs were prepared by transforming ND at high temperature, as will be
described in detail in Method section. To efficiently obtain highly crystalline SWCNTSs
from the CNPs, we developed a two-step growth process [141]. In this process, the

condition of the initial and secondary growth steps was separately adjusted to provide a
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suitable growth-driving force for SWCNT cap formation [142] and stationary nanotube
elongation, respectively. We also reported a preliminary result on the etching of a-C by
H>0 in a CNP-based growth system [141]. A more thorough study on growth enhancers,
focusing on a combination with different carbon sources, will be beneficial for
understanding the mechanism of SWCNT growth from the unconventional growth seeds

and realizing the efficient growth of structure-controlled and high-quality SWCNTSs.

In this research, to understand the effects of enhancers on SWCNT growth from
the CNPs, we systematically conducted SWCNT growth with the injection of CO; and
H2O in CzHz- and ethylene (CzHg4)-supplied SWCNT growth processes at high
temperatures. The effects of CO. were first examined in a simple one-step growth process
with the supply of C2Hs or C2H:2 by changing the concentration and the supply delay of
CO2. The comparison of the results with the previous results on H2O revealed the
similarities and differences in the roles of the two growth enhancers including the
oxidation activity. Remarkably, CO> in combination with C2H> enhanced a-C deposition
as well as SWCNT growth, which revealed the occurrence of the dehydration reaction.
We then applied CO2 and H.O into the two-step growth process where the efficient
growth of high quality SWCNTSs was realized [141]. In addition to the concentration
dependence of the enhancers, the change in the quality and yield of SWCNTSs along the
growth steps were investigated with different combinations of the growth enhancers and
the carbon sources. We discuss the mechanism of the growth enhancers based on the
change in chemical potential considering the dehydrogenation reaction between C,Hz and

CO; as well as the oxidation reaction.

4.2 Experimental Section
4.2.1 Preparation of growth seeds

Figure 4.1 illustrates the entire process of SWCNT growth. As the starting
material of growth seeds for SWCNTSs, purified ND particles prepared via the detonation
method [125] were dispersed in ethanol (2.0 wt%). The diameter of the ND particles was
originally 10 nm, which was reduced to a smaller size in the following process and shown

in Figure 3.2. The impurity concentration of the ND particles was 2100, 80, and 6—20
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ppm for Zr, Fe, and Pd, respectively. The SWCNTs were confirmed to grow from the
ND-derived CNPs instead of the metal impurity contained in ND [141].

(a) Carbon feedstock| C,H, /Ar or C,H, IAr |
Carrier gas | Hy/Ar |.| CO,/Ar |
0 X: Cbz injection time 10
Growth time [min]
1000
=) Annealing in CNT Growth
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o
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Figure 4.1: (a, b) Temperature profiles of the reaction furnace for (a) one-step growth process and
(b) two-step growth process as a function of processing time. (a) The top part shows the gas
composition profile during SWCNT growth. In the C,Hs-supplied case, the variation of the CO,
injection time (x = 0, 2, 5, 7, and 10 min) during the growth process was included. (b) The top
part shows a schematic diagram of the two-step growth process of SWCNTSs from the CNP growth

seeds.

To support the growth seeds, ~10-mm? Si substrates with a 300-nm-thick thermal
oxide layer were used. The substrates were cleaned via an ozone treatment process (L-
UV253, Japan Electronics Industry) by flowing 6 L/min O2 for 5 min under ultraviolet
light for 60 min, followed by exhausting with 6 L/min N2 for 5 min. After the cleaning of
the Si substrates, 20 ul of the ND solution treated with ultrasonication was dropped on
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the surface of the substrates. Additionally, the same cleaned Si substrates without any
growth seeds were used as a reference (hereafter called blank samples) to compare the

amount of a-C deposited directly on them and on the SWCNT samples.

4.2.2 One-step growth process with CO: injection

To transform ND particles into the CNPs which are suitable for the growth seeds,
pretreatment was conducted before the one-step and two-step SWCNT growth processes.
The pretreatment of the growth seeds and the synthesis of SWCNTSs were performed in a
tubular CVD furnace (GE-1000, GIlI Techno) where a quartz tube chamber was used to
load the substrates. The quartz tube chamber was designed to have a semicircular cross
section with a diameter of 43.6 mm and heating-zone length of 890 mm. The substrates
were placed at the center of the quartz tube chamber and treated with the surface-cleaning
process in air for 10 min at 600 °C (Figure 4.1 (b), process 1). During this process, the
diameter of ND was reduced to 2—3 nm, which is appropriate for SWCNT growth [141].
In the following annealing procedure, the heating temperature was gradually increased to
1000 °C and maintained for 1 h in Ar at 85 kPa with 20-sccm Ar injection. During this
step, the surface of ND (sp®carbon) changed into more stable graphitic shells (sp2 carbon),
called carbon nano-onion structure [127, 128]. We used the CNPs possessing this

structure as the growth seeds.

After the annealing process, SWCNTSs were synthesized with two types of carbon
feedstocks: CoHz (2%)/Ar and C2Ha (2%)/Ar. Considering the difference in the thermal
decomposition behaviors of CoH, and CoHs [143, 144], the synthesis condition was
adjusted to fit the SWCNT growth from each carbon feedstock.

When using C2Hj4 as the carbon feedstock, SWCNTSs were synthesized at 1000 °C
for 10 min with a mixture of 2-sccm CaHa/Ar and 18-sccm CO2/Ar while the total pressure
was kept at 5 kPa, corresponding to a CoH4 partial pressure of 10 Pa. During the growth
process, the partial pressure of CO> was varied from 0 to 180 Pa by changing the flow
rates of CO2 and Ar individually. When the partial pressure of CO. was 0 Pa, the carrier
gas was H (3%)/Ar instead of CO2/Ar, for the usual condition for the SWCNT growth
without a growth enhancer. In addition, in C2Hs-supplied growth, CO- injection time was
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controlled. Figure 4.1 (a) shows that the start time (x min) for the injection of CO> at 140
Pa was varied as 0 (added from the beginning of the growth), 2, 5, 7, and 10 min (no CO>
addition). Upon completion of the growth process, gas flows were switched to 20-sccm
Ar and the temperature was decreased to room temperature while the total pressure was
maintained at ~57 Pa.

When using C2H: as the carbon feedstock, SWCNTs were synthesized at 900 °C
for 10 min with a mixture of 1-sccm C2H2/Ar and 19-sccm CO2/Ar. Since C2H> is highly
active, the total pressure was kept at 500 Pa, corresponding to a CoH> partial pressure of
0.5 Pa, which is lower than the case of C2Hs. During the growth process, the partial
pressure of CO> contained in the 19-sccm CO2/Ar was varied from 0 (0%) to 0.25 Pa
(0.05%) by changing the flow rates of CO. and Ar individually. When the partial pressure
of CO2 was 0 Pa, the carrier gas was 19-sccm Ha (3%)/Ar instead of 19-sccm CO./Ar.

4.2.3 Two-step growth process with CO2 or H20 injection

As reported in the previous study [141], the SWCNT vyield for growth at high
temperatures is considerably increased by the two-step growth process. Therefore, we
employed the two-step growth process in this study as well. As shown in Figure 4.1 (b),
before the two-step growth, the pretreatment of the growth seeds is needed (process 1 for
heating in air and process 2 for annealing in Ar). Then, the two-step growth process starts,
including the initial growth step (process 3 for cap formation), the temperature-rising step
(process 4), and the secondary growth step (process 5 for the stationary elongation). After
the 1-h annealing process at 1000 °C (process 2 in Figure 4.1 (b)), C2H2 (2%)/Ar and
C2H4 (2%)/Ar were used as the carbon feedstock, and the growth condition was adjusted
for each growth step and feedstock. H2O or CO, was added as the growth enhancer after
the initial growth stage (process 3 in Figure 4.1 (b)). Because the injection of H2O in
CoHa-supplied growth has been studied in our previous work [141], the other three

combinations of the feedstocks and enhancers were conducted in this study.

In the CoH2-supplied two-step growth process, the initial growth step was held at

850 °C for 1 min with a mixture of 2-sccm CzH2/Ar and 18-sccm Hz/Ar while the total

pressure was maintained at 500 Pa, corresponding to a CoH> partial pressure of 1 Pa.
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When the initial growth step was finished, the growth temperature was set to 1000 °C and
the mass flow rate was adjusted to 1-sccm CzHz/Ar and 19-sccm CO2/Ar, where the
partial pressure of CoH, was 0.5 Pa. The partial pressure of CO, added during the
temperature-rising step (process 4 in Figure 4.1 (b)) was optimized to 0.05 Pa. Once the
temperature reached 1000 °C, the secondary growth step began. The partial pressure of
CO2 was varied from 0.1 to 0.5 Pa by individually controlling the flow rates of CO> and
Ar while the mass flow was maintained at 1-sccm C2Hz/Ar and 19-sccm CO2/Ar. When
choosing H20 as the growth enhancer, which has been studied in the previous work [141],
the partial pressure of injected H>O during the temperature-rising step was optimized to
0.15 Pa. Once the temperature reached 1000 °C, the secondary growth step commenced.
The partial pressure of H>O was maintained at 0.15 Pa while the mass flow was
maintained at 1-sccm CoHa/Ar and 19-sccm H2O/Ar. For comparison, the supply of 19-
sccm COo/Ar or H2O/Ar was replaced with that of 19-sccm Hz (3%)/Ar to realize
SWCNT growth without growth enhancers.

In the CoHs-supplied two-step growth process, the initial growth step was held at
900 °C for 1 min with a mixture of 4-sccm C2H4/Ar and 16-sccm Hz/Ar while the total
pressure was kept at 5 kPa, corresponding to a CoHg partial pressure of 20 Pa. When the
initial growth step was finished, the growth temperature was set to 1000 °C and the mass
flow was adjusted to 1-sccm CaHa/Ar and 19-sccm CO2/Ar, where the partial pressure of
C2Hs was 5 Pa. Similar to the aforementioned CzH>-supplied case, the growth enhancer
(H20 or CO») was injected when the initial growth step was finished. The partial pressure
of CO, added during the temperature-rising step was optimized to 2 Pa. Once the
temperature reached 1000 °C, the secondary growth step commenced. The partial
pressure of CO2 was varied from 2 to 62.5 Pa while the mass flow was maintained at 1-
sccm CoHa/Ar and 19-sccm CO2/Ar. When choosing H20 as the growth enhancer, the
partial pressure of injected H>O during the temperature-rising step was optimized to 1 Pa.
Once the temperature reached 1000 °C, the secondary growth step started. The partial
pressure of H>O was varied from 0 to 1.5 Pa while the mass flow was maintained at 1-
sccm CoHa/Ar and 19-scem H2O/Ar. For comparison, the injection of 19-sccm CO2/Ar or
H>O/Ar was replaced with that of 19-sccm Hz (3%)/Ar to realize SWCNT growth without

growth enhancers.
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4.2.4 Structure characterization and yield evaluation of synthesized SWCNTs

We analyzed the structure of the synthesized SWCNTSs using Raman spectroscopy.
A Raman spectrometer (LabRAM HR800, HORIBA Jovin Yvon) was used with an
excitation wavelength Aex of 633 nm. The laser spot size was approximately 0.9 um, and
the laser power was approximately 7 mW at the measurement point. The exposure time
of each measurement spot was 1 s for 5 cycles. Raman spectra of 30 randomly selected
spots with SWCNT signal 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™) to the D-band (1330-1360 cm™?), which was
represented as le/lp [93]. In most of the SWCNT growth situations, the density of
SWCNTs was low in the high-temperature synthesis case and the G-band was
occasionally not observed. Thus, the growth yield of SWCNTSs was evaluated through the
G-band observation frequency (GOF), that is, the number of appearances of the G-band
in the measured spectra divided by the total number of measurements. Notably, in some
growth cases, the density of SWCNTSs was high and the GOF was approximately 100%,
so that the difference of the growth yield could not be reflected by the changes in the
GOF. In such a situation, the SWCNT quantity was evaluated by comparing the intensity
ratio of the G-band (~1590 cm™) with the Raman peak from Si substrates (~520 cm™),
which was represented as lc/lsi. Typically, Raman spectra of 100 randomly selected spots
(with or without SWCNT signal) were collected for the evaluation of the GOF. More
measurement spots were used to determine the GOF than that for averaging Raman
spectra to ensure the accuracy of the GOF even for samples with low-density SWCNTSs.
Scanning electron microscopy (SEM) (NVision, Carl Zeiss and S-4800, Hitachi) was used

for morphology observations of SWCNTSs with an acceleration voltage of 1-5 kV.

4.3 Results and Discussion

4.3.1 Effects of CO2 on C2H4-supplied one-step growth

To investigate the effect of growth enhancers on SWCNT growth without metal
catalysts, CO. was injected in the high-temperature synthesis process with the CNPs as
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the growth seeds and different carbon feedstocks, namely, CoH, and C>Has. Figure 4.2
depicts the variation of SWCNT yield and quality for various concentrations of CO2 input

into the CoHas-supplied growth processes.

By injecting CO. from the beginning of the growth, the SWCNTs were
synthesized from C2Hs at 10 Pa and 1000 °C for 10 min. The Raman spectra shown in
Figure 4.2 (a), which are normalized to the Si peak intensity at ~520 cm™, show the
variation of the D-band and G-band with the injection of CO> at different partial pressures
(0-180 Pa). The quality (Ic/Ip ratio) and quantity (GOF) of SWCNTSs are shown in Figure
4.2 (b). In addition, the Ip/lsjratio of the SWCNT and blank samples shown in Figure 4.2
(b) helps to distinguish the origin of the D-band: a-C deposited on samples or defects in
SWCNT lattices. In the blank samples, since no SWCNTSs are grown, the Ip/ls; ratio
reflects only the degree of a-C formation under the growth condition. If a-C is deposited
on a blank sample, a similar or higher density of a-C should be deposited on an SWCNT
sample under the same condition due to the curvature of nanotubes and the increased
surface area of the sample. If a-C is not deposited on a blank sample, a-C deposition on
an SWCNT sample should be very low or negligible under the same condition. Upon the
addition of CO>, the grown SWCNTSs exhibit a decrease in D-band intensity and a slight
change in G-band intensity (Figure 4.2 (a)). An improvement in the SWCNT quality is
apparently revealed by the increase in the Ic/lp ratio (Figure 4.2 (b)). The decreasing
tendency observed in the Ip/lsi ratio from the blank samples represents the decrease in a-
C. Asimilar tendency is exhibited by the Ip/Isjratio from the SWCNT samples, and finally
the Ip/ls;i ratio is close to that of the blank samples. These results prove that the origin of
the D-band from the SWCNTSs should be mostly from a-C, and with the injection of CO»,
a-C deposition is gradually prevented. The averaged Ic/lIpratio reached approximately 100
when the partial pressure of CO2 was adjusted to 160 Pa. With further increase in the
partial pressure of CO; to an excess value, 180 Pa, the Ip/lsiratio did not increase in the
blank samples but did slightly increase in the SWCNT samples. Thus, the increase in the
Io/lsiratio in the SWCNT samples reflects the formation of defects. Meanwhile, the yield
of SWCNTSs shown as the GOF in Figure 4.2 (b) exhibited a small reduction with the
injection of CO», until an excess amount of CO> (180 Pa) was added. The variation in the

growth yield indicates that the injection of CO: also influences the growth efficiency of
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SWCNTSs. This growth result indicates the potential of CO> in preventing the deposition
of a-C at high temperatures. Additionally, the slight formation of defects even with excess

CO; confirms the mild etching ability of CO,.
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Figure 4.2: (a) Raman spectra of SWCNTSs obtained by one-step growth from C>H4 with different
partial pressures of CO- injected from the commencement of growth. (b) GOF, Io/ls;i ratio, and
Ie/lp ratio of the same samples as (a). The error bars presented in the lIs/lo plot represent the
standard deviation of the value from different measurement spots. Ip/lIsi was plotted for the blank
samples as well. (c) Raman spectra of SWCNTSs grown with different delay of CO; supply at 140
Pa: 0, 2, 5, and 7 min (indicated as x), and without CO- addition (No CO,). (d) Corresponding
GOF, Ip/lsi, and l¢/lp. Standard deviation was also calculated and presented as the error bars of

averaged l¢/lp.
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Next, the etching effect of CO, on SWCNT growth was analyzed by delaying the
injection time of CO2 to 2, 5, and 7 min while the partial pressure was maintained at 140
Pa. With the delaying of the injection time, the D-band intensity gradually increased, as
shown in Figure 4.2 (c). A decrease in the Ic/Ip ratio can be seen in Figure 4.2 (d), which
reflects the reduction in the SWCNT quality. Moreover, the increase in the Ip/lIs;jratio of
both SWCNTs and the corresponding blank samples, as seen in Figure 4.2 (d), proves
that the amount of a-C deposited on the SWCNT samples gradually increases. Even with
an increase in the partial pressure of CO to 200 Pa, when delaying the injection time to
5 min, the increase in a-C deposition cannot be prevented perfectly (shown in Figure 4.3).
The milder a-C-etching ability of CO, has been discussed in previous studies on metal-
catalyzed growth systems [79-85, 139, 140]. Moreover, without a metal catalyst, the
increase in the D-band intensity along with the delaying of the injection time reflects that
the a-C etching rate of CO: is limited to be of the same order as the deposition rate of a-
C or even slower. Notably, the GOF in Figure 4.2 (d) shows a slightly decreased yield
when CO; is added from the beginning or after 2 min of growth. Because the initial cap
formation is expected to occur in the first few minutes during the synthesis, such a slight
decrease in yield implies that CO> reduces the growth yield of SWCNTSs by influencing
the initial growth efficiency. Associating the decrease in the growth yield with the a-C-
etching ability, we assume that during SWCNT growth from the CNP growth seeds, CO2
reduces the density of carbon species adsorbed on the surface of growth seeds via an
oxidation reaction. Such a decrease in the density of activated carbon species adsorbed
on the growth seeds reduced the carbon supply rate to the growth edge, which explains
both the reduction in the growth yield and the deposition of a-C. Thus, in this CO-
participated SWCNT growth process, the limited deposition of a-C is due to the reduction
of the activated carbon species instead of the etching of a-C. Unavoidably, such a decrease
in carbon supply also slightly influences the SWCNT growth efficiency, particularly in
the nucleation stage, which is more sensitive to the growth condition than is the stationary

elongation stage.
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Figure 4.3: (a) Gas composition profile during one-step SWCNT growth process at 1000 °C for
10 min. In the C;H4-supplied case, CO, was injected at 5 min after SWCNT growth started, and
the partial pressure of CO, was varied from 110 Pa to 200 Pa. (b) Raman spectra of SWCNTSs
obtained by one-step growth from C;H4 with the different partial pressure of CO- injected at 5
min after the growth starts.

4.3.2 Effects of CO2 on C2H2-supplied one-step growth

We investigated COz-assisted SWCNT growth using C2H: at 0.5 Pa as the carbon
source at 900 °C for 10 min. CO2 was added from the beginning of SWCNT growth. As
shown in Figure 4.4 (a), the Raman spectra exhibited the difference in the D-band
intensity when the partial pressure of CO2 was changed from 0.025 to 0.25 Pa. In contrast
to the D-band suppression in the CoHs-supplied case (Figure 4.2), a decrease in the Ip/ls;
ratios of the SWCNT samples was not clearly observed, and the Ip/lsi ratios of the blank
samples were not negligible even with the highest concentration of CO; in this case
(Figure 4.4 (b)). This result indicates that the a-C etching by CO2 in the CoHz-supplied
SWCNT growth was not evident. A relatively minor improvement in SWCNT quality
can be observed in the Ic/lp shown in Figure 4.4 (b), which is mainly caused by the

suspension of a-C deposition.
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Compared with less active C2H4, the use of highly active CoH: as the carbon
source at high growth temperatures resulted in a higher growth yield. The GOF of most
samples reached 100% except for the sample with the highest CO2 pressure under this
experiment condition, as shown in Figure 4.4 (a). Thus, Ic/lsi was used to evaluate the
yield in this case, which is shown in Figure 4.4 (b). In contrast to the case of CoHa, the
increased yield was achieved with C2H, when the partial pressure of CO2 was set to 0.05
and 0.15 Pa. Because a similar lg/lp ratio was obtained with and without the assistance of
COg, the increase in growth yield due to COz is unlikely to be caused by the prevention
of a-C deposition, which could prolong the lifetime of the growth seeds. Thus, we need
to consider a possible role of CO> other than the etching of a-C.
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Figure 4.4: (a) Raman spectra of SWCNTSs obtained by one-step growth from C,H> with different
partial pressures of CO; injected from the commencement of growth. The GOF percentage is
indicated in the graph. (b) I&/lsi, Io/lsi, and lg/lp ratios of the same samples as (a). The error bars

represent the standard deviation.

In CoHo-supplied CNT growth, besides etching ability, CO2 has been recently
proven to exhibit a promoting role in the dehydrogenation reaction of hydrocarbon, which
finally increases CNT vyield [81]. In the COz-enhanced CNT growth process, two
chemical reactions are possible between C2H, and CO.:

CaHo+CO; <> 2C+H20+CO, (1)

C2H2+CO; «> C+H+2CO. @)
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Based on these reactions, a reduced activation energy barrier (from 5.58 down to 4.97 eV)
of the first H dissociation in the C2H dehydrogenation process with the injection of CO;
was illustrated through a simulation method [139]. Similar to these studies, we assume
that the dehydrogenation reactions between C;H> and CO; also occur in the SWCNT
growth process from the non-metallic growth seeds. Based on the enhanced
dehydrogenation reaction, the formation of activated carbon species on the growth seeds
was promoted and caused a higher carbon-source supply, which resulted in an increase in
both SWCNT growth yield and a-C deposition.

4.3.3 Effects of enhancers on CzHas-supplied two-step growth

Based on the enhancing effect of CO. in one-step SWCNT synthesis from the
CNP growth seeds, we applied COz to the two-step growth process, which was proven to
increase the yield of highly crystalline SWCNTs [141]. In the two-step growth system
shown in Figure 4.5 (a), the CoHs-supplied growth SWCNTSs using H20 as an enhancer

were also conducted for comparison.

Figure 4.5 (b) and (c) present the quality and quantity variation of SWCNTSs from
the CoHs-supplied two-step growth process when using different growth enhancers,
namely, H.O and CO». Regarding the injection time of the growth enhancers, we
previously found that additional defects were formed if H>O was injected from the initial
growth step [141]. Even when using CO; as the growth enhancer, the supply of CO from
the initial growth step resulted in a slight decrease in SWCNT yield in the one-step growth
from CzHa4 (Figures 4.2 (c) and (d)). Thus, to maintain the nucleation efficiency during
the initial growth step (process 1 in Figure 4.5 (a)), both enhancers were added at the
beginning of the temperature-rising step (process 2 in Figure 4.5 (a)). The partial pressure
of the growth enhancers during the temperature-rising step was optimized (1 Pa for H,O
or 2 Pa for CO») to prevent the deposition of a-C (Figure 4.6). The influence of enhancers
was analyzed according to the changes in the yield and quality of SWCNTSs when varying
the partial pressure of H>O and CO: at the secondary growth step (process 3 in Figure 4.5

(@)). The condition is represented by the partial pressure of enhancers during the three
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processes; for example, 0-1-1 Pa means that the partial pressure during the initial growth

step, temperature-rising step, and secondary growth step is 0, 1, and 1 Pa, respectively.
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Figure 4.5: (a) Temperature profiles for the CoHs-supplied SWCNT two-step growth process with
growth enhancers as H.0 or CO,. Processes 1, 2, and 3 indicated in the profile represent the initial
growth step, temperature-rising step, and secondary growth step, respectively. (b, ¢) GOF, Ip/ls;
ratio, and l¢/lp ratio of the SWCNTSs grown from C,H, with different partial pressures of (b) H.0
and (c) CO; during the secondary growth step. The partial pressures of H,O and CO; in the
secondary growth step were varied from 0 to 1.5 Pa and 2 to 62.5 Pa, respectively. Further, the
partial pressures during the temperature-rising step were fixed to 1 and 2 Pa for H,O and CO,
respectively. Standard deviation was also calculated and presented as the error bar of averaged
Ie/lp. (d) Raman spectra and (e, f, g) SEM images (acceleration voltage: 5 kV) of SWCNTSs
synthesized (e) without a growth enhancer, (f) with the injection of H.O (0-1-1 Pa), and (g) with
the injection of CO, (0-2-55 Pa).
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In Figure 4.5 (b), with increasing H2O partial pressure at the secondary growth
step from 0 to 1.5 Pa (0-1-0, 0-1-1, 0-1-1.25, and 0-1-1.5 Pa), the averaged Ic/lp ratios
exhibit a decreasing tendency, which indicates an increase in a-C or defect formation
caused by excess H.O. The relevant Raman spectra is shown in Figure 4.7 (a). To
elucidate the origin of the D-band, we compared the averaged Ip/lsi ratios of the SWCNT
samples and the corresponding blank samples. For the growth process in which no H.O
or only 1-Pa H20 (0-1-0 Pa and 0-1-1 Pa) was supplied during the secondary growth step,
slightly higher or similar Ip/lsi ratios were observed for the SWCNT samples compared
with the blank samples. The appearance of the D-band in the blank samples originated
from the deposition of a-C. Thus, below 1 Pa of H20, the appearance of the D-band from
SWCNT samples is explained by the deposition of a-C. When the partial pressure of H,O
was increased to 1.5 Pa at the secondary growth step (0-1-1.5 Pa), Ip/lIsi decreased in the
blank samples, which indicates the removal of a-C. However, a dramatic increase in Ip/ls;
was found in the SWCNTs samples. Such a D-band of the SWCNTs samples should
originate from the formation of defects. Therefore, we assume that when the partial
pressure of H.O was greater than 1 Pa in this growth system, in addition to a-C, SWCNT
structures were partially etched by H»O, resulting in defect formation. In addition, when
the partial pressure of H.O was increased to 1.25 Pa, the GOF decreased to ~40%. The
GOF further decreased to 0% when the partial pressure of H>O increased to 1.5 Pa. The
increase in D-band intensity represents the formation of the sp? structure (defects), and
the disappearance of the G-band represents the loss of SWCNTSs. This dramatic decrease
in SWCNT vyield also reflects one of the disadvantages of H.O, which comes from its
strong oxidizing ability at high temperatures. Because of this strong oxidizing ability, the
oxidizing reaction occurred not only in a-C but also in SWCNTs and activated carbon
species, particularly with excess H>O, which caused a decrease in the SWCNT quality
and quantity. The abovementioned growth results indicate that the complete removal of
a-C is difficult by adding H20 without causing damage to SWCNTSs and the partial

pressure of H20 needs to be accurately controlled to avoid the destruction of SWCNTS.
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Figure 4.6: (a) Profiles of temperature and growth enhancer partial pressure for the SWCNT
two-step growth process with growth enhancer injection. Adjustment of the growth enhancers
partial pressure in the temperature rising step (process 2) in the CoHs-supplied two-step growth
process. The SWCNT samples were collected after the finish of the temperature rising step. (b)
Raman spectra of the SWCNT samples grow with the different partial pressure of H,O (from 0
Pa to 1.5 Pa) in the temperature rising step. (¢) Raman spectra of the SWCNT samples grow
with the different partial pressure of CO; (from 0 Pa to 2.5 Pa) in the temperature rising step.

Moreover, using C2H4 as the carbon source, a CO-assisted two-step growth was
conducted; the corresponding results are summarized in Figure 4.5 (c). Because of its
milder oxidizing ability, CO> with a partial pressure greater than that of H.O was used
for the secondary growth step. With the same growth condition (carbon-source partial
pressure, growth time, and growth temperature) as that using H.0, CO2 exhibits a higher
effectivity in improving the quality of SWCNTSs according to the increase in the averaged
Ic/lp ratios shown in Figure 4.5 (c). Additionally, with an increase in the CO; partial
pressure from 2 to 62.5 Pa (0-2-2, 0-2-7.5, 0-2-25, ¢, 0-2-55, and 0-2-62.5 Pa), a
decreasing tendency of the averaged Ip/lsi ratio was found in both the SWCNT samples
and the blank samples. The relevant Raman spectra is shown in Figure 4.7 (b). Such an
increase in the Ic/Ip ratio to ~69 and a decrease of Ip/lsi ratio close to O indicates the
formation of highly crystalline SWCNTSs with negligible deposition of a-C. The lower
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deposition of a-C helps to keep the surface of the growth seeds clean and prolongs the
growth lifetime, which explains the slight increase in the growth yield. Figure 4.5 (d)
depicts the Raman spectra of the SWCNTs grown under optimized growth conditions
without growth enhancers, with H>O (0-1-1 Pa), and with CO» (0-2-55 Pa). Because the
G-band intensity in the Raman spectra is normalized, the difference in the D-band
intensity can be clearly observed. Compared with the growth without growth enhancers
or with H2O, CO; presents its advantage in preventing a-C deposition when using C2Hs
as the carbon source. Figures 4.5 (e), (f), and (g) show the SEM images of the SWCNTSs
grown without growth enhancers, with H>O, and with CO., respectively. In Figure 4.5 (e),
without growth enhancers, SWCNTs with a significantly shorter length (~50 nm)
appeared owing to the deposition of a-C, which terminated the growth in a short time.
When H0 is added to the growth process, the decrease in the short SWCNTSs shown in
Figure 4.5 (f) represents the suppression of a-C deposition, which prolongs the lifetime
of the growth seeds. When using CO: as the growth enhancer, the formation of a-C was
prevented more effectively; longer SWCNTSs can be frequently found in Figure 4.5 (g).
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Figure 4.7: (a) Raman spectra of SWCNT samples synthesized by C,H.-supplied two-step growth
with the injection of H,O. The partial pressure of H,O was fixed to 1 Pa in the temperature and
varied from 0 Pa to 1.5 Pa (0-1-0 Pa, 0-1-1 Pa, 0-1-1.25 Pa and 0-1-1.5 Pa) in the secondary
growth step. (b) Raman spectra of SWCNT samples synthesized by two-step growth with the
injection of CO». The partial pressure of CO, was fixed to 2 Pa in the temperature and varied from
2 Pa to 62.5 Pa (0-2-2 Pa, 0-2-7.5 Pa, 0-2-25 Pa, 0-2-50 Pa, 0-2-55 Pa, and 0-2-62.5 Pa) in the

secondary growth step.
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We then investigated the changes in growth yield and quality along the process
flow of the two-step growth with and without the growth enhancers (0-1-1 Pa of H2O or
0-2-55 Pa of CO»). Raman spectra were acquired from the samples immediately after the
three steps: the initial growth step, temperature-rising step, and secondary growth step.
The changes in GOF and Ic/Ip are shown in Figure 4.8. Even without growth enhancers,
the slight increase in the Ic/lp ratios from the initial growth step to the temperature-rising
step proves that the deposition of a-C is still low before the growth temperature rises to
1000 °C. The addition of H.O or CO. with the optimized conditions during the
temperature-rising step causes an increase in the lg/Ip ratios compared with that without
growth enhancers. This means that the deposition of a-C is further prevented by H2O or
CO». However, according to Figure 4.8 (a), compared to the sample without growth
enhancers, the decreased yield of SWCNTSs was observed when H20 or CO, was added.
Particularly for COz, there was almost no increase in yield during the temperature-rising
step. Based on the role of CO; at high temperatures described in section 4.3.1 (one-step
growth), we assume that the prevention of a-C formation is mainly caused by the decrease
in carbon species adsorbed on the growth seeds. Such a decrease also caused the decrease
in SWCNT vyield.
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Figure 4.8: Changes in (a) yield (GOF) and (b) quality (l¢/lp ratio) of SWCNTSs along the growth
steps from C,H4 without growth enhancers, with H,O (0-1-1 Pa), and with CO; (0-2-55 Pa).
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Figure 4.9: (a) Raman spectra of SWCNT samples synthesized by C,Hs-supplied two-step growth
with and without the injection of CO.. During the growth, the growth temperature was 900 °C in
the initial growth step and the temperature rise to 940 °C in the secondary growth step. The partial
pressure of C,Hs was 20 Pa in the initial growth step, then changed to 5 Pa in the temperature
rising step, and varied to 10 Pa when the secondary growth step started. The partial pressure of
CO, was 2 Pa in the temperature and varied to 400 Pa in the secondary growth step (0-2-400 Pa).
(b) SEM image (acceleration voltage: 5 kV) of SWCNTs synthesized with the injection of CO;
(0-2-400 Pa).

After the temperature-rising step, the secondary growth step was conducted, in
which the stationary growth of SWCNTSs occurs. Notably, with the temperature rising
from 900 °C to 1000 °C, the carbon-source decomposition rate increases, which causes
an increase in the supply of activated carbon species [143]. Without the injection of
growth enhancers, the deposition of a-C was enhanced, as shown in Figure 4.8 (b). The
use of H2O could not provide SWCNTs with high crystallinity and low a-C
simultaneously. The a-C deposition caused the decrease in the lg/lp ratio and finally
terminated the growth at the beginning of the secondary growth step, which is evidenced
by the negligible increase in the GOF from the temperature-rising step to the secondary
growth step in Figure 4.8 (a). By contrast, in the case of CO. addition, the partial pressure
of CO2 could be largely increased along with the increase in the supplied carbon source
without damaging the SWCNTSs because of its mild oxidizing ability. The increase in the
GOF from the temperature-rising step to the secondary growth step indicates the
enhancement effect of CO». Based on such enhancement results, CO. was further applied
to the two-step growth with the supply of higher-partial-pressure CoHs at the secondary
growth step. Through the adjustment of the growth temperature at the secondary growth
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step, the lg/lsiratio was increased to ~0.15 while the GOF was 100%, and the Ig/Ip ratio
was kept at ~57 (Figure 4.9). We assume that CO> prolongs the lifetime of the growth
seeds by keeping their surface clean and maintains the efficient growth of SWCNTSs
during the secondary growth step.

4.3.4 Effects of enhancers on CzHz-supplied two-step growth

We investigated the effect of CO> on the CoH»-supplied two-step growth process.
The growth process is schematically shown in Figure 4.10 (a). Similar to the condition in
the CoHas-supplied growth described in section 4.3.3, CO2 was injected after the first
growth step and its partial pressure during the temperature-rising step was optimized to
0.05 Pa. Because the growth result with the injection of H>O has already been discussed
in our previous work [141], the growth results with CO: injection are mainly discussed

in this section.

Figure 4.10 (b) depicts the variation of the quality (Ie/lIpand Ip/lsiratios) and yield
(GOF) of SWCNTSs with a change in the partial pressure of CO; at the secondary growth
step from 0.1 to 0.5 Pa (0-0.05-0.1, 0-0.05-0.25, 0-0.05-0.35, and 0-0.05-0.5 Pa). The
relevant Raman spectra are shown in Figure 4.11. Interestingly, contrary to the expected
role of CO: for a-C deposition prevention, relatively low Ic/lp ratio were observed. Within
the range of CO: partial pressure, the growth yield decreased with increasing COa. This
indicates that the injection of CO2 cannot prevent the deposition of a-C in the CoHa-
supplied growth process. Even after the partial pressure of CO2 was increased to 0.5 Pa
(0-0.05-0.5 Pa), the yield decreased while the Ig/lp ratio did not change significantly,
which means that the intensities of both the G-band and D-band decreased. However, as
shown in Figure 4.10 (c), the D-band and G-band intensities of the sample with 0.1-Pa
CO2 (0-0.05-0.1 Pa) are higher than those of the sample without growth enhancers.
Because the GOF of both samples is already 100% under this condition, the intensity of
the G-band reflects the SWCNT yield. Moreover, according to the SEM images shown
in Figures 4.10 (d) and (e), a higher density of SWCNTs was observed in the CO»-injected
sample than in the sample without growth enhancers. To analyze the increase of D-band

intensity, we compared the change in a-C deposition on the blank samples along the two-
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step growth process with and without the injection of CO2. As shown in Figure 4.12,
higher Ip/lsi ratio was found in the COz-injected case. The increase of Ip/lsi should be
attributed to the a-C deposition since there is no possibility of defect formation on the
blank samples, where no SWCNTSs were grown. Thus, for the sample grown with a small
amount of CO, the higher G-band intensity represents a higher yield and the higher D-
band intensity could reflect the more intense deposition of a-C. Moreover, the appearance
of the radial breathing mode peak at ~180 cm™2, which was not observed in the samples
grown without a growth enhancer, indicates that thinner SWCNTSs were formed with the
injection of CO.. The formation of the thinner SWCNTSs should be due to the increased
growth-driving force [71]. Considering that the growth temperature and partial pressure
of C2H> were fixed, the increased density of activated carbon species is regarded as the
main factor that causes the increase in the growth-driving force. The activated carbon
species are formed from the decomposition of C>H>. As discussed in section 4.3.2, we
assume that CO2 in CoHz-supplied growth mainly works as a growth enhancer, which
promotes the dehydrogenation reaction of the carbon source and increases the density of
activated carbon species. Such an increase in activated carbon species promotes SWCNT

growth but also leads to uncontrolled a-C deposition.
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Figure 4.10: (a) Temperature profiles for the C,H»-supplied SWCNT two-step growth process
with the injection of CO,. (b) GOF, Ip/lsiratio, and Ig/lp ratio of the SWCNTs grown from C;H,
with different partial pressures of CO; injected since the temperature-rising step. The partial
pressure of CO; in the secondary growth step was varied from 0 to 0.5 Pa. The partial pressure of
CO: in the temperature-rising step was fixed to 0.05 Pa. Standard deviation was also calculated
and presented as the error bar of averaged lg/lp. (c) Raman spectra of the SWCNT samples
synthesized with and without the injection of CO,. The partial pressure of CO, was 0.05 and 0.1
Pa during the temperature-rising step and the secondary growth step, respectively (0-0.05-0.1 Pa).
(d, &) SEM images (acceleration voltage: 5 kV) of the SWCNT samples synthesized (d) without
the injection of a growth enhancer and (e) with the injection of CO, (0-0.05-0.1 Pa).
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Figure 4.11: Raman spectra of SWCNT samples synthesized by C,H, -supplied two-step growth
with the injection of CO,. The partial pressure of CO, was fixed to 0.05 Pa in the temperature and
varied from 0 Pa to 0.5 Pa (0-0.05-0 Pa, 0-0.05-0.1 Pa, 0-0.05-0.25 Pa, 0-0.05-0.35 Pa, and 0-
0.05-0.5 Pa) in the secondary growth step.

—e— With CO,
0.004 - —m— Without enhancer

%) 0.003
=
2 0.002}
0.001}
0.000
Initial growth Temperature Secondary
(1 min) rising growth
(30 min)

Figure 4.12: Changes in a-C deposition (Ip/lsi ratio) of blank sample along the growth steps in
C2Hz-supplied process without growth enhancers and with CO; (0-0.05-0.1 Pa).
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The changes in the quality and yield of SWCNTSs along the growth steps with and
without the injection of enhancers are shown in Figure 4.13. The result with H>0 (0-0.15-
0.15 Pa) has been taken from our previous work [141]. Raman measurement was
conducted after the initial growth, temperature-rising, and secondary growth steps as in
the case of CoHa. Because of the higher activity of CoH» than C2Ha, a-C was easily formed
during the temperature-rising and secondary growth steps, which caused the decrease in
the Ic/lp ratios when no growth enhancer was injected. As reported in our previous work
[141], with accurate control of the H.O partial pressure (0-0.15-0.15 Pa), a-C was
effectively removed and the Ic/Ip ratio increased. At the same time, a part of the activated
carbon species was also removed from the growth seed surface by H>O, which resulted
in the decrease in the SWCNT yield compared with the sample without growth enhancers,
as shown in Figure 4.13 (a). When using CO: as the growth enhancer, contrasting results
were obtained. The Ic/lp ratio decreased while the GOF was increased by CO». The
dramatic increase in the GOF also supports our assumption that the carbon-source supply
is promoted by the injection of CO>. This promotion effect causes the increase in SWCNT
yield as well as the deposition of a-C. Thus, based on the discussion above, we conclude
that CO. plays more than one role in SWCNT growth from the CNP growth seeds

depending on the employed carbon feedstocks.
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Figure 4.13: Changes in (a) yield (GOF) and (b) quality (l¢/Ip ratio) of SWCNTSs along the growth
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0.05-0.1 Pa).
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4.3.5 Mechanism of growth enhancers in combination with carbon sources

The mechanism of the effect of enhancers (H20 and CO.) on SWCNT growth
behavior is derived from the observed results and is schematically depicted in Figure 4.14.
In the SWCNT growth system based on the CNP growth seeds, carbon-source molecules
in the gas phase first overcome the energy barrier to proceed with the dehydrogenation
reaction, and activated carbon species are adsorbed on the surface of growth seeds. Then,
the activated carbon species are attached to the edge of the SWCNT sidewall. Therefore,
the conversion process of carbon-source molecules to SWCNTSs is divided into two parts:
the process in which the carbon-source molecules in the gas phase are transformed into
activated carbon species of the adsorbed phase and the subsequent process in which the
activated carbon species are transformed into the SWCNT structure. The activation
energies (Ea) for these two processes are denoted as Ear and Eaz, respectively.

We first discuss the effect of H.O. In SWCNT growth from both C>H; and C2Hs
using the CNP growth seeds, H>O was found to mainly prevent the formation of a-C. We
assume that the preventing role is realized through the oxidizing reaction, which is similar
to its role in SWCNT growth from a metallic catalyst. With the addition of H20, the
chemical potential of activated carbon species decreased, which caused the decrease of
SWCNT growth efficiency, as shown in Figures 4.14 (a) and (b). In addition to a-C, a
part of the activated carbon species on the surface of growth seeds is etched away by H-O,
which decreases the density of the carbon species and accordingly their chemical potential.
The decrease in the chemical potential increases the activation energy needed for the
formation of SWCNTSs (Ea2’ in Figures 4.14 (a) and (b)), assuming that the transition
state is preserved by the addition of H>O. This change reasonably explains the decrease
in the SWCNT growth efficiency in both the CoH.- and C2Hs-supplied system by H»O.
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Figure 4.14: Schematic energy diagram of the SWCNT formation process from the CNP growth
seeds at a high temperature using (a) CoH, and (b) C2H- as carbon feedstocks with different growth
enhancers. Chemical potential variation of carbon in the gas phase, activated carbon species
adsorbed on the growth seed, and carbon in an SWCNT is shown. The black, blue, and orange
curves denote the chemical potential under the growth conditions without growth enhancers, with
H-0, and with CO,, respectively.

When using CO: as the growth enhancer, the reaction between the carbon source
and CO- needs to be considered depending on the carbon source. In the case of C2Hg, as
the reaction with COz is not significant, the main role of CO- is etching. With the injection
of CO», the chemical potential of activated carbon species decreased, which caused the
decrease of SWCNT growth efficiency, as shown in Figure 4.14 (a). Because the
oxidizing ability of CO> is lower than that of H.O, CO, mainly etches away activated

carbon species on the growth seeds and does not directly react with the formed a-C. The
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decrease in the density of the carbon species causes a decrease in chemical potential and
increase in activation energy, resulting in the low growth efficiency of SWCNTSs. In the
case of CoHo, a dehydrogenation reaction occurs between CO, and CoH2. As shown in
Figure 4.14 (b), the activation energy of the dehydrogenation reaction of CoH> decreases
from Eaz (the process without CO>) to Ea:1’ (the process with CO2). Such a decrease in
the energy barrier helps to increase the rate of carbon feedstock transformation from the
gas phase to the adsorbed phase. The increased adsorbed carbon specie density causes the
increase in chemical potential of carbon and then the decrease in the activation energy for
SWCNT formation (Ea2”). This growth condition further promotes the formation of both
SWCNTs and a-C. Therefore, the reaction between C2H> and CO; significantly affects
the enhancement of SWCNT growth not only in the metal-catalyzed SWCNT growth but

also in the solid carbon seed-based growth.

4.4 Conclusion

In conclusion, by employing ND-derived CNPs as the growth seeds, we
investigated the different roles of growth enhancers (CO and H20) in high-temperature
SWCNT growth processes using different carbon feedstocks (CoHz and C;Hs). By
comparing two commonly used hydrocarbons, we found that the enhancement role of
CO. differed depending on the carbon source, while similar etching role of H>O exhibited
in both hydrocarbon-supplied growth. In the C2Hs-supplied growth, controlling the partial
pressure and injection time of CO> prevents the formation of a-C without causing the
formation of defects and achieves highly crystalline SWCNTs with high purity. However,
CO: exhibits the enhancement effect in both SWCNT growth and deposition of a-C when
using C2H> as the carbon source. About this phenomenon, some works proposed that it is
the interaction between the CO2 and carbon source which promoted the growth of CNTSs.
This result presents another possible role of the growth enhancers, which enhanced CNT
growth through both a-C etching and reacting with carbon source. Moreover, in the two-
step growth process, the injection of CO> results in a prevention effect of a-C deposition
in the CoHs-supplied case and the enhancing effect of SWCNT vyield and a-C deposition
in the CoH case. Particularly in the CoHa-supplied two-step SWCNT growth process,
with the use of COg, highly crystalline SWCNTSs with less a-C deposition were achieved
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when the temperature of the secondary growth step was 1000 °C. Furthermore, by tuning
the growth condition, the SWCNT yield was highly increased as indicated by the GOF of
100% and the l¢/lsj ratio of ~0.15, while the quality of SWCNTSs was preserved compared
with previous work (l¢/lp ratio of ~ 57). Our results demonstrate the different synergetic
effects of growth enhancers and carbon sources in high-temperature SWCNT synthesis
based on the solid carbon growth seeds, proving that CO, can be used as an effective
growth enhancer in the CoHs-supplied two-step growth process to achieve high-quality
SWCNTSs with a high yield.

Until now, through the study of the growth driving force and the effects of growth
enhancers, the yield of high quality SWCNTSs was increased through the high temperature
synthesis method. Unfortunately, the yield of high quality SWCNTSs achieved through
direct synthesis method is still need to be increased for the application. Thus, after
developed the high temperature synthesis process, in the next research, | studied the high
temperature post-treatment process for increasing the crystallinity level of massive
SWCNTSs with high defect density.
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Chapter 5: Defect healing of single-walled carbon
nanotubes via high temperature post-treatment

Thermal defect healing of single-walled carbon nanotubes assisted

by supplying carbon-containing reactants

5.1 Background

Single-walled CNTs (SWCNTs) becomes one of the potential materials for
application in electronics (transistors, interconnects, memory) [145, 146], sensors (optical,
biological, chemical) [11, 147], and so on. However, the defects formed in SWCNTSs are
challenging to be avoided. The existence of defects dramatically degrades the electrical
[101, 103, 104] and thermal transport [105] and mechanical strength [27, 106] of
SWCNTSs. Such defects, including adatom[148], vacancy[149], pentagon-heptagon pair
(57) [21, 22], pentagon-heptagon-heptagon-pentagon (5|7/7|5) defects[150], are not
favored thermodynamically due to their high formation energy[21, 151], but they can be
created in the SWCNT growth process [152-154] and chemical post-treatment step [112].

The defects were observed through structure characterization [155, 156].

High-temperature treatment has been suggested to heal the defects [71]. During
the SWCNT growth process, the highly ordered crystalline structure of SWCNTS tends
to be found with the increase in the growth temperature [157]. Further theoretical and
experimental discussion explained this phenomenon by the temperature-activated
catalytic defect healing [158], which mentioned that simple defects with lower healing
activation energy would be more readily cured, such as the 5|7 defects [21]. In the
meantime, the yield of high crystallinity SWCNTSs achieved through high temperature

growth is still needs to be increased for further application.

Besides the growth process, high temperature post-treatment was supposed to be
another promising method to achieve high quality CNTs through healing massive CNTs
with defects formed during growth process or structure measurement. When talking about
the defects created by the electron/photon irradiation, unlike the defects formed in the
growth process, experimental evidence indicated that the defective SWCNTSs could be
healed by annealing under a moderate temperature (1000—2000 °C) and even at room
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temperature [159, 160]. Then, the subsequent calculation indicated that, because of the
low healing activation energy barrier (~2 eV), the adatom-vacancy defect is a possible
candidate of defects generated on the irradiated-nanotubes [161]. Besides, the high
temperature was also applied to the post-treatment process to heal the low-temperature
synthesized or chemically treated SWCNTs and MWCNTSs. For example, treating
MWCNTSs at 1200-2000 °C in a high vacuum or at 2000-2800 °C in an argon (Ar)
atmosphere improved crystallinity [162-164]. Similarly, in SWCNT healing, high-
temperature treatment (10002400 °C) has also been reported to increase the overall
crystallinity by defect aggregation and self-healing of the graphene lattice [165, 166].
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 [88].
In previous studies, as one of the carbon-containing reactants, ethanol has been used as
the defect healer in the restoration of graphene oxide [167, 168]. Recently, carbon-
containing reactants have been considered as the defect healer in the high-temperature
annealing process to heal vacancy defects in CNTs. Until now, simulation studies
confirmed that the carbon sources (CO, C2H2 and C2Ha) used for CNT growth are good
candidates to heal vacancy defects during high-temperature CNT synthesis [88-91].
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, CoHz is
selected for the defect healing because it does not contain oxygen atoms, which lead to
spontaneous formation of oxidants during pyrolysis process and might disturb the healing
result. To avoid the formation of additional defects induced by metal catalyst impurities
during post-treatment, we selected the metal-free carbon solid nanoparticle originating
from nanodiamond (ND) as the SWCNT growth seed [69, 70]. By fixing the healing
temperature to 1100 °C, through Raman spectra characterization, we explored the
influence of C,H; partial pressure and healing time on the C2H> added annealing results.
Compared with the SWCNTSs only healed in Ar ambient, higher crystallinity of SWCNTSs
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is presented with the injection of CoH>. Moreover, with the injection of C2H>, a significant
increase appeared in the healing efficiency of SWCNTSs with small diameter. According
to these experimental results, we propose that CoH: helps to increase the high-temperature

healing efficiency, especially the healing efficiency of thin SWCNTSs.

5.2 Experimental section

Relatively defective SWCNTs were prepared by lowering growth temperature
from the optimized condition in our previous study [141]. As the starting material of
growth seeds, ~10 nm diameter purified ND particles were dropped Si substrates with a
300-nm-thick thermal oxide layer. The substrates were cleaned via an ozone treatment
process (L-UV253, Japan Electronics Industry) by flowing 6 L/min Oz for 5 min under
ultraviolet light for 60 min, followed by exhausting with 6 L/min N2 for 5 min. The ND
pretreatment and the SWCNT growth were performed in a quartz tube chamber which is
held in a tubular CVD furnace (GE-1000, GIlI Techno) [141]. As shown in Figure 5.1 (a),
before the growth of SWCNTSs, the ND was pretreated with the surface-cleaning process
(in air for 10 min at 600 °C) and the annealing procedure (in 85 kPa Ar for 1 h with 20-
sccm Ar injection at 1000 °C) [141]. After the annealing process, SWCNTs were
synthesized for 10 min with a mixture of 10-sccm CoH2 (2%)/Ar and 10-sccm Ar. The
total pressure was kept at 500 Pa, corresponding to a CoH> 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.

After the structural characterization of the above synthesized SWCNTs as
described later, the heat treatment for the defect healing was proceeded which is shown
in Figure 5.1 (b). The annealing temperature was set at 1100 °C to ensure the healing of
defects in Ar ambient and the pyrolysis of CoH2 [162-164, 169]. The healing time was
varied from 0 min to 60 min, where the 0 min represents the healing process stopped once
the substrate temperature arrived at 1100°C. During the temperature rising process, 250-
sccm Ar was injected into the heating ambient. When the temperature arrived at the

annealing temperature, the gas flow was switched to a 250-sccm mixture of Ar (235-250
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sccm) and CaHo (2%)/Ar (0-5 sccm). The total pressure was kept at 220 Pa, corresponding
to a CoH2 partial pressure of 0-0.088 Pa. Keeping the injected C2H> at low partial pressure
helped to limit the deposition of a-C. Besides, because such partial pressure is much lower
than the value needed for the growth of CNTs (0.5 Pa) [141], we exclude the possibility
of CNT nucleation during the annealing process. In addition, the same cleaned Si
substrates without any growth seeds and SWCNTSs were used as a reference (hereafter

called blank samples) to compare the amount of amorphous carbon (a-C) deposited
directly on them and on the SWCNT samples.

(a) Carbon feedstock| C,H, /Ar |
Carrier gas | HJAr \
0 Growth time [min] 10
1000
=) Annealing in
£ Ar (85 kPa)
[+F]
3 CNT Growth
g 600 (785 °C)
o Heating
E in air
[
Growth seed pretreatment = C,H,/Ar, Ar (500 Pa) =Ar
""" Time [min]
(b) 1
1000
= Annealing in Ar or C,H,/Ar
Q
g
B
o
Q
o
5
- Ar Ar
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Figure 5.1: (a, b) Temperature profiles of the reaction furnace for (a) one-step growth process and
(b) two-step growth process as a function of processing time. (a) The top part shows the gas
composition profile during SWCNT growth. In the C,Hs-supplied case, the variation of the CO,
injection time (x =0, 2, 5, 7, and 10 min) during the growth process was included. (b) The top

part shows a schematic diagram of the two-step growth process of SWCNTSs from the CNP growth
seeds.
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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. The laser spot size was
approximately 0.9 um, and the laser power was approximately 9 mW at the measurement
point. The exposure time of each measurement spot was 1 s for 5 cycles. 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™?) to the D-band (1330-1360 cm™?), which was
represented as le/lp. The SWCNT quantity was evaluated by comparing the intensity ratio
of the G-band (~1590 cm™) with the Raman peak from Si substrates (~520 cm™?), which
was represented as Ic/lsi. Scanning electron microscopy (SEM) (NVision, Carl Zeiss) was

used for morphological observation of SWCNTSs with an acceleration voltage of 5 kV.

5.3 Results and discussion

To investigate the healing role of C;H., we analyzed the SWCNT samples
annealed at 1100 °C with 0, 0.035, 0.088 Pa, 0.176, and 0.264 Pa of C>H> injection. The
healing time was varied from 0 to 90 min. Besides, 1000 °C and 1100 °C was employed
to examine the influence of the annealing temperature on the healing. Because of the
limitation of the CVD apparatus, the healing temperature should be not higher than 1100
°C. Moreover, to exclude the possibility of new growth of SWCNTs with high
crystallinity which will affect the defect healing result, the annealing temperature should
be 1000 °C or higher according to previous study. [141] Therefore, the defect healing
temperature was set at 1000 °C and 1100 °C. A control experiment was conducted to
exclude the possibility of new nucleation of CNTs. As shown in Figure 5.2, after the
pretreated ND at 1100 °C was annealed with C2H> injection, there was no detection of the
G-band found on the reference sample, which excluded the possibility of the new growth
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of SWCNTSs. Thus, the increase in the Raman spectra intensity of the annealed SWCNT
samples results from the healing effect.

Ae,=633 nm

Intensity [a.u.]

150200250300350 1300 1400 1500 1600 1700 1800

Raman shift [cm™]
Figure 5.2: 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 C>H: injection).

The radial breathing modes (RBMs) of Raman spectra changed with healing time
and the partial pressure of C2H> are exhibited in Figure 5.3 (a). As a representative, G-
band and D-band Raman spectra of the SWCNT samples annealed with 0.088 Pa C2H: is
also shown in Figure 5.3 (b). Compared with the spectra of the pristine SWCNT sample,
the RBM, G-band, and D-band intensity first decreases during the temperature rising
process (at 0 min). We suppose the decrease of Raman intensity is because SWCNTSs are
damaged by the interaction between the substrate and the pristine SWCNTSs at high
temperature [170]. The decrease of G-band and D-band also appeared in a 1000 °C
annealing case. The relevant defect healing results are displayed in Figure 5.4. As shown
in Figure 5.4 (d), such decrease tendency of G-band intensity even extended from the
temperature rising process to the healing process, which affected the analysis of defect
healing behavior. Therefore, in this study, we mainly discuss the defect healing results
treated at 1100 °C. By prolonging the healing time to 20, 40, and 60 min, as shown in
Figures 5.3 (a) and (b), the intensity of RBM spectra and G-band gradually increased both
with and without the use of CoH.. Additional healing results of SWCNTSs treated with
0.035 and 0.088 Pa for 5 and 10 min are shown in Figure 5.5. Without the use of carbon-
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containing reactant, such increase of G-band and RBM intensity at high temperature has
been discussed and explained by the healing of defects.[165, 166, 171, 172] In the
meantime, the use of CoH> caused a more rapid intensity increase of the RBM peaks at
around 210 and 280 cm™.

Ae=633 nm
(a) 0 Pa 0.035 Pa 0.088 Pa
5 60 min
s prase
2 min
0
Pristine
100 200 300 10 200 300 100 200 300
Ramansmﬂ[mn]
Aex=633 nm
(b) 0.088 Pa
60 min
5 40 min
S,
= 20 min JL
7] e,
5 0 min S\
)=
Pristine

1200 1300 1400 1500 1600 1700 1800
Raman shift [cm™]

Figure 5.3: (a) RBM spectra of the pristine SWCNTs and the healed SWCNTSs treated with 0,
0.035, and 0.088 Pa C.H, for 0, 20, 40, and 60 min at 1100 °C. (b) G-band and D band of the
pristine SWCNTSs and the SWCNTs annealed with 0.088 Pa C,H. at 1100 °C for 0, 20, 40, and
60 min.
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Figure 5.4: Process time dependence of the (a) Raman spectra, () I&/lp ratio, (d) l¢/lsi ratio of the
SWCNTs and (b) the Ip/lsi ratio of the relevant blank sample treated with the C,H-injected
healing process (0.088 Pa) at 1000 °C. The lc/lp and lg/lsi ratios of the pristine SWCNTSs were

plotted as a reference.
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Figure 5.5: 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 5.6: C,H, partial pressure dependence of the (2) Raman spectra, (b) l¢/lp ratio, and (c) the
Io/lsi ratio of the relevant blank sample. The lg/lp of the pristine SWCNTs were plotted as a

reference.

The Raman spectra of the healed SWCNTSs with further changing the injected
C2H> partial pressure is exhibited in Figure 5.6. In the annealing process, SWCNTs was
treated with higher partial pressure (0.176 and 0.264 Pa) of C,H, at 1100 °C for 60 min.
The quality of the healed sample was analyzed by Is/lp as shown in Figure 5.6 (b). By
increasing the partial pressure of CoHz from 0 to 0.035 Pa, the Ic/lp ratio of SWCNTs
increased to ~8. However, as shown in Figure 5.6 (c), compared with the 0.035 Pa-CzH>
injection case, 0.088, 0.176, and 0.264 Pa-supplied healing results present higher Ip/ls;
ratio of the blank sample, which indicates the increase of a-C deposition in the healing

conditions. The SEM images of the pristine and healed SWCNTSs are shown in Figure 5.7.
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It can be found that there is almost no a-C deposited on the surface of the pristine
SWCNTSs and the SWCNTs annealed with no Pa-CoH. On the other hand, a-C was
observed as ununiformly distributed brighter areas on the SWCNT surface for the higher
C2oH> partial pressure samples, and the amount of it was increased with increasing the
pressure from 0.035 to 0.264 Pa. Thus, the decrease of Ic/lp ratio of the healed SWCNTSs
with increasing C2H> partial pressure (Figure 5.6 (b)) is attributed mainly to the increased

deposition of a-C.

Figure 5.7: SEM images (acceleration voltage: 5 kV) of (a) the pristine SWCNTSs and (b—d) the
SWCNTSs healed at 1100 °C for 60 min with the injection of C,H,. The partial pressure of C,H>
is (b) 0, (c) 0.035, (d) 0.088, and (e) 0.264 Pa.

To further analyze the change of defect density during the healing process, we
calculate the lg/Ip ratio based on the Raman spectra of the healed samples, and the result
is presented in Figure 5.9. The l¢/lp ratio of the pristine SWCNTSs was regarded as the
baseline. Compared with the pristine sample, with 0 min healing treatment, the averaged
Ic/Ip ratio of the healed SWCNTSs did not change much. As the healing time went by, the
C2Ha-injected (0.035 Pa and 0.088 Pa) healing cases gradually expressed higher lg/lp
ratio than the SWCNTSs healed without C2Hz> injection, which reflects the improvement
of SWCNT crystallinity. Moreover, different defect healing rates appeared with changing
C2H> partial pressure. According to Figure 5.9, in 0 and 0.035 Pa C>H: injected annealing

process, the defect healing rate was similar in first 20 min and the I/Ip ratio increased to
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around 5.5 in both two cases. After 20 min, the healing rate from 20 min to 60 min
gradually decreased in the 0 Pa healing case and finally be almost 0 from 60 to 90 min.
Compared with the 0 Pa C2H> injected healing result, although there is a data fluctuation
from 20-40 min, a higher overall healing rate from 20 min to 60 min was found in the
0.035 Pa case and the I¢/Ip ratio finally increased to ~8. Further raising the partial pressure
of C2H to 0.088 Pa, a more noticeable increase in healing rate appeared in the first 20
min and the Ig/Ip ratio reached ~8.9 when the healing time was 40 min. Prolonging the
healing time to 60 min, we noticed that the Ic/Ip ratio decreased from 40 to 60 min. To
analyze this phenomenon, we collected the Ig/ls; ratio of the healed SWCNT samples and
the Ip/lsi ratio of the blank samples, shown in Figure 5.8. From Figure 5.8 (b), the lg/ls;
ratio kept stable for 20 min. On the other hand, the Ip/lsi ratio of the blank samples
gradually increased from 20 to 60 min, representing the deposition of a-C. Thus, we
suppose that the decrease in the Ic/Ip ratio is caused by the deposition of a-C in 0.088 Pa-
C2Ha supplied healing process. It also explained the decrease of Ic/lp in the 0.035 Pa case
from 60 to 90 min.

Figure 5.8: Change in the lg/Ip ratio of the SWCNTSs healed with the injection of C,H> (0, 0.035
and 0.088 Pa) along the healing time. The Ic/lp ratio of the pristine SWCNTSs was plotted as a
reference. All dotted lines are guide to the eyes.
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Figure 5.9: Process time dependence of the (a) lc/lp ratio and (b) Ic/lsi ratio of the SWCNTSs, and
(c) the Ip/lsi ratio of the relevant blank sample treated with the C,H,-injected healing process

(0.088 Pa). The l¢/lp and lg/lsi ratios of the pristine SWCNTSs were plotted as a reference.

Then, we further discuss the influence of C2H: injection to the healing rate of

SWCNTSs with different diameters. Based on the previous research, the CNT diameter (dx)

is related to the RBM wavenumber ( «rem) according to the equation [39]:

wrem (cM™) = 223.5 /d; (nm) + 12.5

The relative population of SWCNTs with different diameters can be analyzed
based on the peak intensity of the RBM spectra. The high wavenumber (200-300 cm™)
corresponds to the small diameter SWCNTSs (<1.1 nm), and the low wavenumber (100—
200 cm™?) represents the large diameter SWCNTs (>1.1 nm). Among the RBM spectra
shown in Figure 5.3 (a), significant intensity change appears on the four peaks at around
133, 188, 210, and 280 cm™, which corresponds to the SWCNTSs with 1.8, 1.3, 1.1 and
0.8 nm diameter, respectively. Taking the RBM peaks of SWCNTs with the four
diameters as the representative, the related details of normalized RBM intensity varied
with the healing time are exhibited in Figure 5.10 and the healing rates with or without
the injection of CoH> are determined as shown in Figure 5.11. The healing rate was

calculated by the changes in the corresponding RBM peak intensity along the healing
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time. We divided the intensity change in the RBM peaks from 0 min to 40 min by the
duration to exclude the contribution of the a-C deposition in long annealing time, which
affects the intensity of Raman spectra. Based on previous works,[21, 173, 174] low
formation energy of vacancy and 5|7 defects appears in the SWCNTSs with small diameter,
which eases the formation of these types of defects in the SWCNTs with small diameter.
Healing of thin SWCNTSs with higher density of defects, especially the vacancy defect,
would take longer time compared with thick SWCNTSs. Thus, without the injection of
C2Hz, as shown in Figure 5.11, higher healing rate is found in the SWCNTSs with large
diameter. When CzH> was added to the healing process, the healing rate of the thick
SWCNTs (>1.1 nm) slightly increased. Interestingly, in the SWCNTs with small
diameters (<1.1 nm), the healing rate was significantly increased with the use of CzHo.
These increase in the healing rate confirms that the injection of C2H2 during the healing
process helped to enhance the defect healing rate, especially to the defects in the SWCNTSs

with small diameter..
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Figure 5.10: 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 5.11: Change of the healing rate with the injection of C,H> (0, 0.035 and 0.088 Pa) for the

SWCNTSs with different diameter (0.8, 1.1, 1.3, and 1.8 nm).

Based on the aforementioned results of C2Hz> injected defect healing, we derived
the healing behavior of C2H> in the high temperature annealing process and schematically
depicted it in Figure 5.12. For the pristine SWCNTSs synthesized at low temperature,
several kinds of defects formed during the growth process, including the adatom, vacancy,
5|7 defects, and so on. During the healing process, with the presence of trace amount of
oxidative gas impurities (O2, H20, or CO>), the adatom defects could be partly healed
through etching reaction [175]. However, if there are no carbon atoms injected into the
healing process, vacancy defects tend to stay or change to closed lattice structures with
pentagon and heptagon defects through Stone-Wales-type transformation [34, 176],
which means the difficulty in healing vacancy defects. To heal vacancy defects, the use
of carbon-containing reactant is effective because carbon atoms from the reactant are
adsorbed on the vacancy defects and incorporated into the lattice of the SWCNTs [88-
91]. Thus, in Figure 5.12, we suppose that the adatom defects and the vacancy defects
would be the representative defects which can be healed in the C2H»-injected healing

process.

Among such defects, the low formation energy of adatom defect makes it easy to
be constructed [173]. Thus, compared to the adatom defects, the vacancy defects in the
pristine SWCNT structure appear with lower density because of their high formation
energy [173]. Besides, related to the diameter of SWCNTSs, the formation energy of
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defects is lower in the SWCNTSs with small diameter compared with the one with large
diameter [21, 174], which makes vacancy defects easier to form on the thin SWCNTSs.
Therefore, as shown in Figure 5.12, higher-density vacancy defects appear in the pristine
SWCNTSs with small diameter.

When only heated in Ar gas with low pressure, the adatom defects tend to be
healed while the vacancy defects are more likely to stay. On the other hand, when CzH>
was added, the vacancy defects could be better healed, which caused an increase in the
healing rate in both thick and thin SWCNTSs. In this high temperature treatment, the
pyrolysis reaction of C2H; also happens, which produced Hz and helped to remove adatom
defects [175]. Moreover, the high density of defects on the thin tube structure would take
longer time and be harder to heal, which brings about the low healing rate in thin
SWCNTSs with high-density defects. Especially for the thin SWCNTSs, the healing rate

was more drastically increased compared to the thick tubes.

A: adatom defect
V: vacancy defect

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

Figure 5.12: Schematic defect healing diagram of the pristine SWCNTs annealed at high
temperature (1100 °C) with or without the injection of C,H,. The pristine SWCNTSs are divided
into thick (>1.1 nm) and thin (<1.1nm) SWCNTs according to their diameter.
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Figure 5.13: Raman spectra of the healed SWCNTSs treated with only Ar, 0.352 Pa C,H and 0.352
Pa CoH, for 60 min at 1100 °C.

Besides, we also investigated the healing effect of ethylene (C2Hs). As shown in
Figure 5.13, the injection of CoHa resulted in the efficient healing of SWCNTSs similarly
to the case of C2Hy, indicating the general effectiveness of carbon-containing reactants in

thermal defect healing.

5.4 Conclusion

In conclusion, with the experimental results, we confirmed the healing behavior
of CoHz in the high temperature (1100 °C) annealing process, which had been only
analyzed through theoretical methods. Compared with the SWCNTSs healed only in Ar
gas, the SWCNTSs healed with C2H> presented higher crystallinity. The defect healing rate
was increased with rising the partial pressure of injected C2H> from 0 to 0.088 Pa. On the
other hand, with the increase of the injected C>Ho, the formation of a-C for long process
time becomes a problem that needs to be solved in future work. Further, considering the
diameter of SWCNTs, we found that the healing effect of C>H> injection was more
evident in the SWCNTs with small diameter (<1.1 nm). Combining with the previous
simulation research about the healing behavior of CoH., we consider that CoHz helps to
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heal the vacancy defects and increased the high temperature healing rate. Moreover, we
also found that C;Ha4 exhibited a healing ability which is similar to CoH2. These results
prove that injecting carbon-containing reactants, like C2Hz, would be an additional
important factor for healing SWCNT defects with high efficiency. With the assistance of
such carbon-containing reactants, SWCNTSs 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.

After finding the promising healing role of carbon-containing reactants, in future,
I would like to further prove this result with providing more evidences. Besides, as
mentioned in this work, the problem of a-C deposition during the healing process, | would
try to inject etchants to prevent it. With these efforts, | suppose that the high temperature defect

healing treatment would be more efficient in increasing the quality of SWCNTSs and even could

be expanded to separated SWCNTSs in a large scale.
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Chapter 6: Conclusion and future perspective

6.1 Conclusion

Recently, to achieve SWCNTs with high crystallinity, thermal treatment is
admitted during SWCNT synthesis process and post-treatment step. One of issues, the
aggregation of growth seeds in high temperature synthesis, could be solved by using solid
carbon nanoparticles (NDs) because of the high stability of morphology. Moreover,
compared to metal nanoparticles, using NDs as the growth seeds brings fewer metal
impurities to SWCNTSs sample. Thus, in this dissertation, we systematically studied the
ND-based high temperature growth process and the effect of growth enhancers injected
in such growth. What’s more, achieved from ND-based SWCNT growth process, we
studied the healing effect of carbon-containing reactants in high temperature annealing

post-treatment.

Chapter three describes the efficient synthesis of highly crystalline SWCNTs from
unconventional solid carbon nanoparticles derived from NDs as growth seeds. This was
enabled by a two-step growth process based on thermodynamic considerations of growth
driving force required for different growth stages as well as by an addition of water vapor
as the etchant. Systematic experiments revealed that separate control of growth driving
force in the cap formation stage and the stationary elongation stage significantly affects
the yield and the structural variation of SWCNTSs. With the assistance of water vapor, we
attained a 10-fold increase in the SWCNT vyield from solid carbon nanoparticles while
ensuring the high crystallinity of SWCNTSs. Instead of metal nanoparticles, in this work,
solid carbon nanoparticles (NDs) were employed as the growth seeds, which presents

high thermal stability and will not fuse at high growth temperature.

Chapter four discusses the enhancing roles of water (H.O) and carbon dioxide
(COy) in the SWCNT growth without metal catalysts. In this research, NDs—one of the
non-metallic nanoparticles—was used as the growth seeds to exclude the influence of
metal catalysts in the CNT growth process. The enhancing effects of injected H>O and
CO. were discussed by analyzing the SWCNT growth results with two types of carbon
sources (C2H2 and CzHa). Systematic experiments revealed that H.O and CO. possess

oxidizing ability to prevent the deposition of amorphous carbon (a-C) without the
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participation of metal catalysts. In CoHs-supplied growth, CO: injection presents a better
role than H20 in preventing a-C deposition. Moreover, in the combination of CO; and
C2H, we found a unique promotion role of CO2 by which a-C deposition and SWCNT
growth were significantly enhanced. Based on the change in chemical potential, we
discuss the effect of the dehydrogenation reaction between CoHz and CO2, which has been

found only in metal-catalyzed SWCNT growth.

Chapter five experimentally investigated the effect of C2H> as the defect healer
during the high temperature annealing process. Systematic experiments revealed that
C2H2 worked as a defect healer and helped to highly improve the crystallinity of the
SWCNTSs compared with the sample only annealed in Ar ambient. We found the defect
healing rate increased with the increase of partial pressure of injected C2Hz, resulting in
sufficient healing which proceeded in a shorter time. Moreover, CoH, exhibited more
efficient healing on the SWCNTs with small diameter (<1.1 nm). Based on the
experimental results and relevant simulation studies from other groups, we propose that
C2H:> assists the healing of vacancy defects and provides a higher healing rate. The
obtained findings demonstrate the effectiveness of the post-treatment approach to
improve SWCNT crystallinity, leading to highly crystalline and structure-controlled
SWCNTSs which are demanded for their vast applications.

6.2 Future perspective

In this thesis, through the ND-based two-step growth process, we increased the
yield of high quality SWCNTSs, an uncontrolled mixture of metallic and semiconducting
SWCNTSs. Because of the difference in electric transport properties of SWCNTSs with
different chirality, developing a chirality-selective synthesis process would be more
recommended. It needs to be noticed that the cap structure will influence the chirality of
SWCNTs, but the nucleation behavior of SWCNTSs still needs to be clarified in VSSS
growth mode. Thus, in the ND-based growth process, we would like to further study the
nucleation behavior of SWCNTSs on the surface of solid carbon growth seeds and modify

the growth condition to achieve SWCNTSs with high chirality purity.
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Moreover, through this study, we achieved SWCNTSs randomly arranged on the
SiO2/Si substrates. However, the appearance of crosslinks and the difference in the
orientation of SWCNTSs reduce its electronic properties and influences their applications,
especially in the application of thin film transistors (TFTs). Therefore, we suppose to
apply this high temperature growth system into the formation of horizontally well-aligned

SWCNTSs arrays and study the related properties.

Besides, the study about the effect of carbon-containing reactants will continue to
illustrate their healing behavior at high temperature. Considering about the deposition of
a-C in the annealing process, growth enhancers, such as CO2, will be added to prevent the

formation of such carbon impurity.
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