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Abstract

the change in growth mode.

This finding focuses on the optimization of synthesis time for the transformation of Fe-filled spherical-like graphene
shell (GS) to almost catalyst-free carbon nanotube (CNT) structure using two-stage catalytic chemical vapor
deposition apparatus. The camphor oil and ferrocene were used as carbon precursor and catalyst respectively,
following the variety growth of graphene-family nanomaterials for 2, 4, 6, 8, 10, 30, and 60 min at 800°C synthesis
temperature. The graphene-family nanomaterial properties were characterized using field emission scanning
electron microscope, high resolution transmission electron microscope, micro-Raman spectrometer,
thermogravimetric, and carbon-hydrogen-nitrogen-sulfur/oxygen (CHNS/O) analyzer. The result of field emission
scanning electron microscopy analysis reveals that the CNTs were observed with high aspect ratio at 60-min
synthesis time. The dependence of integrated intensity ratio of D-band and G-band (Io/lg) presented that Ip/lg ratio
sharply decreases with longer synthesis time. At higher synthesis time, thermogravimetric and CHNS/O analysis of
CNT can obviously improve with decreases of non-carbonaceous material and transition metal catalyst. The
nucleation-growth model of Fe-filled spherical-like GS to almost catalyst-free CNT has been highlighted to explain
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Background

Carbon nanotubes (CNTs) play a large part in a new
dimension into the knowledge of carbon science. Almost
every day, new conceptual and experimental framework
for the goals of CNT is identified [1-3]. Compared with
more conventional materials, this carbon allotrope has
extraordinary physical and chemical properties. In 1990s,
single-walled CNT (SWCNT) was discovered by two
different groups: (1) Bethune et al. from IBM, California,
(2) and lijima and Ichihashi who were affiliated with NEC
Corporation, Japan, and made their own route of CNT
synthesis [4,5]. However, the problem arises when
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Monthioux and Kuznetsov [6] raised this question few
years ago, ‘why did the scientific community seem to
discover CNT in 1991 when they had actually been
known for forty years?. We believe this major issue is
quite interesting, and one that we will never know.
Oberlin et al. [7] unknowingly discovered SWCNT of a
diameter less than 100 A in 1976; however, they did not
fully recognize the discovery and described their
SWCNT as a carbon filament. At that time, journalists,
industrialists, and the scientific community were not
concerned with nano level structure. Anticipating a
growing demand, large volumes of CNT seem to be in
progress and ready for commercialization. For this
reason, we could see that valuable outputs from CNT-
based products will be available in the markets [8-15].
In recent years, there are many fundamental issues
concerning CNT growth patterns which are still not clear.
From a scientific point of view, there is an immediate
challenge to produce CNT of the desired properties to suit
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individual applications. In this experiment, the effect of
synthesis time (as short as 2 min) on the formation of
graphene-family nanomaterials grown on transition metal
catalyst without the use of a substrate was investigated.
One possible explanation is the important role of synthesis
time in the formation of CNT. Our modified two-stage
catalytic chemical vapor deposition (CVD) apparatus is
simple and economic equipment for high-quality for-
mation of CNT. This synthesis method facilitates an
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improvement of the nucleation-growth mechanism of
carbon-based material without using substrate. Detailed
information will be discussed in the following sections.

Results and discussion

Surface morphology

Figure 1 illustrates the FESEM micrographs of the car-
bon black in powder form and shows the structural vari-
ation of low-dimensional graphene-family nanomaterial

Figure 1 FESEM micrographs of graphene-family nanomaterial in powder form. (a) 2, (b) 4, (c) 6,(d) 8, (e) 10, (f) 30, and (g) 60 min.
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influenced by the effect of synthesis time of 2, 4, 6, 8, 10,
30, and 60 min. In 2, 4, and 6 min (Figure 1a,b,c), it is
shown that the appearance of the microsphere structure
of the samples might be consisting of either partially
amorphous carbon (a-C) or graphene shell [16,17]. The
size of the microsphere structure is clearly seen decreasing
with synthesis time. The diameter of the microsphere
structure is approximately 1.26 pm, 654 nm, and 591 nm
as shown in Figure 1la,b,c, respectively. However, after
the synthesis time was further increased (Figure 1d,ef,g),
the microsphere structure vanished from the surface
morphology of the sample. As synthesis time is increased
from 8 to 60 min (as shown in Figure 1d,efg), a tubular
structure on the top surface of the carbon microsphere
was formed. It is clearly observed that the diameter of the
tubular structure decreases with the increase in synthesis
time, resulting in narrower tubular structure. This result is
in excellent agreement with earlier findings [18] and could
be an additional information on the growth mechanism of
carbon-based materials with respect to synthesis time. In a
separate report, we have similar findings with those in the
study by Kumar and Ando [19], where carbon micro-
spheres consist of carbon and Fe elements as evident in
Figures 1a and 2a. Based on the EDX spectrum, it is con-
firmed that the carbon was the dominant element, and
small amounts of Fe were found in the sample. At longer
synthesis times, the carbon microsphere diameter de-
creases which may be attributed to the catalytic chemical
reaction. This suggests that up to the synthesis time of 8
min (as in Figure 1d), the nucleation energy is strong
enough to break the outer surface of the carbon micro-
sphere; thus, as shown diagrammatically in Figure 3, (1) the
activated Fe catalyst leaves the core area of the carbon
microsphere and (2) synthesizes a tubular structure on top
of the carbon microsphere surface. Broadly speaking,
substrate-catalyst interaction plays an important role in the
formation of CNT. It can be either ‘base- or tip-growth
model’ [20]. However, Kumar and Ando [19] failed to prove
the nucleation-growth mechanism of the free-substrate
CNT. It has been observed that the free-substrate CNT in
this work demonstrates a new growth mechanism of CNT,
supplementary to the previously studied tip- or base-
growth model. In the next discussion, we try to promote
extended nucleation-growth mechanism outline, which
leads to the formation of free-substrate CNT, known as
‘root-growth’ mechanism for CNT. An optimal synthesis
time for CNT formation in our experimental is 60 min due
to (1) narrower diameter with higher aspect ratio of nano-
tubes and (2) less a-C produced. As presented in Figure 2b,
the EDX spectrum of the as-grown CNT at 60-min synthe-
sis time clearly indicates that 99.9 at.% of carbon element is
present. From Figures 2b and 4, less a-C and Fe catalyst left
after 60 min, producing 99.9 at.% of pure CNT. No charac-
teristic peaks of impurities can be detected.
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Figure 2 EDX spectrum of as-grown carbon powder. (a) Fe-filled
spherical-like GS at 2-min synthesis time and (b) CNT at 60-min
synthesis time.

TG analysis

Normally, TG analysis is used to estimate the purity of
the sample in terms of carbonaceous material and metal
catalyst present. A thermogram of the weight loss of the
as-grown free-standing carbon black powder on the
ferrocene synthesized at 800°C with different synthesis
times is presented in Figure 4. In this experimental
work, the TG analysis was performed in ambient oxy-
gen, with a temperature increase of 20°C/min. For every
case, TG analysis was done up to 1,000°C to evaluate
the thermal stability and purity of the carbon black
powder. We found that almost the same sharp decline
in weight loss was consistent in the range of 500°C to
600°C (single-step decomposition of carbon black pow-
der); this can be attributed to the oxidation behavior of
carbonaceous material, including GS, SWCNT, and
multi-walled CNT (MWCNT). It is surprising that the
oxidation temperature and thermal stability of our best
sample are much higher and lower, respectively,
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Figure 3 Possible growth mechanism for the formation of Fe-filled spherical GS to almost catalyst-free CNT structure. A two-stage
catalytic CVD was used. (a) Formation of Fe-filled sphere-like GS, (b) a Fe-filled sphere-like GS consists of graphitic layers and reduced micro-size
Fe catalyst, (c) activation of catalytic chemical reaction, (d) possibilities for re-ordering of carbon structure, (e) formation of nanotube structure
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compared to those of previous research works by
Scheibe et al. [21] and Antunes et al. [22]. As in Figure 4,
the purity and the residual weight of the crystalline car-
bon black powder and Fe catalyst respectively can be es-
timated by comparing the base line and the residual
line. For 2, 4, 6, 8, 10, and 30-min synthesis time, the re-
sidual weights of the Fe catalyst were 7.81%, 5.65%,
5.10%, 4.73%, 4.64%, and 4.25% which imply that
92.19%, 94.35%, 94.9%, 95.27%, 95.36%, and 95.75% of
the mass product, respectively, came from carbon.
Under this condition, the highest CNT purity achieved
is about 99.99% for 60-min synthesis time. To our
knowledge, this is the first time that 99.9% purity CNT
was treated using low temperature (approximately
800°C). Previous work by Huang et al. [23] reported
99.99% purity MWCNT with propylene on Fe-Mo-
Al,O3 catalyst treated at higher temperature between

1,500°C and 2,150°C. It is observed that the oxidation
temperature, purity, and thermal stability of CNT are
dependent on the synthesis time of CNT sample prepar-
ation. In order to maintain the optimal performance of
the CNT, high purity CNT is needed. This conclusion is
consistent with the observations from the EDX ana-
lysis. The presence of impurities may significantly in-
fluence the behaviors of the CNT in existing and wide
area of new application [24,25].

Micro-Raman analysis

The micro-Raman spectra obtained at different synthe-
sis time are shown in Figure 5a,b, with radial breath
mode (RBM) at low wave number regions between 100
and 500 cm ™ [26] and tangential mode at higher wave
number regions between 1,000 and 2,000 cm ! [27] ob-
served at room temperature. Here, the authors concern
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Figure 4 TGA patterns of as-grown free-standing carbon black
powder at different synthesis times.

is on the quality of the graphene-family nanomaterials.
From the micro-Raman analysis (results are shown in
Figure 5a), obvious RBM peaks corresponding to the ex-
istence of SWCNT are present. According to Bandon’s
equation, the diameter (d, in nanometers) of the
SWCNT can be estimated from the sharp RBM peak
position, wrpv where d = 223.75 (cm™)/wrpy (cm™b).
We notice that in the micro-Raman spectra (presented
in Figure 5a), there were two wgpy peaks originating
from 210.52 and 273.95 cm™* (60-min synthesis time).
This corresponds to the tube diameters of 1.063 and
0.897 nm for 60-min synthesis time. There is a narrow
diameter distribution in SWCNT produced here. No
growth of SWCNT was obtained at 2, 4, 6, 8, 10, and 30
min as there is insufficient nucleation energy of Fe to
efficiently catalyze the hydrocarbon decomposition.
According to the micro-Raman result as shown in
Figure 5a, longer synthesis time was found to produce
CNTs with narrower diameter which is associated with
large specific surface area availability. This characteristic
is very important to any application because their per-
formance depends on the surface reaction process [28].
are two prevalent peaks in the micro-Raman spectrum
of the graphitic mode (G-peak) and the disorder mode
(D-peak) which are normally at 1,580 and 1,350 cm™" in
CNT, respectively. The G-peak is attributed to the or-
dered graphite structure, while the D-peak corresponds
to non-crystal structure consisting of defects, disloca-
tions, and lattice distortions in the carbon structure. As
shown in Figure 5b, the G- and D-peak positions for 2,
4, 6, 8, 10, 30 and 60 min are always consistent at the
same wave numbers (1,580 and 1,360 ¢cm ™}, respectively).
The graphitization of graphene-family nanomaterial can
be obtained by comparing the relative integrated intensity
of D-peak to G-peak (Ip/lg). The lower the Ip/Ig value,
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Figure 5 Micro-Raman patterns. Graphitic network at (a) lower
and (b) higher frequencies (Ip/lg ratio) for different synthesis times.

the higher is the degree of graphitization. The Ip/Ig is
used also as a purity index to assess the quality of CNT
with minor defect and with very low a-C content [29].
The lowest Ip/Ig ratio was found to be 0.791 for 60-min
synthesis time, while the Ip/Ig values of the samples
synthesized for 2, 4, 6, 8, 10, and 30 min (Figure 5b)
were almost 1 (Table 1).

HRTEM analysis

The theoretical- and experimental-based understanding
of the growth mechanisms of CNT would not have been
possible without the use of TEM, officially invented by
Siemens in 1939. TEM has enabled the confirmation of
the crystallographic and morphologic structures of a var-
iety of carbon-based materials. It is important to point
out that in 1958, Radushkevich and Lukyanovich [30]
highlighted the wealth of structural information that was
possible from HRTEM, making this technique very
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Table 1 Synthesis time, I peak position, Ig peak position,
and Ip/lg ratio

Synthesis time Ip peak position, Ig peak position,  Ip/lg
(minutes) wp (cm™) we (em™) ratio

2 1,360 1,580 0.998

4 1,360 1,580 0972

6 1,360 1,580 0.968

8 1,360 1,580 0.944

10 1,360 1,580 0914

30 1,360 1,580 0.830

60 1,360 1,580 0.791

interesting in the characterization of nanotubular-sized
carbon growth, as it can be done in sity, allowing for
direct observation in the characterized sample. In our
experimental analysis, we hypothesize that the carbon
microspheres and the nanotubes tested were of solid car-
bon structures. It was difficult to identify whether the
cores of the carbon microsphere and CNT were hollow
or solid. Based on a previous discussion on FESEM ana-
lysis, there are inherent limitations in FESEM analysis;
this is only suitable for the analysis of the outer surface
of the material, as its magnification is too low for the
crystal structure to be observed in atomic level. More-
over, the analyzed sample could be either in a crystalline
or amorphous phase. However, further investigation is
needed to confirm the crystallographic structure of carbon
microspheres and nanotubular structures.

e The important consideration is how to ensure (1)
whether the nanofibers are nanotubes or not, and
(2) whether the solid microspheres are core-shell
microspheres or not, i.e., how to make them hollow-
like structures.

o The other issue is how to ensure whether the crystal
growth of CNT is in good agreement or not with
the ‘anisotropy of carbon deposition theory’.

Figure 6a displays a typical low magnification HRTEM
image of a dispersed carbon microsphere and small
tubular structure. The result indicates a clear spherical
GS and CNT. As shown in Figure 6a,b, two types of
materials can be clearly distinguished. The black spot
represents the Fe nanoparticles (pointed with a black
arrow). The electron beam cannot penetrate through
the Fe element; therefore, it appears as a darker black
color. The areas filled by the carbon element are semi-
transparent; therefore, they appear gray. However, some
studies suggest that those areas are Fe nanoparticles
encapsulated by graphitic layers. This is supported by
Figure 7b (inset of Figure 7a); this figure clearly shows
that the nanotube is a multi-walled centrally hollow
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Figure 6 HRTEM images of Fe-filled sphere-like GS. At (a) low
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tube, not a solid fiber. The lack of fringes (represent as
individual cylindrical graphitic layers) inside the nano-
tube, as well as the lighter contrast as compared to the
nanotube walls, is an evidence that the core of structure
is hollow. The closing-cap CNT has been observed in
the sample as shown in Figure 7c.

HS-SPME/GC-MS analysis

Previous studies [31] have used camphor oil as hydrocar-
bon precursor in CNT growth; however, such studies have
not described the flavor volatile compounds. Therefore,
HS-SPME/GC-MS analysis was undertaken as part of this
study, as shown in Table 2. A total of 28 components were
identified. This investigation has revealed further evidence
of chromatogram structure for camphor oil. This con-
sideration emphasizes the potential value of the nano-
structured carbon material before it is submitted for the
synthesis process.
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Figure 7 HRTEM images of the CNT. (b) and (c) are insets of (a).

Fe-filled sphere-like GS to almost catalyst-free CNT
nucleation-growth mechanism: the possibilities are
endless

Theoretically, the mystery of carbon growth at nanoscale
is not completely solved [32]. A simple nucleation-
growth mechanism of Fe-filled sphere-like GS to almost
catalyst-free CNT was carried out to overcome some
major experimental stumbling blocks. Our aim is to de-
termine how the nanotube-like structure was grown
from GS surfaces. The nature of camphor oil (C;,H;¢0)
itself is a monoterpene, a molecule that is built up bio-
synthetically from two isoprene units which obey the iso-
prene rule, (CsHg),, where n is the number of linked
isoprene units. Interestingly, a previous study on cam-
phor reported by Kareem [33] showed that the decom-
position end-product sublimated from solid to volatile
material at ordinary room temperature, and ambient air
was calculated by fractional life method. Kumar and
Ando [34,35] reported the mass production of CNT
which was synthesized from botanical camphor oil ra-
ther than conventional hydrocarbon precursors. Unlike
any other precursors, camphor oil is a non-toxic, repro-
ducible precursor and is abundantly grown in Asian
countries. Hence, the hydrocarbon precursor decompos-
ition study is strongly dependent on environmental

conditions [36] as evaluated using suitable analytical
tools attached with a mass spectrometer [37] to extract
derivative compounds from hydrocarbon precursor. This
could explain why it is important to observe the prelim-
inary study of kinetics of hydrocarbon precursor decom-
position in selected gas ambient before proceeding to
the selection of synthesis time. Bahrami et al. [38]
reported and proposed the synthesis and nucleation-
growth mechanism of CNT on Fe/MgO catalyst at
900°C to 1,000°C for 1 to 60 min. They found that Fe,O,
was coated on MgO surface and reduced in situ in
hydrocarbon precursor to Fe nanoparticles. Indirectly,
tube-like structure was grown on Fe nanoparticles. This
phenomenon can be either tip- or base-growth mechan-
ism of CNT as supported by Charlier et al. [39].

Based on our understanding of the FESEM, EDX,
micro-Raman, TG, and HRTEM analyses, the possibility
of a nucleation-growth model of Fe-filled sphere-like GS
to almost catalyst-free CNT is proposed as in Figure 3
as follows: A selected area in a large group of sphere-
like GS structure was observed using HRTEM during
exposure to heat under nitrogen ambient at 800°C under
varying synthesis times (Figure 3a). The shape and diam-
eter size of the Fe-graphene shell-CNT influenced by the
synthesis time were investigated. Since the nature of the
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Table 2 Chemical composition of camphor oil examined by HS-SPME/GC-MS analysis

Page 8 of 12

Peak number Retention time (min) Compound Amount (%)
1 4.66 a-Pinene 1543
2 4.87 Camphene 0.89
3 538 Bicyclo [3.1.1] heptanes, 6, 6-dimethyl 1-2 methylene- 12.21
4 5.50 3-Pinene 2.54
5 5.81 a-Phellandrene 338
6 6.25 Eucalyptol 3521
7 6.73 1, 4-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 2.36
8 6.89 Cyclopentasiloxane, decamethyl- 0.12
9 7.12 Cyclohexene, 1-methyl-4-(1-methylethylidene)- 067
10 7.31 1, 6-Octadien-3-ol, 3, 7-dimethyl- 0.94
11 771 2, 4, 6-Octatriene, 2, 6-dimethyl- 0.55
12 7.81 Cyclopentasiloxane, decamethyl- 0.25
13 8.12 Camphor 10.01
14 833 Borneol 035
15 849 3-Cyclohexen-1-ol, 4-methyl-1-(1-methylethyl)- 047
16 868 p-Menth-1-en-8-ol 042
17 877 Borane, diethyl (1-ethyl-1, 2-butadienyl)- 0.18
18 8.85 Naphthalene, 1, 2, 3, 4, 4a, 8a-hexahydro- 0.13
19 9.07 5-(4-Bromo-phenylcarbamoyl)-3-methyl-3H-imidazole-4-carboxylic acid 0.1
20 9.38 2-Butyn-1-ol 031
21 945 2-Cyclohexen-1-one, 2-methyl-5-(1-methylethenyl)- 0.1
22 9.79 2, 6-Octadienal, 3, 7-dimethyl- 023
23 1048 Cyclohexasiloxane, dodecamethyl- 407
24 12.72 Cycloheptasiloxane, tetradecamethyl- 4.94
25 1331 2(1H)-Pyrimidinone, 5-(4-methylphenoxy)-4-(4-nitrophenyl)-6-phenyl- 023
26 13.59 3, 7-Bis[(trimethylsilyl)oxy]-9-methoxy-1-methyl(6H)dibenzo(b, d]pyran-6-one 018
27 15.23 Phenethylamine, N-methyl-B,34-tris(trimethylsiloxy)- 228
28 19.17 Cyclohexasiloxane, octadecamethyl- 144

ferrocene compound consists of one iron atom, ten car-
bon atoms, and ten hydrogen atoms, in the first few mi-
nutes, cyclopentadienyl rings bound to the opposite
sides of a central Fe atom break and decompose into
free micro-sized Fe atomic cluster. At the same time,
micro-sized Fe atomic cluster acts as a catalyst, promot-
ing further growth on micro-sized Fe structure. Encap-
sulation of few-layer graphene consisting of free-carbon
network due to the decomposition of camphor oil on
micro-sized Fe structure surface was observed, as shown
in Figure 3b. However, recently, Schaper and co-workers
reported that it was a formation of intermediate iron
carbide (Fe3C) determined by the dissolution of carbon
element in the quasi-liquid catalyst particle and its
segregation in the form of graphitic layers in the case of
super-saturation [40]. Recently, it was supported by
Fedoseeva et al. [41] who also reported on the synthesis
of defect-like carbon (also known as iron-containing

rods covered by graphite-like shells and embedded into
carbon matrix) by air oxidation and carbonization
methods. As in Figures 6b and 3c, we could observe a
portion of the nano-size Fe catalyst seeds from micro-
size Fe catalyst domain. Thereby, the axial movements
of nano-size Fe catalyst inside the sphere-like GS is due
to the buildup competition between the interfacial force
and the expulsive force between the graphitized tube
walls and core material (micro-size Fe catalyst), respect-
ively. On the other hand, during these structural trans-
formations, the outer CNT diameter size remained
almost constant due to compressive stress during the
thickness growth of the graphitic tube walls. Ren et al.
[42] proposed the thinner catalyst layer, producing thin-
ner diameter size nanotubes. The length of a nanotube
can be easily tailored by simply changing the synthesis
time. Previous findings, such as those of Xiang et al.
[43,44], have theoretically and experimentally confirmed
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that higher synthesis time is beneficial with regard to
growing longer CNT. Reit et al. [45] reported the length
of nanotube was slightly increased as synthesis time was
increased. As a result, the electrochemical performance
of the CNT super-capacitor is dependent on synthesis
time. One possible explanation why the synthesis time
could affect the length of nanotube is presented here.
The CNT growth increases rapidly once a carbon atom
becomes sufficiently saturated onto the catalyst surface
as illustrated in Figure 1g. At current stage, it is found
that our samples are free of camphor-feedstock diffusion
resistance and Fe catalyst deactivation (i.e., causes the
growth to decelerate), allowing CNT to grow on sphere-
like GS surface. However, further investigation is needed
to predict the critical length of CNT in different synthe-
sis parameters, subjecting the CNT array to strong diffu-
sion resistance. Moreover, further investigation is needed
to demonstrate the possibility of cap-opening and cap-
closing mechanisms as referred to in Figure 3e,f. Finally,
this mechanism demonstrates how nanotube growth is
being made and supports the validity of the concept of

carbon-through-metal diffusion and of the dissolution of
carbon element in metal catalyst.

Conclusion

In summary, we have presented a few explanations of
camphor-grown sphere-like GS and CNT using a
practical method (two-stage catalytic CVD) for various
synthesis times. It is shown that the 60-min synthesis
time is the ideal time in controlling the phase of struc-
ture graphitization, gives highest aspect ratio, renders
the lowest integrated intensity (Ip/lg) ratio and diam-
eter size distribution, and provides excellent purity and
thermal stability of CNT. It is reasonable to believe that
growing high-quality CNT using two-stage catalytic
CVD has great promises, which is more economical,
have simple operating conditions, and reproducibility.
However, to understand the actual growth mechanism
inside the system, a future investigation optimizing the
growth parameters is needed. Through this, it is hoped that
these desirable properties of CNT will be recommended for
existing and wide range of new applications.
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Methods

The synthesis of CNT using two-stage catalytic CVD is
very attractive because of its simplicity. The experimental
details of the synthesis of CN'T were described. Briefly, in
this work, camphor oil has been explored (obtained from
SAFC (Steinheim, Germany) with 99.8% purity) as a
hydrocarbon source [46] to investigate the changes of
structural and thermal properties due to synthesis time in
two-stage catalytic CVD. The ferrocene (obtained from
Sigma-Aldrich (MO, USA) with 98% purity) was used as a
catalyst without pre-treatment. The optimized condition
10% w/v (weight-volume percentage) of ferrocene relative
to camphor oil was placed in different alumina boats [47].
The alumina boats were positioned side by side along a
quartz tube in the first furnace of the two-stage catalytic
CVD apparatus. In this approach, we appraise the effect of
short synthesis time (2, 4, 6, 8, 10, 30, and 60 min) which
was systematically studied with fixed growth temperature
around 800°C [48], followed by thermal annealing process
for 30 min through a nitrogen gas ambient [49] in the
second furnace. The experimental setup in Figure 8a is
similar to that reported earlier from our group [50]. The
process involved as-synthesized titanium dioxide (TiO,)
which was used as a catalyst prepared through a sol—gel
method. However, in this process, the organometallic
compound (ferrocene) was used as a catalyst. Under these
conditions, sublimation and vaporization occurred on
ferrocene and camphor oil, respectively, around 180°C in
the first furnace. It has been observed that a ‘mat-like’
structure of carbon black powder grew inside the quartz
tube of the second furnace; this was cooled down to room
temperature. The as-grown free-standing carbon black
powder was collected from the quartz tube as shown in
Figure 8b and ready for characterization.

The characterization of the as-grown free-standing
carbon black powder was carried out by field emission
scanning electron microscopy (FESEM; JSM-7600-F,
JEOL Ltd., Tokyo, Japan) operating at 10-kV electron
high tension coupled to an energy dispersive X-ray
(EDX). The protocol used for the sample preparation
prior to FESEM characterization of each sample is as
follows: The lint-free glove was used when touching the
sample, sample holder, or stage to avoid contaminant
and moisture. Small amounts of as-grown free-standing
carbon black powder were mounted using carbon tape
(carbon tape sticks on the top surface of the sample
holder). Since our sample has good electrical properties,
it was not coated with gold or platinum. An EDX ana-
lysis was based on dot mapping, which depends on the
sample structure, to investigate the elemental analysis of
the sample.

The diameter distribution, crystallinity, and impurities
of the CNT were characterized by micro-Raman spec-
trometer (HR 800, Horiba Jobin Yvon, Edison, NJ, USA)
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at room temperature with Ar* ion laser line (A = approxi-
mately 514.532 nm) wavelength source and 20-mW
power. In our facility, micro-Raman spectroscopy requires
minimal sample handling and preparation. We have ex-
amined small amounts of carbon black powder mounted
on to glass slide and secured with slide holder. The focal
point with x100 magnification is the area where the spe-
cific part of the sample will be analyzed. Three measure-
ments per sample were taken across it to check the
homogeneity of the sample. The data have been computed
with the help of the LabSpec® software (version 5.45.09;
Hamilton, New Zealand).

Further information on the as-grown free-standing
carbon black powder structure have been obtained using
a thermogravimetric analyzer (TGA; PE Pyris 1 TGA
Thermo Balance, Perkin Elmer Inc., Waltham, MA,
USA) with a heating rate of 20°C/min under ambient
oxygen and a CHNS/O analyzer (PE 2400 CHNS/O
Elemental Analyzer) heated at 975°C with constant flow
of helium stream and enriched with oxygen of 99.995%
purity to evaluate significant synthesis time-dependent
thermal change.

Micrographs were obtained using high-resolution trans-
mission electron microscope (HRTEM; FEI, Technai G2
20S Twin) operating at an accelerating voltage of 200 kV.
The sample was suspended in an ethanol-methanol mix-
ture sonicated for 15 min. Using a pipette, a droplet of the
suspension was taken, placed onto a holey carbon-coated
400 mesh copper grid, and dried overnight.

Finally, the qualitative and quantitative analyses of the
camphor oil were examined by gas chromatography—mass
spectrometry (GC-MS). Prior to this study, headspace
solid-phase micro extraction (HS-SPME) technique was
used in order to collect the flavor volatiles of the camphor
oil. GC separation and identification were performed on a
GC system coupled with a mass detector (6890 N Network
GC System, Agilent Technologies Inc., Santa Clara, CA,
USA), and the mass spectra of the extracted volatile com-
pounds were computed using the normalization method
through the ChemStation® Data Analysis software.
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