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Single-Walled Carbon A particular control of the diameter of Single Walled-Carbon Nanotube

Nanotubes; (SWCNT) using Chemical vapor Deposition (CVD) system will enable many

Ru as promoter; promising applications in different fields. Here we demonstrate the growth of

Chirality Control SWCNT with good control of diameter (1.5 nm + 0.7) using a high melting
temperature metal (Ru) as a catalyst promotor with the main catalyst Co at
850°C via CVD. We hypothesis that using high melting temperature metal as
a promotor, like Ru can limit the mobility/change in the shape of the formed
metal nanoparticles and eventually decrease the effects of Ostwald ripening
(OR). FTS-GP is used as a carbon precursor. The results have been verified
by high-resolution transmission electron microscopy (HR-TEM), atomic force
microscopy (AFM) and multi-excitation Raman.

Introduction

Controlling the diameter of single walled-Carbon nanotubes (SWCNTs), considered one of the challenging aspects that
researchers have faced in the area of synthesizing SWNTs. Electronic and optical properties of SWCNTs highly influence
their geometric orientations, like chirality index (n,m). [1] Generally, SWNT is classified either as metallic (m-SWNTs) or
semiconductors (s-SWNTs) based on the tube diameter size where the tube diameter inverses proportionally with the band
gap [2], which consider as the tunable electronic property of SWNTSs. A big band gap tubes (s-SWNTs), preferable in the
field of electronics since those big band gaps will serve as channels in the field-effective transistors (FETs) [3]. An extensive
theoretical and experimental studies have concluded that catalyst particles size one of the key factors that formulate the
SWCNT diameter size. [4]-[6]

The typical growth of SWNTs carpet is a coexist of both metallic and semiconductor nanotubes (wide range of SWNTs
diameter) which limit their application. In order to increase the participation of SWCNTs in electronic devices, controlling
the tube diameter of SWCNT is required. Recently, attempts have been focused on separating the semiconducting from
metallic tubes by using physical separation like dielectrophoresis and density gradient centrifugation, also, chemical
separation methods, for instance, adsorption of bromine and diazotization [7]-[10]. However, those approaches frequently
lead to short and defected tube or highly contaminated which may affect the performance of the nanotube and subsequently
the device performance [3]. Also, those techniques do not always offer a high selectivity besides those separation methods
are non-scalable [11]. A chemical vapor deposition (CVD) method one of the processes that consider as a sufficient tool to
improve the SWNTs diameter. Catalyst particle size is the main problem solver to obtain smaller diameter [12],[13],
however, researchers have shown that other parameters can also be able to control the tube diameter size, such as
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manipulating the growth temperature which effects the activation energy of the carbon precursor [14] or by changing the
concentration of the precursor, Tian et al. was able to control the SWNTs diameter from 1.2-1.9 nm by changing the
concentration of carbon dioxide [15]. An extensive survey study using density functional theory (DFT) was used to
investigate different parameters that can affect the SWNTs diameter. The study concluded the catalyst particle size is one
of the main parameters responsible for nucleating the SWNTs with a specific diameter [16]. Due to aggregation (Ostwald
ripening), that can happen at high temperatures causing a wide range in particle size distributions. One way to overcome
this problem is by leaving sufficient space between catalyst particles prevent them from aggregating and allow them to
form smaller particle size [13],[16]-[19]. However, the growth results base on the catalyst particle spacing is not with
sufficient dens (carpet growth) which is a very important aspect in so many applications [20]. Mattevi et al. suggested that
the supporting layer AlOy plays an important rule by reducing the mobility of the iron catalyst and prevent the Ostwald
ripening effects due to the strong interaction with the support at high growth temperature [21], while Kim et al. proposed
the growth termination step start when the iron particles start diffuses through the alumina support [22]. Other research
groups have initiate what is called “cloning growth” which is a metal-free growth system to eliminate all the termination
and contamination that can be caused by metal particles [23]-[25]. This type of growth shows a good control of SWNTs
chirality, and since this growth type is based on open-ends SWNTs seed, the density of the resulted growth is limited by a
few tubes and they are off-substrate.

In this work, we show good control of SWNTs diameter and hence a chirality by using FTS-GP as carbon precursor and by
using high melting point metals (Ru) as catalyst promoters using atmospheric pressure chemical vapor deposition (CVD).
The growth results show a well-defined selective growth of narrow diameter distribution of SWNTSs on cobalt and iron as
main catalysts at their perspective growth temperature.

Experimental Work

The morphologies and microstructures of the grown SWCNTSs were studied by field emission scanning electron microscopy
(FESEM) using FEI Versa 3D dual beam with multiple detectors and transmission electron microscopy (TEM). For TEM
imaging, a small amount of SWCNT carpet sample was mechanically exfoliated from the substrate and dispersed in ethanol
via sonication. A drop of the homogeneous suspension was deposited on a lacey carbon TEM grid and examined by TEM
using FEI Tecnai F20 XT operating at 200 kv. The structure and quality of SWCNTs were characterized by Raman
spectroscopy using a multi-laser wavelength of 488, 514, 633, and 785nm. Raman spectra were collected at multiple spots
from the samples using a Renishaw inVia Raman microscope. Atomic force microscopy (AFM) was used for mapping the
catalyst surface topography prior to and after SWCNT growth. The catalyst film with a nominal thickness of 0.5 nm Co or
Fe, 0.1 nm Ru (as catalyst promotor), and 30 nm supporting layer (AlxOy) were deposited on Si (100) wafers with a native
oxide layer by ion beam sputtering (IBS/e, South Bay Technology). The metal targets were etched to remove the native
oxide layer prior to deposition. All films were deposited at 10-4 Torr chamber pressure using a voltage of 8 kV and a current
of 6 mA under Ar flow, without exposing the films to air between depositions. The carbon feedstock (FTS-GP), supplied
by Matheson Inc., had the following composition: H2 (40%), CH4 (30%), C2H6 (8%), C2H4 (6%), CO (5%), C3H8 (5%,
N2 (4%), and C3H6 (2%) as a typical product mixture obtained from FTS process.[26],[27] SWCNT growth was carried
out at atmospheric pressure using the EasyTube 101 CVD system (CVD Equipment Corporation), equipped with several
important features including LabView-based process control software, static mixer for optimum gas mixing, and control
system for precise temperature control. A typical growth run involved heating the catalyst sample to the desired temperature
(850°C) at a rate of 45 °C/min in flowing Ar. At the growth temperature, the catalyst was exposed to a copious amount of
H2 in combination with Ar for 2 min to reduce the catalyst; the respective flow rates were 250 standard cubic centimeters
per minute (sccm) H2 and 250 sccm Ar. Thereafter, SWCNT growth under optimum conditions on a Co/Ru catalyst was
initiated by introducing 10 sccm FTS-GP and 100 sccm Ar at various times. At the end of the growth run, the samples were
rapidly cooled in H2, followed by slow cooling to room temperature in 700 sccm Ar.
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Results and discussion

A high melting temperature metal Ru was used as Co catalyst promotor to control the size of SWCNT growing by
atmospheric pressure chemical vapor deposition (CVD). The dispersion without agglomeration during CVD annealing
achieved with 0.1 nm of Ru used as promotors with 0.5 nm of Co. In the absence of Ru, Co catalyst experience sever
Ostwald ripening (OR) as particles larger than 5 nm are formed, Figure 1, shows the atomic force microscopy of Co catalyst
(a) and Co/Ru (b) after annealing in a hydrogen environment at 850°C. OR formation rate is a temperature-dependent, [28]
as the growth temperature increase nanoparticles have more tendency to agglomerate via OR or sintering as an attempts to
minimize their surface energy, and since the tube diameter of SWCNT is highly effected by catalyst particles size therefore
an extra work needs to be invested in this area. Experiments and theoretical models have concluded that OR and subsurface
diffusion are the main two critical factors affecting the size of catalyst particles, and subsequently the tube diameter in
SWCNT. [29] Pretreatment of the catalyst support by ion beam bombardment and thermal annealing was found to be an
effective approach to minimize the effect of OR and obtain ultra-narrow tube diameter in SWCNT. [30] Inhibiting the
Ostwald ripping was also reported by introducing H20 along with H2 during annealing to reduce the diffusion rates of
catalyst atoms. [31] The nanoparticles tried to minimize their surface energy by making big clusters at high temperatures.

15.6 nm 1.2 nm

0.00 nm

Figure 1. AFM microscopy after H2-annealing at 850°C for 5 min for Co catalyst (a) and Co/Ru catalyst (b).

Thermal dewetting of the deposited metal films into finely/homogeneously nanoparticles is highly dependent on the melting
point of that metal and the porosity of the under layer.[30] We hypothesis that using high melting temperature metal as a
promotor, like Ru can limit the mobility of the formed Co particles and eventually decrease the effects of OR. The same
observation has been reported by using platinum (Pt) with Co as a bimetallic catalyst, [32] where Pt plays a crucial role to
stabilize the Co catalyst and obtain a narrower tube diameter. Also, using Ru with Fe as a bimetallic catalyst can affordably
grow SWCNT with the narrow diameter and chirality distribution.[6]

The TEM images shown in Figure 2 illustrate the morphology and tube diameter growing using AlOx supported Co-Ru
(a,b) and Co (d,e). The difference in tube diameter is very obvious and further supporting the role of the high melting
temperature promotor (Ru) to control the average dimeter size from 2.5 to 1.5 nm as shown in Figure 1 (c,f). Suggesting
that introducing catalyst promotors can significantly impact the reaction pathway and alter the SWCNT diameter size. In
comparison with adjusting the reaction parameters, Kiang et al. show that changing the reaction environment may only
fine-tune the distribution.[33] The effects of Ru was investigated on Fe catalyst using TEM microscopy at 750°C with the
same carbon precursor (FTS-GP). The average diameter of the grown SWCNT from Fe-Ru was smaller (1.9 nm) compared
with Fe catalyst (3.1 nm). Dai et al. explained the effect of Ru in bimetallic catalyst Fe/Ru to form smaller tube dimeter to
their alloying structure and strong Fe-Ru interaction to afford smaller catalyst nanoparticles stable against high temperature
sintering.6
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Figure 2. HR-TEM images of SWCNT growing via CVD and FTS-GP as carbon precursors at 850°C, using Co/Ru supported on AlOx
(a,b ) with diameter distribution (c), and using Co supported AlOx (d,e) with diameter distribution (f).

The effects of Ru were also studied on Co and Fe catalysts by using Raman scattering techniques with laser excitation
wavelength in the range from 488 to 785 nm. Various Raman peaks were observed and identified with a low-frequency
radial breathing mode (RBM), which is the characteristic signature of SWCNT. Figure 3 (a,b) shows the effect of Ru on
Fe catalyst at its optimum temperature (750°C), where the peaks shift toward 300 cm-1 are clear. Using a laser with
wavelength 488 and 514 nm introduces a new peak of Fe-Ru catalyst at Raman shift 275cm-1 while exciting the SWCNT
with 633 nm, two highly intense peaks (280, 300 cm-1) are observed. Exciting the SWCNT grown by Fe-Ru catalyst with
a wavelength 785 nm increase the intensity of the peak 260 cm-1 that already observed with SWCNT grown by Fe catalyst.
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Figure 3. Multi-excitation Raman spectra of SWCNT synthesis as 750°C of Fe catalyst (a) and Fe-Ru catalyst (b).

Figure 4 Raman mapping of SWCNT grown by Co-Ru and Co at its optimum temperature (850°C). Clear differences are
observed between the two samples. Although the growth of SWCNT has been carried at a much higher temperature compare
with Fe catalyst, the role of Ru still effective. Multi-new peaks have been observed at high Raman shift with Co-Ru and
they are in good agreement with TEM microscopy results. The laser with a wavelength of 514 nm shows the significance
of using Co-Ru as an active catalyst for smaller SWCNT diameter two peaks were identified at 250 and 265 cm-1. Also,
exciting the SWCNT grown by Co-Ru with 785 nm increase the intensity of the peak observed at 275 cm-1, indicating an
enhancement in yield of smaller diameter size.
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Figure 4. Figure 3. Multi-excitation Raman spectra of SWCNT synthesis as 850°C of Co catalyst (a) and Co-Ru catalyst (b).

High melting point metal tungsten (W) used with Co as a bimetallic catalyst for synthesizing SWCNT,[34] the growth
results show a high selectivity toward a specific chirality (12,6). Balbuena et al. have carried a modeling simulation to
predict the parameters that can influence the chirality of SWCNT.[35] Changing the catalyst shape during growth is the
main factor that can impact the chirality and tube diameter size, also found by strengthening the metal-substrate interaction
a more stable particle shape can be obtained. So we believe using the promotor Ru with Fe and Co catalyst controls the
dewetting of the catalyst nanoparticles to offer a more stable structure shape during SWCNT growth. Using the catalyst
promotor (Ru) with Co and Fe also ensures the high quality of the as-grown SWCNTSs based on the intensity ratio of defect-
induced D-band to tangential G-band.

Resonant Raman scattering was used to carry a comprehensive study of the chiral-index assignment of SWCANT assuming
the nanotube is a homogeneous cylinder that the frequency of the RBM is linear with the inverse diameter according to
empirical equation (0(RBM= 1/d).[36] The SWCNT diameter (dt) can be calculated using the following formula: dt =
223.5/( ®©RBM — 12.5) Where ®RBM is the Raman shift of RBM of SWCNT in cm-1.

Conclusion

SWCNT diameter size control is a prerequisite for particular applications in electronic and optoelectronic devices. We have
demonstrated the role of high melting temperature metal (Ru) as a catalyst promotors with Fe and Co using ion beam
sputtering for catalyst preparation. FTS-GP used as carbon precursor at 750°C for Fe catalyst and 850°C for Co. Introducing
0.1 nm of Ru into Fe or Co catalyst strongly influence the diameter size distribution of SWCNT. The average diameter size
of SWCNT reduced from 2.5 nm (using Co catalyst) to 1.5 nm when Ru is used as the promoter. While using Ru with Fe
catalyst reduces the diameter size of the grown SWCNT from 3.1 to 1.9 nm. Further, Ru has also enhanced the quality of
the grown SWCNT by increasing the intensity of the G-band.
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