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Abstract. Bimetallic Fe-Co catalysts supported on nanometric SiC powder were prepared
by wet impregnation method and were used to catalyze CN'Ts from decomposition of
acetylene at 850°C by TCVD. The effect of Fe and Co combination ratio in catalytic basis on
properties of the end product CNTs was investigated using XRD, SEM, TEM, and Raman
spectroscopy. The results revealed that iron and cobalt were in oxide and cobalt ferrite
forms. The best growth of CNTs in the catalyst sample with wt% Fe:Co:SiC=10:10:80
was achieved. It was observed that the ratio of Fe:Co loading in catalyst-substrate
composition was an important factor which could affect the activity of catalytic basis and
the characteristics of grown CNTs, such as the density and average diameter.

(© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are seamless coaxial cylin-
ders of one or more graphene layers (denoted by single
wall, SWCNT, or multiwal, MWCNT) with open
or closed ends. The techniques widely used for the
synthesis of CNTs [1,2] are arc discharge [3-5], laser ab-
lation [6,7], and Chemical Vapor Deposition (CVD) [8-
11]. Nowadays, CVD is the most popular method
of producing CNTs [12]. In this method, thermal
decomposition of a hydrocarbon vapor is achieved in
the presence of a metal catalyst often supported on
a substrate. The CNTs have wide applications in
the fields of condensed matter physics and nanophase
materials due to their nanometer-sized tubular struc-
ture and the excellent physical, chemical, optical, and
magnetic properties [13-15]. Due to its wide-band
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gap semi-conducting feature, silicon carbide (SiC) may
find extensive applications for high-temperature, high-
frequency, and high-power electronics. The combina-
tion of SiC and CNTs may create some new features
for their future applications in electronic devices [16].
Murakami et al. have reported growth of SWCNTs on
SiC by CVD using ethanol as a carbon source [17].
Also, MWCNTSs were grown on the surface of oxidized
SiC whiskers by a xylene-ferrocene (carbon source-
catalyst source) CVD process [16].

This paper aims to grow CNTs on a bimetal-
lic catalyst (Fe-Co) supported on nanometric SiC
substrate by Thermal Chemical Vapor Deposition
(TCVD). We investigate the effect of Fe and Co com-
bination ratio in bimetallic catalyst basis on properties
of the end product CNTs.

2. Material and methods

In this research, the starting materials were silicon
carbide nanopowder (SiC, Beta, 99+ %) with an
average size of 45-65 nm (US Research Nanomateri-
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Table 1. Designations of different catalyst samples based

on their composition ratio.

Catalyst designation Fe:Co:SiC
C1 20:0:80
C2 15:5:80
C3 10:10:80
C4 5:15:80
b 0:20:80

als, Inc.), Fe(NO3)3.9H,O (supplied by Merck), and
Co(NQO3)2.6Hy0 (supplied by Merck). Bimetallic cata-
lysts with different wt% proportions of Fe:Co:SiC =
20:0:80, 15:5:80, 10:10:80, 5:15:80, and 0:20:80 were
prepared using wet impregnation method. Table 1
shows the designation of different catalyst samples
(based on composition ratio) prepared in the present
work. 1 g SiC powder was dispersed in 20 ml of ethanol
and stirred (~800 rpm) for 20 min in order to obtain a
homogeneous suspension. Appropriate stoichiometric
amounts of Fe(NO3)3.9H,0 (1.81, 1.37, 0.94, 0.43, and
0 gram for C1, C2, C3, C4, and C3, respectively)
and Co(NOj3)2.6H,O (0, 0.30, 0.64, 0.94, and 1.23
gram for C1, C2, C3, C4, and C5, respectively) were
solved in 5 ml distilled water, separately, and then
were gradually added to the SiC suspension. The final
mixture after 30 min of stirring was dried at 80°C and
calcinated at 800°C under air atmosphere for 2 h and
catalyst basis was obtained.

The synthesis of CNTs was carried out by a
TCVD system using a horizontal tubular quartz reactor
at atmospheric pressure. The precursor gas was
composed of acetylene and argon (CyHy/Ar = 15/150
Sccm) flows over the catalyst at 850°C for 15 minutes.
After CNT synthesis, the reactor was cooled down and
the product (carbon deposit) formed along with the
catalyst was weighed and characterized.

X-Ray Diffraction (XRD) patterns of the catalyst
powders were prepared using GBC diffractometer (Cu
ko, A = 1.5406 A). The morphology and structure of
CNTs were observed using Field Emission Scanning
Electron Microscopy (FE-SEM, MIRA TESCAN, ac-
celerating voltage of 15 kV) and Transmission Electron
Microscopy (TEM, Zeiss - EM10C microscope working
at 80 KV). Raman spectra of grown CNTs were
recorded with Dispersive Raman Microscope SEN-
TERRA BRUKER using a laser wavelength of 785 nm.

3. Results and discussion

The XRD patterns of the five different Fe-Co loaded
catalysts supported on nanometric SiC are shown in
Figure 1. The silicon carbide has the 3-SiC crystal
structure. X-ray diffraction of C2 and C3 samples
(Figure 1(b) and (c)) shows the formation of cobalt
ferrite (CoFeyO4) nanoparticles. It can be seen that
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Figure 1. XRD patterns of (a) C1, (b) C2, (c) C3, (d)
C4, and (e) C5 catalytic bases.

increasing the cobalt wt% in C2 and C3 catalysts
elevates the intensity of CoFe,O4 peaks, which is an
evidence of increase in the amount of nanoparticles.
In C4 catalyst (Figure 1(d)), iron oxide has mnot
been detected, probably because of its small amount.
The approximate size of catalytic nanoparticles was
determined from the X-ray diffraction peak broadening
using the Scherrer formula [18]:

K\

- Bcosh’ (1)

where D is the crystallite size, K is the shape factor
(0.89), A is the X-ray wavelength (1.5406 A), 3 is the
peak broadening at half maximum (Full Width at Half
Maximum: FWHM), and @ is the diffraction angle.
The approximate sizes of catalytic nanoparticles
along with their standard deviations are given in
Table 2. (It seems that the catalytic nanoparticles have
rather spherical shapes, thus, roughly speaking, the
reported sizes of catalytic particles can be identified

Table 2. The approximate sizes of catalytic nanoparticles
along with their standard deviations prepared on different
catalyst samples.

. Standard
Approximate .o
Metal . K deviation of
Catalyst . size of particle . .
oxide particle size
(nm)
(nm)
C1 Fes O3 26.3 4.5
2 Fes O3 27.7 4.5
COFEQO4 16.2 2.5
C3 COF@QO4 14.0 3.6
C4 Co30y4 174 4.7
C5 Co304 23.6 6.1
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as their diameter.) The minimum size of catalytic
nanoparticles has been achieved at C3 catalyst sam-
ple. The carbon yield percentage of catalytic basis is
calculated by the following equation:

MTotal - MCat

Carbon yield(%) = i
Cat

% 100, (2)
where Mrota is the total mass of final product (catalyst
+ carbon deposit) and Mcyy is the initial mass of
catalyst. Figure 2 shows the carbon yield percentage of
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Figure 2. Metal loading dependence of carbon yield of
catalyst samples.

it

the prepared catalysts as a function of Fe:Co loading.
Considering Fe:Co ratio, by increasing the contribution
of Co, the carbon yield is first constant (till the
%wt of Co reaches that of Fe; Fe:Co > 10:10) and
then decreases (when %wt of Co exceeds that of Fe;
Fe:Co<10:10).

Figure 3 shows the representative FE-SEM images
of grown CNTs on different (a) C1, (b) C2, (c) C3, (d)
C4, and (e) C5 catalyst samples. Successful growth
of CNTs on almost all types of prepared catalysts
confirms that nanometric SiC powder can be applied
as an appropriate support in the CVD growth of
CNTs. It is obvious that the density of grown CNTs
dramatically decreases when Co concentration exceeds
that of Fe in catalyst composition (samples C4 and
C5). On SiC support, pure Co catalyst shows very
weak activity for catalyzing CNT synthesis compared
to pure Fe. Moreover, the activity of iron appears
to be strongly affected by mixing it with cobalt.
Histograms of diameter distribution of grown CNTs,
fitted with normal curves, are shown in Figure 4. The
average diameter of CNTs, along with their standard
deviations, obtained on different catalysts is reported
in Table 3. Increasing the weight percent of Co
strongly reduces the diameters of originated CNTs
till the Co content exceeds that of Fe. When Fe:Co
ratio is 10:10 (sample C3), the diameter of CNTs gets
its minimum value and the distribution of diameters
achieves nearly maximum uniformity. After this criti-

Figure 3. SEM micrographs of the grown CNTs on (a) C1, (b) C2, (¢) C3, (d) C4, and (e) C5 catalyst samples.
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Figure 4. Diameter distribution histograms (fitted with normal curves) of grown CNTs on (a) C1, (b) C2, (c) C3, (d) C4,

and (e) C5 catalyst samples.

Table 3. Average diameters of grown CNTs and their
standard deviations on different catalyst samples.

Standard
Average o .
. deviation
Catalyst diameter of
of average
CNTs (nm) .
diameter (nm)
C1 60.2 16.5
C2 52.1 13.3
C3 39.2 7.9
C4 39.9 7.5
C5 41.8 7.2

cal ratio, increasing Co content gradually raises CNT
diameter. As we expected, this result is in agreement
with the previous finding for catalytic particle sizes
(Table 2).

Figure 5 shows that the dependence of CNTs’
average diameter and that of catalyst particle size
on Fe:Co loading ratio (for C2 catalyst sample, the
mean value of 16.2 and 27.7 nm was chosen as particle
sizes) are similar, which supports the fact that there
is a strong correlation between catalyst particle size
and CNT diameter (error bars in Figure 5 indicate
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Figure 5. Dependence of catalytic particle sizes and
CNT5s’ average diameters on metal loading.

the Standard Errors (SE) which are related to Stan-
dard Deviations (SD) of the reported data via the
relation SE=SD/+/n, where n is the size of statistical
sample). Considering SEM observation beside carbon
yield result, we can conclude that the best catalyst
composition for CN'T production is C3 catalyst sample,
Fe:Co0:SiC=10:10:80. It seems that the presence of
CoFe; Oy in this sample increases its catalytic activity
and improves its efficiency for CNT production. Also,
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it was observed that iron oxide nanoparticles show
higher efficiency than cobalt oxide particles for CNT
production on nanometric SiC support. Similar result
has been reported by other researchers [19]. Klinke
et al. tested Fe-, Co-, and Ni-based catalysts on silica
to grow CNTs from acetylene. They observed that
iron produces the highest density of carbon structures
at any considered temperature in the range of 580-
1000°C [20]. Hernadi et al. tested Fe- and Co-based
catalysts on various supports and different hydrocar-
bons as carbon sources. They observed that iron/silica
presents the maximum activity for decomposition of
different unsaturated compounds [21]. Another group
of researchers concluded that Fe is more active than
Co, but the quality (graphitization and structure) of
the grown CNTs is better with Co [19].

Figure 6 shows the TEM images of CNTs syn-
thesized on C3 catalyst sample with wt% Fe:Co:SiC
= 10:10:80. Generally, it reveals the hollow core and
tubular structure of the grown carbon products, which
confirms that the filamentous morphologies seen in
SEM observation are carbon nanotubes and not carbon
fibers. The synthesized CNTs have often straight or
curved structures (Figure 6(a)); however, some helix
nanotubes can be observed in the final carbon deposit
as indicated with red arrow in Figure 6(b). TEM
observation revealed that the produced MWCNTs had
diameters ranging from 8 to 34 nm, wall thicknesses of
3-29 nm, and were constructed by 9-85 graphene layers.
It is widely accepted that two growth mechanisms exist
for CNT formation: (a) tip-growth model, and (b)
base-growth model. When the catalyst-substrate inter-
action is weak (metal has an acute contact angle with
the substrate), hydrocarbon decomposes on the top

r

Figure 6. TEM images of CNTs synthesized on C3 catalyst sample.

surface of the metal, carbon diffuses down through the
metal, and CNT precipitates out across the metal bot-
tom pushing the whole metal particle off the substrate.
This is known as “tip-growth model” [12]. In the other
case, when the catalyst-substrate interaction is strong
(metal has an obtuse contact angle with the substrate),
initial hydrocarbon decomposition and carbon diffusion
take place similar to those in the tip-growth case, but
the CNT precipitation fails to push the metal particle
up; thus, the precipitation is compelled to emerge out
from the metal’s apex (farthest from the substrate,
having minimum interaction with the substrate). First,
carbon crystallizes out as a hemispherical dome, which
then extends up in the form of seamless graphitic
cylinder. Subsequent hydrocarbon deposition takes
place on the lower peripheral surface of the metal as
dissolved carbon diffuses upward. Thus, CNT grows
up with the catalyst particle rooted in its base; hence,
this is known as “base-growth model” [12]. The red
arrows in Figure 6(c) and (d) show the presence of
catalyst particles at the tips of CNTs, indicating the
“tip-growth model”. The darker part in Figure 6(d),
shown by black arrow, is a catalytic nanoparticle that
was stuck inside carbon nanotube.

Figure 7 represents the Raman spectra of grown
CNTs on different (a) C1, (b) C2, (¢) C3, (d) C4, and
(e) C5 catalyst samples. The Raman band appearing
in 1500-1605 cm~! region of the wave number is
attributed to G band (graphite band) and the one
appearing in 1250-1450 cm ™' spectral region is known
as D band (disorder-induced band) [22]. The G and D
bands are characteristic of sp2-carbon systems: the G
vibration is due to the in-plane bond stretching motion
of carbon pairs whereas the D one is a breathing mode

.vl'.‘l
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Figure 7. Raman spectra of grown CNTs on (a) C1, (b)
02, (c) C3, (d) C4, and (e) C5 catalyst samples.

Table 4. Raman I /Ip ratio of the synthesized CNTs on
different catalyst samples.

Catalyst Ig/Ip of grown CNT
C1 0.49
C2 0.46
C3 0.47
C4 0.52
C5 0.40

of six fold rings and becomes active only in disordered
systems [23]. The intensity ratio of G-band to D-band,
I /Ip, indicates the quality and crystallinity of the pro-
duced CNTs, which are exhibited in Table 4. Excluding
the one obtained on pure Co catalyst (sample C5), the
CNTs grown on different catalysts with different metal
loadings have roughly similar qualities. In other words,
they have approximately the same level of defects. The
worst quality of CNTs on sample C5 is expected to be
due to the poor activity of monometallic Co catalyst
on SiC substrate.

4. Conclusions

MWCNTs were synthesized by thermal decomposition
of acetylene over bimetallic Fe-Co catalysts supported
on nanometric SiC and the effect of Fe:Co loading pro-
portion on characteristics of the produced CNTs was
investigated. The results showed that bimetallic Fe-Co
catalyst with 10:10 wt% was more active than other
catalyst compositions and the CNTs nucleated from
this sample possessed the smallest average diameter.
It was observed that iron oxide nanoparticles had very
higher efficiency for CNT production on nanometric
SiC support than cobalt oxide particles.
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