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We have studied the formation process of Fe—Sn—O catalyst particles in the initial stage of carbon
nanocoil synthesis by a thermal chemical vapor deposition method. A series of variance in height
and morphology of catalyst particles are observed in the processes of calcination and reduction of
catalyst, absorption of carbon and also the sequential growth of carbon nanocoil buds. It is found
that the catalyst precursors with nanoscaled porous structures are formed on the substrate after
calcination. By continuous feeding a small amount of acetylene in the reaction chamber, these pre-
cursors are gradually deoxidized and then generate lots of Fe—Sn metallic particles with different
shapes, which migrate and aggregate with each other. The sizes of these particles increase contin-
uously in the carbon absorption process. After feeding acetylene for 500 s, carbon nanocoil buds
have been grown out with catalyst particles on their tips. It is noted that the catalyst particles for
carbon nanocoil growth have favorite sizes of 100 to 200 nm, while the particles with other sizes
tend to induce the growth of carbon nanofibers.
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1. INTRODUCTION

film as the catalyst.'* We have also synthesized CNCs in

high yield by using Fe and Sn containing catalysts. All
these experiments suggest that Fe—Sn—O 1is a suitable cat-
alyst for highly efficient growth of CNCs.

In the study of the mechanism of CNC growth, Pan et al.
have determined the compositions of Fe-Sn(In)-O cata-
lysts and suggest that Fe leads to the growth of carbon nan-
otubles, while In-Sn—O induces their helical growth.!>-1¢
Furthermore, Nishimura et al. have investigated the struc-
tural changes of a Fe—-In—-Sn—O catalyst film for synthesiz-
ing CNCs in chemical vapor deposition (CVD) process by
a method of in-situ X-ray diffraction (XRD) analysis.!” It
was clearly observed from the obtained XRD spectrum that
the catalyst particles were deoxided firstly, and then were
changed to carbide of Fe;In(Sn)C from which CNCs were
probably grown. However, these observation and analysis
were performed on the whole area of the catalyst films.
The behavior of a single catalyst particle has not been

Carbon nanocoils (CNCs) have many potential applica-
tions due to their unique helical nanostructures, excellent
electromagnetic and mechanical characteristics. They are
expected to be used as electromagnetic wave absorbers,
microsensors, resonating elements and nanosprings etc.!™
These attractive applications have attracted much effort
for the fabrication of CNCs, such as selecting an effi-
cient catalyst for CNC growth and exploring their growth
mechanism. In the techniques for fabrication of CNCs,
selection of efficient catalysts is crucial for CNC growth,
which has been studied in a lot of papers. Some metals
and their alloys, such as Fe, Co, Ni, Ta, Sn can be used
for catalytic synthesis of CNCs.”!3 To date the catalyst of
Fe—Sn (In)-O is considered to be highly efficient for CNC
growth. Okazaki et al. have synthesized CNCs in high
yield by using Fe-In-Sn—O nanoparticles prepared by a
co-precipitation method.” Xu et al. have synthesized CNCs

by using a mixed powder of iron oxide and tin oxide with-
out addition of In.® Kanada et al. have succeeded in syn-
thesizing multi-walled CNCs by using co-deposited Fe—Sn

*Author to whom correspondence should be addressed.
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reported so far, which is considered to be an important and
direct evidence to explain the growth mechanism of CNCs.
In this paper we have studied the morphological and struc-
tural changes of discrete Fe—Sn—O catalyst particles in a
thermal CVD process.
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2. EXPERIMENTAL DETAILS

Catalyst particles used in this study were produced by a
solution method. 7.997 g Fe,(SO,),, 1.504 g SnCl, - 5H,0
and 6.304 g C,H;O,-H,O were dissolved with 100 ml
ethanol, and the solution was stirred at room tempera-
ture for an hour to make three kinds of materials mixed
adequately. A droplet of the solution of 15 ul was spin-
coated on a SiO, substrate (8§ mm x 8 mm) and dried
at 80 °C, then the substrate was calcined at 700 °C for
30 min in air to form the oxides of iron and tin. CNCs
were synthesized at 700 °C by a thermal CVD method in
the flow of Ar and acetylene with flow rate of 260 and
less than 1 sccm, respectively. The deposition time was
ranging from 2 to 500 s. The deposits were characterized
by an atomic force microscopy (AFM), a scanning elec-
tron microscopy (SEM), an energy dispersive X-ray spec-
troscopy (EDX).

3. RESULTS AND DISCUSSION

Figure 1(a) shows the SEM micrograph of catalyst cal-
cined at 700 °C in air for 30 min. It is observed that the
catalyst aggregates distribute uniformly and the distance
between the two catalyst clusters is approximately 5 wm.
Figure 1(b) is the enlarged SEM micrograph of a typical
single aggregate with a diameter of approximately 1 wm.
Nanoscaled porous structures can be seen in the surface
area of the catalyst aggregate, which is considered to be
formed by the aggregation of nanosized oxidized particles
in addition to the release of SO; by the thermal decom-
position of Fe,(SO,);. This kind of structure has a large
surface area that is in favor of increasing the reaction activ-
ity of the catalyst aggregate. Figure 1(c) shows the AFM
topographic image and its cross section of an isolated cat-
alyst aggregate after calcination. The catalyst aggregate
has a plane size of 1 um and a height of only 100 nm,
showing a reversed-dish-like morphology. The EDX spec-
trum of a catalyst aggregate after calcinations is shown
in Figure 2(a). The peaks corresponding to iron and tin
are observed, which is originated from Fe,O; and SnO,,
respectively. The molar ratio of Fe to Sn in the catalyst
aggregate is calculated to be 5:2, which is similar to that
in the solution.

Figures 3(a—f) show a series of SEM micrographs indi-
cating the morphological changes of a catalyst aggregate
by feeding acetylene of less than 1 sccm for 2 to 100 s.
In the feeding time of 2 s, a few particles are formed
and protruded out from the surface of a catalyst aggre-
gate, around which some smaller particles are observed
to be forming, as shown in Figure 3(a). It is considered
that some active points exist on catalyst surface after cal-
cination due to the inconstant compositional distribution
in catalysts. The catalysts at the active points are prior to
be reduced under the limited amount of acetylene and then
the reduced metallic nanoparticles start to fuse with each
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Fig. 1. (a) SEM image of catalyst aggregates after calcination at 700 °C
for 30 min, (b) the enlarged SEM image of a single catalyst aggregate,

and (c) AFM topographic image and its cross section of a catalyst aggre-
gate calcined at 700 °C for 30 min.

other and are carbonized to form larger particles on the
surface of the catalyst aggregate.

After continuous feeding of acetylene for 5 to 10 s,
nanoscaled porous structures are clearly observed in
Figures 3(b and c), which is due to the self arranged migra-
tion and fusion of the reduced metallic nanoparticles. This
phenomenon is kept on with the increase of feeding time
to 50 and 100 s, as shown in Figures 3(d) and (e), respec-
tively. Large particles with different kinds of shapes, most
of which have a size of less than 200 nm, are formed and
isolated with each other when the feeding time reaches
100 s. The EDX spectrum of catalyst after feeding acety-
lene for 50 s is shown in Figure 2(b). It is calculated
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Fig. 2. EDX spectra of a catalyst aggregate (a) calcined at 700 °C for
30 min and (b) deoxidized by feeding acetylene for 50 s.

that the molar ratio of Fe to Sn is 6:1, which is larger
than that of the calcined catalyst in Figure 2(a), indicating
that the content of Sn in the catalyst aggregate obviously
decreases. This result is considered to be the evaporation
of Sn from the surface of the reduced metallic nanoparti-
cles due to the low melting point and high volatility of Sn.
When the feeding time reaches 100 s the catalyst particles
begin to absorb carbon atoms, which lead to the volume
expansion of the catalyst particles as show in Figure 3(f).

Figure 4 shows the AFM topographic images and the
corresponding cross sections of catalyst aggregates by
feeding acetylene for (a) 2 s, (b) 5's, (¢) 50 s, and (d) 100 s.
Consistent with the SEM images of Figure 3(a), only a
few large particles with a height of approximate 100 nm
protrude from the surface of the catalyst aggregate in
Figure 4(a). With the proceeding of catalyst reduction by
continuous feeding of acetylene for 5 to 100 s, the height
of the catalyst particles gradually increases from 80 to
170 nm due to the migration and fusion of reduced catalyst
particles and also the absorption of carbon.

Figure 5 shows the SEM images of samples after feed-
ing acetylene for (a) 200 s and (b) 500 s. It is observed
from Figure 5(a) that carbon materials have been precipi-
tated from the surfaces of catalyst and some carbon fibers
have been grown from the small particles on the bottom
of catalyst aggregate. In Figure 5(b) some germinations
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Fig. 3. SEM images of catalyst aggregate on the substrates with feeding
acetylene (less than 1 sccm) at 700 °C for (a) 2 s, (b) 5's, (c) 10 s,
(d) 20 s, (e) 50 s, (f) 100 s.

of CNCs appear after feeding acetylene for 500 s. These
results are also consistent with those obtained from the
conventional CVD methods that the CNCs are not grown
until the feeding time reaches 3 min.!® The arrows point to
the catalyst particles at the tips of CNCs buds, indicating a
tip growth mechanism. It is also observed that the catalyst
particles at the tips of the CNC buds have sizes of 100 to
200 nm, while the catalyst particles with sizes less than
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Fig. 4. AFM topographic images of a single catalyst aggregate in the
cases of acetylene feeding times of (a) 2 s, (b) 5 s, (c) 50 s and (d) 100 s.
The lower figures show the cross sections along the line drawn in the
corresponding images.
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Fig. 5. SEM images of samples by feeding acetylene for (a) 200 s and
(b) 500 s.

100 nm lead to the growth of carbon fibers. No fiber or
CNC can be grown from the larger particles with sizes of
larger than 200 nm.

4. CONCLUSIONS

The formation of catalyst particles for CNC growth has
been studied. Well-distributed catalyst aggregates were
obtained by the spin coating technology and Fe—Sn—O cat-
alyst aggregates with nanoscaled porous structures were
formed after calcination. With continuously feeding of
acetylene, Fe—Sn—O catalysts are reduced into Fe—Sn alloy
nanoparticles with a low melting point, and the reduced
nanoparticles migrate and fuse with each other to form
larger particles with different shapes. The volume of cat-
alyst particles increases due to the absorption of car-
bon and finally leads to the growth of CNCs after the

J. Nanosci. Nanotechnol. 10, 7366—7369, 2010

supersaturated absorption of carbon. It is found that cata-
lyst particles with sizes of 100 to 200 nm are on the tips of
CNC buds, indicating a tip growth mechanism, while par-
ticles with the sizes less than 100 nm prefer to the growth
of carbon nanofibers.
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