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Carbon nanocoils (CNCs) with selective coil diameters and structures have been synthe-
sized by chemical vapor deposition using Sn/Fe binary catalyst films. CNCs, carbon nano-
fibers and irregular carbon nanowires could be selectively obtained by changing the
thickness of the catalyst film. It is found that the coil diameters of CNCs gradually decrease

with a decrease in the thickness of the catalyst films within a certain range, indicating that
the coil diameters of CNCs can be effectively controlled by adjusting the thickness of
Sn/Fe catalyst films. The morphology of the CNCs tends to change from spring-like to
plait-like, and the graphitization degree of the CNC increases when their diameters are

reduced. Our results provide important guidelines for the controlled synthesis of CNCs with
selective coil diameters and selective structures by optimizing the catalyst film thickness.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanocoils (CNCs), a new type of three-dimensional
helical nano-material, exhibit outstanding optical, mechani-
cal, and electrical properties [1-6] and have received consider-
able attention in recent years. Because of these outstanding
properties, CNCs are an ideal candidate for a wide range of
applications, including electromagnetic wave absorbers [7],
micro-sensors [8], and field emission devices [9]. To date, it
has been observed that the performance of CNCs is closely
linked to their morphology and structure [10-12]. Deng et al.
observed that the resonance frequency of a CNC is dependent
on its morphology [13]. Ma et al. reported that the resistivity
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of CNCs decreases with the increase in the annealing temper-
ature, owing to the improvement in the coils’ crystallinity
[14]. Pan et al. observed that the turn-on voltage of a CNC field
emitter is decreased by decreasing the coil diameter of the
CNC [15]. Therefore, developing a simple way to synthesize
CNCs with controllable coil diameters and structures would
be most desirable.

Due to its controllable and simple operation, chemical
vapor deposition (CVD) has been widely employed to synthe-
size CNCs. To date, many metals and their alloys, such as Fe,
Cu, Ni, Ti, Co, and Pd [16-19] have been used to grow CNCs,
where Fe-Sn-O has proven to be an efficient catalyst and
therefore attracted the attention of many researchers.
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Several methods have been used to prepare Fe-Sn-O cata-
lysts, such as dropping, dipping, or spin-coating a solution
of catalyst precursor on substrates; physical evaporation;
and sputtering [20-22]. Sputtering is an effective method for
obtaining a uniform catalyst film with controllable thickness.
In recent years, much work has been done to control the mor-
phology and structure of CNCs. Zheng et al. observed that the
reaction temperature greatly affects carbon nanostructures
[23]. Liu et al. controlled the morphologies of CNCs by chang-
ing the flow rate of acetylene [24]. Li et al. successfully synthe-
sized CNCs with a controlled coil diameter, coil pitch and
structure by adjusting the reaction temperature and the deliv-
ery of acetylene in a CVD system [25]. In addition, our previ-
ous study revealed that the distribution of coil diameters
could be altered by increasing the deposition time [26]. It is
noted that all of these studies have focused on controlling
the morphology of CNCs by changing the reaction conditions
in a CVD system or the methods for preparing catalyst parti-
cles. The thickness of the catalyst film is also a crucial factor
for the growth of CNCs and may affect the size and the distri-
bution of the formed catalyst particles. However, the effects
of Sn/Fe catalyst film thickness on the growth and morphol-
ogy of CNCs have not been adequately investigated.

In this study, we investigated the coil diameter and struc-
ture of CNCs growth by monitoring changes in the thickness
of Sn/Fe catalyst films. CNCs with different coil diameters
and structures could be selectively synthesized by optimizing
the thickness of the catalyst film. The mechanism governing

the growth of CNCs by Sn/Fe catalyst films was also
investigated.

2. Experimental

Sn-Fe binary metals were used as the catalyst precursors for
synthesizing CNCs. To prepare the Sn/Fe catalyst precursors,
a tin film was first sputtered on a silicon substrate (size:
1x1cm? by a vacuum magnetron sputtering system (JCP-
200, BTSC563). Then, an iron film was sputtered onto the tin
film. The thickness ratio of Sn to Fe was maintained at 1:20,
and the mole ratio of Sn to Fe was approximately 1:46. A ser-
ies of Sn/Fe films with thicknesses ranging from 0.035/0.7 to
16/320 nm was prepared. The prepared Sn/Fe catalyst films
were then calcined at 710 °C for 30 min in the air to oxidize
the catalysts, which prevents Sn from vaporization during
heating in Ar, because the melting point of Sn is 231.89 °C
[20]. Finally, CNCs were synthesized in a thermal CVD system
at 710 °C by introducing Ar and C,H, at flow rates of 230 and
30 scem, respectively.

The morphology and structure of the synthesized CNCs
were analyzed by scanning electron microscopy (SEM; FEI,
NOVA NanoSEM 450), transmission electron microscopy
(TEM; FEI, Tecnai G2 F30 S-Twin), and Raman spectroscopy
(Renishaw inVia plus, He-Ne laser, 632.8 nm). The Sn/Fe cata-
lyst films were characterized by atomic force microscopy
(AFM; Agilent PicoPlus II, Agilent, Santa Clara, CA) and SEM.

Fig. 1 - SEM images of carbon deposits synthesized using Sn/Fe catalyst films with different thicknesses of, (a) 16/320 nm, (b)
8/160 nm, (c) 4/80 nm, (d) 2/40 nm, (e) 1/20 nm, (f) 0.5/10 nm, (g) 0.35/7 nm, (h) 0.15/3 nm, and (i) 0.035/0.7 nm.
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Fig. 2 - Statistical distribution of coil diameters of the CNCs synthesized using Sn/Fe catalyst films with different thicknesses
of, (a) 0.35/7 nm, (b) 0.5/10 nm, (c) 1/20 nm, (d) 2/40 nm, (e) 4/80 nm, (f) 8/160 nm, and (g) 16/320 nm. (h) Systematic statistics of
the average coil diameter and productivity of the CNCs on the surface changing with the thickness of catalyst films. (i)

Systematics statistics of the average line diameter of the CNCs changing with the thickness of catalysts films. (A color version

of this figure can be viewed online.)

3. Results and discussion

Fig. 1 shows typical SEM images of carbon deposits synthe-
sized using Sn/Fe catalyst films with thicknesses of (a)
16/320 nm, (b) 8/160nm, (c) 4/80nm, (d) 2/40nm, (e)
1/20 nm, (f) 0.5/10nm, (g) 0.35/7 nm, (h) 0.15/3nm, and (i)
0.035/0.7 nm. It is observed that CNCs, carbon nanofibers
(CNFs), and irregular carbon nanowires (irregular CNWs) are
selectively obtained by using Sn/Fe catalyst films with differ-
ent thicknesses. CNCs are synthetized by using Sn/Fe catalyst
films with the wide range of thicknesses, i.e., 16/320, 8/160,
4/80, 2/40, 1/20, 0.5/10, and 0.35/7 nm as shown in Fig. 1(a-
g). And the coil diameter of the CNCs is reduced by decreasing
the thickness of the catalyst film. When the thickness of the
catalyst film is reduced to 0.15/3 nm, CNFs and only a few
CNCs are synthesized, as shown in Fig. 1(h). Irregular CNWs
are obtained by using a 0.035/0.7 nm Sn/Fe catalyst film, as
shown in Fig. 1(i). A comparison of Fig. 1(h) with (i) reveals
that the average diameters of the CNFs and irregular CNWs
are also reduced by decreasing the thickness of the Sn/Fe cat-
alyst film. These results indicate that the minimum catalyst
film required thickness for the efficient synthesis of CNCs is
3-7 nm.

The distribution of coil diameter of the CNCs synthesized
by using Sn/Fe catalyst films with different thickness were
analyzed statistically, as shown in Fig. 2(a-g). It is found that
the distribution center of coil diameter shifts to large value
with increasing the thickness of catalyst film. When the
thickness of the catalyst film is larger than 8/160 nm, the dis-
tributions of coil diameter have little change. The average coil
diameter and the productivity of the apparent CNCs synthe-
sized by using Sn/Fe catalyst films with different thicknesses
were analyzed statistically, as shown in Fig. 2(h). It is
observed that the coil diameters of the CNCs obtained by
using 16/320 and 8/160nm Sn/Fe catalyst films are both
approximately 450 nm, indicating that the sizes and distribu-
tions of the catalyst particles in the two samples are similar.
The average coil diameter of the CNCs is reduced by decreas-
ing the thickness of catalyst film. When the thickness of the
Sn/Fe catalyst film is decreased from 8/160 to 0.35/7 nm, the
average coil diameter of the CNCs is reduced from 450 to
150 nm. The productivity of the apparent CNCs remains
stable at approximately 97%, when the Sn/Fe catalyst film is
thicker than 2/40 nm. The coil productivity begin to decrease
when the thickness of the catalyst film is thinner than
2/40 nm.
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Fig. 3 - TEM images and schematic illustrations of CNCs. (a) A CNC formed by two tubules with nearly the same pitch and
phase. (b) A CNC formed by three tubules with nearly the same pitch and phase. (c) A CNC formed by three tubules with near
the same pitch and different phases. (d) A CNGC formed by two tubules and a fiber. (€) A CNC formed by two fibers with
different phases. The scale bar for (a) and (b) is 200 nm, and the scale bar for (c—e) is 100 nm.
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Fig. 4 - (a) Raman spectra of the carbon products generated using Sn/Fe catalyst films with different thicknesses. The data in
the figure denote the series of Fe film thicknesses. (b) The relationship between the thickness of the Fe film and the ratio Ip/I¢
for the corresponding carbon deposits. (A color version of this figure can be viewed online.)

Hokushin and Pan et al. found that the line diameter of a
CNC is determined by the size of the catalyst particle at the
tip of the CNC and the coil diameter of a CNC is proportional
to the size of the catalyst particle [27]. So the catalyst particles
have similar distribution with the line diameter of the grown
CNCs. Fig. 2(i) shows the average line diameter of the CNCs
synthesized by using Sn/Fe catalyst films with different thick-
ness, revealing that the average line diameter of the CNCs is
reduced by decreasing the thickness of catalyst film.
Fig. 2(h) and (i) further reveals that the line diameter of the
CNCs is proportional to the coil diameter of the CNC. All these
results suggest that the size of catalyst particle of the CNC is
reduced by decreasing the thickness of catalyst film.

The structures of the synthesized CNCs were analyzed by
TEM and Raman spectroscopy. Fig. 3 shows the TEM images
and schematic illustrations of the typical CNCs obtained with
different coil diameters. The TEM images reveal that the CNCs
consisted of carbon tubules and carbon fibers. In most cases,
the CNCs are formed by at least two tubules or fibers. The
morphology and structure of the CNCs are determined by
the correlation between the tubules or the fibers. It is
observed that the morphology and structure of the CNCs
changed with the coil diameter. Fig. 3(a) and (b) shows the
typical structures of CNCs with a coil diameter larger than
200 nm. The CNC consists of two spiral tubules with the same
pitch and phase as shown in Fig. 3(a). A similar spring-like
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Fig. 5 - AFM images of samples with original catalyst film thicknesses of (a) 2/40 nm, (b) 0.35/7 nm, (c) 0.15/3 nm, and (d)
0.035/0.7 nm after calcination at 710 °C for 30 min in air. The corresponding cross-sectional height along the line is shown
below each topograph. The insets show the corresponding enlarged images. (A color version of this figure can be viewed

online.)

CNC consisting of three spiral tubules with the same pitch
and phase is shown in Fig. 3(b). Fig. 3(c-e) shows the typical
structures of CNCs with a coil diameter smaller than
200 nm. The CNC illustrated in Fig. 3(c) is composed of three
tubules with uniform pitch and different phases. The CNC in
Fig. 3(d) comprises a fiber and a tubule, both of which are
twisted around a straight tubule with different phases.
Similarly, Fig. 3(e) represents a CNC composed of two fibers
with different phases. Further statistical study reveals that
the structure of the CNC changed with the coil diameter of
the CNC. When the coil diameter of the CNC is larger than
200 nm, the tubules or fibers in most of the CNCs possess
the same phase. For the coil diameters smaller than 200 nm,
the tubules or fibers in most of the CNCs have different
phases. From a morphological point of view, the CNCs tend
to change from spring-like to plait-like as their diameters
are decreased. The results from the observation of TEM and

SEM, as well as Fig. 2(i) reveal that 0.5/10 nm Sn/Fe catalyst
film is a kink-point for the CNCs changing from spring-like
to plait-like.

CNCs obtained by using catalyst films with different thick-
nesses were inspected by Raman spectroscopy at an excita-
tion wavelength of 632.8 nm, as shown in Fig. 4. Two main
peaks are observed in the Raman spectra: one at approxi-
mately 1322 cm™?, known as the D-band, which originates
from structural defects in carbon materials, and the other at
approximately 1593 cm ™%, known as the G-band, which origi-
nates from the graphitic structure of carbon materials
(Fig. 4(a)). The Lorentz and Breit-Wigner-Fano (BWF) function
are used to peak fit the D-band and G-band, respectively [28].
The area ratio of the D-band to the G-band is denoted as Ip/Ig.
As the thicknesses of the Sn/Fe catalyst films is reduced from
16/320 to 0.035/0.7 nm, the value of Ip/I for the corresponding
carbon deposits decrease from 5.5 to 3.8, indicating that the
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Fig. 6 - AFM images of samples with original catalyst film thicknesses of (a) 2/40 nm, (b) 0.35/7 nm, (c) 0.15/3 nm, and (d)
0.035/0.7 nm after feeding acetylene with a flow rate of 2 sccm at 710 °C for 2 s. The corresponding cross-sectional height
along the line is shown below each topograph. The insets show the corresponding enlarged images. (A color version of this

figure can be viewed online.)

irregular CNWs possess a more graphitic structure than do
the CNFs and CNCs. In addition, the value of Ip/Ig for the
CNCs decrease with the decrease in the coil diameters of
the CNCs. Fig. 4(a) further reveals that the G peaks are red
shifted with the decrease in the thickness of the Sn/Fe cata-
lyst films, indicating that the carbon products obtained grad-
ually change from having an amorphous carbon structure to
having a nanocrystalline graphite structure [28].

Why dose the thickness of the catalyst films affect the
morphology and structure of the obtained carbon products
so strongly? To study the mechanism of synthesizing CNCs
by using Sn/Fe catalyst films with different thicknesses, the
catalyst particles were further investigated by AFM and
SEM. Fig. 5 shows AFM images of the samples with the origi-
nal catalyst film thicknesses of (a) 2/40 nm, (b) 0.35/7 nm, (c)
0.15/3nm, and (d) 0.035/0.7 nm after calcination at 710°C
for 30 min in the air. It is observed that the height differences
decreased with the decrease in the thicknesses of the Sn/Fe

catalyst films. The height difference for the sample with
2/40 nm Sn/Fe catalyst film is approximately 15 nm which is
smaller than the original thickness of the catalyst film as
shown in Fig. 5(a). This discrepancy is observed because sev-
eral layers of catalyst particles are piled up to form the film.
However, the height differences for the samples with 0.35/7,
0.15/3, and 0.035/0.7 nm Sn/Fe catalyst films are approxi-
mately 7, 3, and 0.7 nm, respectively. The height difference
for these samples are similar with their original thickness
of catalyst film, indicating that there is only one layer of cat-
alyst particles on each substrate as shown in Fig. 5(b—d).

Fig. 6 shows AFM images of the samples obtained after
feeding acetylene with a flow rate of 2 sccm at 710 °C for 2s.
A comparison of Fig. 5(a) with Fig. 6(a) shows that the cata-
lyst particles aggregated into larger particles for the 2/40 nm
Sn/Fe catalyst film after feeding acetylene. For the 0.35/7 nm
Sn/Fe catalyst film after feeding acetylene, the catalyst parti-
cles also aggregated into larger particles as shown in
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Fig. 7 - SEM images of samples with original catalyst film thicknesses of (a) 2/40 nm, (b) 0.35/7 nm, (c) 0.15/3 nm, and (d) 0.035/
0.7 nm after feeding acetylene with a flow rate of 2 sccm at 710 °C for 10 s.

Figs. 5(b) and 6(b). However, the Sn/Fe catalyst film with a
thickness of 0.15/3 nm is split into small particles, among
which only a few tended to form aggregates on the surface
of the substrate, as shown in Figs. 5(c) and 6(c).
Furthermore, Figs. 5(d) and 6(d) show that the continuous
catalyst film is broke down into discrete small catalyst parti-
cles. Figs. 5 and 6 further reveal that the morphology of the
Sn/Fe catalyst tend to change from particle-like to film-like
after being oxidized when their thicknesses are reduced,
whereas the situation is precisely the opposite after feeding
acetylene. All of the changes observed for the catalyst parti-
cles are attributed to the reduction and carbonization of the
particles and the subsequent carbon precipitation of these
particles [29,30]. The height differences of the samples
increased after feeding acetylene due to the carbon
precipitation.

Fig. 7 shows SEM images of samples with original catalyst
film thicknesses of (a) 2/40 nm, (b) 0.35/7 nm, (c) 0.15/3 nm,
and (d) 0.035/0.7 nm after feeding acetylene at 2sccm for
10 s at 710 °C. It can be observed that many aggregates of cat-
alyst particles are obtained, the sizes of which increased with
the thickness of the catalyst film. Certain carbon nanofibers
or germinations of CNCs are grown from the surface of the
aggregations as shown in Fig. 7(b-d). However, no carbon
nano-materials are observed in Fig. 7(a). This latter result
can be attributed to the fact that the amount of the carbon
source is too little to complete the carbon precipitation
process.

It is accepted from mechanics viewpoint that the spiral
motion of a CNC during its growth should generate a torsional
moment on its base [31,32]. Therefore, base fixation is a cru-
cial condition for the growth of CNCs [33]. Generally, there
are two kinds of catalyst particles formed in the CVD process.
One is for the growth of CNCs, CNFs, and irregular CNWs. The
other one is not suitable for the growth of these nanomateri-
als but contributes to form a compact aggregation by carbon
precipitation that fixes the base of a grown CNC. When a cat-
alyst film is too thin, the formed catalyst particles are dis-
crete, which cannot form a sufficient aggregation to afford
the base-fixation for the growth of a CNC. Therefore, only
CNFs or Irregular CNWs are grown from these discrete cata-
lyst particles. Further observation of Fig. 7(a) reveals that
the catalyst particles almost aggregate into a continuous film
for the 2/40 nm Sn/Fe catalyst film, which would provide
strong base fixation. Many aggregates of catalyst particles
are observed to form and the aggregates are large for the
0.35/7 nm Sn/Fe catalyst film, which can afford the appropri-
ate base fixation for growing CNCs, as shown in Fig. 7(b). As
the thickness of the Sn/Fe catalyst film is decreased to
0.15/3nm, only a few catalyst particles aggregate, but the
aggregates are too small to afford the appropriate base fixa-
tion for the growth of CNCs, which result in low coil produc-
tivity. For the 0.035/0.7 nm Sn/Fe catalyst film, the catalyst
particles are discrete, and only irregular CNWs are synthe-
sized. This result is in agreement with our AFM and CVD
results.
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Hirahara et al. have report that significant amount of tin
vaporized for preparing optimized catalytic particles at the
initial stage of CVD [34]. In our experiment, the amount of
tin is reduced with decreasing the thickness of Sn/Fe catalyst
film. Therefore, the amount of vaporized tin is reduced with
decreasing the thickness of Sn/Fe catalyst film. This would
be one of the reasons for the decrease of coil productivity in
the circumstance of thinner catalyst films.

In fact, the changes in morphology, structure and produc-
tivity of CNCs with the decrease of catalyst film are funda-
mentally due to the changes of catalyst particles. The
changes in structure and composition of catalyst particles
in the CVD process are very complex, which is an important
subject for our future study.

4, Conclusion

CNCs with different coil diameters and structures could be
selectively synthesized with great control by optimizing the
thickness of the catalyst film prepared by vacuum magnetron
sputtering. The average coil diameter is increased from 150 to
450 nm by increasing the thickness of the Sn/Fe catalyst film
from 0.35/7 to 16/320 nm. CNFs and irregular CNWs can also
be synthesized by using 0.15/3 and 0.035/0.7 nm Sn/Fe cata-
lyst films, respectively. The morphology of the CNCs tends
to change from spring-like to plait-like and the graphitization
degree of the CNCs increases as the thickness of catalyst film
is reduced. The minimum catalyst film thickness for growing
CNCs in a high yield is determined to be approximately 3-
7nm. All conditions mentioned above provide significant
control for synthesizing CNCs with selective coil diameters
and structures.
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