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Carbon nanocoils (CNCs) with different diameters have been synthesized on different substrates
by thermal chemical vapor deposition using Fe films as catalysts prepared by ion sputtering. It is
found that CNCs with diameters greater than 100 nm are obtained as the main products in large
quantities on Fe film coated indium tin oxide substrates. However, on Fe film coated SiO2

substrates, multiwall CNCs (MWCNCs) along with carbon nanotubes (CNTs) are grown, and the
yield of MWCNCs is decreased rapidly with a lower Fe film thickness. The as-grown MWCNCs
with observed coil diameters less than 100 nm and filament diameters less than 30 nm are much
thinner than the conventional CNCs. Plate-like catalyst particles with sizes much larger than the
filament diameter of the MWCNCs are observed at the roots of these MWCNCs, indicating a base
growth mechanism. Furthermore, it is also observed that large particles with irregular shapes lead to
the growth of helical MWCNCs, while large particles with steady circular shapes tend to grow as
straight CNTs. Based on the experimental results, a growth model for MWCNCs is proposed.

I. INTRODUCTION

Three-dimensional (3D) helical materials have attracted
worldwide attention due to their peculiar morphologies,
unique properties and interesting growth mechanisms.1–6

Carbon nanocoils (CNCs), as one of the important 3D
materials, have attractedmuch attention due to their excellent
mechanical and electromagnetic properties. To date, several
kinds of carbon coils have been synthesized, such as
multiwall CNCs (MWCNCs),4,7 coiled carbon nanofibers
(CCNFs),8 and conventional CNCs.9,10 We distinguish a
MWCNC from a CCNF in that the former comprises single
and multiwall CNTs while the latter is a solid amorphous
structure. Among the two kinds of materials mentioned
above, the conventional CNCs are composed of several
coiled hollow tubules with low crystallinity. It is reported that
most CNCs with a coil diameter less than 50 nm are
MWCNCs. These MWCNCs are expected to have higher
electrical conductivity and stronger mechanical properties
than the conventional CNCs.9,11,12 These excellent properties
aswell as their unique helical shapemakeMWCNCs suitable
for many applications. On the microscopic scale, MWCNCs
are expected to be used as nano-sized springs, and units in
micro/nano electromechanical systems.13 On the macro-

scopic scale, MWCNCs can be used in high-performance
composite films with high conductivity, good elasticity and
toughness.14 Meanwhile due to their helical structure,
MWCNCs are also considered as good materials for highly
efficient electromagnetic wave absorbers.15

The synthesis of conventional CNCs including their
structure, formation, and growth mechanism has been
reported in many articles.4,10,16–19 So far, many research
groups have synthesized CNCs with large coil diameters
(greater than 50 nm) in large quantities.16–18,20–22 How-
ever, still there has been no breakthrough in the prepara-
tion techniques for growing MWCNCs with small coil
diameters (less than 50 nm). The main reasons are that
the growth mechanism for the MWCNCs is not clear and
the optimum catalysts have not been found. Therefore, the
growth of MWCNCs can’t be effectively controlled, leading
to their lower production rate.

In general, MWCNCs are synthesized by catalytic
chemical vapor deposition (CVD) using hydrocarbons as
reaction gas and transition metals as catalysts.7,23–25 Thefirst
experimental observation of the production of MWCNCs
was done in 1994, when Zhang and Amelinckx et al.26,27

synthesized MWCNCs by catalytic deposition of acetylene
over a silica-supported Co catalyst in a CVD system at
700 °C. Similarly, Lu et al.28 have prepared MWCNCs by
catalytic CVD on finely dispersed Co nanoparticles sup-
ported on silica gel under reduced pressure and relatively low
gas flow rates. Tsuchiya et al.29 have reported a method to
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prepare MWCNCs using a combination of Al2O3-supported
Ni catalyst and alcohol CVD. They found that when a Ni–Fe
or Ni–Co alloy catalyst was used, the yield of CNCs
decreased. Recently, Yokota et al.30 have synthesized
MWCNCs with a filament diameter less than 50 nm by
CVD using zeolite-supported Fe–Sn catalysts. It was found
that more than 90% of the CNCs obtained were MWCNCs,
and the remaining were columnar CNCs without a hollow
structure. It is noted that in themethodsmentioned above, the
catalyst supports (silica, Al2O3, and zeolite) were needed for
preparing catalyst particles, which is considered to be
beneficial for increasing the formation of MWCNCs. In
a different approach, Pan et al.7 have synthesized MWCNCs
by thermal CVD using a co-deposited thin film consisting of
Fe and Sn as catalysts and they found that Sn plays a crucial
role in the growth ofMWCNCs. Similarly, Chen et al.31 have
synthesized twisted carbon nano-ribbons by the catalytic
pyrolysis of acetylene using Fe alloy (Fe74Cr1Ni8 or
Fe71Cr1Ni8Mo3) films as a catalyst, prepared by sputter
coating on the glass substrates.

In this study, we have used ion sputtering to prepare Fe
films. As a result, we successfully synthesized MWCNCs,
using only Fe films as the catalyst. We also have investigated
the effects of substrates and film thickness on the growth of
the carbon products. In addition, we have proposed a model
for the growth of MWCNCs which is helpful for the
interpretation of the growth mechanism of MWCNCs.

II. EXPERIMENTAL

A. CNC synthesis

For indium tin oxide (ITO) substrates, ITO layered
glass substrates were used and the thickness of the ITO
film on the glass substrate was approximately 100 nm.
Whereas, for SiO2 substrate, SiO2 layered p-type Si(100)
substrates were used, where the thickness of the SiO2 film
on the Si substrate was approximately 100 nm. Fe films
deposited on ITO or SiO2 substrates were selected as
catalysts for the growth of CNCs. The Fe films were
prepared by ion sputtering in a vacuum chamber with
a working pressure of 6 Pa. The distance between the
substrate and the Fe target was kept at 5 cm and the
discharge current was 10 mA. The thicknesses of Fe films
were controlled by changing the sputtering time. The
samples were calcined in air at 700 °C for 30 min and
allowed to cool to room temperature with a cooling rate of
35 °C/min. Then the samples were placed in the center of a
CVD furnace and heated from room temperature to 700 °C
under an Ar atmosphere with a flow rate of 260 sccm.
CNCs were synthesized in a thermal CVD system at
700 °C for 30 min by introducing acetylene and Ar gases
with flow rates of 15 and 245 sccm, respectively. In
addition, we have investigated the morphological changes
of Fe film catalysts on SiO2 substrate in the initial stage of

MWCNC synthesis by introducing acetylene and Ar gases
with flow rates of 1 and 260 sccm for 0–2 s.

B. Characterization

The catalyst film thickness was measured by a surface
profilometer (NewView5022, ZYGO, Middlefield, CT)
and an optical fiber spectrometer (Maya2000-Pro, Ocean
Optics, Dunedin, FL). The morphology and structure of
synthesized carbon products were analyzed by a scann-
ing electron microscope (SEM; Nova NanoSEM 450,
FEI, Hillsboro, OR), transmission electron microscope
(TEM; JEM-2000EX, Tokyo, Japan), Raman spectrome-
ter (Renishaw inVia plus, Renishaw, Gloucetershire, UK)
and atomic force microscope (AFM; Agilent PicoPlus II,
Agilent, Santa Clara, CA).

III. RESULTS AND DISCUSSION

A. Growth of CNCs on Fe film coated
ITO substrates

It is considered that the size, structure and composition
of catalyst particles are crucial for synthesizing CNCs with
controlled filament diameter and crystalline structure. The
smaller the catalyst particles (i.e., the thinner the catalyst
films), the thinner would be the synthesized CNCs. Herein,
our focus is to investigate the effect of Fe catalyst film
thickness on the growth of the CNCs.

Firstly, Fe films with thicknesses varying from 2 to
24 nm were deposited on the ITO substrates by the ion
sputtering method. Carbon materials were then synthesized
using Fe film coated ITO substrates as above mentioned,
with acetylene flow rate of 15 sccm, which are shown by
SEM images in Fig. 1. It is found that the Fe film thickness
significantly affects the morphologies of the grown carbon
products. The properties of carbon products prepared using
Fe films with different thicknesses are summarized in
Table I. High yield CNCs with diameters larger than
100 nm can be grown on a 24-nm thick Fe film coated
ITO substrate [Figs. 1(a) and 1(e)]. It is interesting to note
that when the Fe film thickness is decreased to 11 nm, CNCs
with large diameters and small twisted CNCs are observed
in the synthesized products [Figs. 1(b) and 1(f)]. By further
decreasing the thickness of the Fe film, the quantity ratio of
large CNCs continues to be reduced in the carbon product.
Figures 1(c) and 1(g) show the carbon deposits obtained
using a 6-nm thick Fe film coated ITO catalyst, where only
a few large CNCs can be observed. However, when the Fe
film thickness is decreased to less than 4 nm, no CNC but
only some irregular CNTs or CNFswith a uniform diameter
of approximately 30 nm are grown [Figs. 1(d) and 1(h)].
From the above results we can conclude that the thick Fe
film (24 nm) deposited on ITO substrates leads to the
growth of CNCswith large diameters, whereas small twisted
CNCs can be produced when decreasing the Fe film
thickness (11 nm), but only irregular CNTs or CNFs are
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obtained by using much thinner Fe films (less than 4 nm).
The cause for these phenomena is considered to be due to the
changes of the Fe/ITO molar ratio for catalysts when using
Fe films with different thicknesses. Though CNCs with
controlled diameters could be synthesized using Fe film
coated ITO catalysts to some extent, however, it is not an
effective method for synthesizing thin CNCs, especially for
MWCNCs.

It is known that the choice of underlayer (substrate)
material has been proven to be extremely crucial for CNT
synthesis. For example, CNTs have been grown on in-
sulating substrates (SiO2, MgO, Al2O3, etc) by many
researchers.32–38 Growing CNTs on metallic underlayers
is more difficult because alloying and increased mobilities
hinder CNT nucleation and growth. Similarly, the choice
of substrate or catalyst support is considered to play an
important role in the growth of CNCs or MWCNCs.

B. Growth of MWCNCs on Fe film coated
SiO2 substrates

Instead of ITO glass, SiO2 was selected as the substrate
to deposit Fe films. Similar to the above section, Fe films
with different thicknesses were deposited on SiO2 sub-
strates by ion sputtering. Figure S1 shows the x-ray energy
dispersive (EDX) spectrum of the Fe film with a thickness
of 24 nm deposited on the SiO2 substrate, where only the
Fe element is observed, (Si and O are mainly originated
from the SiO2 substrate). Figures 2 and S2 show the SEM
images of carbon materials grown with an acetylene flow
rate of 15 sccm at 700 °C for 30 min and using Fe films
(with different thickness) deposited on SiO2 substrates as
catalysts. In Fig. 2(a), a 24-nm thick Fe film coated SiO2

substrate is covered by high yield CVD grown CNTs with
a variation in filament diameter. A careful observation
reveals that some MWCNCs are also produced in the
carbon deposits, which indicates that single Fe film could
be used as the catalysts for the growth of the MWCNCs.
Figure 2(b) shows an enlarged SEM image of two typical
MWCNCs in Fig. 2(a). The coil diameters of the grown
MWCNCs are measured to be less than 100 nm and the
filament diameters of most MWCNCs grown under this
condition are less than 30 nm [shown in Figs. 2(e) and 2(f)],
which are much thinner than for conventional CNCs
produced using Fe film coated ITO catalysts. For thinner
Fe film catalysts on SiO2 substrates, the coil diameter and
filament diameter distributions of the grown MWCNCs
are similar to those obtained using the thick Fe films,
as shown in Figs. 2(c)–2(f) and S2. However, the yield
percentage of MWCNCs is decreased rapidly with a lower

FIG. 1. Low and high magnified SEM images of the carbon deposits synthesized at 700 °C using Fe-coated ITO catalysts by ion sputtering with
different Fe film thicknesses: (a) and (e) 24 nm, (b) and (f) 11 nm, (c) and (g) 6 nm, and (d) and (h) 4 nm.

TABLE I. Properties of carbon deposits using Fe films on different
substrates.

Fe film
thickness (nm) ITO substrate SiO2 substrate

24 Largea CNCs MWCNCs and CNTs
17 Large CNCs MWCNCs and CNTs
11 Many large and smallb

twisted CNCs
MWCNCs and CNTs

6 Few large CNCs and
many CNT/CNFs

MWCNCs and CNTs

4 Irregular CNTs or CNFs MWCNCs and CNTs
2 Irregular CNTs or CNFs Few MWCNCs and CNTs

a

CNC with a coil diameter larger than 100 nm.
b

CNC with a coil diameter smaller than 100 nm.
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thickness of the Fe film, as shown in Fig. 3. It is noted that
the numbers of both MWCNCs and CNTs are very low
when the Fe film thickness is decreased to 2 nm. This
suggests that the choice of an appropriate Fe film thickness
is necessary for the efficient growth of MWCNCs, which
is similar to that of CNT growth.34,38

Figure 4 shows the typical TEM images of a CNC
synthesized by an Fe film catalyst with a thickness of
17 nm on an SiO2 substrate. It is observed in Fig. 4(a) that
the CNC is hollow in structure, which is composed of
a helical CNT with a coil and filament diameter of 70 and
36 nm, respectively. The enlarged TEM images shown in
Figs. 4(b)–4(d) indicate that many defects exist in the
graphitic layers of MWCNCs, either in the straight parts or
in the bending parts, which can be clearly seen in two
square areas of Fig. 4(c). However, these defects are rarely
observed in the straight CNTs that are grown under the
same condition (not shown here), indicating a high degree
of graphitization of CNTs.

The graphitization degree of carbon deposits prepared
on Fe film coated ITO and SiO2 substrates are examined
by Raman spectra, as shown in Fig. 5. For carbon deposits
grown on ITO substrates, two main peaks are observed in
the Raman spectra, one is around 1322 cm�1 known as
D-band originated from structural defects or disorders in
carbon nanomaterials, and the other is around 1595 cm�1

known as G-band originated from graphite structures
[Fig. 5(a)]. It is observed in Fig. 5(b) that the decrease of
Fe film thickness has little effect on the IG/ID ratio

(has a little change, approximately 1.1–1.2); this indicates
that carbon materials produced including CNCs and
irregular CNTs/CNFs by Fe film coated ITO catalysts have
the similar nanostructures. For carbon deposits grown on
SiO2 substrates, besides the first order peaks of D band
(at 1330 cm�1) and G band (at 1600 cm�1), D* band (at
2662 cm�1) and weak (D 1 G) band (at 2920 cm�1) are
also observed in the Raman spectra [Fig. 5(c)]. The D* and
(D 1 G) bands are second-order overtone modes and their
intensity does not depend on the presence of defects.39 In
Fig. 5(d), we show the variation of IG/ID ratio of carbon
deposits grown on SiO2 substrates with Fe film thickness. It
can be observed that the mixture of MWCNCs and CNTs
grown by 24-nm thick Fe film catalysts has the lowest IG/ID
value; however, the ratio of IG/ID is gradually increased from
0.73 to 1.04 with the decease of Fe film thickness. It is
indicated that the thinner the Fe film thickness, the more
would be the graphite structures in the grown carbon nano-
materials, namely, less MWCNCs are grown with the
decrease of Fe film thickness.

C. Growth mechanism of MWCNCs on Fe film
coated SiO2 substrates

At present, various mechanisms have been proposed to
explain the development of MWCNCs. Most researchers
have considered the insertion of pentagon/heptagon rings
within the hexagonal lattice of a tube, or the unequal
extrusion of carbon atoms from a catalyst particle to

FIG. 2. Raman spectra of carbon deposits prepared using Fe films deposited on (a) ITO and (c) SiO2 substrates with different film thicknesses.
(b) and (d) show the corresponding variation of IG/ID ratio with Fe film thickness shown in (a) and (c).

D. Li et al.: Growth of multiwall carbon nanocoils using Fe catalyst films prepared by ion sputtering

J. Mater. Res., Vol. 28, No. 10, May 28, 2013 1319

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

13
.1

07
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2013.107


explain the origin of coiling in carbon nanomaterials.27,40,41

However, the means by which these phenomena may be
interconnected has not been fully understood. In this section,
we try to investigate the growth mechanism of MWCNCs

grown on Fe film coated SiO2 substrates by focusing on the
relationship between the morphology and composition of
catalysts and the grown carbon products.

Figures 6(a) and 6(b) show the SEM images for the
cross-section of carbon deposits synthesized by a 24 nmFe
film catalyst coated on SiO2 substrates. Consistent with the
SEM images of Fig. 2, high yield MWCNCs are observed
to be grown out from the surface of the catalyst film, as
shown in Fig. 6(a). Figure 6(b) shows the enlarged SEM
image of the catalyst film, where the thickness of the
catalyst film is measured to be approximately 800 nm
(much thicker than that of the Fe film before using it for
synthesis of carbon deposits by the CVD process), from
which many CNTs are protruded out. Figures 6(c)–6(f)
show the EDXmappings of different element distributions
in the area marked by a full line in Fig. 6(b), where the
brightness is proportional to the relative contents of
elements. C, O, Si, and Fe have been detected in this area,
where C is originated from carbon deposits, O and Si are
mainly originated from the Si substrate with a 100 nm
SiO2 layer and Fe is originated from the catalyst film. A
careful observation of Fig. 6(f) shows that the Fe element
is mainly distributed at the bottom of the catalyst film,
suggesting that MWCNCs and CNTs have a possible base
growth mechanism. To further prove this point, TEM
images of the MWCNC tip have been observed, as shown
in Figs. 6(g) and 6(h). Indeed, no catalyst particle exists at

FIG. 3. Typical SEM images of the carbon deposits synthesized at 700 °C
using Fe film catalysts deposited on SiO2 substrates by ion sputtering.
(a) 24 nm and (c) 6 nm. (b) and (d) are the corresponding enlarged images
ofMWCNCs in (a) and (c). (e) and (f) show distributions of coil diameters
and filament diameters ofMWCNCs prepared using Fefilms deposited on
SiO2 substrates with different film thicknesses.

FIG. 4. Dependence of the MWCNCs and CNTs ratio with Fe film
thickness.

FIG. 5. (a) Typical TEM image of the MWCNC synthesized using
a 17-nm-thick Fe film catalyst deposited on a SiO2 substrate. (b–d) the
corresponding HRTEM images of MWCNC of parts 1, 2, and 3 shown
in (a).
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the MWCNC closed tip, indicating that MWCNCs are
grown via the base growth mechanism.

Figures 7(a) and 7(c) show the SEM images of two
typical MWCNCs grown from 6-nm thick and 2-nm thick
Fe film coated SiO2 substrates, respectively. It is found
that the end of each coil is attached to the substrate with
a root which is considered to act as a catalyst particle
where the coil is grown. A similar phenomenon has also
been observed for many other MWCNCs, as shown in
Fig. S3. Therefore, the MWCNCs may have a base
growth mechanism, consistent with the above deduction.
Figures 7(b) and 7(d) show the respective enlarged SEM
images for the roots of two coils in Figs. 7(a) and 7(c). It is
noted that the size of the catalyst particle at the root of
a coil is much larger than the filament diameter of the coil,
which is similar as reported by Pan et al.7 The catalyst
particle has an irregular shape (indicated by dotted line
circles). For example, the catalyst particle in Fig. 7(b) is
narrowly triangular in shape having a size of around
140 nm; while the catalyst particle in Fig. 7(d) has sole like
structure and has a size of around 170 nm along the long side
and 100 nm along the short side. Another interesting aspect is
that MWCNCs are only grown at the side of catalyst
particles, as indicated by the small circles in Figs. 7(b) and
7(d) and Fig. S3. It is well known that the growth point for

helical carbon nanomaterials is associated with a catalyst
grain.7,42,43 Therefore, the active point for the MWCNC
growth is deduced to be located at the edge of a large catalyst
particle.

Similarly, we have investigated the relationship be-
tween the size/shape of catalyst particles and the growth
of CNTs, as shown in Fig. 8. Figures 8(a) and 8(c) show

FIG. 7. (a) and (c) SEM images of two typical MWCNCs that are
grown on 6-nm thick and 2-nm thick Fe film coated SiO2 substrates,
respectively. (b) and (d) are the corresponding enlarged images of the
roots of coils shown in (a) and (c).

FIG. 8. (a) and (c)SEMimagesof two typical straightCNTs that aregrown
on 2-nm thick Fe film coated SiO2 substrates. (b) and (d) the corresponding
enlarged images of the roots of CNTs shown in (a) and (c).

FIG. 6. (a) and (b) cross-sectional SEM images of carbon deposits
synthesized using 24-nm thick Fe films deposited on SiO2 substrates by
ion sputtering. (c–f) EDX mapping of C, O, Si, and Fe for the square area
shown in (b). (g) TEM and (h) enlarged TEM images of the MWCNC tip.
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the SEM images of carbon deposits grown from 2-nm
thick Fe film coated SiO2 substrates, where sparse CNTs
with a variation in filament diameter can be observed.
Figures 8(b) and 8(d) show the respective enlarged images
of the roots of CNTs in Figs. 8(a) and 8(c). Similar to
MWCNCs, the catalyst particles are observed at the roots
of CNTs, indicating a base growth mechanism for CNTs.
It is found that the diameter of catalyst particles at the root
of a CNT is approximately 2 times larger than that of the
produced CNT and the particle is an approximate circular
shape (indicated by dotted line circles), differing from that
of MWCNCs. Another difference between CNTs and
MWCNCs is that CNTs are mainly grown from the center
parts of catalyst particles (indicated by small circles)
which indicate that the center part of catalyst particle is
the real active point for the CNT growth.

From the above discussions, we may conclude that the
size, shape and composition of catalyst particles play an
important role in determining the nature of carbon nano-
structures produced. According to the present experimen-
tal observation and the images in Ref. 7, larger particles
with irregular shapes would lead to the growth of helical
MWCNCs, while particles with regular circular shapes
may lead to the growth of straight CNTs. From this
observation, the growth models for CNTs and MWCNCs
have been proposed, as shown in Fig. 9. It is considered
that each catalyst particle has an active point, from where
carbon tubes can be grown out. For a symmetric (circular)
catalyst particle, the active point is located at its center
part; while for an irregular shaped catalyst particle, the
active point tends to exist on one edge of the particle
[Fig. 9(a)]. The hydrocarbon gas is supplied to the surfaces
of catalyst particles and decomposed to carbon atoms that
are diffused to active points from surroundings. The carbon
diffusion rate varies at different parts of the irregular shaped
catalyst particle, leading to an unequal extrusion of carbon
atoms around the active point and finally growth of a helical
CNC; while for the symmetric (circular) shaped catalyst

particle, the carbon diffusion rate is the uniform along all
parts of the catalyst, which leads to an equal extrusion of
carbon atoms around the active point and finally growth of
a straight CNT [Fig. 9(b)].

To understand the origin and evolution of large Fe
catalyst particles, we have investigated the changes of Fe
film coated on SiO2 substrates in the initial stage of CNT
or CNC growth by introducing acetylene/Ar gases with
flow rates of 1/260 sccm. Figure 10 shows the Raman
spectra of a 6-nm thick Fe film after calcination in air at
700 °C for 30 min and a short time acetylene feeding.
Three strong peaks (marked by #) observed in each Raman
spectra are attributed to the SiO2 substrate. After calcina-
tion at 700 °C (0 s), many peaks marked by * and a small
peak marked by 1 appear in the Raman spectra which
correspond to Fe2O3 and Fe3O4, respectively. This result
indicates that the Fe film has been oxidized after heating at
700 °C. The morphology of the Fe film before and after
heating is compared using AFM, as shown in Figs. 11(a)
and 11(b). The Fe film is flat before heating and begins to
split after heating at 700 °C, forming irregular plate-like
Fe–O particles. Figure 10 also shows the variation of
Raman spectra for the Fe film after feeding acetylene for
a short time. It is observed that the intensity of Fe2O3 peaks
(marked by *) decreases when feeding acetylene for 0.5 s
and almost disappears when feeding acetylene for 1 s,
indicating that Fe2O3 particles have been deoxidized by
acetylene within 1 s. AFM images show that compared
with the Fe film after heating, there are no marked morpho-
logical changes for the Fe film during and after reduction, as
shown in Figs. 11(c) and 11(d). The only difference is that the
sizes of plate-like catalyst particles become larger and
isolated particles are formed. Figure 11(e) shows the SEM
image of a catalyst film after feeding acetylene for 1 s.
Consistent with the AFM image of Fig. 11(e), large plate-like
particles with a size of approximately 80 nm have been

FIG. 9. Illustration of the roles of catalyst shape in the growth of CNTs
and MWCNCs: (a) top view, and (b) side view.

FIG. 10. Raman spectra of a 6-nm thick Fe film (on SiO2 substrate)
after calcination in air at 700 °C for 30 min and feeding acetylene/Ar
gases with flow rates of 1/260 sccm for 0–2 s. The peaks marked by *,
1, and D correspond to Fe2O3, Fe3O4, and carbon, respectively. The
peaks marked by # are originated from the SiO2 substrate.
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formed which are similar to those observed at the roots of
CNTs or MWCNCs. When the acetylene feeding time was
1.5–2 s, three broad peaks (marked by D) appear in the

Raman spectra which are due to the growth of carbon
deposits. This is confirmed by the SEM observation of
deposits on the substrate, as shown in Fig. 11(f). It is clear in

FIG. 11. AFM images of a 6-nm-thick Fe film (on SiO2 substrate) (a) after evaporation, (b) after calcination in air at 700 °C for 30 min, (c) and
(d) after feeding acetylene/Ar gases with flow rates of 1/260 sccm for 0.5 and 1 s. (e) and (f) SEM images of a 6-nm thick Fe film by feeding acetylene
(1 sccm) for 1 and 1.5 s.
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the image that someCNTs together withMWCNCs have just
been grown out from the catalyst particles, suggesting a rapid
growth rate for CNTs and MWCNCs.

Since MWCNCs have been successfully synthesized
by thermal CVD using Fe films as a catalyst, therefore, an
Fe film prepared by ion sputtering is proved to be an
effective catalyst for the MWCNC growth. However, the
problem still exists that the yield of MWCNCs is not very
high. A possible explanation for this result is that the shape
and size of Fe catalyst particles have not been efficiently
controlled. This is also a subject for our further study.

IV. CONCLUSIONS

Fe catalyst films prepared by ion sputtering have been
applied for synthesizing MWCNCs. It is found that the
film thickness and the choice of substrate play an important
role in the growth of CNCs or MWCNCs. CNCs with large
diameters and irregular CNTs can be obtained on Fe-film-
coated ITO substrates by controlling the Fe film thickness,
whereas MWCNCs together with straight CNTs are grown
on Fe film coated SiO2 substrates. The large catalyst particles
with different shapes of around 100 nm are observed at the
roots of MWCNCs and CNTs, indicating a base growth
mechanism. It is considered that each catalyst particle
corresponds to an active point, from where carbon tubes
can be grown out. For symmetric (circular) catalyst particles,
the active point is located at the center part, from where the
straight CNTs may be grown; while for irregular shaped
catalyst particles, the active point tends to exist on the edge of
the particle, from where the helical CNCs may be grown.
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