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CNTs were first predicted to exist
H in the 1993 by Itoh et al." and were

first observed in 1994 by Zhang et
Thereafter, HCNTs have aroused con-
tinual and tremendous interest because of
their helical structures, physical and chemi-
cal properties, and potential
applications.*”'® Generally, HCNTs can be
produced as a byproduct in catalytic chemi-
cal vapor deposition (CCVD) of organic sub-
stances such as acetylene, pyridine, and
toluene, using catalysts of transition metals
at reaction temperatures =700 °C, with an
inert carrier gas being used in most of the
experiments.'”® To obtain high pure
HCNTs, many researchers have performed
detailed experiments to investigate the ef-
fects of specific synthesis parameters on the
selectivity to HCNTSs. For example, Piedi-
grosso et al.?° reported that the presence
of HCNTs was observed only in the sample
with the lowest yield by lowest active
Co—silica catalyst prepared by ion-
adsorption precipitation at pH 9. They
found that compared to the straight CNTs
catalyzed by the other Co—silica catalyst
prepared at higher pH value, the obtained
HCNTs have the smallest diameter. Sarangi
et al.?' synthesized HCNTs which grew on
Fe catalyst supported by kanthal wires by a
cold-plasma CCVD route and investigated
the effect of growth temperature on the
HCNT growth. Their results showed that the
increase in the growth temperature caused
an increase in both the diameter and the
coil pitch of the HCNTs. They suggested that
it can be attributed to the decrease in num-
ber of the pentagon and heptagon pairs
(P—H pairs) with increasing temperature.
By applying a high bias to the wire, the
number of spiral structures was reduced; in-
stead, long aligned and self-supporting

nanotubes were formed. Calles et al.*® re

al??
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ABSTRACT The exact knowledge of helical carbon nanotube (HCNT) growth mechanism has not yet been
completely clarified, and effective synthesis of high-purity helical carbon nanotubes in high yield still remains a
tremendous challenge. In this study, HCNTs were synthesized via a catalytic chemical vapor deposition method
using Fe nanoparticles as catalysts. We performed systematic experiments to investigate the specific effect of
catalytic particle size (CPS) on the selective growth of HCNTS, such as on the morphology, yield, mobility of carbon
atoms, and HCNT purity of carbon products. Our study showed that the CPS plays a key role in the selectivity to
HCNTs, yield, and morphology of the carbon products, and a small catalytic particle is favorable to HCNT formation.
We hope that this result may give a beneficial suggestion to obtain highly pure HCNTs. A CPS-dependent growth
mechanism for HCNTs was finally proposed. Magnetic measurements demonstrated that the HCNTs are
ferromagnetic properties and show high magnetization at room temperature.

KEYWORDS: carbon nanotubes - helical structures - catalytic growth - growth
mechanism - magnetic property

ported the HCNT growth on sulfonated
Co—Mo/MgO sol—gel catalysts by CCVD
thiophene vapor. Their studies demon-
strated that the use of sulfur compounds
during the sol—gel catalyst preparation
process generally leads to a significant
modification of the matrix composition
and the matrix-catalyst interaction, result-
ing in the enhanced HCNT growth. How-
ever, sulfur introduced in the form of vapor
over nonsulfonated catalysts leads to the
enhanced growth of Y-shaped CNTs.
Moreover, HCNTs also can be synthe-
sized as major products, and the effects of
specific synthesis factors on the selective
growth of HCNTs were discussed. For ex-
ample, Hou et al.?® reported the synthesis
of HCNTs in large quantities by codecompo-  xaddress correspondence to
sition of Fe(CO)5 and pyridine or toluene at  tangnujiang@nju.edu.cn,
reaction temperatures =1000 °C under the  lin@dragon.nchu.edu.tw.
flow of hydrogen. They studied the effect of  Received for review October 15, 2009
decomposition temperature on the carbon  and accepted December 22, 2009.
morphology and found that, at the decom- Published online January 4, 2010.
position temperature of 700—800 °C, only 10.1021/nn901425¢
carbon-coated Fe nanoparticles were ob-
1% prepared HCNTs via ~ ©2010 American Chemical Society

tained. Hernadi et al.
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CCVD route using Co as catalyst and investigated the in-
fluence of catalytic preparation on HCNT growth by
varying the pH of the solution during catalytic impreg-
nation. Their experiments revealed that with increasing
pH, Co(OH), aggregates were larger in size. This re-
sulted in the increase in both HCNT purity and average
tube diameter of HCNTSs, but resulted in the decrease of
the yield. By CCVD method at 720 °C using Co nanopar-
ticles supported on silica gel as catalysts under re-
duced pressure and at low gas flow rates, Lu et al.>* fab-
ricated dissimilar HCNTSs. Very recently, a rational
synthesis of HCNTs was reported by Rao et al.,®
through the use of bimetallic In—Fe or Sn—Fe cata-
lysts in a floating-catalyst-based CCVD at 700 °C. They
performed experiments to elucidate the specific role of
In and Sn catalysts, and proposed a model based on
the mutual solubility of Fe with Sn and In and catalyst-
growing nanostructure interactions. They found that In
catalysts promote the growth of HCNTs while Sn-based
catalysts catalyze the growth of helical carbon nanofi-
bers (HCNFs) because of the relative affinity of Sn or In
with the primary transition metal catalyst, Fe. Wang et
al*” reported a novel method to obtain HCNTSs at 850 °C
using Cu as the catalyst and the periodical ethanol so-
lution supply of the carbon source, where cupric ac-
etate was dissolved in ethanol solution which was used
as feeding. They investigated the effects of tempera-
ture and feeding flow rate on the selective growth of
HCNTSs and found that the feeding rate is a decisive fac-
tor to HCNT growth, and decomposition temperature
can influence the HCNT structure. Their study showed
that regular HCNTs can be grown only at a feeding rate
of 30 mL/h and temperature of 850 °C. However, if the
process is at a feeding rate of 50 mL/h, no HCNT can be
found except for straight CNTs and Y-shaped CNTs.
Moreover, besides by the conventional CCVD route,
some other methods have been reported. For example,
HCNTs also can be synthesized in the thermal reduc-
tion of ethyl ether over zinc in a stainless autoclave at
700 °C.>® Moreover, a method for controlled synthesis
of HCNTs was reported, in which aligned straight CNT
arrays were used as a template.*®

It is widely believed that the facet of the catalytic
particle may lead to different extrusion velocities of car-
bon atoms, resulting in the HCNT growth. However, as
mentioned above, these reports implied that only the
facet is not enough to favor HCNT formation, viz,, it is
not an exclusive factor. In fact, many synthesis factors
play important roles in the selective HCNT growth. Re-
cently, Szabo et al.'® made a statistical analysis of the
coil diameter distribution according to many reports,
which showed that half of the coils are in the range of
50—70 nm, while again, half of the coils have a pitch in
the range of 30—80 nm. They proposed that the geo-
metric configuration of HCNTSs is rather decided by the
atomic structure of carbon layers building up the coils
than by the synthesis factors which may induce the par-
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ticular conditions favorable to coiling formation, and
various synthesis factors may create the specific condi-
tions to favor the selectivity to HCNT than to straight
CNT. According to the experimental results reported by
other researchers, we find that an important point
which has been neglected is that compared to spring-
like carbon microcoils, the tube diameter of most
HCNTs is below 250 nm, close to that of catalytic par-
ticles they grow on. Notably, our previous work and
many reports of other researchers frequently hinted
that CPS does play a key role in the selective growth
of HCNTs or HCNFs;' 420272830737 that js, there are
some catalytic particles with relatively small size, which
are favorable to the selective HCNT growth. Up to now,
there still lacks systematic experiments to elucidate
the specific effect of CPS on the selective growth of
HCNTs, such as on the yield, morphology, and HCNT pu-
rity of carbon products. Therefore, it is worthwhile to in-
vestigate the correlation of the CPS and the selective
HCNT growth.

In previous publications, we reported the synthesis
of HCNFs®® and HCNTs?' in acetylene decomposition
at a low temperature of 450 °C over Fe nanoparticles
generated by means of a combined sol—gel/reduction
method. We have investigated the effects of the cata-
lyst amount adopted, the temperature for the introduc-
tion of acetylene, and the decomposition temperature
on the selective growth of HCNFs and/or HCNTSs in de-
tails. In the present study, we detected the effect of the
CPS on the selective HCNT growth, and performed de-
tailed experiments to elucidate the specific role of CPS.
This would help to (i) see if there is a correlation be-
tween the CPS and selectivity to HCNTS; (ii) provide a re-
liable method to synthesize high-purity HCNTSs in high
yield, and give a fundamental suggestion to other re-
searchers for the synthesis of highly pure HCNTs; and
(iii) understand how and why the HCNTSs are formed,
and propose a HCNT growth mechanism. Moreover,
due to the scientific interest and industrial applications
of magnetic CNTs, the magnetic properties of the as-
prepared and annealed HCNTs were also examined.

RESULTS AND DISCSSION

Figure 1 panels a—c show the TEM images of ferric
oxide powders of no. 1, 2, and 3 catalytic precursors ob-
tained by different amounts of raw materials, respec-
tively. The images reveal that all of the catalytic precur-
sor particles are not spherical but faceted. The size of
no. 1, 2, and 3 particles are 15—30, 20—50, and
150—500 nm, respectively, confirming that the aver-
age size of particles increases with an increase of the
raw material amount. As such, we can tailor the aver-
age size of catalytic precursor by changing the raw ma-
terial amount. It is interesting to see that most of the
particles are porous, which can be attributed to the
combustion and decomposition of organometallic pre-
cursor and organism. One can see that the particles of
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no. 1 and 2 exhibit good dispersion and have a rela-
tively uniform grain size, while the size uniformity of
no. 3 catalytic precursor particle is poor. Figure 1c
shows that many particles of no. 3 catalytic precursor
particles agglomerate in a big sheet which is even big-
ger than 1 wm. Shown in Figure 1d is a high magnifica-
tion TEM image of Figure 1¢, which demonstrates that
there also exist some small catalytic precursor particles
in no. 3 precursor sample, and big catalytic precursor
particles are sheetlike.

Microstructures of Sample A. By using 163 mg of Fe, O,
nanoparticles as catalyst precursor, the yield of sample
A'is ca. 1.83 g in each run. Thus, high-yield HCNTs of ca.
1604% (the weight ratio of sample to Fe) were ob-
tained by the CVD of acetylene at 475 °C. Figure 2a
shows that the diameter of the tubes of the HCNTs is
relatively uniform of ca. 100—200 nm; and the major-
ity is 110 nm, which is similar to that reported previ-
ously.?? As indicated by three white arrows in Figure
2b, three HCNTs which were ruptured by ultrasonic vi-
bration shows the clear nozzles, indicating that the car-
bon helixes are HCNTSs. Figure 2 panels a and b clearly
show that two straight segments with the same length
often symmetrically grow on two sides of a catalytic
particle with a relatively big size of 120—200 nm. The
content of HCNT with apparent straight segments and
the diameter of 120—200 nm in sample A, as estimated
by our systematic TEM and FE-SEM observations, is
about 30%. However, almost no straight segments ap-
pear in the HCNTs grown on small catalytic particles
with a diameter below 120 nm; and small HCNTs often
are coiled in a regular and tight fashion, showing short
pitches. An interesting phenomenon is that extensive
FE-SEM and TEM investigations showed that the diam-
eter and length of the straight segment increases with
the increasing CPS. Namely, a big catalytic particle is
useful to the growth of straight CNTs. As indicated by
a white bidirectional arrow (shown in Figure 2b), a
straight segment with the length up to ca. 1.6 um
grows over one side of the catalytic particle, indicating
that a straight segment grew after the HCNT growth fin-
ished. This did not appear in the HCNFs or HCNTs grown
on catalytic particles with small CPS reported
previously.33! We examined sample A by FE-SEM
many times and estimated that the HCNT purity of
sample A is ca. 85%, similar to that reported previ-
ously.

It is known that graphite can be characterized by a
Raman peak at 1580 cm ™' (called G-band), whereas
the disorder in carbon materials would induce an in-
tense “defect-induced” band at 1350 cm ™" (called
D-band). Figure 2c shows the Raman spectra of the as-
prepared sample A, and the red line is the superposition
of the two fitted Gaussian—Lorentzian lines and the
background/noise; the two green lines are the single fit-
ted peaks. Two peaks appear at ca. 1345.3 and 1581.1
cm ™', indicating the presence of disorder and/or distor-
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Figure 1. Transmission electron microscopy (TEM) images of catalytic
precursors: ferric oxide particles of no. 1 (a), 2 (b), and 3 (c) catalytic
precursors obtained by different amounts of raw materials; (d) high
magnification image of panel ¢; the three white arrows indicate the
small catalytic precursor particles, and the black arrow shows a big
catalytic precursor sheet.

tion in the sample A. It is known that integrated Ra-
man intensities /5 and /g are proportional to the num-
ber of the scattering disordered and ordered sp?
bonding carbon atoms in the illuminated area, respec-
tively. The R of sample A is 1.4 according to the single
fitted peaks. In other words, the existence of defects in
the sample is highly likely.?° The results illustrated that
no. 1 catalyst can catalyze HCNTs with high HCNT purity
and high yield at 475 °C.
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Figure 2. Microstructures of sample A: (a) field emission scanning elec-

tron microscopy (FE-SEM) image; (b) TEM image, the bidirectional arrow
indicated a straight segment of a HCNT, and the white arrows indicate

the nozzles of HCNTSs; (c) Raman spectra. (The red line is the superposi-
tion of the two fitted Gaussian—Lorentzian lines and the background/

noise; the two green lines are the single fitted peaks.)
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Figure 3. Microstructures of sample B catalyzed by no. 2 catalyst: (a) FE-SEM image; (b) Raman spectra. (The red line is the
superposition of the two fitted Gaussian—Lorentzian lines and the background/noise; the two green lines are the single fit-

ted peaks.)

Microstructures of Sample B. In contrast to the synthesis
of sample A, a 5.318 g as-prepared sample B can be ob-
tained in each run, demonstrating that no. 2 catalyst
has better catalytic performance than no. 1 catalyst. Fig-
ure 3a shows the FE-SEM image of sample B. One can
see that the HCNT purity (ca. 60%) is lower than that
of sample A. An interesting phenomenon is that the
morphology of the carbons is dependent on their size.
Namely, only the small carbon products are HCNTSs,
while the large forms are straight CNTs. Apparently,
the average diameter of the HCNTSs is smaller than that
of straight form. Such phenomenon also appeared in
the growth of HCNTs using 328 mg of iron oxide as
catalyst precursor, where carbon products with large di-
ameter are of a straight form.?” This also can be found
in our previous work®® and many reports of other
researchers.'*2%27-2832737 | the present investigation,
by adopting the same type of Fe particles but with dif-
ferent size, one can generate varieties of yield and
HCNT purity of carbon species at equal temperature.
Therefore, one can deduce that the size of Fe particles
has a determining effect on the yield and selectivity for
HCNTSs, and a small Fe particle is favorable to the
growth of HCNTs with relatively low yield, whereas the
big particle is useful to the growth of the straight form
with high yield. Thus, we can obtain HCNTs with high
HCNT purity at 475 °C by adopting small Fe nanoparti-
cles. Figure 3b shows the Raman spectra of the as-
prepared sample B, and the red line is the superposi-
tion of the two fitted Gaussian—Lorentzian lines and
the background/noise; the two green lines are the
single fitted peaks. It exhibits two peaks, one appears
at ca. 1351.6 cm™ ' (D-band) and the other appears at
1580.3 cm ' (G-band), respectively. Compared to the
G-band of the as-prepared sample A, the G-bands of
sample B are down-shifted by ca. 0.8 cm™ ', denoting
that there is a certain degree of rise in level of graphiti-
zation in sample B. Furthermore, the R of sample B is
1.04 according to the single fitted peaks, demonstrat-
ing further that the degree of graphitization of sample
B is higher than that of sample A.

Microstructure of Sample . We found that if no. 3 cata-
lyst was used, the yield was ca. 3.481 g in each run,
higher than that of sample A, but lower than that of
sample B. Figure 4a shows a low magnification FE-SEM
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image of the as-prepared sample C, revealing that the
HCNT purity is ca. 10% and the majority is CNT bundle.
Moreover, one can find that the HCNTs have a small di-
ameter and are always lone rather than showing HCNT
bundle form. It is interesting to see that (i) a catalytic
particle often locate at the node of two straight CNTs
with almost the same diameter and length; (ii) in a CNT
bundle, the size of the CNTs and/or the catalytic par-
ticles is relatively uniform, and the catalytic particles al-
ways locate at the same height of the bundle, showing
a similar growth velocity. High-magnification FE-SEM
and TEM images (Figure 4b,c) indicate that a big bundle
often contains tens of small straight CNTs with relative
uniform diameters of 100 nm. As shown in Figure 4c,
two white arrows clearly indicate the nozzles of CNTs
which were ruptured by ultrasonic vibration. Figure 4d
shows sample C’ catalyzed by no. 3 catalyst for 20 min,
revealing that there are many bundles which also con-
tain some straight CNTs and are relatively uniform in
the sample C'. It is interesting to find that (i) almost no
catalytic particle wrapped in two straight CNTs is bigger
than 150 nm in diameter in sample C; (ii) compared to
the bundles in sample C, the bundles in sample C' are
shorter in the length and bigger in the diameter. More-
over, based on the fact that the catalytic particles may
undergo grain growth and agglomeration during hy-
drogen reduction and acetylene decomposition, the
catalytic particles (Fe particles) should be bigger than
catalytic precursor particles. Apparently, a big catalytic
sheet splits into tens of small catalytic particles during
the growth of a CNT bundle, and tens of small straight
CNTs align into a big bundle, which is similar to the re-
sult reported by Ning et al.>®

CPS-Dependent Growth of HCNTs. On the basis of the re-
sults above, one can see an apparent phenomenon
that the growth of carbon products is dependent on
the CPS. As reported previously,>*>3' a HCNT or HCNF
with good helical structure can grow on a catalytic par-
ticle with the d (diameter) < 150 nm, whereas a HCNT
with a straight segment extruded at the end of growth
can grow on a catalytic particle with the d within the
range of 150—200 nm, which is shown in sample A. If
a catalytic sheet with the d > 250 nm was used, a CNT
bundle can be obtained; this can be found in sample C.
Therefore, the results showed that the CPS plays a key
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role in the yield, HCNT purity, and selective growth of
HCNTs, and one can obtain large-scale production of
highly pure HCNTSs by using small catalytic particles (d
< 150 nm) as catalysts. Since well quantitative agree-
ment is difficult due to the extremely complex condi-
tions existing in the CVD reactor, our experimental data
is approximately supported by our hypotheses.

Discussion of CPS-Dependent Growth Mechanism of HCNTs. To
date, several mechanisms have been proposed for the
HCNT growth. For example, Amelincks et al.? proposed
a widely acceptable extrusion mismatch mechanism in-
volving the mismatch between the extrusion velocities
of carbon atoms from catalytic particle facet, which is
favorable to HCNT growth. Similarly, based on the “ani-
sotropy of carbon deposition” theory, Motojima et al.*?
provided a new growth mechanism for amorphous car-
bon coils. This relies on an assumption that the symmet-
ric catalytic activities on six crystallographic facets de-
termine the formation of carbon coils. Dunlap?#°
suggested a heptagon—pentagon (H—P) construction
mechanism to explain the formation of graphite HCNTSs,
which involved the periodic introduction of the H—P
pairs into Hx (hexagon) network during the CNT
growth. On the basis of the H—P construction, Gao et
al.’® and Lu et al.>® proposed a HCNT mechanism, which
involves graphite core formation centering on a cata-
lytic particle followed by graphite HCNT growth. Also
on the basis of the H—P construction mechanism, Ter-
rones et al.*' made a modification and suggested that
high mobility of carbon atoms can easily quench n-Hx
(H or P) rings in the growing nucleus, resulting in graph-
ite layers with perfect Hx network and forming straight
CNTs. In contrast, low mobility of carbon atoms is favor-
able to the formation of n-Hx rings and growth of
HCNTs. Thereafter, Bird et al.? reinforced further the
modified mechanism, and suggested that a fast kinetic
leading to metastable states that cannot anneal out at
low growth temperature contributes to the HCNT
growth. However, it is worthwhile to note that the
H—P construction mechanism is effective in explaining
the growth of graphite HCNTSs, rather than the forma-
tion of amorphous carbon coils.3* 3742

Combined with the character of the faceted cata-
lytic particle, it should be trustworthy that the asym-
metric velocity in carbon extrusion resulting from the
facet as proposed by Amelincks et al.? contributes to the
formation of HCNTs. However, it is notable that the
same type faceted Fe nanoparticles were used as cata-
lysts, but one can find that the CPS (also including other
synthesis conditions, such as amount of catalyst
adopted, and decomposition temperature, etc.) has a
profound influence in selective HCNT growth accord-
ing to our present and previous investigations.?*3" For
example, by adopting no. 1 catalyst with small CPS, one
can generate sample A with high HCNT purity at 475
°C. However, by adopting no. 3 catalyst with big CPS,
one can obtain sample C with low HCNT purity at equal
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Figure 4. Microstructures of sample C catalyzed by no. 3 catalyst:
(a) low-magnification FE-SEM image; (b) a high-magnification FE-
SEM image of a typical bundle; (c) TEM image, and two white ar-
rows indicate the nozzles of CNTs which were ruptured by sonic dis-
persion; (d) FE-SEM image of sample C’ catalyzed by no. 3 catalyst
for 20 min.

temperature. Moreover, a straight part can be extruded
at the end of the HCNT growth in the cases of samples
A and B, but not appear in the cases of HCNFs and
HCNTs catalyzed by smaller catalysts.>>3' Apparently,
the continuous existence of the facet on the surface of
catalytic particle and the facet effect during all the
growth period is another necessary factor for the selec-
tive HCNT growth. However, there often is a deforma-
tion in the catalytic particle during the acetylene de-
composition, resulting in the decreasing in the
curvature of the facet and in the facet effect during
the successive decomposing period. Therefore, it is nec-
essary to modify the mechanism proposed by
Amelincks et al.” and the new growth mechanism
should be catalytic particle size-dependent and in-
volve the catalytic particle deformation during the
acetylene decomposition.

To discuss the size-dependent growth mechanism
and the deformation in the catalytic particle, it is neces-
sary to investigate the initial shape before the acety-
lene decomposition and in situ deformation of the cata-
lytic particle during the acetylene decomposition, and
then analyze the facet effect. However, because of the
poor air stability of nanoscaled iron, the in situ investi-
gations of the initial shape and deformation of Fe nano-
particles during the acetylene decomposition are diffi-
cult. Thus, it is feasible to obtain a midshape before the
final shape after deformation and study the difference
of the midshape and final shape of catalytic particle. By
decreasing the time of acetylene decomposition from
1 h to 20 min, we synthesized sample A’ via the same
fabrication process of sample A. The result shows that
there is a great decreasing in the yield (ca. 1.311 g in
each run). Figure 5 panels a and b show that sample A’
is shorter than sample A, but similar in diameter and
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Figure 5. Microstructure of the sample A’ obtained using no. 1 catalyst:
(a) FE-SEM image; (b) TEM image. The arrows indicate the cordate cata-
lytic nanoparticles located at twinned HCNTSs. (c) Magnified image of the
node at which catalytic particle is located in panel b; right-handed HCNT
indicated by “R” and left-handed HCNT indicated by “L"; the “top” and
“dip” direct the flat part and peak part of the cordate catalytic particle,
respectively. (d) A typical TEM image of a catalytic nanoparticle wrapped
at the node between two HCNTs of sample A.

HCNT purity. Shown in Figure 5c is a typical catalytic
particle with cordate shape wrapped in the node of two
HCNTSs. This reveals that the carbon layer thickness on
peak and flat sites of the particle always is much thin-
ner than on other sites of the particle, demonstrating
that the peak and flat sites are low extrusion sites of car-
bon atoms, while other sites are high extrusion sites.
Namely, the peak and flat sites of the cordate particle
are the absorbing and decomposing points of acety-
lene® but are low extrusion sites of carbon atoms,
while other sites prematurely lose their catalytic activa-
tion and are the high extrusion sites. Moreover, accord-
ing to the curling direction (shown in Figure 5¢), it is
reasonable to estimate that there is an increasing extru-
sion tendency from peak to flat part on the surface of
catalytic particle. The consequence is that the extrusion
velocity of carbon atoms on the top hemisphere of the
cordate particle is higher than on the dip hemisphere.
Thus, this will result in mismatch extrusion of carbon at-
oms between the dip and top hemispheres of the cor-
date particle surface, favorable to the formation of
HCNTSs. It is similar to the facet effect,” and herein is
peak effect. This also can be observed in our previous
work. 223

If two cordate catalytic particles have different size,
and each of them has a peak with same size, we can
make an assumption that the two peaks have an equal
low extrusion of carbon atoms. In the dip hemisphere,
because the small catalytic particle has fewer nonpeak
sites than the big catalytic particle, it is reasonable to
conclude that the small catalytic particle has a higher
ratio of peak site versus nonpeak site, or say, higher ra-
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tio of low extrusion site versus high extrusion site than
the big one. Apparently, two conclusions can be made:
(i) the degree of extrusion mismatch on the dip and
top hemispheres in small catalytic particle is higher
than that in the big one. Namely, the degree of carbon
atoms asymmetric extrusion in small catalytic particles
will be more drastic than that in the big one. Or say, the
facet effect should be more effective in small catalytic
particles than in big ones. Therefore, the selectivity to
HCNTs on small catalytic particles is higher than that on
the big ones. (ii) The extrusion velocity of carbon at-
oms in small catalytic particles should be lower than
big ones. As a result, the rate of acetylene decomposi-
tion on small catalytic particles will be lower than that
on big ones. Thus, the HCNT purities of samples A and
A’ are higher than that of samples B and C. However,
the yields of samples A and A’ are lower than that of
samples B and C, as shown in Table 1.

Notable, acetylene decomposition is an exothermic
reaction. Thus, the temperature of catalytic particle will
increase during the acetylene decomposition on its sur-
face, and is dependent of the rate of acetylene decom-
position. Therefore, the high extrusion of carbon atoms
in big catalytic particles may enhance the rate of acety-
lene decomposition on its surface. This will result in
the increase in its temperature and can enhance its
catalytic activity further. Apparently, big catalytic par-
ticles will have higher temperature than small ones. As
we know that the nanoscaled particle is metastable at
high temperature, which may cause the catalytic par-
ticle to undergo the deformation from initial faceted
particle with a large curvature to a cordate one with de-
creased curvature, and lastly to the one with a small cur-
vature or with a flat surface. A consequence is that the
facet effect will disappear early in a big catalytic particle,
which favors the selective growth of straight form. This
may be the reason that a straight part often is extruded
at the end of the HCNT growth in the case of using no.
2 catalyst, while straight CNTs is the main form in the
case using no. 3 catalysts. Or say, the facet effect prema-
turely disappeared and the asymmetry in carbon at-
oms extrusion on big catalytic particle was lowered fur-
ther because of the deformation involving the
decreasing in the curvature of the peak part, which re-
sulted from increasing temperatures in the cases of the
samples B and C. It also can be confirmed that HCNTSs al-
ways are small and lone rather than big or forming
CNT bundles in sample C.

As shown in Figure 5d, one can find that the curva-
ture of the dip part of sample A is smaller that that of
peak part of sample A’ (shown in Figure 5c), demon-
strating that there is a decrease in the curvature in the
catalytic particle. Or say, there is a deformation from
cordate shape to flat shape in the peak part of small
catalytic particle. Namely, there will be a deformation
in the catalytic particle during the HCNT growth, which
is attributed to the temperature increasing because of

www.acsnano.org



TABLE 1. The Dependence of CPS on the Selective HCNT Growth

average size

catalyst . . rate of G,H, temperature of X
sample (no.) of catalytl(. yield (g) decomposition catalytic particle HCNT purity (%) facet effect
precursor particle
A 1 small 1.83 low low 85 strong
B 2 big 4.732 highest highest 60 weak
C 3 biggest 3.481 high high 10 weakest

the acetylene decomposition. Notable, this can be
achieved via increasing the catalyst amount adopted?’
or increasing the initial decomposition temperature,*®
or vice versa. For example, in the case of sample A’, the
decreasing in the rate of acetylene decomposition be-
cause of the decreasing in the catalyst amount adopted
resulted in the decreasing in thermal release during
acetylene decomposition. Therefore, the increasing in
the catalytic particle temperature of sample A’ during
acetylene decomposition will be slower and slighter
than that of sample A. As a result, the deformation of
the catalytic particle of sample A’ is also slighter than
that of sample A. Since there is a deformation from cor-
date shape to the n-cordate one in the catalytic par-
ticle of sample A, the peak effect will be lowered dur-
ing the acetylene decomposition. This may be the
reason that compared to sample A, almost no straight
segment appeared in sample A’, small HCNFs,*° or
HCNTs?' reported previously; while a longer straight
segment will be extruded on a bigger catalytic particle
at the end of the growing period (as shown in Figures
2a,b). It is reasonable to conclude that (i) the catalytic
particle shape of sample A’ is more close to the initial
shape of no. 1 catalyst than that of sample A; (i) there
is a deformation from the initial shape to cordate shape
and last to the n-cordate one with smaller curvature.

According to above analysis, a small catalytic par-
ticle with facet is the primary and starting factor to the
selective HCNT formation in this size-dependent
growth mechanism. However, the continuous exist-
ence of the facet and the facet effect during all the
growth period is another necessary factor for the selec-
tive HCNT growth. There apparently exists a CPS effect
in the efficiency of facet effect because the facet effect
will be diluted with the increasing in the CPS. Further-
more, the temperature of big catalytic particles may in-
crease fast and should remain high because of the dras-
tic and continuous exothermic reaction, which can
enhance the decomposition of acetylene and extru-
sion of carbon atoms. Thus, the curvature of big cata-
lytic particle may decrease fast, resulting in decreasing
the curvature of the facet, and lowering the asymmetry
in extrusion further.

Shown in Figure 6 is a TEM image of sample C’ cata-
lyzed by no. 3 catalyst for 20 min. One can find an inter-
esting phenomenon that the catalytic particles located
at the nodes of small straight CNTs in sample C’' have
similar CPS of no. 1 catalyst and also are faceted. How-
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ever, the carbon products are straight form rather than
HCNTs. Therefore, a facet effect only is not effective
enough to represent the selective HCNT growth. We
consider that the low mobility of carbon atoms should
be another important factor to the selective HCNT for-
mation, which agrees with the H—P construction mech-
anism proposed by Terrones et al,*' namely, asymmet-
ric extrusion velocity of carbon atoms resulting from
facet effect is a key factor for the selective HCNT growth,
and the low mobility of carbon atoms is another neces-
sary factor. Therefore, it is worth discussing the two
mechanisms of the extrusion mismatch mechanism and
H—P construction mechanism.

It is well-known that incorporation of n-Hx into the
Hx network can induce curvature into the graphite
tube, and continuous extrusion of a carbon n-Hx-
inserted Hx network would result in the formation of
HCNTs.2**" Thus, low mobility of carbon atoms
throughout acetylene decomposition is another key
factor for the selective HCNT growth. Because the small
catalytic particle has a low rate of acetylene decompo-
sition and maintains relatively low temperature, the
mobility of carbon atoms can keep relatively low and
stable. Apparently, this can contribute the successive
selectivity to HCNTSs. For example, in the cases of
samples A and A’ catalyzed by no. 1 catalyst, both the
temperature of catalytic particle and the rate of acety-
lene decomposition keep relatively low, resulting in low
mobility of carbon atoms. As a result, n-Hx rings can
be quenched in the HCNT growth; that is, the glide of
n-Hx rings may be avoided by adopting no. 1 small cata-
lyst.*' On the contrary, in the cases of no. 2 and 3 big
catalytic particles, the mobility of carbon atoms is high
and will make n-Hx rings glide easily and will contribute
well to the Hx network. As shown in samples B, the av-
erage diameter of the straight CNTs is larger than that
of the HCNTs; the consequence is poor selectivity to
HCNTs. The result is consistent with the statistical re-
sult reported by Szab6 et al.,'® and also confirmed by
the Raman results is that the level of graphitization of
sample B is higher than that of sample A. As to the cases
of samples C and C’, because the CPS of no. 3 catalytic
particle is big and the temperature of the catalytic par-
ticle is high, the mobility of carbon atoms is also high.
Thus, it is reasonable to conclude that (i) the facet effect
is a primary and starting factor to the initial selective
growth of HCNTs; (i) the small CPS, which favors main-
taining a low temperature of catalytic particle and low
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Figure 6. TEM image of sample C’ catalyzed by no. 3 catalyst
for 20 min.

mobility of carbon atomes, is the other necessary factor
of the successive growth of HCNTS; (iii) the two factors
of CPS and catalytic particle temperature coexist and in-
terrelate in the growth of carbon products.

As shown in Table 1, our study reveals that (i) the
CPS has a profound influence in the selective HCNT
growth, such as in the yield, rate of acetylene decompo-
sition, temperature of catalytic particle, mobility of car-
bon atoms, and HCNT puirity; (i) with the increase in
CPS, the facet effect will lower. Thus, to obtain highly
pure HCNTs, the fabrication of uniform and small cata-
lytic particles is a key process. Moreover, this mecha-
nism is clear in the present experiment and also effec-
tive to other reports.*® Therefore, it is reasonable to
deem that the new size-dependent growth mecha-
nism which mixes the two mechanisms is more reli-
able and comprehensive than either of the two mecha-
nisms to elucidate the selective HCNT growth.

Magnetic Properties of the as-Prepared and Annealed Samples
Aand A’. Recently, magnetic CNTs have aroused much at-
tention because they have applications in wearable
electronics, cantilever tips in magnetic force micro-
scopes, magnetic stirrers in microfluidic devices, mag-
netic valves in nanofluidic devices and magnetic inks,
drug delivery, magnetic resonance imaging, etc.** How-
ever, the applications of CNTs in magnetism are still lim-
ited because of their low magnetization. To enhance
magnetization and realize the applications of CNTs in
magnetism, it is necessary to increase the content of
magnetic particle. Thus, researchers often introduce for-
eign magnetic particles by filling them inside hollow
cavities or coating them on the outer surfaces of CNTs.
For example, Jang et al.** filled CNTs with y-Fe,0, via a
metal-impregnated polymer precursor, and the M of
the CNTs composites reached up to ca. 7.1 emu/g. Xu
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et al.*® encapsulated CNTs with Fe;O, nanowires by py-
rolyzing an ethanol/ferrocene mixture in an autoclave
at 600 °C, and the M of the CNTs composites is ca. 5.11
emu/g. Figure 7a shows the M—H curves of the as-
prepared sample A and the annealed sample A. One
can find that the Mg and the H_ of the as-prepared
sample A are high, up to 7.47 emu/g and 266.21 Oe, re-
spectively. We estimate that the amount of Fe,C pres-
ence was ca. 6.68 wt %. On the basis of the Fe;C con-
tent and the magnetization of Fe;C, we estimate a Mg of
8.55 emu/g, higher than the experimental value of
7.47 emu/g. This can be related to the nonuniformity
in magnetic properties of as-prepared HCNTs due to the
uneven distribution of Fe;C nanoparticles in the com-
posite sample. In an attempt to enhance the M, of
HCNTs, we annealed the sample in Ar at 750 °C for 4 h.
We reported previously that there is a transformation of
Fe,C to a-Fe and C during the annealing procedure.?’
Figure 6a also shows the M—H curve of the annealed
sample A. The M, of the annealed sample increased to
12.77 emu/g, while its H. decreased to 168.94 Oe. Since
a-Fe is the major phase in the annealed sample, we
consider that the amount of a-Fe presence is about ca.
6.24 wt %. On the basis of the Fe content and the facts
that the magnetization of a-Fe is ca. 220 emu/g at 300
K, we estimate that the Mg of the annealed sample
should be ca. 13.73 emu/g, which is higher than the
12.77 emu/g value obtained experimentally. Compared
to the as-prepared sample, the annealed samples with
encapsulated a-Fe nanoparticles are higher in
magnetization.

Figure 7b shows the M—H curve of the as-prepared
and annealed samples A’. The M, and the H, of the as-
prepared sample A’ are 11.08 emu/g and 137.04 Oe, re-
spectively. We estimate that the amount of Fe,C
present was ca. 8.75 wt %. We estimate an M, of 11.2
emu/g, a little higher than the experimental value of
11.08 emu/g. Compared to the as-prepared sample A,
the as-prepared sample A’ is much higher in magneti-
zation because of its higher amount of Fe;C presence. A
higher M and a lower H_ of 17.86 emu/g and ca. 100
Oe, respectively, can be obtained in the annealed
sample. Compared to the CNTs reported, our HCNTs
have higher magnetization. Moreover, their magnetiza-
tion can be enhanced by decreasing the amount of
catalyst and/or annealing them at high temperature.

CONCLUSIONS

In conclusion, we have illustrated how the yield
and HCNT purity of the HCNTs can be manipulated via
changing the size of catalytic particles. We also have de-
tected the effect of the CPS on the selective growth of
HCNTs and performed detailed experiments to eluci-
date the specific role of CPS in the selective growth of
HCNTs. Our study demonstrates that a small catalytic
particle with facet or peak is the primary and starting
factor to the selective HCNT formation in this mixed
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Figure 7. Typical magnetization curves of the as-prepared and annealed samples measured at 300 K by SQUID; the maxi-
mum applied field was 7 kOe: (a) sample A, and (b) sample A'. Insets are the parts of the corresponding magnetization curves.

mechanism, and the continuous existence of facet on
the catalytic particle throughout the growth period is
another necessary factor for the selective HCNT growth.
Moreover, a small catalytic particle is favorable to low
mobility of carbon atoms, and thus the HCNT formation.
The new size-dependent growth mechanism combin-
ing facet effect and mobility of carbon atoms is reason-

EXPERIMENTAL SECTION

Experimental Procedure. The objective of the present work is to
investigate the effect of CPS on the selective HCNT growth. To
this end, the amount of raw materials was changed to prepare
the catalytic precursors with different size. In this work,

FeCl, - 4H,0, citric acid monohydrate and ethanol absolute were
used as the raw material, coordination agent, and solvent, re-
spectively. To prepare no. 1, 2, and 3 catalyst precursors with dif-
ferent size, the amounts of FeCl, - 4H,0 and citric acid monohy-
drate were 0.01 and 0.015 mol, 0.03 and 0.045 mol, 0.05 and
0.075 mol, respectively. In a typical experiment, FeCl, - 4H,0 and
citric acid monohydrate were dissolved in 100 mL of ethanol ab-
solute and stirred at 60 °C for 6 h. After being dried at 80 °C,
the xerogel was heated at 450 °C for 3 h in air and turned into fer-
ric oxide. No. 1, 2, and 3 catalytic precursors were used for the
synthesis of samples A, B, and C, respectively. For the genera-
tion of the samples adopted in the present study, we used a simi-
lar approach reported previously, namely, 163 mg of catalytic
precursor powder was spread on a ceramic plate which was
placed in a quartz reaction tube (5 cm inner diameter and 35
cm in length). This assembly was laid in a stainless steel reac-
tion tube of 5.2 cm inner diameter and 80 cm in length
(equipped with temperature and gas-flow controls). Therefore,
the iron oxide was reduced in H, at 425 °C for 4 h, and the acety-
lene decomposition was conducted at 475 °C for 1 h at atmo-
spheric pressure over the Fe catalyst. After the system was
cooled to rt, the as-prepared sample was obtained.

Characterization of the Samples. Raman spectroscopic investiga-
tion of the samples was performed using a Jobin-Yvon LABRAM
HR800 instrument with 514.5 nm Ar laser excitation. The mor-
phologies of the samples were examined by TEM (model JEM-
2100, Japan), and FE-SEM (model JSM-6700F, Japan) with the
equipment operated at an accelerating voltage of 200, and 5 kV,
respectively. For TEM analysis, the powder samples were dis-
persed in ethanol, agitated in an ultrasonic bath, and finally de-
posited on a copper grid that was coated with a carbon film. The
magnetic properties of samples were measured at rt by a SQUID
magnetometer (Quantum Design MPMS-XL, USA) equipped
with a superconducting magnet capable of producing fields of
up to 70 kOe.
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able and effective to selective HCNT growth. We hope
that understanding this new growth mechanism will
help in obtaining highly pure HCNTs via small catalytic
particles. Magnetic measurements reveal that the
HCNTs display ferromagnetic properties with relatively
high magnetization at room temperature (rt) and have
appealing applications.
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