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a b s t r a c t

A gas-phase, one-step method for producing various aerosol carbon nanostructures is described. The
carbon nanostructures can be selectively tailored with either straight, coiled, or sea urchin-like structures
by controlling the size of Ni–Al bimetallic nanoparticles and the reaction temperature. The carbon nano-
structures were grown using both conventional spray pyrolysis and thermal chemical vapor deposition.
Bimetallic nanoparticles with catalytic Ni (guest) and non-catalytic Al (host) matrix were reacted with acet-
ylene and hydrogen gases. At the processing temperature range of 650–800 �C, high concentration straight
carbon nanotubes (S-CNTs) with a small amount of coiled carbon nanotubes (C-CNTs) can be grown on the
surface of seeded bimetallic nanoparticle size <100 nm, resulting from consumption of the melting Al
matrix sites; sea urchin-like carbon nanotubes (SU-CNTs) of small diameter (�10 ± 4 nm) can be grown
on the bimetallic nanoparticle size >100 nm, resulting from the significant size reduction of the available
Ni sites due to thermal expansion of molten Al matrix sites without consumption of Al matrix. However,
at the processing temperature range of 500–650 �C, C-CNTs can be grown on the bimetallic nanoparticle
size <100 nm due to the presence of Al matrix in the bimetallic nanoparticles; SU-CNTs of large diameter
(�60 ± 13 nm) can also be grown on the bimetallic nanoparticle size >100 nm due to the isolation of Ni sites
in the Al matrix.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The diameter and length of straight carbon nanotubes (CNTs)
greatly influence CNT mechanical, chemical, and electrical proper-
ties [1,2]. Additionally, altering the shapes of CNT nanostructures
modifies or adjusts multiple CNT functions. For instance, CNTs in
the shape of coils or helixes are used as potential building blocks
for electromagnetic shields [3], nano springs [4], and microsensor
systems [5]. Researchers have attempted various gas-phase syn-
thetic fabrication methods for forming aerosol CNTs. These endeav-
ors resulted from the advantages of simple, easy, inexpensive and
continuous production of high purity CNTs in the gas phase [6]. Un-
like substrate-grown CNTs, however, the controllability of dimen-
sion and shape of CNTs in the gas phase is relatively difficult to
achieve because the size and shape of seeded catalytic particles
ll rights reserved.
continuously change due to the competition between coagulation
and coalescence processes prior to or during the chemical vapor
deposition (CVD)-assisted growth of CNTs accompanied by rela-
tively high temperature processes.

The various CNT nanostructures were formed on the catalytic
particles dispersed on a given substrate under a sufficient reaction
time of longer than several minutes in a vacuum [7–9]. However,
few reports exist on the gas-phase formation of aerosol CNTs with
various nanostructures under a relatively short reaction time of less
than 1 min and atmospheric pressure conditions [10–14]. Recently,
we unexpectedly observed that the mixtures of straight, coiled, and
sea urchin-like aerosol CNTs formed over the entire surface of float-
ing bimetallic nanoparticles of which the initial chemical composi-
tion Ni:Al was equal to a 1:1 M ratio and a reaction time of
approximately 1 min, as shown in Fig. 1a. Here, straight CNT (S-
CNT, Fig. 1b) is a single straight CNT, coiled CNT (C-CNT, Fig. 1c) is
a single coiled CNT, and sea urchin-like CNT (SU-CNT, Fig. 1d) is
multiple straight CNTs grown in a given Ni–Al bimetallic nanoparti-
cle. The Ni was used as catalytic guest sites for nucleating, and
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Fig. 1. (a) SEM image of the aerosol CNTs with various nanostructures (i.e. (b)
straight CNTs(S-CNTs), (c) coiled CNTs(C-CNTs), (d) sea urchin-like CNTs (SU-CNTs))
directly grown on spray pyrolized bimetallic particles via. thermal CVD process at
800 �C.
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subsequently growing CNTs; whereas, the Al was used as non-cata-
lytic host matrix sites for homogeneously dispersing the Ni sites. At
this point, we investigated the formation of morphological varia-
tions in the resulting aerosol CNTs. Fig. 1 displays the scanning
electron microscope (SEM) image of various CNTs. After closer
inspection of Fig. 1, we can conclude that the size of seeded bimetal-
lic particles and the reacting temperature for growing CNTs must be
key factors in determining the final CNT nanostructures. Therefore,
possible growth mechanisms of various aerosol carbon nanostruc-
tures which formed on the bimetallic nanoparticles suspended in
the gas phase were studied, followed by proposals for possible strat-
egies that tune the shapes of aerosol CNTs with straight, coiled and
sea urchin-like nanostructures.
2. Experimental

A single-step conventional spray pyrolysis combined with a sub-
sequent thermal CVD was employed in order to grow aerosol CNTs
on the floating catalysts [15]. Aluminum nitrate nonahydrate (Al(-
NO3)3�9H2O, Sigma Aldrich) and nickel nitrate hexahydrate (Ni(-
NO3)3�6H2O, Sigma Aldrich) at a 1:1 M ratio were dissolved in
deionized water with a total concentration of 3 wt.%. The metal ni-
trate aqueous solution was aerosolized into micron-sized droplets
using a homemade ultrasonic nebulizer operated at 40 W and
60 Hz, and then they were carried with a controlled nitrogen gas
flow of approximately 1 lpm. After passing through a silica-gel
dryer, the evaporating aerosol droplets contained bimetallic nitrates
were rapidly solidified. Subsequently, the droplets transformed into
pure bimetallic nanoparticles by thermal decomposition and hydro-
gen reduction (H2 = �100 sccm) processes in the first quartz reactor
(2.54 cm diameter � 30 cm heating length) enclosed by an electric
furnace heated at �1000 �C. Here, the geometric mean diameter
(GMD) of the bimetallic nanoparticles was found to be �300 nm,
which were in situ measured by using a scanning mobility particle
sizer (SMPS, HCT, Inc., Model No. 4312). The pure bimetallic nano-
particles formed were then rapidly transported into the second
quartz reactor (5.08 cm diameter � 30 cm heating length) enclosed
by an electric furnace (thermal CVD reactor) heated at various tem-
perature ranges of 500–800 �C, in which they were simultaneously
reacted with controlled amount of acetylene (C2H2 = �10 sccm)
and hydrogen (H2 = �100 sccm) gases to grow aerosol CNTs with
the residence time of�50 s. The resulting aerosol CNTs were finally
collected on the membrane filter with pore size of �200 nm.
3. Results and discussion

A closer look at Fig. 1 reveals that the relatively small sized
bimetallic particles are favorable for growing both straight CNTs
(S-CNTs) and coiled CNTs (C-CNTs). Alternatively, the relatively
large sized bimetallic particles seemed to be conducive for growing
multiple CNTs that resembled ‘sea urchin’ (SU-CNTs). In order to
first identify the role of size of bimetallic particles, the bimetallic
aerosol nanoparticles with three different average sizes (Dp) of
60 ± 10 nm (Fig. 2a), 200 ± 60 nm (Fig. 2b), and 300 ± 95 nm
(Fig. 2c), respectively, were selected by using a differential mobility
analyzer (DMA, HCT, Inc., Model No. 4210). The DMA is an electro-
static classifier composed of a negatively charged high voltage-con-
nected inner cylindrical electrode and electrical ground-connected
outer cylindrical electrode. When polydisperse particles are intro-
duced with sheath gas (N2 = �10 lpm), the particles experience
the force balance between an electrostatic attraction force and a
drag force so that a group of monodisperse particles with the same
electrical mobility at a certain applied voltage pass through the slit
located on the bottom of DMA [16,17]. The bimetallic aerosol nano-
particles with relatively uniform diameter selected by the DMA
were then mixed with hydrogen and pyrolyzed at 1000 �C in the
spray pyrolysis reactor, and subsequently introduced into the ther-
mal CVD reactor mixed with acetylene and hydrogen for directly
growing CNTs at 800 �C. It was observed that the mixtures of
S-CNTs and C-CNTs were grown on the surface of bimetallic nano-
particles with the average size of smaller than �100 nm (see
Fig. 2d), while SU-CNTs were mostly grown on the surface of bime-
tallic nanoparticles with the average size of larger than�100 nm as
shown in Fig. 2e and f.

The possible reason for the formation of S-CNT or C-CNT is
attributed to the significant reduction in the size of seeded bime-
tallic particles (i.e., Dp < �100 nm), which decreased the sizes of
both Ni and Al sites in the bimetallic particles so that the role of
Al as a host matrix for isolating Ni sites was significantly deterio-
rated. Simultaneously, the catalytic Ni sites were densely located
and even connected, to some extent, as a single Ni cluster.

Therefore, when the small sized bimetallic nanoparticle (i.e.,
Dp < �100 nm) reacted with incoming hydrocarbon gas in the ther-
mal CVD reactor, a single CNT tends to be catalytically formed on
the entire surface of the seeded bimetallic nanoparticle. Unlike
the growth of S-CNT and C-CNT, SU-CNTs are grown on every avail-
able Ni site, which are sufficiently isolated by the presence of Al
host matrix sites in the sufficiently large bimetallic particles (i.e.,
Dp > �100 nm).

The different growth patterns of the S-CNT and C-CNT, which
both possessed the same initial chemical composition and were
both grown on small sized bimetallic nanoparticles (i.e., Dp <
�100 nm), required further investigation. The observation gener-
ally follows that the S-CNTs were grown on pure Ni nanoparticles,
while C-CNTs initially formed on the Ni nanoparticles mixed with
an Al component. Several studies have previously suggested that
the extreme difference in the wettability of bimetallic components
to graphite (e.g., contact angles of Ni and Al to graphite are <75� and
159�, respectively) trigger the coupled attraction and repulsive
forces, which promote the anisotropic growth of CNT on the surface
of bimetallic nanoparticles seeded [18,19]. The mismatches in the
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Fig. 2. SEM images of monodisperse bimetallic nanoparticles with the average size of (a) 60 ± 10 nm, (b) 200 ± 60 nm, and (c) 300 ± 95 nm selected by a DMA (the inserts are
the number count of particles as a function of particle diameter), and the resulting CNTs grown accordingly on the size-selected bimetallic nanoparticles at 800 �C with the
nanostructures of (d) the mixture of S-CNTs and C-CNTs and (e and f) SU-CNTs.

Fig. 3. Raman spectra of aerosol C-CNTs and SU-CNTs grown on the bimetallic
particles at 800 �C.
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growth rate of CNT on the basal plane of the bimetallic particle
impose stress–strain on the graphite layer precipitated so that the
extrusion of CNT was bent or kinked. The possible formation of pen-
tagonal or heptagonal meshes in the graphite network (i.e., hexag-
onal structure) was made at the molecular level, which relieved
long-term stress–strain conditions [20]. However, this simplified
hypothesis does not sufficiently account for the regular formation
of constant pitch in the C-CNTs. The presence of Al component in
the Ni nanoparticles is very important to determine the formation
of C-CNTs.

Raman spectra for C-CNTs and SU-CNTs as shown in Fig. 3
corroborate the formation of multi-walled CNTs by showing strong
peaks at �1350 cm�1 (D mode, disorder-induced band originating
from defects or carbon impurities) and �1600 cm�1 (G mode,
stretching mode in the graphite plane) without significant spectra
at the low frequency in the radial breathing mode. Furthermore,
the full width at half-maximum (FWHM)-based D/G ratio at
�1350 and �1600 cm�1 (i.e., I1350/I1600, where I is intensity) is
found to be �1.5 for C-CNTs and �0.9 for SU-CNTs, respectively,
suggesting that C-CNTs had considerable disorders which were
presumably induced by the presence of pentagon–heptagon pairs
in the graphite nanostructures, while SU-CNTs had a relatively high
degree of graphitization.
In order to adjust the shape of CNTs from straight to coiled
structures, the Al component must be maintained in the Ni nano-
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Fig. 4. SEM and TEM images of CNTs grown under the various experimental conditions of (a and b) Dp = �50 nm, TG = 500 �C [C-CNTs formed with DCNT = �50 ± 10 nm], (c and
d) Dp = �50 nm, TG = 700 �C [S-CNTs and C-CNTs formed with DCNT = �50 ± 10 nm], (e and f) Dp = �300 nm, TG = 500 �C [SU-CNTs formed with DCNT = �60 ± 13 nm], and (g and
h) Dp = �300 nm, TG = 700 �C [SU-CNTs formed with DCNT = �10 ± 4 nm].
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particles homogeneously. Since the melting temperature of bulk Al
is approximately 660 �C [21], Al components in the seeded Ni par-
ticles can be remained if the growth temperature (TG) of CNTs in
the thermal CVD reactor is kept at lower than 660 �C. Therefore,
the growth temperature of CNTs was varied to identify the effect
of growth temperature on the morphological change of the result-
ing aerosol CNTs. The growth temperature ranged from 500 �C to
800 �C for the size-selected bimetallic nanoparticles smaller than
�100 nm in diameter.

On the basis of scanning electron microscope (SEM) and trans-
mission electron microscope (TEM) images as shown in Fig. 4a
and b, the number concentration of C-CNTs was very high with
rarely forming S-CNTs at the medium temperature ranges of
500–650 �C. However, the number concentration of C-CNTs
abruptly decreased, and simultaneously, the number concentration
of S-CNTs increased at the temperature ranges of 650–800 �C as
shown in Fig. 4c and d. This indicates that the solid Al matrix trans-
formed into a liquid-like state at reacting temperatures of higher
than �650 �C (i.e., above the melting point of Al). The liquid-like
Al matrix was slowly consumed by CNT precipitation, which finally
resulted in leaving Ni sites behind with less Al component in the
front side of bimetallic nanoparticles so that S-CNTs are finally tend
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Fig. 5. Elemental mappings of seeded bimetallic particles before and after growing various CNTs at 800 �C in the thermal CVD reactor.
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to be grown. This result was corroborated by characterizing the
elemental mapping of seeded bimetallic nanoparticles with smaller
than �100 nm before and after growing the mixture of S-CNTs and
C-CNTs as shown in Fig. 5a–c. Before growing CNTs as shown in
Fig. 5a, both Ni and Al components were homogeneously distrib-
uted in the bimetallic nanoparticles. Even after growing the C-CNTs
at �600 �C (Fig. 5b), Al components were still remained in the
seeded bimetallic nanoparticles. However, after growing the mix-
ture of S-CNTs and C-CNTs at�800 �C as shown in Fig. 5c, Al compo-
nents in the seeded bimetallic nanoparticles were significantly lost,
presumably because the molten liquid-like Al components were
consumed by the precipitation of CNTs.

Then, we turn our attention to see the effect of reacting temper-
ature on the morphology of SU-CNTs. Spray pyrolized bimetallic
nanoparticles with the average size of �300 nm were fed into ther-
mal CVD reactor to grow aerosol CNTs by mixing with acetylene
and hydrogen at 500 �C and 700 �C, respectively.

Interestingly, it is observed as shown in Fig. 4e–h that the diam-
eters of SU-CNTs (DCNT) grown were �60 ± 13 (Fig. 4e and f) and
�10 ± 4 nm (Fig. 4g and h) at 500 and 700 �C, respectively. It is
because the exposed size of Ni sites on the surface of bimetallic
nanoparticles seemed to be decreased presumably due to the ther-
mal expansion of Al melted at �700 �C.

With the assistance of bulk property-based rough estimation, it
is noted that the density of liquid-like Al (i.e., 2.4 g/cm3) melted is
smaller than that of solid Al (i.e., �2.7 g/cm3), which may result in
the thermal expansion of liquid-like Al by �12% in volume com-
pared with solid Al [22]. In order to produce the SU-CNTs, the aver-
age size of bimetallic nanoparticles should be sufficiently large (i.e.,
Dp > �100 nm) in this approach so that the multiple Ni sites, which
are perfectly isolated by the interference of relatively large Al host
matrix sites in the bimetallic nanoparticles, are independently acti-
vated and seeded to radially grow CNTs.

Unlike the growth of single CNT (i.e., S-CNT or C-CNT) on the
bimetallic nanoparticles with smaller than �100 nm in diameter,
multiple CNTs (i.e., SU-CNTs) were grown on the bimetallic parti-
cles with larger than �100 nm in diameter under broad tempera-
ture ranges of 500–800 �C, indicating that isolation of Ni sites
seeded was not perturbed by molten state of Al matrix site even
at the above of melting temperature of Al, and also Al component
was barely consumed by CNT precipitation. It was confirmed by
elemental mapping that Al component was homogeneously dis-
tributed with Ni component before and after growing SU-CNTs at
�800 �C as shown in Fig. 5c and d.

The possible growth mechanisms of aerosol CNTs with straight,
coiled, and sea urchin-like nanostructures are represented in a
simplified schematic in Fig. 6. C-CNT is formed on the entire sur-
face of a seeded bimetallic nanoparticle with the average size smal-
ler than �100 nm at medium temperature ranges of 500–650 �C.
However, the number concentration of C-CNTs decreases signifi-
cantly at relatively high temperature range of 650–800 �C, while
S-CNTs can be easily obtained within this temperature range but
hardly grown at medium temperature range of 500–650 �C. The
growth of S-CNTs results from melting of the Al matrix sites in



Fig. 6. Schematic of possible growth mechanisms of S-CNTs, C-CNTs, and SU-CNTs on bimetallic composite nanoparticles in the gas phase.
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the seeded bimetallic nanoparticles at high temperature range of
650–800 �C so that the liquid-like Al matrix sites are then con-
sumed by subsequent CNT precipitation. Therefore, the presence
of Al components in the seeded bimetallic particles with the aver-
age size smaller than �100 nm is the most important in developing
the desired morphology for C-CNTs and S-CNTs. However, SU-CNTs
are mostly grown on the seeded bimetallic particles with average
size larger than �100 nm, in which Ni sites sufficiently isolated
by Al sites are seeded to radially grow multiple CNTs with the aver-
age diameter of �60 ± 13 nm under the medium reaction temper-
ature ranges of 500–650 �C. If the processing takes place at
relatively high temperature ranges of 650–800 �C, this makes Al
molten and results in significant size reduction of available Ni sites
by thermal expansion of non-catalytic Al matrix sites so that one
can obtain SU-CNTs with the average diameter of �10 ± 4 nm.

4. Conclusions

We have demonstrated that we could tailor the morphology of
aerosol CNTs with straight, coiled, and sea urchin-like nanostruc-
tures in the gas phase by taking advantage of synergistic effect
between the size of spray-pyrolized bimetallic nanoparticles (i.e.,
catalytic Ni sites isolated by non-catalytic Al sites) and the reacting
temperature for growing aerosol CNTs in the thermal CVD.
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