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A one-step method combining spray pyrolysis and thermal chemical vapor deposition (CVD) processes was developed
to grow hybrid carbon nanotube (CNT)—bimetallic composite particles. Nickel, aluminum, and acetylene were used
as the catalytic site, noncatalytic matrix, and hydrocarbon source, respectively. The bimetallic particles (i.e., A1—Ni)
were spray pyrolized and subsequently passed through thermal CVD. During the thermal CVD, the catalytic decomposition
of acetylene occurred on the free-floating bimetallic particles so that sea urchin-like CNTs were radially grown.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analyses revealed the CNTs to
have a uniform diameter of ~10 4 2 nm. The length of the CNTs was controlled by varying the residence time of
the bimetallic nanoparticles with a length of 200—1000 nm. After nitric acid treatment, the CNTs were released by
melting the bimetallic particles. The resulting CNTs were then dispersed in an aqueous solution to examine the effect
of the length of CNTs on their dispersion stability, which is a critical issue for the stability and repeatability of the
heat transfer performance in nanofluids. Ultraviolet—visible (UV—vis) spectrometer analysis showed that shorter
CNTs were less stable than the longer CNTs due to the higher mobility-induced agglomeration of the shorter CNTs.

1. Introduction

The gas-phase growth of carbon nanotubes (CNTs) provides
the major advantage of continuous production of high purity
CNTs. Various gas phase CNT production methods have been
developed, including laser ablation,' wet chemistry,> and the
HIPCO? processes. However, the CNTs grown using previous
gas-phase methods were highly agglomerated at high production
rates. In addition, they have very broad size and length
distributions due to the continuous change in size and shape of
the catalytic seed particles in the gas phase. Controlling the
nanostructures of CNTs provides an innovative means of
enhancing the mechanical, electrical, chemical, and thermal
properties of CNT-based composite materials or devices.* ®

We and others have developed methods to control the diameter
of gas phase-grown CNTs by controlling the size of the catalytic
seed particles using either gas-phase electrophoretic tools’ or
wet chemistry-based metallic particles.® Both approaches produce
size-controlled monodisperse particles, onto which CNTs are
catalytically grown. However, they have inherent problems that
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result in low production rates of CNTs and require expensive
and complex auxiliary systems, particularly in the case of laser
ablation.”

In this study, a one-step, simple and inexpensive method that
enables the production of CNTs with relatively uniform diameter
and controlled length grown on bimetallic aerosol nanoparticles
was developed to overcome the difficulties in controlling the
nanostructures of CNTs and increase the yield in the gas phase.
The process involved a combination of spray pyrolysis and thermal
chemical vapor deposition (CVD). Spray pyrolysis was used to
produce bimetallic nanoparticles, which consisted of catalytic
(i.e., guest nickel sites) and noncatalytic particles (i.e., host
aluminum matrix). This process has the advantage of the versatile,
economical, and continuous high purity production of metallic
seed particles under a simple reactor design. After generating the
free-floating bimetallic nanoparticles in the spray pyrolysis
process, a subsequent thermal CVD process was carried out to
grow the CNTs with controlled nanostructures by controlling
the hydrocarbon source, reaction temperature, and residence time.

This approach has the potential advantages of providing less
agglomerated CNTs in high yield by anchoring the bundles of
CNTs to the surface of the bimetallic particles, and releasing the
CNTs by acid etching into an aqueous solvent for the desired
time and conditions. The latter was also investigated systemati-
cally as a potential application of this approach. Enhancing the
dispersion of CNTs is a critical issue in the preparation of CNT-
dispersed nanofluids. Various physical blending techniques® "'
or chemical functionalization techniques'>~'* have been devel-
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Figure 1. Schematic of the growth mechanism of aerosol CNTs—bimetallic composite particles.

oped to homogeneously disperse CNTs in deionized water or
various organic solvents. Although there are no universal methods,
UV —vis spectroscopy has been used to determine the concentra-
tion and dispersion stability of CNTs in a variety of solvents.'”
However, the optical absorbance of CNTs is strongly affected
by many parameters, such as the diameter, length, and concen-
tration of the CNTs as well as the degree of agglomeration.
Therefore, the second aim of this study was to systematically
examine the effect of CNT nanostructures with a uniform diameter
and controlled length on the dispersion stability in an aqueous
solution.

2. Experiment

2.1. Synthesis of Hybrid CNT—Bimetallic Composite Particles.
The gas-phase growth of aerosol CNTs was carried out using a
combination of spray pyrolysis and thermal CVD processes. Briefly,
the first step involved the preparation of a precursor solution, which
was composed of aluminum nitrate nonahydrate (AI(NO3);+9H,0,
Sigma Aldrich)/nickel nitrate hexahydrate (Ni(NOs);*6H,0, Sigma
Aldrich) at a 1:1 molar ratio in deionized water (> 18 Mohm) with
a total concentration of ~3 wt %. The mixed metal nitrate precursor
solution was aerosolized using an ultrasonic nebulizer, where a
controlled amount of nitrogen gas (< ~5 lpm) was supplied to
rapidly transport the aerosolized metal nitrate droplets. After passing
through a subsequent silica-gel-assisted drying process, the resulting
particles were mixed with hydrogen gas at a flow rate of ~100 sccm
in the first electric tube furnace heated to ~1000 °C to decompose
the metal nitrate nanoparticles into pure bimetallic nanoparticles.
The tube furnace had a heating length of ~30 cm and a quartz tube
diameter of ~2.54 cm. These spray pyrolized bimetallic nanoparticles
were then introduced into the second tube furnace, where they were
mixed with acetylene (C,H,) gas at a flow rate of ~15 sccm and
heated simultaneously at ~750 °C to catalytically grow the CNTs
on the surface of the bimetallic aerosol nanoparticles. Here, the
second tube furnace was set up vertically because it can minimize
the thermophoretic loss of the final products from the thermal CVD
process. The residence time of bimetallic nanoparticles in the thermal
CVD reactor was varied from 10 to 90 s by controlling the flow rate
of nitrogen carrier gas from 5 down to 0.5 lpm, respectively. The
resulting hybrid CNT-bimetallic composite particles were collected
on a membrane filter with a pore size of ~200 nm.

2.2. Preparation and Characterization of CNT-Dispersed
Aqueous Nanofluids. To prepare a homogeneous suspension of the
CNTs released in a surfactant-free aqueous solution, 30 mg of
CNT—bimetallic composite particles were heated under reflux for
1 h in 40 mL of nitric acid. The resulting mixture was then filtered
and washed to remove any residual acidity. The resulting CNTs
collected on the membrane filter were dried at ~100 °C for 4 h. And
then an ultrasonic bath operated at a frequency of 40 kHz and a
power of 200 W was employed to sonicate surface-modified CNTs
in deionized water for 2 h. A nitric acid treatment induces chemical
oxidation of carbon materials, which forms a hydrophilic surface
structure on the carbon materials.'® The morphology of the resulting
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materials was characterized by a scanning electron microscope (SEM;
Hitachi, Ltd., model S-4200), which was operated at ~15 kV, and
atransmission electron microscope (TEM; JEOL Corporation, model
JEM 2011), which was operated at ~100 kV. The optical absorbance
of the CNTs was measured using an ultraviolet—visible (UV—vis)
spectrometer (Scinco, model S-3100). A Zetasizer (Malvern, model
ZEN 3500) was used to observe the dispersion state (i.e., zeta
potential) and the relative hydrodynamic diameter distribution of
the CNT aqueous suspension. In addition, a pH meter (Mettler Toledo,
model 7 Multi TM) was used to measure the pH of various CNT-
dispersed aqueous solutions.

3. Results and Discussion

Figure 1 shows the possible growth mechanism of the hybrid
CNT—bimetallic composite particles. Atomizing the precursor
solution produces discrete aerosol droplets, containing two
metallic nitrates (i.e., nickel nitrate and aluminum nitrate). In the
evaporating droplets, the solute concentration reaches a super-
saturated state and metal nitrate sites begin to nucleate on the
surface of the aerosol droplets. Subsequently, these metal nitrate
particles are mixed with hydrogen gas and heated to ~1000 °C
in the first tube furnace to form pure bimetallic particles containing
both catalytic nickel sites and a noncatalytic aluminum matrix.
The addition of acetylene gas to the pure bimetallic particles in
the second tube furnace heated at 750 °C promotes the formation
of CNTs on the surface of the bimetallic particles (see Figure
2). Reactions at temperatures >750 °C result in the direct
decomposition of acetylene, and then make the coating of the
bimetallic particles with carbon, which inhibits the growth of
CNTs."”

Itis believed that the residence time (%) of the reacting bimetallic
particles within thermal CVD reactor is the key for CNT growth
on the nickel sites in the aluminum matrix resulting from catalytic
decomposition of acetylene. The SEM images of CNTs in Figure
2 show hairy CNTs grown homogeneously over the entire surface
of spherical bimetallic particles. This suggests indirectly that the
catalytic nickel sites are distributed homogeneously in the non-
catalytic aluminum matrix.’® 2! As the residence time of the
bimetallic particles was reduced in the thermal CVD reactor, the
length of the CNTs was clearly observed to become shorter. It
should be noted that the maximum production rate of
CNT—bimetallic composite particles was ~13 mg+-h~!, which
is much higher than that of the pulsed laser ablation (PLA) system-
assisted CNT—nickel nanoparticle generation method (i.e., ~1.3
mg-h™").” In order to compare the mass production rates of pure
CNTsformed, metal particles were removed from the CNT—metallic
composite particles via acid treatment, which will be discussed
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Figure 2. Low-resolution SEM images of the hybrid Ni/Al/CNT
composite particles grown by thermal CVD at a reaction time of (a) ~10
s and (b) ~50 s. (The insets are high-resolution SEM images.)

later in detail. The conversion rate of carbon from acetylene to
CNTs in this approach was then calculated to be ~1.8% based
on the ratio of the mass production rate of pure CNTs of ~8
mg-h~! to the mass supplying rate of the carbon source of ~445
mg-h~! (i.e., C,H, flow rate of ~15 sccm). In the same manner,
the conversion rate of carbon in the PLA-assisted method” was
calculated approximately to be ~0.34% based on the ratio of the
mass production rate of pure CNTs of ~0.5 mg+h~! to the mass
supplying rate of the carbon source of ~148 mg-h™! (i.e., C,H,
flow rate of ~5 sccm).” This indicates that the yield of CNTs
formed by the combination of spray pyrolysis and thermal CVD
in this approach is approximately 5 times higher than that of
CNTs formed by the PLA-assisted method.

With the corroboration of the TEM analysis as shown in Figure
3, bimetallic particles with an average diameter of ~300 nm
were observed to have CNTs with average lengths of 200 4 40
nm (Figure 3a) at t, = ~10 s and 1000 4 200 nm (Figure 3b)
at t, = ~50 s, respectively. High-resolution TEM (HRTEM)
analysis of the CNTs grown on bimetallic aerosol nanoparticles
in Figure 3c,d indicates that multiwall CNTs with relatively
uniform diameters of ~10 £ 2 nm were immobilized by sticking
on the surface of bimetallic particles. Also the CNTs grown are
inherently bent and composed of up to ~15 walls and a hollow
core. The growth rate of the aerosol CNTs in this approach was
calculated to be approximately ~20 nm-s~!, which appears to
be much smaller than the theoretically calculated growth rate for
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Figure 3. TEM images of the Ni/Al/CNT composite particles grown by
thermal CVD for a reaction time of (a) ~10 s and (b) ~50 s. HRTEM
images of (c) the interface between the metallic particle surface and
CNTs and (d) multiwalled CNTs with relatively uniform diameters.

CNTs of ~70 nm+s~! with a carbon diffusivity of ~1.94 x 107°
cm?+s~! and a carbon solubility of ~7.05 x 1073 g-cm™ in
nickel particles of ~10 nm in diameter.> The discrepancy between
the experimentally and theoretically determined growth rates of
CNTs was attributed to the nickel sites in the bimetallic particles
being poisoned by the presence of the aluminum matrix, which
appeared to significantly decrease the carbon solubility in nickel.
As the residence time was further decreased to much less than
~10 s, the nonhomogeneous growth of CNTs was observed on
the surface of bimetallic particles, suggesting that amorphous
carbon or CNT nuclei were formed irregularly due to the
insufficient catalytic reaction time between the bimetallic particles
and hydrocarbon gas in such a short residence time. Therefore,
critical residence time of the catalytic particles in the thermal
CVD reactor is required to ensure the homogeneous formation
of a large population of CNTs. It should be also noted that there
was no appreciable change in the average length of CNTs with
~1000 =+ 200 nm at longer than the residence time of ~50 s,
indicating that catalytic sites of nickel on the surface of bimetallic
particles were deactivated by coking.

One potential advantage of controlling the length of CNTs
using this approach is that it enables an examination of the effect
of length on the behavior of CNTs in a liquid medium. In order
to vary the length of CNTs, many researchers have used
ultrasonication to cut the relatively long CNTs into shorter
CNTs.? However, varying the ultrasoncation treatment time for
long CNTs simply results in the formation of shorter CNTs with
an ill-defined broad length distribution, which can mask the
essential length effect of the CNTs on their thermal, physical,
or chemical behavior in the liquid medium. In order to examine
the behavior of pure CNTs in a liquid medium in this approach,
the metallic particle root first needs to be removed by a nitric
acid treatment for 1 h at ~100 °C. Figure 4a,c shows SEM
images of the short CNTs (hereafter S-CNTs, which have an
aspect ratio of ~20) and long CNTs (hereafter L-CNTs, which

(22) Lander, J.J.; Kern, H. E.; Beach, A. L. J. Appl. Phys. 1952, 23(12), 1305.
(23) Glory, J.; Bonetti, M.; Helezen, M.; Mayne-L’Hermite, M.; Reynaud, C.
J. Appl. Phys. 2008, 103(9), 094309.
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Figure 4. SEM images of (a) S-CNTs (i.e., aspect ratio = ~20) and (c)
L-CNTs (i.e., aspect ratio = ~100) released by the nitric acid treatment
and dispersed on the surface of the silicon substrate, and images of vials
containing (b) S-CNT- and (d) L-CNT-dispersed aqueous nanofluids
after 2 weeks had passed from the initial preparation (experimental
conditions: CNT concentration = 0.001 wt % for both L-CNTs and
S-CNTs; zeta potential = —50.23 mV and pH = 7.02 for L-CNTs; and
zeta potential = —43.67 mV and pH = 6.94 for S-CNTs).

have an aspect ratio of ~100) released from the bimetallic particles
after the nitric acid treatment. This nitric acid treatment also
changes the hydrophobic surface of the CNTs into a hydrophilic
surface, which eventually helps the CNTs with a homogeneous
dispersion in deionized water. Relatively high zeta potentials of
—50.23 mV for the L-CNTs aqueous nanofluid and —43.67 mV
for the S-CNTs aqueous nanofluid were also measured at a pH
value of ~7. The CNT-dispersed aqueous solutions prepared at
a concentration of ~0.010 mg+ml~! did not show any visible
precipitates in the vials even after 2 weeks, as shown in Figure
4b,d. On the basis of results of zeta potential measurements, we
assumed that both S-CNTs and L-CNTs have very similar
hydrophilic properties via nitric acid treatment and homogeneous
distribution in the aqueous solutions via strong ultrasonication,
such that the Brownian movement of the CNTs plays the key
role of disturbing the dispersion state of the CNTs in the aqueous
solutions.

After the controlled release of CNTs via a nitric acid treatment,
the two groups of CNTs, L-CNTs and S-CNTs, were dispersed
in deionized water. Dynamic light scattering (DLS, i.e., a
Zetasizer) was first used to estimate the relative particle size
distribution of the L-CNTs and S-CNTs dispersed in deionized
water. The measured particle size distribution using the DLS
system does not correspond to the real nanostructures of the
CNTs because the CNTs have a high aspect ratio and absorptive
property. However, the evolution of relative particle size
distributions, corresponding to each group of CNTs with different
lengths, could be observed as a function of the elapsed time.
Figure 5a,b shows that the average hydrodynamic diameters of
S-CNTs and L-CNTs increased slightly with increasing elapsed
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Figure 5. Hydrodynamic diameter distributions of (a) S-CNTs and (b)
L-CNTs in deionized water measured by DLS at an elapsed time of 7
= 0 h (i.e., initial preparation of CNT-based solution) and 24 h after
sonication.

time. The initial diffusion coefficients of 4.16 yum?+s ™! for S-CNTs
and 3.87 um?+s™! for L-CNTs were also found to decrease to
avalue of 3.96 um?+s~! for S-CNTs and 3.80 um?+s~ ! for L-CNTs
in 24 h. This indicates that the CNTs began to agglomerate to
some extent in the deionized water, and S-CNTs especially seem
to make agglomeration faster than L-CNTs due to the higher
mobility of S-CNTs.

UV —vis spectroscopy was carried out to quantify the dispersion
stability of CNTs. First, the absorbance at the wavelength of 500
nm was plotted as a function of the concentration of CNTs for
both the L-CNT- and S-CNT-dispersed aqueous nanofluids.
According to the Beer—Lambert law (i.e., A = eLc, where € is
the absorption coefficient, L is the distance that light beam travels
through the colloidal solution (= 1 cm), and ¢ is the CNT
concentration), the slopes of the absorbance vs CNT concentration
lines are the absorption coefficients,'> which were found to be
~42.58 mL-mg !'*cm™! for L-CNTs and ~34.88 mL-mg !-
cm™! for S-CNTs as shown in Figure 6a. The variation in these
adsorption coefficients was due to an experimental error of +
15%. These absorption coefficients were quite similar to the
4220 mL'mg !'scm™! and 39.92 mL-mg!'-cm™! reported
elsewhere, where MWCNTs were dispersed either in chloroform
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Figure 6. (a) Absorbance of the L-CNTs and S-CNTs at a wavelength
of 500 nm as a function of the concentration of CNTs. (b) Relative
absorbance of the L-CNTs and S-CNTs as a function of the elapsed time
and concentration.

in the presence of polybutadiene®® or in deionized water by
ultrasonication.' This suggests that the absorption coefficients
of CNTs are a weak function of the aspect ratio of CNTs.

In order to confirm the effect of CNT length on their dispersion
stability, two groups of L-CNT- and S-CNT-dispersed aqueous
solutions were prepared with three different concentrations of
0.005, 0.010, and 0.020 mg+ml~'. The absorbance at a given
time was integrated at the wavelength range of 700—1000 nm,
in which there was no appreciable change in absorbance as a
function of wavelength. This suggests that the major factor

(24) Baskaran, D.; Mays, J. W.; Bratcher, M. S. Chem. Mater. 2005, 17(13),
3389.
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influencing the absorbance is the dispersion state of CNTs in
aqueous solutions. The dispersion stability of CNTs in the aqueous
solution was evaluated by calculating the relative absorbance
with the ratio of the integrated absorbance of CNTs at the initial
time to the integrated absorbance of CNTs at each elapsed time.
The relative absorbance of each CNT-dispersed aqueous solution
group (i.e., L-CNTs and S-CNTs) was measured by UV—vis
spectroscopy for ~24 h, as shown in Figure 6b. It should be
noted that the S-CNTs had a much lower relative absorbance
than the L-CNTs for all three different concentrations. This
suggests that S-CNTs have relatively lower long-term dispersion
stability because they tend to have a higher degree of ag-
glomeration with elapsed time on account of their higher mobility
relative to that of L-CNTs.

4. Conclusions

This paper reports a method for producing length-controlled
CNTs with sea urchin-like shapes, which were grown on
bimetallic aerosol nanoparticles in the gas phase. In this approach,
acombination of conventional spray pyrolysis and thermal CVD
processes enables the formation of CNTs with uniform diameters
of ~10 = 2 nm, a controlled-length of 200—1000 nm, and a
maximum production rate of ~13 mg+h~!. The gas-phase growth
of CNTSs occurred on the nickel sites in the aluminum matrix,
which were presented within the bimetallic nanoparticle form.
The length of the CNTs was controlled by varying the residence
time of the reacting bimetallic nanoparticles during the thermal
CVD process. After producing the length-controlled CNTs, they
were released by a nitric acid treatment, and the effect of their
length on the dispersion stability in aqueous nanofluids was
examined. Shorter CNTs had lower dispersion stability, presum-
ably due to the higher mobility-induced agglomeration in the
aqueous solution. The potential advantages of this approach are
that (i) it produces a high volume of unagglomerated CNTs with
controlled nanostructures and high purity under a relatively short
residence time of less than ~50 s, and (ii) the CNTs can be
released by anitric acid treatment at a desired time and conditions.
This can allow an examination of the effect of the aspect ratio
of CNTs on their mechanical, electrical, and thermal properties
in a given medium (e.g., polymer, organic or inorganic solvent,
etc.).
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