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Single-walled carbon nanotube (SWCNT) films have received much attention

due to their potential for use in applications such as thin film transistors,[1] solar

cells,[2] touch panels, [3] etc. Synthesis of a SWCNT film on a substrate, e.g. Si wafer,

usually involves deposition of a thin metal layer, which later aggregates into nano-sized

particles at high temperature. These nanoparticles serve as the nucleation sites for

SWCNT growth. In most previously reported studies, this metal layer is prepared by

physical deposition methods such as sputtering or evaporation[4], and SWCNTs with

various morphologies have been obtained from this approach. Key parameters of the

produced SWCNTs (length, average diameter, density, etc.) can be adjusted my

modifying the catalyst deposition process.[5, 6] In addition to these conventional

physical deposition methods, several advances in catalyst loading by wet processes —

which offer clear advantages in simplicity and scalability -- have been recently reported.

Dip-coating,[7] drop-casting,[8] and spin-coating[9] have been used in catalyst

preparation for synthesis of SWCNTs and multi-walled CNTs (MWCNTs), but are

limited to flat substrates with appropriately wettable surfaces. Here, we report the

synthesis of high quality SWCNTs from catalyst prepared by a spray coating technique,

which had previously only been able to generate MWNTs.[10] The obtained SWCNTs

are shown to be comparable to those grown from dip-coated catalyst by alcohol



catalytic chemical vapor deposition (ACCVD),[7] and the nanotube diameter can be

modulated by modifying the deposition recipe.

Figures la and b present schematics of spray coating and our conventional

dip-coating process. [7, 11, 12] Spray coating is an efficient method for coating a thin

liquid film on a solid surface, and is widely used in industry. Spray coating has also

recently been used to produce ZnO and ITO films. However, in all these cases the

particles produced are on the order of hundreds of nanometers or even micrometers in

diameter. The growth of SWCNTs requires particles with much smaller diameter,

typically below 5 nm. Figure Ic shows a characteristic scanning electron microscope

(SEM) image of the material grown from catalyst prepared by spray coating. A random

mat of SWCNTs is formed on the substrate after CVD. The thickness of the mat can be

adjusted from a few tens of nanometers up to several micrometers by changing the CVD

time. Transmission electron microscope (TEM) images in Figure 1f confirm that the

SWCNTs are well crystallized, with little amorphous carbon or other impurities. Since

the SWCNT films were detached from the substrate using HF etching, the catalyst

particles are also transferred onto the TEM grid together with the SWCNT film. This

allows us to confirm that catalyst particles deposited by spray coating have a mean

diameter of approximately 2 nm. In general, the SWCNTs obtained on spray-coated



catalyst are comparable to those grown from dip-coated catalyst (Figures 1d and 1f) in
terms of key structural parameters such as diameter, purity and yield.

Figure 2 shows typical Raman spectra of the SWCNTs grown from
spray-coated catalyst with various catalyst recipes. In this series of experiments, we
adjusted the catalyst ratio by simply prolonging the deposition time of Mo acetate
solution from 1 s to 128 s. A strong G peak at 1592 cm™ and a very weak D peak
centered near 1350 cm’! are observed in all cases, confirming the high degree of
crystallization despite changing the relative Mo concentration over two orders of
magnitude. Clear fingerprints in the RBM region from 100-300 cm™' always exist. The
trend in both the RBM region (slight intensity increase at higher wavenumbers) and the
G- peak (clear shift to lower wavenumbers) suggests that SWCNT diameter decreases
with increasing amount of Mo.

We replaced the conventional Si wafer substrate by Al20s fiber and quartz wool,
and deposited catalyst by spray coating. This is motivated by the fact that unlike
dip-coating or spinning coating, where substrates need to be either submerged into a
solution or placed on a spin-coating stage, spray coating has far less stringent
requirements regarding size, shape, and porosity of a substrate, and hence can be

applied to more systems. In principle, this protocol may be also applied to material with



other shapes or rough surfaces. Figure 3 shows typical SEM images of Al.O3 fibers
before (a, ¢) and after (b, d) spray coating and SWCNT growth. From these SEM
images it is clear that SWCNTSs were successfully grown on the surface of a fiber with a
diameter of several micrometers. A typical Raman spectrum of fiber-supported
SWCNTs is shown in Figure 3e (red line), along with a spectrum of a pristine Al2O3
fiber (black line) for reference. The appearance of clear G and RBM peaks confirms the
synthesis of SWCNTs. We measured the electrical conductance of the fiber before and
after SWCNT coating. The quartz wool changed from an insulator to a conductor with a
surface resistivity of 10* Qecm, which is a typical value of ACCVD-produced SWCNTs.
The wetability of the fibers also changed significantly, exhibiting a water contact angle
of 140° after SWCNT growth (Figure 3f).

Unlike in dip-coating, where the amount of catalyst deposited onto the
substrate is determined by the concentration of the precursor solution and finally limited
by the solubility of the precursor salt, the amount of catalyst that can be deposited by
spray-coating can be increased (in principle infinitely) by prolonging the deposition
time. This facilitates an investigation of the catalyst window and its relationship to the
grown SWCNTs across a broader concentration regime. Figure 4 shows characteristic

TEM images and diameter distribution histograms of SWCNTs synthesized from



different amounts of deposited catalyst. The mean diameter of SWCNTSs (determined by

measuring more than 100 tubes for each sample) changed from 1.55 nm to 1.75 nm after

a 128-fold increase in Co deposition time, but decreased from 1.85 nm to 1.35 nm when

the Mo deposition time was increased by the same amount. This trend (both decreasing

Co and increasing Mo yields smaller diameter SWCNTSs) is consistent with previous

findings using the dip-coating approach.[11] Though the detailed catalytic mechanism

in this bimetallic system is not fully clarified, it is generally accepted that Mo can

inhibit aggregation or ripening of catalyst nanoparticles. For example, Zhao et al.

performed a carful element mapping Fe/Mo catalyst loaded on layered double oxides

and confirmed that Mo pinned between Fe particles prevented sintering of Fe at high

temperature.[13] Hu et al. proposed that Mo existed as oxide and molybdates that can

improve dispersion and stability of metallic Co.[14] However, in this experiment

increasing the amount of deposited Mo did not yield SWCNTs thinner than 1.2 nm,

which was the limit obtained in our previous work.[11] Nonetheless, the ability to

prepare catalyst with an unlimited catalyst amount/ratio (like physical deposition) by

using a simple wet process may extend the feasibility of wet catalyst preparation

methods and provide better chance for structural control in the future studies.



To conclude, we propose spray coating as an optional liquid-based method that

can prepare nano-sized particles suitable for the growth of SWCNTs with tunable

diameter. The obtained SWCNT films are comparable to those produced by

conventional ACCVD in terms of crystallization, tube diameter and carbon yield.

Beside its potential advantage in scalability and large area deposition, spray coating is

more feasible than dip-coating or spin-coating in controlling the amount and

composition of catalyst deposited onto a substrate, resulting in an efficient modulation

of the mean diameter (from 1.85 to 1.35 nm) of the obtained SWCNTs. In addition,

spray coating allows catalyst preparation on supports other than flat wafer. High quality

SWCNTs are synthesized on quartz and Al2O3 wool.
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Figure 1. A comparison between spray-coating and conventional dip-coating: (a)(b)

schematics of the two processes, (c)(d) characteristic SEM images and (e)(f) TEM

micrographs the SWCNTs grown from catalysts prepared by these two methods.
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Figure 2. Raman spectra of SWCNTs grown from catalyst with fixed a fixed amount of
Co (1 s deposition) but increasing amount of Mo. A strong G band and clear RBM peaks

are observed in all samples.
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Figure 3. Characteristic SEM micrographs of Al2O3 wool (a)(c) before and (b)(d) after
catalyst deposition and CVD; (e) Raman spectra of Al2Os3 fibers before and after CVD

growth; (f) water contact angle of SWCNT-coated Al203 fibers.
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Figure 4. Representative TEM images and diameter histograms of SWCNTs grown

using different catalyst recipes, suggesting the SWCNT diameter can be tuned simply

by changing the deposition time of the catalyst precursor solution. The diameter is more

sensitive to the amount of Mo than to the amount of Co.
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Details of Catalyst Preparation, Carbon Nanotube Growth and Characterization

The catalyst is prepared by an ultra-sonic spray generator operating at 1000W.

Two solutions, cobalt acetate dissolved in ethanol (0.01 mol/L) and molybdenum

acetate dissolved in ethanol (0.01 mol/L), are used separately as the catalyst precursor.

The precursor solution forms droplets (200 nm to 2 um in diameter) before depositing

onto the substrate (silicon wafer with 500 nm oxide layer), which is placed 2 cm lower

to the spray nozzle. After deposition, the substrate is annealed at 400 °C to decompose

the acetate. Single-walled carbon nanotubes are synthesized by a chemical vapor

deposition (CVD) using ethanol as the carbon source at a CVD temperature of 800 °C

and an ethanol pressure of 1.3 kPa. More details of the dip-coating and CVD process

may be found in our previous reports.[1-3] The obtained material is characterized by

scanning electron microscope (SEM, S-4800), Raman spectrometer (Horiba HR800).

The diameter information is collected by transmission electron microscope (TEM, FEI

Tecnai F12). The conductivity of SWCNT coated Al2Os fiber is measure by a four probe

stage connecting to a semiconductor analyzer (Agilent BI15S05A). The wetability is

measured by a contact angle tester (Kruss DSA100).
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