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ABSTRACT

We demonstrate that nanosized Au particles have carbon solubility. Au-catalyzed carbon material growth by chemical vapor deposition undergoes
a structural change, either a carbon nanowire or a single-walled carbon nanotube, depending on the catalyst particle size. This carbon material
growth from Au is derived by the formation of Au-C eutectic nanosized alloy.

Nanosized iron-group metals (Fe, Co, and Ni) are known to
catalyze single-walled carbon nanotube (SWCNT) growth
in chemical vapor deposition (CVD).1 For the precise
structural control of SWCNTs such as the chirality, the
mechanism of SWCNT growth from iron-group catalysts has
been investigated by moleculardynamics calculations and
experimental studies.2–6

A common understanding of the SWCNT growth pro-
cesses from iron-group catalysts by CVD is that carbon-
bearing molecules are catalytically decomposed on the
catalyst surface, resulting in the incorporation of carbon
atoms into the catalyst. Once supersaturation is formed,
carbon atoms precipitate from the catalyst, which leads to
nanotube growth. The vapor–liquid–solid (VLS) mechanism
is one explanation of carbon uptake and supersaturation in
the catalyst.7 The VLS growth mechanism is based on the
solubility of carbon in catalyst metals. However, it has
recently been reported that even gold (Au) acts as a catalyst
for SWCNT synthesis.8,9 Unlike the iron-group elements, the
carbon solubility of Au is extremely low in bulk phase.10

For the clarification of the SWCNT growth mechanism from
metal catalysts, it is necessary to consider the results of Au-
catalyzed SWCNT growth.

The catalysis of Au for SWCNT growth depends on the
catalyst particle size: SWCNTs can be synthesized from Au
particles 5 nm or smaller in diameter.8 The question is: What
is the mechanism of SWCNT growth from Au nanoparticles.
In the present study, we investigated the Au-catalyzed

SWCNT growth mechanism using site- and size-controlled
Au nanoparticles on atomic steps of a Si surface.

The size of Au nanoparticles could be controlled by the
amount of Au deposited and the step spacing of the Si
substrate during in situ observation by low-energy electron
microscopy (LEEM).11 In this method, obtained nanoparticles
are Au-Si alloy not pure Au. Since the concentration of
Au in Au-Si eutectic alloy is about 80 atom %,12 Au-Si is
expected to behave similarly to Au. (This similarity between
Au-Si and Au is described later.) This means that the results
of SWCNT growth from Au-Si nanoparticles would be
applicable to the discussion of the Au-catalyzed SWCNT
growth mechanism.

In the present study, both Au-Si and pure Au nanopar-
ticles were employed as catalysts for carbon material growth.
Pure Au particles were prepared by conventional vacuum
deposition. All carbon materials were synthesized by CVD.
The carbon material growth source was ethanol (850 °C
growth temperature) or methane (1100 °C growth temper-
ature). Details about the Au-Si nanoparticle formation and
CVD condition for carbon material synthesis are described
in the Supporting Information. Here, we should note that
the Au-nanoparticle-deposited Si substrates were heated in
air up to 850 °C. Thus, the Si surfaces were oxidized.

First, we show the results for about 10–30 nm Au-Si
nanoparticles, which were obtained using a Si(111)
substrate with a step spacing of about 500 nm. A LEEM
image of self-assembled Au-Si nanoparticles on atomic
steps of Si surface is shown in Figure 1a, where the white
and the black arrows indicate a Au-Si nanoparticle and an
atomic step, respectively. The atomic force microscope (AFM)
image of Au-Si nanoparticles in Figure 1b reveals that the
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height of nanoparticles is about 10 ( 2 nm. Au-Si particle
size is controlled by the amount of Au deposited. We
investigated the carbon material growth from the 10–30 nm
Au-Si nanoparticles. Figure 1c is a scanning electron
microscope (SEM) image of the sample surface after ethanol
CVD. This SEM image indicates that Au-Si nanoparticles
have the catalysis for the wirelike material synthesis. Since
the source molecules were ethanol, the wirelike structure
should be composed of carbon. The transmission electron
microscope (TEM) image in Figure 1d shows that grown
structures are amorphous carbon nanowires (CNWs). From
the results of Figure 1, it is clear that Au-Si nanoparticles
of 10–30 nm act as catalysts for CNW growth.

Aligned Au-Si nanoparticles on atomic steps are useful
for characterizing the growth behavior of the product material
from the catalyst. As shown in Figure 1c, inactive Au-Si
nanoparticles remained at the original position along the
atomic step. On the other hand, active Au-Si nanoparticles
moved from their original position after CVD and stayed at
one end of the CNW. The other end of the CNW is located
at the atomic step. All active catalysts showed the same
behavior.

To investigate the carbon material growth from small
Au-Si nanoparticles, we prepared Au-Si nanoparticles
using a Si(111) substrate with bunched atomic steps and a
narrow terrace spacing of about 150 nm. The AFM image
in Figure 2a proves that Au-Si nanoparticles of 4 ( 1.5
nm aligned along the bunched atomic steps. The SEM images
after the ethanol CVD are shown in Figure 2b. Grown
materials, nanosize Au particles, and atomic steps can be
imaged by SEM,13,14 in which black wirelike and white
wirelike contrasts are grown carbon materials that lie on the
substrate surface and float above it, respectively. TEM
observation and Raman scattering indicate that the grown
materials are SWCNTs not CNWs. The TEM image in

Figure 2c confirms that the synthesized carbon material from
Au-Si has a tubular structure of a single layer. Raman
spectra obtained with excitation wavelengths of 532, 633,
and 785 nm are shown in Figure 2d. Signals originating from
the vibration of the radial direction of SWCNTs (called radial
breathing mode, RBM) are observed clearly in the low-
frequency region of the Raman spectra. The SWCNT
diameters can be estimated to 1.0–1.8 nm from the Raman
shift of the RBM peaks.15,16 In the inset of Figure 2b
(magnified image), we can clearly observe SWCNT (*1)
grown on an Au-Si nanoparticle (*2) on a bunched atomic
step (*3). This SEM image reveals that almost all of the
SWCNTs grow from particles fixed to steps.

We demonstrated that Au-Si nanoparticles produce,
depending on their size, either CNWs or SWCNTs and that
the critical catalyst diameter separating CNWs and SWCNTs
is around 5 nm. Au is the major component of Au-Si alloy.
Therefore, Au may play a dominant role as a catalyst of
carbon material growth, and pure Au should also lead to the
size-dependent structural change of Au-catalyzed carbon
materials, just like Au-Si nanoparticles did. We examined
CVD growth using pure Au particles 10 ( 1.5 nm in size
on SiO2 and aluminum hydroxide (AlOOH) substrates. TEM
images of vertical CNW growth from pure Au nanoparticles
are shown in Figures 3a and 3b for methane CVD, and in
Figure 3c for ethanol CVD. Each CNW has a Au nanopar-
ticle on the top. The results of an energy dispersive X-ray

Figure 1. CNW growth from site- and size-controlled Au-Si
nanoparticles. (a) LEEM image of Au-Si nanoparticles on atomic
steps on a Si surface. (b) AFM image of Au-Si nanoparticles (10
nm mean diameter) on atomic steps. The step spacing is 500 nm.
(c) SEM image of CNW growth from Au nanoparticles (30 nm
mean diameter), in which white and black arrows indicate the
Au-Si catalyst that has moved from the atomic step and original
position of the Au-Si catalyst, respectively. (d) TEM image of
grown CNW.

Figure 2. SWCNT growth from site- and size-controlled Au-Si
nanoparticles. (a) AFM image of Au-Si nanoparticles (5 nm or
smaller in size) on bunched atomic steps on Si surface. The step
spacing is 150 nm. (b) SEM image of CNW growth from Au
nanoparticles (inset: magnified image). (c) TEM image of grown
SWCNTs. (d) Raman spectra of grown SWCNTs. The asterisk
shows the silicon-originated signals.
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analysis of the Au nanoparticle on the CNW in Figure 3c
are shown in Figure S1. Although the growth temperatures
were different between the methane CVD (1100 °C) and
ethanol CVD (850 °C), the grown materials were both
amorphous nanowires and the Au particles showed hemi-
spherical shapes, indicating they were molten during CVD.

The above results show that pure Au nanoparticles can
also produce, depending on their size, either SWCNTs8 or
CNWs. From the results in Figures 1-3, we can conclude
that (i) unlike bulk Au, nanosized Au has carbon solubility,
and that (ii) Au forms Au-C nanoalloy droplets (liquid
phase) and produces a CNW by the VLS mechanism. These
conclusions can be deduced from the similarity of the Au-
catalyzed semiconductor nanowire growth.17 During Au-
catalyzed silicon nanowire (SiNW) growth, the Au particle
incorporates Si atoms and forms the Au-Si eutectic alloy.18

Au-catalyzed VLS-like CNW growth means that carbon is
soluble in a nanosized Au particle and forms Au-C eutectic
alloy, just like in the SiNW growth from Au catalyst. Since
no eutectic phase with carbon has been observed for bulk
Au, these phenomena are a feature specific to a nanosize
Au particle.

These phenomena provide insights into the mechanism of
carbon material growth from Au catalysts. When Au catalyst
particle size is large (10–30 nm), CNWs are grown. The VLS
mechanism reasonably explains the CNW formation. Au
nanoparticles probably form a eutectic alloy with carbon and
are present in a liquid phase (droplet) in the carbon material
growth ambient. Au droplets have a high surface tension, as
indicated by their spherical shape. On the other hand, when
a carbon layer is formed, it lowers the interface energy
between Au droplets and the substrate. Therefore, super-
saturated carbon atoms precipitate at the Au droplet-substrate
interface, and this brings the CNW formation.

When the catalyst size becomes small, SWCNTs are grown
from Au catalysts instead of CNWs. This structural change
from CNW to SWCNT is caused by an increase of carbon
solubility in Au and the critical energy of nanowire nucle-
ation. The size dependence of the solubility in Au is shown

in Figure 4. The solubility S in the particle with radius r is
estimated as19

S) S0 exp(2σV ⁄ kTr) (1)

where S0 is the solubility in bulk material, defined as the
ratio of the amounts of solute and solvent, σ is the surface
tension, V is the volume of a metal molecule, k is the
Boltzmann constant, and T is the melting temperature in bulk
phase. For σ and S0, the values in refs 20 and 10 were used.
The carbon solubility in bulk Au is extremely low.10

However, in small Au particles (5 nm or smaller), the carbon
solubility should increases drastically. With the increase of
carbon solubility in Au, the driving force of carbon precipita-
tion from Au is suppressed. Additionally, the decrease of
particle size leads to increase of the critical energy of
nanowire nucleation from the catalyst particle, which has
been shown by thermodynamics calculation and experimental
studies for SiNWs.21–23 By these phenomena, the CNW
nucleation from a small Au catalyst particle is suppressed.
Furthermore, in small size Au particle, carbon may prefer-
entially precipitate on the Au particle surface because the
surface tension of graphite is smaller than that of Au.20,24

Consequently, carbon atoms not used for the CNW synthesis
form a carbon network on the Au particle surface as the
nucleus of the SWCNT cap, and this cap nucleation derives
the SWCNT formation.25 The Au particle size determines
the upper bound of SWCNT diameter, and SWCNTs thinner
than the Au particle size can be grown.14

In the present study, Au (Au-Si) nanoparticles of 10–30
nm produced CNWs. On the other hand, growth of multi-
walled CNTs (MWCNTs) has been reported from Au
nanoparticles in this size range when they were supported
on Al2O3 and C2H2 was used as the carbon source.26 The
carbon precipitation mechanism in the MWCNT case might
be similar to that for CNWs described above. Carbon atoms
in a nanoparticle precipitate at the interface between the
nanoparticle and the substrate when the particle size is 10–30
nm and form either a CNW or a MWCNT. The factor that
determines whether a CNW or MWCNT is formed is not
clear, but it could be the interface energy or the precipitation

Figure 3. CNW growth from Au nanoparticles. (a) CNW growth
on SiO2 substrate in methane ambient at 1100 °C. (b) Magnified
CNW image from substrate of (a). (c) CNW growth on AlOOH
substrate in ethanol ambient at 850 °C.

Figure 4. Carbon solubility in Au from the bulk phase to nanosized
particle and structural change of Au-catalyzed carbon materials.
Carbon solubility is indicated in molar fraction in this figure, instead
of molality in eq 1.
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rate of carbon atoms on the interface of Au catalyst particle
and the substrate. We believe the model of structural change
from CNW to SWCNT depending on catalyst particle size
can be applied to the iron-group and other conventional
catalyst metals. In these cases, MWCNTs are preferentially
grown instead of CNW probably because of their catalytic
function of graphitization.

Iron-group metals have high carbon solubility in the bulk
phase.19 Because of this high carbon solubility, iron-group
metals can produce carbon materials from large particles.
However, since Au does not have carbon solubility in the
bulk phase, carbon materials cannot be produced from large
particles. When Au particle size becomes several tens of
nanometers, it has carbon solubility as shown in Figure 4.
As a result, carbon materials are produced from Au catalyst
particles. This model of carbon solubility in nanosized
particles would be valid for other catalysts. For instance,
recently, it has been reported that small germanium particles
act as catalysts for SWCNT growth,25 though germanium
has little solubility for carbon in the bulk phase. We should
note that the present model is based on the VLS picture and
explains the catalyst size dependence of carbon uptake/
precipitation. Recently, Kodambaka et al. reported that Ge
nanowires grew in a similar way to VLS from solid Au-Ge
at below the Au-Ge eutectic point.27 In the present study,
the growth temperatures were higher than the melting points
of nanosized Au,28 but taking a liquid phase might not be
essential for a high carbon solubility in nanoparticles.

Supporting Information Available: Description of ex-
perimental methods and figure of high-resolution TEM and
EDX spectrum of Au-catalyzed CNW on Al hydroxide
substrate. This material is available free of charge via Internet
at http://pubs.acs.org.
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