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The shape transformation of gold directly on graphene has been well studied by thermally
annealing gold-deposited graphene samples at the temperature range from 600 to 800 °C.
We find that few-layer graphene can be served as a platform to transform a gold film into
mainly hexagonal gold nanoparticles (AuNPs) at 600 or 700 °C, or coexistence of hexagonal
and triangular AuNPs at 800 °C. Especially, the size and density of these AuNPs are depen-
dent on the number of graphene layers, indicating the strong relationship between gold
shape transformation and the number of graphene layers on the substrate. We propose
that annealing-induced growth of gold islands and the layer-dependent interactions among
Au and n-layer graphene are the two main causes for this shape transformation. Mean-
while, Raman enhancing effects of these AuNPs are also investigated. These faceted AuNPs
exhibit excellent SERS effects on Raman spectra of few-layer graphene with the enhance-
ment factors up to several hundreds. Combined with n-layer graphenes, these faceted AuN-
Ps can be used as graphene-based SERS substrates for increasing Raman signals of
adsorbed rhodamine 6G molecules with a larger scale than those based on fresh graphenes.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction graphene a promising candidate for potential applications

in energy generation and storage, composites, and superca-

Due to the unique electronic properties and exceptionally
high crystal quality, graphene has attracted great attention
since it was firstly discovered in 2004 [1]. The exceptionally
chemical and physical properties, such as high carrier mobil-
ity (200,000cm?V~'s™Y) [2], thermal conductivity
(~5000 Wm™* K™% [3-5], white light transmittance (~97.3%)
[6], and large specific surface area (~2630 m?g%) [7], make

* Corresponding author: Fax: +86 10 62656765.
E-mail address: slf@nanoctr.cn (L. Sun).

pacitors [8-14]. To attain this goal, chemical modification or
functionalization of graphene can offer the effective ap-
proach to fabricate novel graphene-based composites or hy-
brids. Recently, various materials have been employed to
synthesize graphene-based composites or hybrids, such as
metal nanoparticles [15-22], boron nitride [23,24], metal oxi-
des-based nanostructures [25,26], and multilayer graphene
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[27], etc. Beyond these materials, metal nanoparticles, espe-
cially gold nanoparticles (AuNPs) have been paid much atten-
tion because of their potential applications in catalysis, fuel
cells, gas sensors and biological applications [16,28,29]. In or-
der to attach metal nanoparticles onto the graphene surface,
pre-modification of some organic spacers as the adhesives,
like octadecylamine onto graphene surface is necessary. Fol-
lowing selective chemical functionalization, graphene oxides
can be used as templates to tune the shape and crystalline of
nanomaterials adsorbed on their surfaces [15,30,31]. However,
on the basis of solution-phase, these chemical routes involve
multistep chemical and physical processes as well as surfac-
tants, solvent molecules, or unreacted chemical precursors.
In the meantime, these chemical approaches and the pres-
ence of defects make graphite oxides very difficult to precisely
control the shape of metal nanoparticles or investigate the
excellent surface properties of graphene. Therefore, it is very
attractive to introduce new physical methods to investigate
the shape evolution of nanomaterials directly on n-layer
graphenes without any chemical modification on graphene
surface.

Although the interlayer interaction between graphene
layers is very weak, n-layer graphenes exhibit excellent
layer-dependent properties [6,32-35]. For example, with the
increase of the number of graphene layers, the white light
transmittance of suspended graphenes decreases linearly by
a value of na, where o = e?/hc ~ 1/137 [6]. Also, after thermal
evaporation of Ag or Au films onto graphenes, Raman scatter-
ing of n-layer graphenes is enhanced with a decreasing
enhancement factor [32,33]. Moreover, the surface diffusion
of gold on graphenes with different layer number is obviously
different, which is attributed to different surface diffusion
barriers of gold on n-layer graphenes [34] or different interac-
tions among Au and graphenes [35]. Thus, as typically two-
dimensional materials with mainly sp>bonded carbon
sheets, n-layer graphenes can provide the ideal prototype to
be effectively used as tunable substrates for controlling metal
nanoparticles with different sizes and shapes because of their
excellent layer-dependent surface properties [34,35].

In present work, we firstly report that few-layer graphene
can be served as an extraordinary platform to tune a gold film
into hexagonal or triangular AuNPs by means of thermal
annealing with controlled temperature from 600 to 800 °C.
Especially, with the increase of graphene thickness, the size
of these AuNPs increases, while the particle density decreases.
These results suggest that gold shape transformation is
greatly related to the number of graphene layers. To under-
stand the possible mechanisms, we propose that annealing-
induced growth of gold islands and the interactions among
Au and n-layer graphenes are the two main causes. The main
advantage of performing this process is that surfactants, sol-
vent molecules, or unreacted chemical precursors are absent,
which can minimize the growth, dissolution, or severe reshap-
ing of metal nanostructures. Meanwhile, these faceted AuNPs
exhibit excellent surface-enhanced Raman scattering (SERS)
properties, which can enhance Raman peak intensities of
the characteristic G and 2D bands in graphene with two orders
of magnitude larger than those collected on pristine n-layer
graphenes by simply comparing the enhanced Raman signal

with the normal Raman signal at the same ambient condi-
tions. Combined with n-layer graphenes, these faceted AuNPs
can be used as graphene-based SERS substrates to enhance
Raman signals of adsorbed rhodamine 6G (RgG) molecules on
them, which exhibit much more obvious Raman enhancing
effects than that based on fresh n-layer graphenes.

2. Experimental
2.1.  Sample preparation and identification

Pristine n-layer graphenes were mechanically exfoliated from
natural graphite (Alfa Aesar), and then transferred onto the
silicon substrate with a 300 nm SiO, layer. The combined
techniques of optical microscope (Leica DM 4000) and
micro-Raman spectroscopy (Renishaw inVia Raman Spectro-
scope) were applied to determine the number of graphene
layers.

2.2.  Gold film deposition and thermal annealing

After thickness determination of n-layer graphenes, thin gold
film was thermally deposited onto the silicon substrate-
supported graphenes in a vacuum thermal evaporator at a
deposition rate of 1.0 A/s under a vacuum of ~10~*Pa. Then
the gold-deposited graphene samples were thermally
annealed in a quart tube, in the center of a tubular furnace
at the temperatures above 600 °C and below 900 °C. During
thermal annealing for about 2 h, a gas coflow of 200 sccm Ar
and 10 sccm H, was introduced into the tubular furnace. At
each step, all the samples were characterized by scanning
electron microscopy (SEM) and Raman spectroscopy.

2.3. Micro-Raman spectroscopy

The micro-Raman spectroscopy (Renishaw inVia Raman
Spectroscope) experiments were carried out under ambient
conditions with 514.5 nm (2.41 V) and 633 nm (1.96 €V) exci-
tations. 514.5 nm laser excitation was used to determine the
number of graphene layers, and to study Raman enhance-
ments of well-faceted AuNPs/graphene hybrids on adsorbed
ReG molecules, while the SERS effects of well-faceted AuNPs
on Raman spectra of n-layer graphenes were examined by
633 nm. In order to avoid laser induced heating on samples
[36,37], the laser power was set below 1.0 mW. The application
of a 100x objective lens with a numerical aperture of 0.90 can
provide us a ~1 pm laser spot size. Many Raman spectra (~10)
of pristine or Au-decorated graphenes were collected to
ensure the credibility and repeatability of the results.

3. Results and discussion

The diagram designed for the experiments is shown in Fig. 1.
After the thickness of n-layer graphenes was definitely deter-
mined [34], a thin gold film was thermally evaporated onto
n-layer graphenes (Fig. 1a and Fig. S1, Supplementary mate-
rial). Then the samples were submitted to a tube furnace for
further thermal annealing in hydrogen and argon gas coflow
(200 sccm/10 scem, respectively) at the atmospheric pressure.
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Fig. 1 - The diagram showing the annealing-induced gold
shape transformation on graphenes at different annealing
temperatures. (a) Thermal evaporation of gold film onto
n-layer graphenes. (b) Hexagonal AuNPs formed on
graphenes after annealing at 600 or 700 °C. (c) Coexistence
of hexagonal and triangular AuNPs formed on graphenes
after annealing at 800 °C.

After thermal annealing for about 2 h, the following results
have been observed: firstly, if the annealing temperature is
around 600 or 700 °C, gold film on n-layer graphenes can be
tuned into hexagon-shaped AuNPs (Fig. 1b and Fig. S2,
Supplementary material). Secondly, coexistence of hexagonal
and triangular AuNPs on graphenes can be found after the
samples annealed at 800 °C or a little above (Fig. 1c). Thirdly,
the AuNPs exhibit almost irregular shape on graphenes when
the temperature is around 900 °C (Fig. S3, Supplementary
material). Moreover, the density and size of well-faceted
AuNPs on n-layer graphenes are greatly related to the number
of graphene layers. With the increase of graphene thickness,
the particle size increases, while the particle density
decreases. Finally, the well-faceted AuNPs can enhance
Raman signals of graphenes with larger enhancement factors
than that of gold film, indicating their potential applications
as excellent graphene-based substrates for enhancing Raman
signals of adsorbed molecules.

One of the interesting investigations here is that anneal-
ing-induced gold shape transformation is greatly related to
the annealing temperature. With the temperature increases
from 600 to 900 °C, gold films on graphenes have gradually
evolved into hexagon-shaped AuNPs at 600 or 700 °C, coexis-
tent hexagonal and triangular AuNPs at 800 °C, and irregular-
shaped AuNPs at 900 °C. For example, after thermal annealing
at 600 or 700 °C, we can find that gold film has been trans-
formed into hexagon-shaped AuNPs as shown in Fig. 2 and
Fig. S2 (Supplementary material). Also, the average particle
size and density are highly determined by the number of
graphene layers. With the increase of the layer number, the
size of hexagonal AuNPs increases, while the particle density
decreases, indicating that n-layer graphene (n =1, 2, 3, 4) play
an important role in this gold shape transformation.

Meanwhile, when the annealing temperature increases to
800 °C, hexagonal and triangular AuNPs coexist on the sur-
face of n-layer graphenes as displayed in Fig. 3, which also ex-
hibit thickness-dependent behaviors. Similar to that at 700 °C,

with the increase of graphene thickness, the particle size also
increases, while the particle density decreases, indicating
that graphene-modulated gold shape transformation is
greatly related to the layer number of n-layer graphenes.

To well account for this gold shape transformation, the fol-
lowing two main factors should be considered. On one hand,
it is theoretically predicted that gold adatoms are weakly
bonded with carbon atoms on graphene surface. This bonding
can be viewed as physical adsorption, rather than chemical
bonding, which is greatly related to the number of graphene
layers [34,35,38-40]. With the increase of layer number “n”,
due to the weak inter-layer interaction, the interaction be-
tween gold adatoms and n-layer graphene (n=1, 2, 3, 4) be-
comes much weaker, resulting in the thickness-dependent
particle size and density of AuNPs on graphenes. Therefore,
different interactions among gold and n-layer graphenes play
a significant role in gold surface diffusion and shape transfor-
mation based on these two discussions: Firstly, as shown in
Figs. 2 and 3, almost all the gold films have been transformed
into AuNPs with faceted shapes on n-layer graphenes. Sec-
ondly, it is obvious to find that the size of faceted AuNPs
exhibits layer-dependent behaviors, which is well consistent
with recently reported thickness-dependent morphologies
of gold and silver on graphenes [34,35,41]. As is reported, sur-
face diffusion of metal adatoms on graphenes can be de-
scribed by these two equations [34,41,42]: D « exp (—E./KT),
N « (1/D)¥3. Thus, we can obtain the particle density N «
exp (E,/3KT), where K is the Boltzmann constant, E, is surface
diffusion barrier of graphenes, D is the surface diffusion coef-
ficient, and T the temperature. According to the observed
thickness-dependent behaviors in Figs. 2 and 3, we can con-
clude that the decrease of surface diffusion barrier with layer
number increasing is applicable here to explain the thick-
ness-dependent shape transformation of gold on n-layer
graphenes. On the other hand, annealing-induced gold diffu-
sion or evaporation [43] is also very important in this gold
shape transformation. According to these SEM images shown
in Figs. 2 and 3, we can find that gold-covered regions on the
surface of n-layer graphenes are all reduced. The decrease in
gold-covered areas is mainly related to the enlarging growth
of gold islands as well as gold evaporation from graphene sur-
face during thermal annealing. Considering that the anneal-
ing temperature employed here is in the range between
600 °C and 800 °C, which is far below the melting temperature
of bulk gold (~1064 °C), thermal annealing process mainly re-
sults in gold cluster diffusion and diffusion of gold atoms on
graphene surface, rather than thermal evaporation of gold
apart from graphene surface. That is, the nearby gold clusters
tend to migrate along the surrounding larger clusters until
they integrate into the largest Au domains, while atomic dif-
fusion takes place for smaller Au clusters located far away
from the larger clusters [43]. However, in these cases, we
should take the interactions among n-layer graphenes and
gold adatoms, and gold film thickness into consideration.
The different interactions among graphenes and gold can be
well understood from layer-dependent particle size and den-
sity shown in Figs. 2 and 3, while the influence of gold film
thickness [15] on this shape transformation is confirmed by
the following Fig. 4. Therefore, to search for the possible ori-
gin on the formation of well-faceted AuNPs on graphenes,
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Fig. 2 - SEM images showing the transformation of gold films into hexagonal AuNPs on graphenes after thermal annealing at
700 °C for 2 h. Film thickness: 2.0 nm. Scale bar: 200 nm. (a) Hexagonal AuNPs on SiO, (left) and monolayer graphene (right).
(b) Hexagonal AuNPs on SiO, (left) and bilayer graphene (right). (c) Hexagonal AuNPs on trilayer graphene (left) and SiO,
(right). (d) Hexagonal AuNPs on bilayer (left) and four layer graphene (right). It is obviously observable that the size and
density of hexagonal AuNPs depend on the number of graphene layers.

annealing-induced growth of gold islands and different sur-
face properties of n-layer graphenes are the two main causes
of the observed gold shape transformation on graphenes.

The second important investigation is that graphene-
tuned gold shape transformation can be affected by gold film
thickness, which is shown in Fig. 4. Fig. 4a and b correspond
to gold shape transformation of 1.0 nm gold film deposited
onto graphenes after thermal annealing at 600 °C, Fig. 4c
and d are corresponding to 1.5nm gold film after thermal
annealing at 600 °C, and Fig. 4e and f stand for the anneal-
ing-induced shape transformation of 2.0nm gold film at
600 °C.

With the increase of gold film thickness, the modulation of
graphene on the shape of AuNPs becomes less and less dis-
tinct. When film thickness is below 2.0 nm, after thermal
annealing at 600 or 700 °C, almost all the AuNPs show hexag-
onal shape. Whereas for 5.0 nm gold film or more (Fig. 54,
Supplementary material), although hexagon-shaped AuNPs
still exist after annealing at 600 °C, the AuNPs are not well fac-
eted, indicating that gold film thickness has great effects on
annealing-induced gold shape transformation. That is to
say, when gold film thickness is at ultra-small dimensions
(for example, less than 5 nm), n-layer graphenes can be used
as templates to tune gold film into hexagon-shaped AuNPs
with the assistance of thermal annealing. For gold film much
thicker than 5nm, such as 15nm, almost all the AuNPs

become irregular nanoparticles with no faceted shapes,
which can be well figured out in Fig. S5 (Supplementary mate-
rial). Also, film thickness-related effects can be clearly ob-
served when comparing the AuNPs on multilayer graphene
or graphite (Fig. S6, Supplementary material).

Again, it is interesting to note that compared with 2 nm
gold film on graphenes, the faceted AuNPs on graphenes ex-
hibit very excellent SERS effects, which can enhance Raman
signals of n-layer graphenes with larger Raman enhancement
factors as shown in Fig. 5 and Table S1 (Supplementary mate-
rial). As is reported, the enhancement strength on Raman
scattering of n-layer graphenes is observed to depend on the
excitation wavelength [32], in which almost no Raman
enhancing effects have been found for gold on graphene at
514 nm laser excitation, while Raman scattering of n-layer
graphenes is greatly enhanced by gold deposition using
633 nm laser excitation. These observations have been also
systematically discussed in our previous work by depositing
different kind of metal species onto graphene [41]. Therefore,
to well present Raman enhancing effects of these faceted
AuNPs on Raman spectra of graphene, 633 nm laser excitation
is selected in present work. As shown in Fig. 5a and b,
although 2nm gold film deposition can result in Raman
enhancing effects on Raman spectra of n-layer graphenes,
the corresponding enhancement factor is very small
(Table S1, Supplementary material). However, after thermal
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Fig. 3 - The coexistence of hexagonal and triangular AuNPs after thermal annealing at 800 °C for about 2 h. Film thickness:
2.0 nm. Scale bar: 200 nm. (a) AuNPs on SiO, (left) and monolayer graphene (right). (b) AuNPs on bilayer graphene (left) and
SiO, (right). (c) AuNPs on trilayer graphene (left) and SiO, (right). (d) AuNPs on SiO, (left) and multilayer graphene (right). The
size and density of hexagonal or triangular AuNPs on n-layer graphenes are still greatly related to the number of graphene

layers.

annealing at 700°C, the obtained hexagonal AuNPs can
greatly enhance Raman signals of graphenes up to two orders
of magnitude. Also, after thermal annealing at 800 °C, Raman
scattering of monolayer and bilayer graphene can be en-
hanced with a larger enhancement factor than that by gold
film, which is shown in Fig. 5c and d. For example, as is sum-
marized in Table S1 in the Supplementary material, for 2 nm
gold film, the enhancement factor is 10.2 for G peak of mono-
layer graphene. Noticeably, after thermal annealing at 700 or
800 °C, the enhancement factor of G peak is increased to
139.4 or 225.0, which is about several ten times larger than
that by gold film. These investigations indicate that these fac-
eted AuNPs can be potentially applied as graphene-based sub-
strates to detect the adsorbed molecules with improved
Raman enhancement.

More noticeably, as shown in Fig. 5, compared with that of
pristine n-layer graphenes (black-marked), Raman peak
intensities of monolayer and bilayer graphene are greatly en-
hanced by well-faceted AuNPs, and the enhancement factors
of the characteristic Raman peaks, such as G and 2D peaks
appear to be about two orders of magnitude. This value is
much larger than recently reported results about Ag and Au
on graphenes [32,33,41]. To well account for these improved
Raman enhancing effects, it is necessary for us to consider
the plasma resonance in AuNPs, which is highly sensitive to
the subtle difference in their shape and size. Thus, these SERS
spectra (Fig. 5) can be viewed as a perfect and indirect demon-
stration of improved SERS efficiency for faceted AuNPs on
graphenes, suggesting that these faceted AuNPs can be

potentially applied as excellent graphene-based substrates
for enhancing Raman signals of adsorbed molecules [44-46].
It is well-known that the surface plasmon resonance and
SERS enhancement of AuNPs critically depend on the size,
size distribution, shape and surface state [47,48]. Although
the spherical nanoparticles sometimes exhibit better Raman
enhancements than plate-like ones, it is interesting for us
to investigate the SERS effects of hexagonal or triangular
AuNPs on adsorbed molecules, since these faceted AuNPs ex-
hibit some different properties from spherical AuNPs due to
their anisotropic shape. Compared with the spherical AuNPs,
these hexagonal AuNPs have atomically smooth surfaces
with sharp corners and edges, and they are highly crystallized
single crystals with a preferential growth direction along the
gold {111} facets, indicating their potential use as a tip-
enhanced Raman scattering (TERS) substrate for TERS mea-
surements [49,50]. Also, the ratio of surface to bulk atoms of
plate-like nanoparticles is much higher than that of spherical
ones, so the so-called broad but weak quadrupole plasmon
modes are present in the near-infrared (near-IR) region of
700-2000 nm for gold nanoplates rather than spherical
AuNPs, which reflects the anisotropic nature of gold
nanoplates [51,52]. These unique optical properties enables
the use of these metallic nanostructures to be designed for
potentially high SERS enhancements of biomolecules using
near-infrared laser excitations. Therefore, due to their
well-defined surfaces, sharp corners and unusual optical
properties, these faceted AuNPs can be served as ideal SERS
substrates for studying the SERS activities in many fields.
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Bilayer

Fig. 4 - The effects of gold film thickness on graphene-tuned gold shape transformation after thermal annealing at 600 °C for
2 h. Scale bar: 200 nm. (a and b) 1.0 nm. (c and d) 1.5 nm. (e and f) 2.0 nm. It is obvious to find that with the increase of gold

film thickness, the modulation becomes less effective.

The Raman enhancing effects of faceted AuNPs/graphene
hybrids on adsorbed RsG molecules have been investigated,
which are shown Fig. 6. For comparison, Raman signals of
ReG molecules adsorbed on the surfaces of fresh n-layer
graphenes are also displayed. All the spectra shown here were
collected under the same ambient conditions (laser power,
exposure time, etc.). In these Raman spectra, the prominent
Raman peaks (~611.9, 773.5, 1185.4, 1310.9, 1361.7, 1506.6,
1574.9, and 1649.6 cm™?) are attributed to the Raman peaks
unique to RgG molecules, while the Raman peak at around
1598.5cm™! is from graphene. Compared with fresh mono-
layer or bilayer graphene (black-marked), it is obvious to find
that almost all the Raman peak intensities become much
stronger for R¢G molecules on hexagonal AuNPs/graphene hy-
brids (red-marked), or combined hexagonal and triangular
AuNPs/graphene hybrids (blue-marked), meaning that these
faceted AuNPs can be applied to improve the Raman effi-
ciency of n-layer graphenes served as SERS substrates. There-
fore, the combination of well-faceted AuNPs and n-layer
graphenes can be used as improved SERS substrates for

enhancing Raman signals of adsorbed molecules with very
low concentration [53-55].

4, Conclusions

We report that few-layer graphene can be used as a template
for the transformation of a gold film into either hexagonal or
triangular AuNPs by thermal annealing at a controlled tem-
perature from 600 to 800 °C. After thermal annealing at the
temperatures lower than the melting temperature of bulk
gold (~1064 °C), the gold film on graphenes tends to recon-
struct into hexagonal AuNPs at 600 or 700 °C, or coexistence
of hexagonal and triangular AuNPs at 800 °C. These faceted
AuNPs can exhibit excellent SERS effects on Raman signals
of the characteristic G and 2D peaks in few-layer graphene
with two orders of magnitude times of the original states.
Also, after the decoration of these faceted AuNPs, few-layer
graphene exhibits much more obvious Raman enhancing ef-
fects on Raman signals of adsorbed molecules than that
based on fresh n-layer graphenes. Therefore, these faceted
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Fig. 5 - Highly-improved SERS efficiency of well-faceted AuNPs on n-layer graphenes excited by 633 nm at different annealing
temperatures. (a) Monolayer and (b) bilayer graphene at 700 °C. (c) Monolayer and (d) bilayer graphene at 800 °C. It is clearly
observable that compared with that enhanced by 2 nm gold film (red-marked) or spherical AuNPs (dark cyan-marked) after
annealing at 900 °C, Raman scattering of n-layer graphenes is enhanced much more obviously by well-faceted AuNPs (blue-
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the reader is referred to the web version of this article.)
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AuNPs on few-layer graphene can be potentially used in
graphene-based SERS applications.
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