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We report an in situ synthesis of graphene–metal hybrids using graphene as the buffer layer by
a substrate-induced galvanic reaction. Ag nanoplates are obtained with the template effect of graphene,
and their morphologies are tailored by light mediation. Our result suggests that defect sites or open
edges of graphene favor binding with Ag atoms. The graphene–Ag hybrids have been used as Raman
enhanced substrates for dye detection. The facile method for synthesis of graphene–metal hybrids
opens up opportunities for the future development of optical, electronic and catalytic materials based
on graphene and metals.

Introduction
Graphene, a monolayer of carbon atoms with a honeycomb
lattice structure, has many intriguing properties with great
application potential.1,2 This novel flat carbon geometry provides
new opportunities for designing two-dimensional (2D) hybrid
assemblies. For example, graphene is an ideal atomic template
for van der Waals epitaxy of topological insulators,3–5
p-assembly of aromatic organic molecules6 and monodispersion
of nanocrystals.7 Its high conductance, chemical stability and
large surface area make graphene a novel platform for nanocomposites.8 Graphene films decorated with quantum dots,9,10
nanoparticles,11,12 nanowires,13–15 nanotubes16,17 and nanosheets18,19 have demonstrated superior properties compared to
individual constituent components.
Among these novel nanocomposites/hybrids, graphene–metal
composites have drawn great attention because of the tunable
surface properties of graphene and the prospects for industrial
catalytic applications.20–22 Many metal nanoparticles can be
decorated on graphene by the wet-chemistry method23–26 or metal
evaporation.27 However, some of these methods involve complex
multi-step processes or require complicated vacuum equipment.
For example, the wet-chemistry methods usually use graphite
oxides as the starting materials for good dispersion in solutions
to achieve a high yield for large-scale applications. However, in
terms of quality and continuity, the reduced graphene oxide is
not as good as graphene films obtained by chemical vapor
deposition (CVD) or mechanical exfoliation.

As key components of the hybrid structure, graphene and
metal nanostructures are both of great interest in many optical
and optoelectronic applications. For example, graphene is one of
the excellent candidates for laser mode-locking28 and transparent
conductors.29 By tuning their sizes and geometries, metal nanostructures with different surface plasmon resonances show wide
varieties of optical properties.30,31 However, despite its importance, the graphene–metal nanostructure system has not been
well understood.
In this paper, we introduce a rational method using graphene
as a buffer layer and template for deposition of inactive metals on
graphene films by a substrate-induced galvanic reaction. This
method refers to a mechanism similar to a previous report of
depositing metal nanoparticle on carbon nanotubes.32 Our
galvanic method offers several advantages, including its
simplicity and universality (applicable to all kinds of graphene
materials and many metals). Moreover, the geometry of the
metallic nanostructures could be tailored by the intrinsic 2D
structure of graphene plus additional light illumination applied
during metal deposition. With the template effect of graphene
and light mediation, Ag nanoplates with varied sizes and
morphologies have been grown on graphene, forming a novel
Ag-on-graphene hybrid in situ. Raman spectroscopy is used for
examination of the graphene–Ag coupling. 2D hybrids of graphene–Ag nanoplates are also evaluated as Raman enhanced
substrates for dye detection.
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Synthesis of graphene films
Graphene films were prepared by an atmospheric pressure CVD.
Briefly, a piece of 20 mm thick copper foil was heated to 1050  C
in a mixture flow of Ar/H2 (100/5 mL min 1) in a 1-inch quartz
reactor. Methane of 25 mL min 1 was then introduced. The
growth duration is 5–10 min. The copper foil (with graphene
J. Mater. Chem., 2011, 21, 13241–13246 | 13241
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grown on top) was pulled out and allowed to cool to room
temperature under the protection of Ar.
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Deposition of Ag nanoplates
The as-obtained graphene/Cu substrate was immersed in
a diluted AgNO3 solution (0.01–1 mM) for 5–20 min for nanoplate deposition. Illumination conditions: 1) faint light from
a household fluorescent lamp; 2) simulated solar light (AM1.5)
with a power density of 100 mW cm 2, generated from a solar
simulator (Newport 91159); 3) laser beams with a power of
100 mW, wavelengths of 473 nm (blue), 532 nm (green), and
635 nm (red). The growth of Ag nanoplates is based on a galvanic
replacement reaction between Cu and Ag.
Structural characterizations of Ag nanoplates
The morphology of Ag nanoplates deposited on graphene was
directly imaged by scanning electron microscopy (SEM, LEO1530). For other characterizations, the graphene-Ag hybrid films
were first transferred to target substrates (e.g. Cu grids, Si wafers)
by etching away the copper foil in a mixture solution of 0.5 M
HCl and 0.5 M FeCl3. The detail of the transfer process has been
described in our previous work.33 Transmission electron
microscopy (TEM, JEM-2010) and atomic force microscopy
(AFM, Agilent Picoscan-5100) were employed to characterize
the structures of Ag nanoplates.
Raman spectra
Raman spectra were taken by a Raman spectroscope (Renishaw
RM-1000) equipped with a 514 nm laser, within a spot diameter
of 10 mm. For surface enhanced Raman spectroscopy (SERS)
detection of Rhodamine B, the graphene–Ag hybrid film was first
transferred to a SiO2 substrate and soaked in the ethanol solution
of Rhodamine B (10 6 M) for 1 h. The sample was then taken
out and allowed to dry in a nitrogen flow. Raman spectra were
obtained by subtracting the fluorescence background and
normalizing the lowest intensity to zero.

Fig. 1 (a) A schematic of in situ galvanic synthesis of graphene–Ag
hybrids. (b) Schematic of a primary battery made from graphene/PET
and copper. (c) Output current of the primary battery. (d) Correlation
between the output current and Ag+ concentration.

graphene/PET film (as the cathode) and a clean copper foil (as
the anode) were immersed into a dilute AgNO3 solution, facing
each other with a spacing of 1 cm. During Ag deposition, the
output current was equivalent to electron transfer rate from
copper to graphene. As shown in Fig. 1c, d, higher concentration
Ag+ yielded a larger current output, resulting in a faster Ag
deposition rate on graphene. Consequently, Ag nanostructures
with various morphologies could be obtained on graphene
(Figure S1†). The result provides further evidence for the
galvanic reaction proposed in Fig. 1a.
The substrate enhanced galvanic reaction takes advantage of
the dual role of copper, which acts as both the CVD substrate for

Results and discussion
The so-called graphene buffered galvanic reaction is described in
Fig. 1a. As the graphene film grown on a reductive substrate (e.g.
copper) was immersed into an oxidant solution (e.g. Ag+),
a substrate-induced galvanic displacement took place. The
copper substrate served as the scarified metal, providing electrons for metal deposition when it was dissolved. The graphene
film served as a buffer layer, which could shuttle electrons over
some distance for metal nucleation and subsequent crystal
growth.34 Ag nanostructures deposited on graphene films showed
various morphologies, ranging from dots and hemi-spheres to
polygon nanoplates [see SEM images in Fig. 2, 3]. The
morphology of these nanostructures depended strongly on the
particular growth conditions with varying Ag+ concentration,
illumination and growth duration.
To verify the mechanism of in situ metal growth on graphene
in the galvanic reaction, a primary battery test was carried out
(Fig. 1b). The graphene film was first transferred to a PET film by
hot rolling, followed by substrate etching and washing. Then, the
13242 | J. Mater. Chem., 2011, 21, 13241–13246

Fig. 2 SEM images of Ag nanostructures. (a) Nanoparticles deposited
on bare copper surface. (b) Morphology transition near the boundary
between copper (left) and graphene (right). (c) Nanoplates deposited on
graphene. (d) Nanoplates grown over cracks on graphene. Inset: tilt-view
of nanoplates on graphene. (e) Binding sites and energies of an Ag atom
on a graphene sheet. A: on the top of the basal plane, B: on the top of
a monatomic vacancy site, C: at the armchair edge.
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Fig. 3 SEM images of light-induced Ag nanoplates obtained under (a) dark, (b) faint fluorescent light, (c) simulated solar light (AM1.5), (d) 473 nm
blue laser, (e) 532 nm green laser, (f) 635 nm red laser.

graphene growth and the scarified metal for Ag reduction.
Compared to other synthesis of graphene–metal hybrids/
composites (using chemical derived graphene as the starting
material), the substrate-induced metal deposition is a one-step
process without any damage to the intrinsic structure of graphene. The continuous and highly conductive CVD-synthesized
graphene film is more suitable for thin film applications, such as
optical transparent electrodes and flexible electronics. The
galvanic displacement process avoids chemical modification of
graphene films, thus retaining the intriguing properties of graphene, such as high carrier mobility and conductance.
It is further revealed that graphene plays important roles
during the galvanic synthesis. Ag nanostructures deposited on
sole copper and on graphene/copper through galvanic displacement show great differences in morphology. A control experiment was conducted to elucidate the influence of the presence of
graphene on the morphology of Ag deposition. Part of the graphene film on the copper foil was wiped out to expose the copper
surface underneath. The copper foil with partially removed
graphene film was immersed in a 0.1 mM AgNO3 solution for Ag
deposition under the illumination of a 635 nm laser (with power
of 100 mW), an optimal illumination condition for depositing
nanoplates of the largest size. On bare copper surfaces,
a straightforward galvanic replacement took place between Cu
and Ag+, resulting in closely packed nanoparticles of small size
(Fig. 2a). In contrast, with the presence of graphene, the galvanic
reaction formed flat, sparsely distributed Ag nanoplates of larger
sizes (Fig. 2b, c). These nanoplates have diverse shapes of
irregular polygons with relatively smooth surfaces, clearly
showing the difference in morphology with the nanoparticles
deposited on the bare copper surface.
The influence of graphene on Ag deposition could be attributed to two factors. First, the nucleation rate of Ag is much faster
on the copper surface than on the smooth and chemically inert
graphene surface. Nucleation sites evenly distributed over the
copper surface limit the sizes of individual Ag particles, resulting
in ultrafine nanoparticles. Meanwhile, Ag prefers to nucleate on
graphene at the imperfections, e.g. surface wrinkles, defects and
This journal is ª The Royal Society of Chemistry 2011

cracks (see Fig. 2d). After the initial nucleation, Ag atoms tend to
accumulate on the nuclei to form larger sized structures, e.g. the
nanoplate. The tendency of Ag nucleation at the imperfections
can be used as an indicator to detect surface defects on graphene,
which are usually difficult to distinguish by SEM. Well
controlled Ag deposition is expected to be an innovative way for
graphene quality and continuity evaluation (Figure S2†). Firstprinciples calculations are performed to obtain the binding
energy (Eb) between one silver atom and pristine or defected
graphene sheets (see ESI for details†). Three binding sites are
considered in our calculations: the position on the hexagon of
a pristine graphene (A), a pristine graphene with a monovacancy
(B) and at the armchair edge of a graphene sheet (C). The result is
summarized in Fig. 2e. For site (A), the silver atom sits on the
carbon atom with an interatomic distance of 0.243 nm. The silver
atom features an electronic configuration of [Kr] 4d105s1, thus
will form a covalent binding with the carbon atoms with dangling
bonds, such as those at defective sites (B) or edges (C). The bond
length between silver and carbon atoms is 0.21 nm for site C,
which is close to the sum of the covalent radii of silver and
carbon, indicating a covalent bonding nature. The result suggests
that the defected sites or open edges of graphene favor binding
with Ag atoms.
Second, providing that the copper surface is fully covered by
graphene, the galvanic reaction, including copper oxidation and
Ag reduction will take place at different locations. Electrons for
Ag+ reduction could be shuttled by the graphene film over
a distance. The flat platform of graphene acts as a template,
guiding the growth of the quasi 2D nanoplate. A previous study
showed that naturally grown Ag by reduction of Ag+ usually
assembled into dendrite-like structures.35 Under surfactant
protection, a preferred growth of the Ag(111) plane could be
realized.36 Different to the graphene templated synthesis of
nanomaterials in other material systems,6,7,37,38 our in situ deposition of Ag nanoplates on graphene provides clean surfaces
without any surfactant capping and organic contaminations.
This may pave the way for further investigation on surface
plasmonics of Ag nanoplates and graphene/Ag coupling.
J. Mater. Chem., 2011, 21, 13241–13246 | 13243
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The kinetics of the graphene-guided galvanic growth of Ag
nanoplates was further investigated by varying the Ag+ concentration for selective deposition. When the concentration of Ag+
was as high as 10 mM, the Ag nucleation on graphene was not
limited to any specific location, and the resulting materials are
uniformly distributed spherical nanoparticles rather than nanoplates (Figure S3a†). When the concentration of Ag+ was as low
as 0.01 mM, the nucleation could be only observed at wrinkles
and cracks on the graphene film. Without a sufficient amount of
Ag+ for nanoplate growth, Ag deposition generated small dots
with some of them growing into triangle disks (Figure S3b†). The
suitable concentration for Ag nanoplate deposition is 0.05–1 mM
based on our experimental results.
Another important aspect of our work is that light illumination shows strong influence on the morphology of Ag nanoplates. Fig. 3a–f show Ag nanoplates deposited on graphene
films under different illumination conditions. Ag tends to
aggregate into clusters in the dark to form relatively small
nanoparticles. In contrast, under illuminations of a variety of
light sources, including faint room light, intensive simulated
solar light and laser beams, the resulting flat nanoplates show
diverse morphologies with different sizes and shapes. The faint
light from a standard household fluorescent lamp produced
a large amount of triangular and truncated triangular nanoplates with uniform dimensions (Fig. 3b). Under the simulated
solar light (AM1.5) with a power density of 100 mW cm 2, Ag
tended to grow into a stripe-like shape from the center, then
expanded to form a leaf-like flat plate (Fig. 3c). When irradiated
by single wavelength laser beams, Ag nanoplates became larger
in size and showed shapes of fused or overlapping polygons.
Specifically, Ag nanoplates obtained under blue laser (473 nm)
irradiation were thicker with much more irregular profiles
compared to those from the other two lasers. The green laser
(532 nm) produced a high ratio of truncated triangle shaped

nanoplates. Larger and thinner overlapping hexagonal nanoplates were obtained with the red laser (635 nm) irradiation. To
rule out the heating effect during the illumination, which might
also contribute to the morphology deviations of Ag nanoplates,
control experiments were carried out in AgNO3 solutions in
dark with temperatures of 50  C maintained in a warm water
bath. Ag thus deposited showed obvious particle-like structure,
which differed from the above-mentioned photo-induced
nanoplate deposition.
Considering the fact that Ag nanoplates grow larger in light
than in the dark during same the growth durations (Fig. 3a–f), it
is concluded that light promotes the growth of nanoplates. It has
been known that light mediates the morphology and size of Ag
colloids. Upon illumination, nanoplates and nanoprisms of Ag
show higher yields over spherical nanoparticles.39 The edge
length of nanoplates could be tuned by the wavelength of irradiation.40 The mechanism of our light mediated synthesis of Ag
nanoplates is thought to be photo-induced growth or aggregation. In detail, the photo-induced growth refers to the catalytic
photo-oxidation of certain reductants for the reduction of Ag+.
In the case of the graphene buffered nanoplate growth, asdeposited Ag and the copper substrate (with different work
functions) act as asymmetrical metal contacts with graphene.
Photo-induced electrons inject into metal contacts. The electron
flow from graphene to the lower work function metal (Ag) is
greater than that for the higher work function metal (Cu). The
net photocurrent promotes the reduction of Ag+. The anisotropic
growth of nanoplates relies on the intrinsic characteristics of Ag
seeds. The photo-induced aggregation mechanism is based on
light-induced ripening and fusion of small spherical seeds and
smaller triangles into larger nanoplates driven by localized
surface plasmon resonances,39 mainly contributing to the shape
variation of nanoplates under different wavelength
illuminations.

Fig. 4 TEM images and SAED patterns of Ag nanoplates. (a–c) TEM images. The inset of (b) shows the SAED pattern with plane index. (d)
Superimposed SAED pattern with blue grids for Ag fcc lattice and red grids for graphene hexagonal lattice. (e) SAED pattern taken at a nearby location
from sole graphene for identification of the graphene lattice in the superimposed pattern.
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Fig. 4 shows the TEM characterizations of Ag nanoplates.
High resolution TEM image (Fig. 4b) of a typical nanoplate
shows parallel fringes with a spacing of 0.25 nm, corresponding
to (1/3){422} of the face center cubic (fcc) Ag lattice. The selected
area electron diffraction (SAED) pattern (inset of Fig. 4b)
further confirms its fcc structure. The inner-most six bright spots
with 6-fold symmetry are indexed as (1/3){422}. Stacking faults
of {111} planes bring out the (1/3){422} reflection, which is
normally forbidden in fcc lattice.40 The six spots on the second
ring of the pattern correspond to {220} planes along the <111>
orientation, indicating that the {111} plane is parallel to the
nanoplate surface. Figure S4† shows the superimposed diffraction patterns of Ag (blue spots) and graphene (red spots).
Diffraction spots of Ag are distinguished by taking diffraction
from the nearby graphene film. The identification of Ag and
graphene spots is further realized by comparing their lattice
constants. Mismatch angles are identified in the superimposed
diffraction patterns, ranging from 15.0 to 22.5 . The misalignment and random angles between two sets of spots reveal that the
galvanic deposition of Ag on graphene is not based on the wellknown epitaxial growth.
The graphene/Ag interaction is further probed by Raman
spectroscopy. As shown in Fig. 5a, the Raman spectra of graphene–Ag hybrid films obtained under different illumination
conditions are compared. The spectra reveal three typical groups
of bands: the G band of 1580–1600 cm 1 related to the tangential
stretching mode of sp2 carbon, the D band of 1350–1400 cm 1
related to defects of the graphene lattice, and the 2D band of
2600–2800 cm 1, which is sensitive to the electronic and/or
phonon structures of graphene.41 The pristine graphene shows
a typical spectrum of monolayer feature with a I2D/IG ratio of
2.5. The weak D band indicates that few defects are present in
the pristine graphene. After deposition of Ag nanoplates, Raman
spectra show several new features: i) significant enhancement of
D band is observed for all samples; ii) enhanced G band except
for the red laser mediated Ag nanoplates, with enhancements of
220% and 520% for nanoplates grown under green laser and the
simulated solar light; iii) suppressed 2D band with I2D/IG ratios
of less than 0.2. Based on the growth mechanism of nanoplates
proposed above, Ag nanoplates are more likely to assemble
around the defect sites on graphene. With collected Raman
scattering from the defect sites enhanced by Ag nanoplates, the
weight of defects in the resulting spectrum is higher. Therefore,
the spectra show the obvious increase of the D band intensity.
SERS of graphene decorated with metal nanoparticles (Au, Pt)
has been reported,42 which is mainly attributed to charge transfer
between metal and graphene. This is also consistent with the

Fig. 5 (a) The Raman spectra of light-induced graphene–Ag hybrids. (b)
SERS of Rhodamine B.
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observed blue shifts of the G band, as shown in the inset of
Fig. 5a. It was also reported that with electron or hole doping,
Raman spectra of graphene show behaviors, such as stiffening of
the G band (blue shift) and suppressing of the 2D band.43 The
quasi 2D structure of Ag nanoplates will introduce a stronger
metal/graphene coupling than spherical nanoparticles.44 Therefore, the charge transferring process between Ag nanoplates and
graphene greatly contribute to the Raman variations. However,
the detailed influences of the size and morphology of Ag nanoplates on SERS of graphene need further investigation.
Beside Ag nanostructures, monolayer graphene can serve as
a Raman enhanced substrates as well.45,46 The graphene–Ag
hybrid film is tested as a SERS substrate for detection of
Rhodamine B dye. As shown in Fig. 5b, the Raman scattering of
Rhodamine B absorbed on SiO2 shows only a fluorescence
background without any detectable Raman peaks. After
applying the same trace amount of dye to the graphene/Ag film,
the Raman spectrum shows detailed peaks of the dye. It is so
demonstrated that the hybrid film is an effective substrate for
SERS.

Conclusions
We have developed an in situ graphene buffered synthesis of
graphene–Ag hybrids using the galvanic displacement of metals.
With the template effect of 2D graphene, Ag nanoplates are
obtained and their morphologies can be tailored by illumination,
which further influences the Ag/graphene coupling. The graphene–Ag hybrid films have been used as Raman enhanced
substrates for dye detection. The graphene buffered deposition is
applicable to all kinds of graphene materials (see Figure S5†) and
can be extended to many metals to prepare various metal/metal
oxide nanostructures (see Figure S6†). The facile method for the
synthesis of graphene–metal hybrids opens opportunities for the
future development of optical, electronic and catalytic materials
based on graphene and metals.
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