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Au nanocrystals (AuNCs) with a size of 10—20 nm decorated on gra-
phene oxide (GO) were fabricated successfully through a hydro-
thermal reduction and crystallization route without any extra
reductants and capping agents. The hydrophobic areas of GO benefit
the formation of nanocrystals (NCs) with {111} facets totally exposed;
however, the hydrophilic areas are detrimental to the crystallization.
The morphology of AuNCs could be tailored by the degree of
oxidation on the GO surface. The shape-controllable and reducing
properties of GO are in favor of “clean” synthesis of noble metal NCs
decorated on graphene.

Introduction

The construction of functional noble metal nanocrystals (NCs)
such as Au, Pt and Pd NCs has attracted much interest because
their unique optical, magnetic, and catalytic properties are
tuneable by controlling the size, shape, chemical composition,
and surface or interfacial structure. Noble metal NCs have many
potential applications such as in catalysis, biodiagnostics,
plasmonics, and surface-enhanced Raman scattering (SERS)
spectroscopy." The size- and shape-dependent properties of NCs
have stimulated research into noble metal NCs of various
shapes, such as wires,” rods,* prisms,* plates,® polyhedra,® and
branched nanostructures.’

As a single layer of carbon atoms, graphene is fully
comprised of a surface with high conductivity and specific
surface area,® and so it is not surprising that the utilization of
graphene sheets as a support for NCs could present promising
features in new hybrids, such as enhanced electron transport
rate and structural stability, due to the spatial confinement
and synergetic electronic interactions between metallic and
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graphene components.” It has been found that metal NCs
growing on graphene exhibit specific electronic'® and catalytic™
properties. Recent progress in synthetic technologies has made
it possible to prepare metal NCs on a prefunctionalized gra-
phene sheet through a chemical reduction route."” However,
these approaches suffer from poor control over the size and
structure of NCs due to difficulties in controlling the nucleation
and growth process. Furthermore, these chemical routes
usually require reductants or capping agents, such as surfac-
tants® and polymers,** which would introduce “impurity” into
the resultant hybrids. Therefore, developing an effective and
facile approach to prepare homogeneous metal NCs on gra-
phene sheets remains highly desirable.

In this communication, a clean method for in situ growth of
Au nanocrystals (AuNCs) on graphene oxide (GO) was presented.
In contrast to traditional strategies using reductants and capping
agents, this method is free of reductants and capping agents
because GO amazingly plays the role of reductants and
capping agents simultaneously in the synthetic procedure. The
morphology of AuNCs can even be tailored by the degree of
oxidation on the surface of GO. The as-prepared AuNCs deco-
rated on the GO composite display good SERS activity.

Experimental

GO was prepared from natural graphite flakes by using an
improved Hummers' method.* Typically, graphite flakes (1.0 g)
and KMnO, (6.0 g) were added into a mixture of 120 mL
concentrated H,SO, and 13.3 mL H3PO,, producing a slight
exotherm at 35 °C. The mixture was then heated to 50 °C and
stirred for 12 h. The reaction was cooled to room temperature
and poured into ice water (150 mL) with 30% H,0, (10 mL). The
mixture was sifted through a polyester fibre. The filtrate was
centrifuged (4000 rpm for 4 h), and the supernatant was dec-
anted. The remaining solid material was then washed in
succession with 200 mL of water, 200 mL of 30% HCI, and
200 mL of ethanol. The eventual solution was centrifuged
(4000 rpm for 4 h) and the supernatant was decanted. The
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solid was vacuum-dried overnight at room temperature,
obtaining 1.8 g GO.

The AuNC-GO composites were synthesized in two steps. In
the first step, 10 mL of 1 mg mL™* GO and 0.1 mL of 0.4 mg
mL ™" HAuCl, aqueous solution were mixed together at 80 °C
with vigorous stirring for 1 hour to form a seed solution. The
seed solution was cooled slowly to room temperature, and
placed overnight. Subsequently the seed solution was mixed
with 2 mL of 0.4 mg mL~" HAuCl, and poured into a 50 mL
polytetrafluoroethylene autoclave and hydrothermally treated
overnight at 60 °C to form AuNCs. To decrease the oxygen
content of GO, GO was pretreated hydrothermally at different
temperatures before the preparation of AuNCs. The synthesis of
Pt and Pd NCs supported on GO was performed by replacing the
corresponding precursor with H,PtCls and H,PdCl,.

The morphologies were examined with a JEM-2000 trans-
mission electron microscope (TEM) with an acceleration voltage
of 200 kV. All TEM samples were prepared by depositing a drop
of diluted solution on a copper grid coated with carbon films.
X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI Quantum 2000 Scanning ESCA Microprobe with a
monochromatised microfocused Al X-ray source. The X-ray
diffraction (XRD) patterns were measured with an X'Pert Philips
Materials Research Diffractometer using Cu/K, radiation.

Results and discussion

Fig. 1a and b show low-resolution transmission electron
microscopy (TEM) images of the resulting AuNC-GO compos-
ites, in which the layered GO serves as a support uniformly
decorated with polyhedral AuNCs. These AuNCs consist of
about 80% of pentagonal pyramid and 20% of tetrahedron with
a size of 10-20 nm. Despite their irregular shape, they have
excellent crystallinity and clear facet boundaries. The HRTEM
image in Fig. 1c shows that the interplanar spacing of the AuNC
lattice is 0.24 nm, which agrees well with the {111} lattice
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Fig. 1 Low (a and b) and high (c) resolution TEM images, and XRD
pattern (d) of AuNCs decorated on GO with 20% oxygen. The inset in
(c) is the fast Fourier transform (FFT) of the high resolution TEM
(HRTEM) image.
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spacing of face-centered cubic (fcc) Au (0.24 nm).'® As high-
lighted by FFT of the HRTEM image (Fig. 1c, inset), AuNCs only
orient along the {111} direction. This result is also confirmed by
the XRD pattern (Fig. 1d). The peak centred at 26 = 38.2
corresponds to {111} facets of AuNCs, which is the only
diffraction of Au in the XRD pattern."” Moreover, the XRD
pattern also shows two characteristic peaks corresponding to
GO (26 = 10.2) and graphene (26 = 23.0) respectively.’® It is
indicated that GO is partially reduced to graphene during the
hydrothermal procedure, which is also confirmed by XPS.
Comparison with the binding energy of C,; on the GO surface
(Fig. 2) clearly shows that after the reaction the oxygen content
of GO is obviously decreased. These results suggest that the
oxygenated functional groups on the GO surface play the role of
reductants in the formation of AuNCs, which coincides with the
results found by Chen et al.* The Au 4f;,, and Au 4f;5,, peaks at
ca. 83.8 and 87.6 eV are consistent with the Au° state (Fig. S17),2°
further testifying the presence of metallic Au. Comparison with
the UV-vis adsorption spectra of GO, AuNC-GO, mixture of GO
and AuNCs shows that AuNCs have no obvious absorption peak
but a platform in the visible light region, as shown in Fig. S2,T
which suggests that AuNCs do not mechanically mix with
GO, but are decorated on GO sheets. GO coated on the AuNC
surface absorbs partial visible light, thus decreasing the
absorption of AuNCs.

To better understand the AuNC growth process, we fabri-
cated two other kinds of AuNCs decorated on GO with a lower
degree of oxidation. The decrease of oxygen content is realized
by hydrothermal reduction technology. As confirmed by XPS,
after a hydrothermal pretreatment at 80 °C and 90 °C, the
oxygen content of GO decreased from 20% to about 10% and 5%
respectively. TEM images of AuNCs decorated on hydrothermal
pre-treated GO with different degrees of oxidation are shown in
Fig. 3. We can see that the amount of AuNCs on the lower degree
oxidation of GO is much less than that on higher ones, which
can also be confirmed by thermogravimetry analysis (TGA)
(Fig. S31). The main reason is that GO lost many reduction sites
after the hydrothermal pre-treatment, which agrees well with
the result of XPS that oxygenated functional groups on the GO
surface play the role of reductants in the formation of AuNCs.

Fig. 3 also shows that AuNCs on GO with 10% oxygen content
consist of about 90% of pentagonal pyramid, but AuNCs on GO
with 5% oxygen are nearly total pentagonal pyramid. Compared
to GO containing 20% oxygen (Fig. 1), AuNCs on GO with lower
degree of oxidation have more uniform size and more regular
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Fig. 2 XPS of Ci5 on GO (a) and AUNC-GO (b) with 20% oxygen.
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Fig.3 TEM images of AuNCs decorated on GO with 10% (a and b) and
5% (c and d) oxygen.
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Fig. 4 Schematic AUNC growth on graphene with low (a) and high (b)
degree of oxidation.

morphology, especially AuNCs on the surface of GO with 5%
oxygen content, they are nearly perfect pentagonal pyramids
with an equal side length of 13 nm (Fig. 3d), which indicates
that the morphology of AuNCs growing on graphene depends
on the degree of oxidation underlying graphene. The lower
degree of oxidation of GO, the more regular morphology AuNCs
(as illustrated in Fig. 4). We consider that GO with fewer func-
tional groups and defects exhibits weaker chemical interactions
with Au on the surface. The higher density of oxygen functional
groups, including carboxylic, hydroxyl, and epoxy groups, on
the GO surface interacts more strongly with Au atoms,
providing pinning forces to the small particles to hinder diffu-
sion and recrystallization. Increasing the hydrothermal crys-
tallization temperature eventually leads to diffusion and
recrystallization of surface species into larger crystals on GO,
but AuNCs are more irregular (Fig. S47). In fact, this shape-
controlled function of GO is not limited to Au species. Dai
et al.”* had also found that the morphology of metal oxide or
hydroxide NCs such as Fe,O; and Ni(OH), could also be tailored
by the degree of oxidation of GO. Unlike pentagonal AuNCs,
metal oxide or hydroxide NCs formed on GO was hexagonal.
Although the AuNC morphology depends on the degree of
oxidation of GO, AuNCs always maintain the structure with
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{111} facets totally exposed. Why are Au atoms prone to pile up
on GO in this way? According to the result of the density func-
tional theory (DFT) calculation,*” metals decorated on graphene
are divided into two groups. Graphene chemisorbs Co, Ni, and
Pd, leading to binding energies E ~ 0.1 eV per carbon atom. In
contrast, graphene absorbs Al, Cu, Ag, Au, and Pt, leading to
weaker binding energies E ~ 0.04 eV per carbon atom. Conse-
quently, Co, Ni, and Pd can bind strongly on the surface of
graphene, but Al, Ag, Au and Pt can only be absorbed weakly. It
is likely that the interface between hydrophobic areas of GO and
hydrophilic Au atoms exists relatively high interfacial energy. To
decrease the interfacial energy, Au atoms adopt {111} facet
orientation because the {111} planes of fcc crystals have the
lowest surface energy. It resembles how water droplets form
spherical drops on lotus leaves to lower the interfacial energy.
Recently, Zettl et al.*® observed an analogous phenomenon
directly that Pt atoms oriented along {111} on graphene by high-
resolution TEM using graphene cell technology. We also try to
fabricate other noble metals such as Pt and Pd NCs decorated
on the graphene composite. The results are shown in Fig. 5. Pt
NCs have the space of lattice fringe d = 0.22 nm, which corre-
sponds to the space of Pt {111} facets. In the XRD pattern, the
diffraction peak at 26 = 39.6 is assigned to the characteristic
{111} crystalline plane of Pt (JPCDS: 87-0647) (Fig. 5a), which
indicates that Pt easily forms flower-like NCs with {111} facets
exposed like AuNCs. However, Pd nanoparticles showed
different crystalline forms with Au and Pd. As indicated by TEM
images and the XRD pattern (Fig. 5b), it mainly forms amor-
phous nanoparticles (Fig. 5b), which agrees well with the result
of DFT calculation.

It is well known that a great many high quality NCs can now
be prepared on the basis of solution chemistry methods.**
However, various surfactants and polymers are usually required
as capping agents to tune the growth processes. The surfaces of
these materials are not clean because they are inevitably covered
with long chain organic ligands, which will adversely discount
the contributions of size and shape in practical applications,
especially in catalytic fields. However, in this method, GO plays
the role of capping agents and reductants, so it is very clean
because it is free of any additives. This method brings further
directions to prepare other “clean” noble metal NCs, such as Ag
on graphene.

Noble metal NCs exhibit an optical phenomenon known as
SERS in which the Raman scattering cross-sections are
dramatically enhanced for the molecules adsorbed thereon.*
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Fig. 5 TEM images and XRD (inset) of flower-like Pt NCs (a) and Pd
nanoparticles (b) decorated on GO with 20% oxygen.
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Fig. 6 The Raman spectra of GO and AuNC-GO with 5% oxygen.

Research has shown that the Raman signals of GO or graphene
can be significantly enhanced in the presence of metal NCs,
with enhancement factors ranging from a few times up to tens
of times.?® The SERS spectra of GO and AuNCs decorated on GO
with low degree of oxidation are shown in Fig. 6.

Four characteristic bands are observed at 1350, 1600, 2710
and 4300 cm ™" corresponding to the D band, G band, 2D band
and combination band respectively. The D band is a breathing
mode of k-point phonons of the A;, symmetry, while the G band
is usually assigned to the E,, phonon of C sp> atoms. There are
almost no significant differences in the intensity ratio of Ip/Ig
between AuNC-GO nanocomposites and GO, suggesting that the
attachment of AuNCs does not change the size of in plane sp*
domains. It has been reported that variations of I,p/I; ratios and
shifts of G and 2D bands are related to doping of graphene.*”*®
Fig. 6 shows that the changes of I,p/I; ratios from 2.5 to 1.4 after
AuNCs are loaded, which also indicates that AuNCs are bound on
GO, but not mechanically mixed with GO. Fig. 6 also shows that
Raman signals of graphene have been significantly enhanced
after decorating AuNCs. Both D and G bands of the AUNC-GO
composite are significantly higher than those of the pure GO. The
obtained SERS enhancement factors are about 4, which are
consistent with the previously reported SERS studies on GO.*
These studies on the enhanced optical properties of AuNC-GO
composites could be utilized to develop various applications such
as chemical, biological sensing and imaging.

Conclusions

In summary, we found that in situ growth of Au atoms on GO
without any extra additives could produce 10-20 nm pentagonal
pyramid AuNCs with {111} facets exposed. The morphology of
AuNCs on GO can be tailored by the degree of oxidation of
graphene. The hydrophobic areas of GO play the role of capping
agents, and control the formation of NCs with {111} facets
totally exposed. The hydrophilic areas of GO play the role of
reductants, and interfere with the crystallization. The whole
process is very “clean” because it is free of capping agents and
reductants. The as-prepared AuNC decorated GO composite has
good performance to SERS. This facile method is also suitable
to fabricate other clean noble metal NCs, such as Ag, Pt deco-
rated on GO.
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