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ABSTRACT: Graphene/metal nanoparticle (NP) composites
have attracted great interest for various applications as
catalysts, electrodes, sensors, etc., due to their unique
structures and extraordinary properties. A facile synthesis of
graphene/metal NP composites with good control of size and
morphology of metal NPs is critical to the practical
applications. A simple method to synthesize graphene/metal
NPs under a controllable manner via a self-catalysis reduction
at room temperature has been developed in this paper. At first,
metal NPs with desirable size and morphology were decorated
on GO and then used as catalyst to accelerate the hydrolysis reaction of NaBH4 to reduce the graphene oxide. Compared to the
existing methods, the method reported here features several advantages in which graphene/metal NPs are prepared without using
toxic and explosive reductant, such as hydrazine or its derivatives, making it environmentally benign, and the reaction can be
processed at room temperature with high efficiency and in a large range of pH values. The approach has been demonstrated to
successfully synthesize graphene composites with various metal NPs in large quantity, which opens up a novel and simple way to
prepare large-scale graphene/metal or graphene/metal oxide composites under mild conditions for practical applications. For
example, graphene/AuNP composites synthesized by the method show excellent catalytic capability.

■ INTRODUCTION

Graphene-based composite materials have attracted enormous
attention due to their unique structures and extraordinary
properties for various applications as electrocatalysts,1,2 electro-
des,3,4 sensors,5 etc. Specifically, dispersion of metal NPs on
graphene sheets potentially provides a novel way to develop
catalysts, electrode materials, and so on.6,7 A facile synthesis of
graphene/metal NP composites with good control of size and
morphology is critical to the practical applications. In general,
there are two chemical methods to prepare graphene/metal NP
composites. In a one-step method, metal precursor and
graphene oxide (GO) sheets were mixed in aqueous solution
and then reduced simultaneously to obtain the graphene/metal
NP composite.8,9 This method is easy and highly efficient.
However, the size and morphology of metal NPs are hard to
control during the reduction process, which can affect the
function of the composite. The other one is a two-step method.
At first, graphene (also called reduced graphene oxide, r-GO)
and metal NPs were prepared by reducing GO and metal
precursors, and then the r-GO/metal NP composite was
obtained by mixing metal NPs with r-GO.10−12 Compared to
the one-step method, the morphology and size distribution of
metal NPs can be exactly controlled in the two-step method.
However, r-GO sheets are easily aggregated in most solutions
after the reduction from GO due to the loss of the functional

groups on the surface, and it is difficult to load metal NPs on
the r-GO sheets uniformly with a high density.
A number of chemical reductants have been developed to

reduce GO to form graphene/metal NP composites. For
example, it has been reported that hydrazine or its derivatives
could be used as the reductant to prepare graphene/metal NP
composites.13−15 However, these reductants are highly toxic
and explosive, which limits their usage. In addition, other
reductants can also be used for the synthesis of graphene/metal
NP composites, such as benzylamine,10 Na2S,

8 and ethylene
glycol.9 However, most of above reactions were conducted at a
high temperature beyond 80 °C,8−10 which may introduce
many defects in the graphene. Sodium borohydride (NaBH4) is
a thermally stable chemical hydride that has been extensively
investigated as a potential hydrogen storage material and
excellent reducing agent.16 A number of metals have been
demonstrated to be catalytically active toward the hydrolysis
reaction of NaBH4, such as Ni, Co, Pt, Pd, and Au.17 These
metal catalysts can greatly accelerate the hydrolysis reaction of
NaBH4 in ambient conditions. Although some research has
been done on reducing GO by NaBH4,

18,19 there has been little
attention on catalyzing the hydrolysis reaction of NaBH4 by
metal to reduce GO at room temperature.
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Here, we developed a simple method to synthesize r-GO/
metal NPs via a self-catalysis reduction at room temperature.
This new two-step procedure represents a new way to prepare
graphene/metal NP composites with several benefits: (i) The
morphology and size of the metal NPs on graphene can be well
controlled. (ii) Graphene is catalytically reduced after the
deposition of the metal NPs on GO, leading to the uniform
distribution of the NPs on graphene with high density. (iii) The
graphene/metal NP composite is prepared without using toxic
and/or explosive reductants, which is environmentally benign.
(iv) The reaction proceeds at room temperature with high
efficiency, resulting in the formation of fewer defects during the
reduction process of GO. (v) The method can be applied in a
large range of pH values. In addition, the simple and generic
method may be applied for decorating r-GO sheets with most
metal nanostructures and some metal oxide nanomaterials,20,21

which perform the catalytic ability on the hydrolysis of NaBH4.

■ EXPERIMENTAL SECTION
Chemicals. Graphite powder (∼1000 mesh), H2SO4 (98%),

NaNO3, KMnO4, H2O2 (30%), HAuCl4·3H2O, and methylene blue
(MB) were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Cetyltrimethylammonium bromide (CTAB),
cetyltrimethylammonium chloride (CTAC), ascorbic acid (AA), and
NaBH4 were purchased from Alfa Aesar. Water used throughout all
experiments was purified with the Millipore system.
Synthesis of GO. Graphene oxide (GO) was synthesized from

graphite powder by a modified Hummers method.22 In brief, graphite
(1 g), NaNO3 (0.5 g), and H2SO4 (25 mL) were added into a 250 mL
beaker at 0 °C. Then, KMnO4 (6 g) was added slowly into the beaker
with stirring. After the temperature of the mixture was heated to 35 °C
for 30 min, the solution was further heated to 90 °C and then 90 mL
of water was slowly added under vigorous stirring for 15 min. Then, 60
mL of H2O2 aqueous solution was added to reduce the residual MnO2.
Finally, the yellow graphite oxides were washed by diluted HCl (3%)
and water three times.
Synthesis of AuNPs. First, 5 mL of HAuCl4 (0.5 M) and 5 mL of

CTAB (0.2 M) were added into a 20 mL vial with stirring for 5 min.
Then, 0.6 mL of 0.01 M NaBH4 was added to the solution. After 2 h, 3
(±0.5) nm Au seeds were obtained. The chemisorbed Br− in CTAB
can prevent the aggregation of Au seeds to large Au nanocrystals.23,24

The AuNPs with two larger sizes (9 and 25 nm) can be synthesized
with the following process. Six milliliters of HAuCl4 (0.5 M) and 6 mL
of CTAC (0.02 M) were mixed into a 30 mL vial with stirring for 5
min, and then 4.5 mL of AA (0.1 M) was added to the solution.
Finally, 0.3 and 0.01 mL of Au seeds of 3 (±0.5) nm was added to
obtain AuNPs of 9 and 25 nm diameter, respectively.
Synthesis of GO/AuNPs and r-GO/AuNPs. One milliliter of as-

prepared GO aqueous solution (1 mg/mL) was added into the 9 mL
AuNP solution and sonicated for 5 min. The product of GO/AuNPs
was collected by centrifugation and washed with DI water to remove
the residual CTAB because excess CTAB may slow down the direct
electron transfer of AuNPs, leading to reduced catalytic activity.25 At
room temperature, after 4 mg of NaBH4 was added to 10 mL of GO/
AuNP suspension (10 mM NaBH4), the color was changed from
brown to homogeneous black, indicating the reduction of GO/AuNPs.
After 1 h, the r-GO/AuNP composite was separated by centrifugation
and washed with DI water.
Reduction of MB. One milliliter of r-GO/AuNP (0.1 mg/mL)

composite was added to 10 mL of MB solution (12 mg/L) with
stirring for 1 h at 25 °C. Then, 1 mg of NaBH4 was added to the
solution. After reduction, the mixtures were centrifuged at 20 000 rpm
for 5 min and the supernatant was put into a cuvette for a UV−vis
spectroscopy test.
Characterization. The morphology of GO/AuNP and r-GO/

AuNP sheets was characterized by transmission electron microscopy
(TEM) (FEI Tecnai G2 F20 S-TIWN) with an accelerating voltage of
200 kV. The samples were applied to 300 mesh copper grids with lacey

supported film. The thickness of the GO, GO/AuNP, and r-GO/
AuNP sheets was measured by atomic force microscopy (AFM)
(VeecoMultiMode V) under tapping mode. The scanning rate was
0.998 Hz, and the resonance vibration frequency was ∼350 kHz. The
samples for AFM measurement were prepared by dropping an
aqueous suspension on the silicon chip. The surface state and electron
structure of the composites were obtained by X-ray photoelectron
spectroscopy (XPS) measurement (Kratos AXIS UltraDLD ultrahigh
vacuum (UHV) surface analysis system), using Al Kα radiation (1486
eV) as a probe. The crystallographic structure of the materials was
studied by a powder X-ray diffraction (XRD) (Empyrean, PANalytical
B.V.) equipped with Cu Kα radiation (λ = 0.15406 nm). UV−vis
detection was carried out on a LAMBDA 750 spectrometer (Perkin-
Elmer). Fourier transform infrared (FTIR) spectra were recorded by a
HYPERION 2000 spectrometer with ATR mode. Raman spectra were
obtained on a Jobin-Yvon HR800 Raman spectrometer with 633 nm
wavelength incident laser. The potential of GO, r-GO, and AuNPs
were measured using a zeta-size analyzer (ZEN3690, Malvern).

■ RESULTS AND DISCUSSION

First, metal NPs were synthesized in a controlled manner as
described in the Experimental Section and then added into as-
prepared GO aqueous solution to form a light brown
suspension of GO/metal NPs. NaBH4 was added in the
suspension to reduce GO at room temperature. After the
reduction process, r-GO/metal NPs were collected by
centrifugation and washed by DI water several times. By this
method, AuNPs with different sizes, such as 3.5, 9, or 25 nm,
were decorated on r-GO surfaces. Figure 1a shows the AFM
image of an as-prepared GO sheet. The thickness of a single
GO sheet is about 2 nm, which matches the results reported in
the previous references.26,27 Figure 1b shows the AFM image of
a GO sheet decorated with 3.5 nm AuNPs. It is observed that a
number of AuNPs are dispersed well on the surface of the GO
sheet, and the thickness of GO/AuNP sheet is about 5.5 nm.
The average diameter of AuNPs is around 3.5 nm. The
morphology and structure of GO/AuNP sheets were
characterized by TEM, as shown in Figure 1c,d. A TEM
image with low magnification shows that the small AuNPs with
narrow size distribution are uniformly distributed on the surface
of GO sheets (Figure 1c). The average size of the AuNPs is
about 3.5 nm as calculated by counting 100 AuNPs, consistent
with the AFM result. The fringes with lattice spacing of 0.24
nm can be indexed as the planes of face-centered cubic (fcc)
Au, as shown in the high-resolution TEM image in the inset of
Figure 1d.
After the addition of NaBH4, the brown color of the GO/

AuNP solution (inset of Figure 2a) changed to black in 30 min,
as shown in the inset of Figure 2c. After the reduction of GO
for 60 min, the r-GO/AuNP sheets partially aggregated with
each other (inset of Figure 2d). However, in a control
experiment, there was no change in color even after adding
NaBH4 for 120 min without AuNPs (inset of Figure 2b). The
reduction progress can be further monitored by UV−vis
spectroscopy, as shown in Figure 2. The UV−vis absorption
peak of GO/AuNP suspension at 228 nm (curve a) gradually
shifts to 257 nm (curve c) and 262 nm (curve d) with the
increase of reduction time, demonstrating that GO was reduced
to graphene and the aromatic structure might be restored
gradually.28 Compared with the GO/AuNPs, the reduction rate
of GO without AuNPs was much slower. Curve b in Figure 2
shows that the 228 nm peak has no change even when the
reaction time was extended to 120 min. This result reveals that
AuNPs can act as the catalyst to greatly accelerate the
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hydrolysis reaction of NaBH4. The catalytic mechanism of
metal on the hydrolysis of NaBH4 had been studied previously
and can be expressed as follows:29,30

+ →− −BH OH BH OH3 3 (c)

+ → + + +− − − −eBH OH 3OH BO 3H 2H O 33 2 2 (d)

+ + → − +− −e4M 4 4H O 4M H 4OH2 (e)

− + − ⇄ +M H 4M H 5M 5H (f)

where M represents a surface site on the catalyst.
Then the hydrogen atoms released during the hydrolysis can

reduce the oxygenous groups on the GO according to the
following equation.

+ → ‐ + +a b cGO H r GO H O H2 2

After reduction, the AuNPs have no change on r-GO in
composition and even morphology, which further proves the
catalytic role of AuNPs.

Figure 3a−d shows the AFM and TEM images of r-GO
nanosheets with 3.5 nm AuNPs after the reduction of GO/
AuNP sheets. Compared with GO/AuNP sheets, the
morphology of r-GO/AuNP sheets does not show obvious
change. The average size of AuNPs does not change and is still
around 3.5 nm, shown in the histogram (inset of Figure 3d) by
counting 100 AuNPs. The tight attachment of AuNPs on the
sheet and the mild reduction condition prevent the change of
the size and density of AuNPs in the GO reduction process.
The size of AuNPs on the r-GO can be well controlled by the
first step; for example, 9 and 25 nm AuNPs with small
distribution on r-GO were obtained, shown in Figure 3e−h.
TEM images with low magnification show that all AuNPs were
attached on the r-GO sheet and no isolated AuNP outside the
r-GO sheet was observed (see Supporting Information Figure
S1). AuNPs were anchored on the r-GO sheet by electrostatic
self-assembly. The zeta-potential test shows that the potentials
of GO, rGO, and CTAC/CTAB-coated AuNPs are −45, −15,
and +12 mV, respectively. Once the two oppositely charged
materials, GO and AuNPs, are mixed, they are coupled to form
a stable hybrid nanocomposite based on the electrostatic self-
assembly. After the reduction, there is still an electrostatic force
between rGO and AuNPs, which maintains the AuNPs on the
rGO sheet. In addition, the different morphology of the Au
nanostructure (e.g., nanorods; see Figure S2) can be decorated
on graphene by the same procedure. The approach can be
applied to obtain the different metal NP/graphene composites;
for example, Pt-NP/graphene and Pd-NP/graphene (see Figure
S3) have been synthesized by the approach, as well.
The reduction process can also be investigated by

complementary spectroscopic experiments. Figure 4a shows
the spectra of Fourier transform infrared spectroscopy of GO
before and after reduction by NaBH4 with AuNPs as the
catalyst. Before the reduction, the vibration and deformation
bands of the O−H groups on GO are at 3367 and 1363 cm−1,
respectively; the stretching vibration band of CO is at 1722
cm−1; the stretching vibration band of CC is at 1620 cm−1;
and the stretching vibration bands of C−O in epoxy and alkoxy
are at 1224 and 1045 cm−1, respectively. It demonstrated that
GO nanosheets have many oxygenous groups. After the
reduction, the intensities of all FTIR peaks that correlated to

Figure 1. AFM images of a single GO sheet (a) and a GO sheet
decorated with 3.5 nm AuNPs (b). The corresponding curves on the
right side show the thicknesses of the GO sheet and the GO/AuNP
sheet. (c,d) TEM images of the GO/AuNP sheet with different
magnifications. Inset of (d) is the high-resolution TEM image of a
single AuNP.

Figure 2. UV−vis absorption spectra of GO decorated with or without
AuNPs. The reduction time of GO/AuNP sheets was 0 min (a), 30
min (c), and 60 min (d). (b) UV−vis spectrum of GO without AuNPs
after being reduced for 120 min.
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the oxygenous groups decreased dramatically. Beyond that,
Raman spectroscopy was used to evaluate the quality of r-GO
because it is strongly sensitive to indicate single, conjugated,
and double carbon−carbon bonds of carbon materials.31 The G
band at 1570−1600 cm−1 corresponds to the first-order
scattering of the E2g mode, and the D band at about 1350
cm−1 arises from a breathing mode of K-point phonons of A1g
symmetry.32 As shown in Figure 4b, with the reduction
progressing, the intensity ratio (ID/IG) gradually decreased
from 1.54 to 1.23 after 30 min, and even to 0.74 after 60 min,
indicating that the new domains of conjugated carbon atoms
were formed after the removal of the oxygenous groups.
The reduction of oxygenous groups can be examined by X-

ray photoelectron spectroscopy (XPS), as well. In Figure 5,
with the increase of reduction time from 0 to 30 min and 60
min, the atomic ratio of carbon and oxygen (C/O) increased
from 0.67 to 1.49 and finally 7.90, respectively. The intensities
of all of the C1s peaks of the carbons bound to oxygen
decreased gradually because most of the oxygenous functional
groups were removed. Five different peaks centered at 284.6,
285.6, 286.8, 287.8, and 288.8 eV are observed, corresponding
to sp2-C, sp3-C, −C−O, −CO, and −COO− groups in the
narrow areas of the C1s region, respectively. The C−O group is
the most abundant among the oxygenous groups followed by
CO and COO− (Figure 5a). With the increase of reaction
time, the peak of sp3-C also decreased obviously; on the
contrary, the peak of sp2-C significantly increased, indicating
that the reduction process is attributed to the restoration of the
sp2-C network.32 In the meantime, the amount of C−O bonds
decreased greatly and carbonyl groups decreased slightly, and
there was no obvious change in the amount of carboxyl groups
(Figure 5b) after 30 min. Then all of the oxygenous groups
were removed after 1 h (Figure 5c). Previous research19 found
carbonyl groups on graphene were first transformed into C−O
bonds at relatively low NaBH4 content (15 mM), and carboxyl
groups were partially removed. With the increase of NaBH4 to

Figure 3. AFM image (a), height curve (b), and TEM images (c,d) of r-GO nanosheets with 3.5 nm AuNPs. TEM images of r-GO nanosheets with
9 nm (e,f) and 25 nm (g,h) AuNPs.

Figure 4. FTIR (a) and Raman (b) spectra of GO/Au and r-GO/Au
with different reduction times (30 and 60 min).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302608g | Inorg. Chem. 2013, 52, 3141−31473144



50 mM, all of the carbonyl groups were nearly removed, and
the C−O bonds were reduced, as well. No significant reduction
of the oxygen-related functional groups was observed at the
higher NaBH4 concentration of 150 mM. Some amount of
oxygen atoms was retained in the film even after treatments
involving high molarity.19 In our study, although 10 mM
NaBH4 was used in the reduction, C−O bonds were greatly
reduced at the beginning. We attribute it to the more active
reduction capability of the hydrogen atoms released from the
catalytic decomposition of NaBH4 by AuNPs. It is one of the
merits of this method that NaBH4 can reduce GO at room
temperature with high efficiency. It needs further investigation
whether AuNPs have a synergic catalysis effect on the reduction
of GO except for the catalytic hydrolysis reaction of NaBH4.
In addition, the crystal structures of GO/AuNP and r-GO/

AuNP composites were characterized by XRD, as shown in
Supporting Information Figure S4. After reduction for 60 min,
the peak of GO at 12.0° disappeared completely, resulting from
the significant reduction of GO.33

It has been known that pH value is an important factor that
effects the reduction of GO.34,35 The hydrolysis reaction rate of
NaBH4 can be expressed by its half-life t1/2 as the time

requested to hydrolyze 50% of NaBH4, which is as a function of
pH value and temperature T (K):17

= − −t Tlog( ) pH (0.034 1.92)1/2

According to the equation, the smaller the pH value, the
faster the reduction. Figure 6a shows the absorption peak

position of GO in UV−vis spectroscopy when GO/AuNPs
were reduced to r-GO/AuNPs at different pH values with
different times. As we discussed above, the shift of the
absorption peak position toward high wavelength represents
the reduction content of GO. It can be seen that the rate of the
reduction in acidic conditions was much faster than that in
alkaline conditions because the hydrolysis reaction rate of
NaBH4 in acidic conditions is much faster than in alkaline
conditions. However, GO can also be reduced to rGO in
alkaline conditions when the reduction time increased to 10
min (Figure 6a), which demonstrates that GO/AuNPs still
show high catalytic capability for the hydrolysis reaction of
NaBH4 in alkaline conditions. It has been proven that the
reduction of GO can occur in a large range of pH values. These
phenomena could also be observed directly in their
corresponding photos (Figure 6b). After the reduction, the
light brown of GO changed to the dark r-GO.
In order to evaluate the catalytic capability of r-GO/AuNPs,

the reduction of MB solution by NaBH4 with different catalysts
was carried out. Due to the high surface area of graphene (r-
GO), it can highly absorb dye in solution.36−38 One hour of
stirring was needed to ensure the adsorption equilibrium
between r-GO and MB so that the absorption effect can be
eliminated. Figure 7a shows UV−vis adsorption spectra of MB
that was mixed with r-GO and r-GO/Au and stirred for 1 h. It
shows that around 12% MB was absorbed by r-GO or r-GO/
Au. Figure 7b shows the UV−vis absorption spectra of an
aqueous solution of MB in the presence of r-GO/AuNPs and
NaBH4 at different reaction times. The density of the peak at

Figure 5. XPS C1s spectra of GO/Au and r-GO/Au at different
reduction times: (a) 0 min, (b) 30 min, and (c) 60 min.

Figure 6. Absorption peaks in UV−vis spectra (a) and the
corresponding photos (b) of the products when GO/AuNPs were
reduced to r-GO/AuNPs at different pH values (1−14) with different
times: 0, 5, and 10 min.
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665 nm gradually decreases with the increase of the reaction
time, representing the degradation degree of MB. More than
12% MB was reduced within 5 min after NaBH4 was added in
the solution, which confirms that the decrease of the intensity
of MB is mainly due to the reduction of MB under the r-GO/
AuNP catalysis rather than the adsorption of r-GO. The peak
disappears after 25 min, which suggests complete degradation
of MB. By monitoring the MB absorption peak at 665 nm, we
obtained plots of the percentage degree of degradation versus
reaction time for different catalysts such as r-GO, AuNPs, the
physical mixture of r-GO and AuNPs, and r-GO/AuNP
composites (Figure 7c). The percentage degree of degradation
was calculated by using (C0 − C) × 100/C0, where C0 is the
initial concentration of MB, and C is the concentration of MB
after degradation. The degradation was very slow using NaBH4
and NaBH4/r-GO without AuNP catalyst, and the degradation
degree only reached 2.8 and 6% in 25 min, respectively. When
r-GO/AuNPs were added into MB as the catalyst, MB was
completely degraded in 25 min. It is demonstrated that r-GO/
AuNPs can greatly accelerate the hydrolysis reaction of NaBH4

to degrade MB. Compared to r-GO/AuNPs sheets, AuNPs
without r-GO sheets and the physical mixture of r-GO and
AuNPs also can accelerate the reduction, but their reduction
rates are much slower than that of r-GO/AuNPs. AuNPs
without r-GO as a carrier may easily aggregate together after
adding into the MB solution, which decreases the catalytic
capability. In addition, the absorption of MB on r-GO via π−π
stacking interactions, as MB is π-rich in nature,38 provides a
high local concentration of MB near the AuNPs, leading to
highly efficient contact between them for the catalytic
reduction.

■ CONCLUSIONS
In summary, we demonstrate a generic and mild method to
synthesize r-GO/noble metal NP composites with well-
controlled morphology and size. TEM and AFM images
show that metal NPs with narrow size distribution are
uniformly dispersed on the surface of graphene sheets. All of
the results from UV−vis absorption spectroscopy, FTIR,
Raman, XRD, and XPS consistently confirmed that most
oxygenous groups were removed and the sp2-C network was
restored during the reduction process. The key merit of this
method is the absence of toxic and/or explosive reductants,
making the reaction environmentally benign. In addition, the
reaction can be carried out at room temperature which
introduces fewer defects during the reduction process and in
a large range of pH values. This simple approach opens up a
new way to prepare graphene/metal NP composites in large-
scale under a mild condition. The graphene/metal NP
composite shows excellent performance in catalyst applications.
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