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ABSTRACT: Flowerlike gold nanoparticles (Au NPs)/
reduced graphene oxide (RGO) composites were fabricated
by a facile, one-pot, environmentally friendly method in the
presence of regenerated silk fibroin (RSF). The influences of
reaction time, temperature, and HAuCl4: RGO ratio on the
morphology of Au NPs loaded on RGO sheets were discussed
and a tentative mechanism for the formation of flowerlike Au
NPs/RGO composite was proposed. In addition, the flower-
like Au NPs/RGO composite showed superior catalytic
performance for oxygen reduction reaction (ORR) to Au/
RGO composites with other morphologies. Our work provides
an alternative facile and green approach to synthesize functional metal/RGO composites.
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■ INTRODUCTION

Graphene is a kind of widely investigated and utilized
nanomaterial in the past few years. The unique 2D single-
layer C−C sp2-bonded honeycomb structure gives it excellent
mechanical, electrical, and thermal properties.1−5 Besides, the
high specific surface area makes it an ideal carrier for
nanoparticles.6−8 To date, there has been a great interest in
functionalization and doping of graphene to manipulate its
interfacial property and graft or load metal/metallic oxide
nanoparticles.9,10

In general, most of graphenes are prepared by reducing
graphene oxide (GO) by chemical,6,11−15 electrochemical,16 or
hydrothermal8,17 methods. Among them, the chemical
reduction method is most widely employed. Reduced graphene
oxide (RGO) prepared by traditional reducing agents has
excellent electrical and thermal properties, but there exists
several defects to limit the application of RGO in many areas:
(1) the extensive adopted chemical routes to reduce GO
usually use toxic agents such as sodium borohydride and
hydrazine, and the residual agents are difficult to remove. (2)
RGO sheets prepared by traditional chemical reduction method
tend to aggregate and precipitate in water due to the strong
π−π stacking interaction. (3) It is not easy to decorate metal
(or metal oxide) nanoparticles on RGO sheets due to limited
active sites.
In recent years, researchers have found that some water-

soluble polymers like PEG, PAA can obviously enhance the
dispersibility of RGO in water.18,19 However, among them,
there are only a few polymers can efficiently reduce GO

without adding other reducing agents. Comparing with these
synthetic polymers, proteins are amphiphilic biomaterials with
hydrophobic and hydrophilic segments in backbone or side
groups, making them well-known for being “adhesive” to link
hydrophobic and hydrophilic substrates.20,21 Gao and co-
workers prepared stable RGO suspension with lysozyme (lys)
acting as the dispersant. They found that the suspension could
be stably dispersed for more than six months and the
dispersibility of lys-RGO solution was pH-sensitive.46 Zheng
found β-lactoglobulin could also efficiently disperse and
decorate RGO.22 Deng et al. fabricated well-dispersed RGO/
metal composites in the presence of bovine serum albumin
(BSA). BSA not only acted as the reducing agent and
dispersant for RGO, but also provided active loading sites for
metal NPs.23,24 Besides, the cysteine,25 tyrosine,26,27 and
glycine residues28 have been investigated as mild and green
reducing agents for metallic oxide and GO. It is reasonable that
proteins containing these amino acid residues can be utilized as
reducing agents. Nevertheless, there are only a few proteins
being used for reducing and dispersing RGO, because many
proteins are water-insoluble and much more expensive than
synthetic polymers.
Regenerate silk fibroin (RSF) is a cheap, widely used, and

water-soluble protein with 18 species of amino acid residues
such as glycine, alanine, serine, and tyrosine,29,30 which is
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prepared by destroying hydrogen bonds in silk fibroin and
dissolving them in water. RSF can be easily and tightly
absorbed onto RGO surfaces by π−π stacking and H-bonding,
while the −COOH and −NH2 groups on RSF chains can act as
nucleation sites for metal NPs. So RSF can be a promising
agent for the reduction and dispersion of RGO and in situ
synthesizing RGO/metal NPs.
On the other hand, gold nanoparticles (Au NPs) are widely

reported because of their specific optical, catalytic, electric and
delivery properties.31−35 The uniform nanostructures with
various morphologies have been fabricated, such as
spheres,6,36,37 plates,38 wires,39 cubes,34,40,41 dendrites,42−44

and flowers.45,46 Plenty of reports have also been devoted to
the fabrication of Au NPs/RGO composite. Huang et al.
fabricated Au/RGO composites via sonochemical reduction
with the assistance of hydrazine and SDS, and the composites
were further applied to the electrical detection of DNA
hybridization.47 Our group also successfully prepared well-
dispersed Au/RGO composites by using sodium citrate as the
reducing agent.6 Besides, hydrothermal method was also widely
employed to prepare metal (or metal oxide)/RGO compo-
sites.48,49 However, Au NPs prepared in their works were
usually disorderly distributed with irregular shapes and different
sizes. Moreover, Au/RGO composites have been gotten much
more interest during the past few years because of their
superior performance in many areas, such as surface-enhanced
Raman scattering,6 biosensors,47 and catalysis.50 Recently, metal
(metallic oxide)/RGO51−53 or heteroatom doped RGO54−56

were reported to have remarkable effects on electro-catalysis
toward oxygen reduction reaction (ORR). They are much
cheaper than the commercial ORR catalyst Pt/C; however, the
preparation of those composites is always very complicated or
harsh. So a facilely prepared, efficient, and green catalyst is
urgently needed for ORR.
Here, we present a facile, green, and rapid approach to

synthesize uniformly distributed flowerlike Au NPs/RGO
composite using RSF as both a reducing agent for GO and
chloroauric acid and an “adhesive” for binding Au NPs and
RGO sheets. The Au NPs/RGO composites could be easily
and stably redispersed in water after washing for several times
due to the amphiphilicity of RSF chains absorbed on RGO
sheets. Furthermore, the flowerlike Au NPs/RGO composite
exhibits better catalytic activity toward ORR than other Au
NPs/RGO composites, making it a promising catalyst in
electrochemistry.

■ EXPERIMENTAL SECTION
Materials. Chloroaunic acid tetrahydrate (HAuCl4·4H2O) was

purchased from Sinopharm Chemical Reagent Co. Ltd. Graphite
powder (8000 meshes, 99.95%) was obtained from Aladdin Reagent
Co. Ltd. All other reagents are of analytical grade and used without
further purification.
Preparation of RSF Aqueous Solution. RSF aqueous solution

was prepared as described elsewhere.57 Briefly, cocoons of Bombyx
mori was boiled for 45 min in an aqueous solution of 5 W/V%
Na2CO3 to remove silk sericin and wax. The extracted silk fibroin was
dissolved into a 9.3 M LiBr solution at 40 °C for 1 h. The solution was
then dialyzed in deionized water using a Slide-a-Lyzer dialysis cassette
(molecular weight cutoff, MWCO, 14000) for three days. Then the
dialyzed silk fibroin solution was centrifuged at 6000 rpm for about 5
min to remove insoluble impurities. The final concentration of the silk
fibroin aqueous solution was ca. 3−4 wt %.
Preparation of GO. GO was prepared by the modified Hummers

method.58 In brief, 5 g of expandable graphite powders and 2.5 g of

potassium nitrate were mixed in 115 mL of concentrated sulfuric acid
at 0 °C with ice−water bath. Then 15 g of potassium permanganate
was added under vigorous stirring. After increasing the temperature to
35 °C, 115 mL of water was added to the mixture rapidly before
keeping the temperature under 100 °C for 30 min. Then another 700
mL of water was added, followed by adding 50 mL of H2O2 (30 wt %).
Finally, the resulting suspension was filtered and dialyzed for 2 weeks
to remove the remaining metal ions, and then freeze-dried before use.

Preparation of Au NPs/RGO Composites. Typically, 16 mg of
GO was sonicated and dispersed in 8 mL of water, then 10 mL RSF
solution (3 wt %) was added, followed by raising pH to around 12 by
the addition of 1.0 M NaOH. The mixture was sonicated for another
30 min, and then heated to 50−70 °C for 3−6 h. After the yellow-
brown solution of GO gradually turned black, 14.4 mL of HAuCl4 (25
mM) was added before adjusting pH to 7 by 1.0 M HCl, and then
heating to 45 °C for 5 min. The solution was cooled rapidly and then
excessive RSF and smaller Au NPs that were not absorbed on
graphene were removed by a 30 min centrifugation at 12 000 rpm for
several times. The resulting black precipitates were dried or
redispersed in water for further characterization.

Electrochemical Measurement. 1. Cyclic Voltammetry (CV).
CV was performed with a computer-controlled potentiostat
(CHI660D) in a standard three-electrode cell using saturated calomel
electrode as the reference electrode, a platinum wire as the counter
electrode and a glassy carbon electrode as the working electrode. The
working electrode was prepared as reported previously.55 In brief, 5
mg of catalyst was dispersed in 3 mL of isopropanol by 45 min
sonication to form homogeneous suspension. Then 5 μL of suspension
was dropped onto a glassy carbon electrode with 5 mm diameter, and
5 μL of Nafion solution (5 wt %) was coated after the suspensions was
dried. The three electrodes were put into 0.1 M KOH solution. A flow
of O2 or N2 was maintained for 40 min to achieve O2-saturated or O2-
free. The working electrode was cycled at least 5 times in the potential
range from −0.8 to 0.2 V at a scanning rate of 5 mV/s.

2. Rotating Disk Electrode (RDE) Measurement. The working
electrode was prepared by the same method as CV. The measurements
were performed at a scanning rate of 5 mV/s with different rotating
speeds from 100 to 1300 rpm. Koutecky−Levich plots (J−1 vs ω−1/2)
were analyzed at various electrode potentials to determine the number
of electrons involved in oxygen reduction. The current density J is
related to the angular velocity ω according to

ω
= + = +

J J J B J
1 1 1 1 1

L K
1/2

K

ν= −B nFC D0.62 O 2
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Where Jk and JL are the kinetic and diffusion-limiting current densities;
n is the number of electrons transferred in reduction; ω is the angular
velocity; F is Faraday constant; CO2

is concentration of O2 in solution;

DO2
is the diffusion coefficient of O2 in solution; and ν is the kinematic

viscosity for KOH.
Characterization. The transmission electron microscope (TEM)

images of Au NPs/RGO were taken on microgrid carbon film
(T11012) with a JEOL JEM2011 at 200 KV equipped with selective
area electron diffraction (SAED). Scanning electron microscope
(SEM) observations were performed on Hitachi-S-4800 FE-SEM
with gold coating. To evaluate the dispersion state of the GO sheets in
the suspensions, we obtained atomic force microscopy (AFM) images
using a Multimode Nano4 in the tapping mode. X-ray diffraction
(XRD) patterns were acquired by a D8 ADVANCE and
DAVINCI.DESIGN (Bruker) X’pert diffractometer with Cu Kα

radiation. UV−vis spectra were measured on a Hitachi U-2910
spectrophotometer. Raman spectra were recorded on a Renishaw
inVia Reflex micro-Raman spectrometer with He/Ne laser excitation at
632.8 nm. Thermo gravimetric analysis (TGA) was carried out at a
heating rate of 20 °C/min on Perkin-Elmer Pyris-1 TGA in nitrogen at
a flow rate of 40 cm3/min. Fourier transform infrared (FTIR) spectra
were recorded on a Nicolet Nexus 470 spectrometer.
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■ RESULTS AND DISCUSSION

RGO was prepared by heating the mixture of GO and RSF at
60 °C for 4 h. To prove GO was successfully reduced, several
characterizations were utilized after the products were washed
for several times. Figure 1a shows the UV−vis spectra of GO
and RSF reduced RGO. The peaks around 230 and 305 nm
could be ascribed to π−π* transition and n−π* transition
absorption of GO. After reduction, the peak around 230 nm red
shifts to 265 nm and the peak at 305 nm disappears, indicating
GO was well reduced to RGO with highly electronic
conjugated structure by RSF.6,59

XRD patterns also reveal that GO was almost completely
reduced by RSF (Figure 1b). As reported previously, the peak
at 2θ = 11.5°, corresponding to an average interlayer spacing of
∼9 Å, is assigned to the characteristic peak of GO. While for
the RGO sample, the peak at 2θ = 11.5° disappears, replaced by
a broad peak at 2θ = 23.5°, which is probably assigned to RGO

characteristic peak. The interlayer spacing is about 3.9 Å, which
is a little larger than that of RGO reduced by other reducing
agents (3.6 Å).8 The main reason is that many RSF chains
intercalated in graphene sheets by H-bonding, π−π stacking
and covalent bonds during GO reduction. AFM images also
demonstrate that RSF chains adhere to RGO sheets after
reduction, as shown in Figure 1e. The thickness of GO is about
0.8 nm, which is consistent with the previous report,9 indicating
they are monolayered and well-dispersed. Theoretically, the
thickness of GO sheet should decrease after reduction;
however, in our experiment the height increases to 1.4 nm,
which is much thicker than pristine graphene.60 Besides, the
surface of such RGO is rougher than that of initial GO. Both
results suggest that RSF chains are tightly absorbed on RGO
sheets, and the thickness of RSF is about 0.4 nm (both sides of
RGO could absorb RSF chains). The anchored RSF chains can

Figure 1. (a) UV−vis spectra, (b) XRD patterns, (c) FTIR spectra, (d) Raman spectra of GO and RGO reduced by RSF. (e) AFM images of GO
(top) and RGO (bottom).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302076x | ACS Appl. Mater. Interfaces 2013, 5, 654−662656



also account for the good dispersibility of RGO sheets in water
after centrifugation and washing for several times.
Another potent evidence for GO reduction is FTIR. The

characteristic peaks of GO at 3420, 1720, 1395, 1240, and 1060
cm−1 are ascribed to O−H stretching, CO stretching of
COOH, O−H deformation, C−OH stretching, and C−O
stretching, respectively. After reduction, the CO stretching
band disappears and the peaks of other oxygenic functional
groups in relation to GO strongly decrease. In FTIR spectrum
of RGO, the peaks at 3270, 3060, 1650, and 1540 cm−1 are
assigned to N−H stretching, C−H stretching in aromatic rings,
amide I, and amide II, respectively. Because both the aromatic
ring and peptide bonds exist in RSF chains, it also demonstrates
that some RSF chains are anchored on RGO sheets during the
reduction process.
Raman spectroscopy is regarded as a powerful technique to

characterize graphitic derivatives. As we know, there are two
characteristic peaks in the spectrum of raw graphite, the D band
at 1330 cm−1 assigned to the disorder carbon, defects, and
edges on graphitic derivative plane, and the G band at 1582
cm−1 arising from the Brillouin zone center E2g mode,

corresponding to ordered sp2-bonded carbon. Figure 1d
shows the Raman spectra of GO and RGO. For GO sample,
the D band slightly shifts to 1335 cm−1 and the G band shifts to
1591 cm−1 comparing with graphite, indicating a decrease in
the size of the in-plane sp2 structure due to the oxidation and
exfoliation process of graphite. The two bands between 2600 to
2950 cm−1 are assigned to 2D and D+G band, respectively.13

whereas for RGO, the G band further blue shifts to 1594 cm−1

with the D band almost unchanged. The intensity ratio of D/G
increases from 1.03 to 1.17, suggesting a further decrease of the
size of the sp2 domains during the reduction of GO.
The flowerlike Au NPs/RGO composite was prepared by

mixing HAuCl4 solution (25 mM) and as-prepared RGO
solution (ca. 1 g/L) with the ratio 4:5 (V:V), then reacting at
45 °C for 5 min. Figure 2a shows the SEM image of flowerlike
Au NPs/RGO composite, the Au NPs are almost mono-
dispersed in a size of 200−300 nm with rough surfaces. The
wrinkles around Au NPs on the microgrid carbon film indicate
crumpling and folding of RGO during the drying process.
Enlarged image (Figure 2b) indicates these Au NPs are
flowerlike and composed of a number of 10 nm nanoparticles.

Figure 2. EM images of flowerlike Au NPs loaded on RGO sheets. (a, b) SEM of Au NPs at a reaction time of 5 min, (c, d) TEM and (e) HR-TEM
of Au NPs at a reaction time of 5 min. The lattice spacing of 2.30 Å can be indexed as the (111) face of Au. The inset of e is the SAED pattern of
flowerlike Au NPs.
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The FTIR spectrum of flowerlike Au NPs/RGO composite is
almost the same to RSF reduced RGO (see Figure S1a in the
Supporting Information), and there is still a obvious weight loss
of RSF in the TGA curve of flowerlike Au NPs/RGO
composite (see Figure S1b in the Supporting Information ),
indicating that RSF chains are still tightly absorbed on RGO
sheets after the formation of Au NPs. It reveals the RSF chains
probably not only act as a reducing agent for GO and
chloroauric acid, but also serve as an “adhesive” for binding
RGO and Au NPs. From the TEM image (Figure 2c), we can
observe some flowerlike Au NPs on RGO sheets which cover
the holes of microgrid carbon film. Enlarged image clearly
shows the edge of RGO sheets under Au NPs (Figure 2d).
Moreover, these Au NPs are not stacked very densely, so the
specific surface area of the flowerlike Au NPs should be much
higher than spherical NPs with the same size, resulting in the
potential application in catalysis. The HR-TEM image reveals
all the lattice spacings in the four different crystalline areas are
2.30 Å (Figure 2e), which is consistent with other reports,
indexing as the (111) face of Au.25,43 Selected-area electron
diffraction (SAED) exhibits a mixed diffraction pattern,
including (111), (200), and (220) faces, which is in accordance
with the XRD pattern (see Figure S2 in the Supporting
Information), suggesting the presence of defects and multiple
crystal domains in Au crystals.44

Effect of Time and Temperature on the Morphology
and Optical Property of Au NPs. To investigate the growth
process of the flowerlike Au NPs, we performed time-resolved
experiments for the sample with the ratio of HAuCl4:RGO
about 4:5(V:V), and TEM observations were utilized to
monitor the morphology changes during the experiments.
Figure 3a shows the products obtained after 3 min. Although
the reaction time is very short, there are already many Au NPs
loaded on RGO planes, suggesting the fast formation of Au in

the presence of RSF. Plenty of nanoparticles with a size of 10
nm aggregated to form loose and irregularly ordered Au
particles, whereas the others are scattered on RGO plane. At 5
min, monodispersed flowerlike Au NPs are formed with a size
of 300 nm, along with drastic decreasing of scattered single Au
nanoparticles (Figure 3b), indicating that the large flowerlike
Au NPs are formed by consuming smaller Au nanoparticles in a
Ostwald repining process.61 The 10 nm nanoparticles can be
hardly found when reaction time increased to 10 min;
meanwhile, the aggregated particle further increased to 400
nm along with the surface becoming rougher than that at 5 min
(Figure 3c), which is consistent with our assumption. When the
reaction time is prolonged to 20 min, the flowerlike Au NPs
disappear, replaced by larger clusters which are also composed
of a mass of nanoparticles (Figure 3d). It seems that the
flowerlike Au NPs are not very stable and tend to collapse with
much more Au reducing and aggregating.
Temperature is another important factor for regulating the

morphology of Au NPs. Figure 3e shows the TEM image of
products prepared at 37 °C after 30 min reaction, some small
particles are formed with an irregular shape. With decreasing
temperature to room temperature (about 25 °C), spherical Au
NPs (15 nm) are uniformly distributed on RGO planes.
Generally, for a kinetically controlled reaction, elevating
temperature or prolonging reaction time would lead to the
same results. However, in our system, the morphologies of Au
NPs obtained at a higher temperature and a longer time are
totally different, indicating the formation of flowerlike Au NPs
is a thermodynamic process and in which temperature acts as a
crucial role.
Previous researches have reported Au NPs with different

morphologies or sizes would present distinct optical proper-
ties.34,41 UV−vis spectroscopy was employed to detect optical
absorption of Au NPs prepared after different reaction time. As
shown in Figure 4, the 15 nm spherical Au NPs prepared at

room temperature have a typical peak at 528 nm (Figure 4f),
which is consistent with other reports.62,63 When the
temperature is increased to 37 °C, the peak red shifts to 538
nm (Figure 4e) with the size and roughness of Au particles
increasing (Figure 3e). When the reaction temperature is 45
°C, the perfect flowerlike Au NPs have a broad band ranged
from 500 to 850 nm (Figure 4b, c) with the main peak red
shifting to 645 nm. For the irregular (Figure 4a) and collapsed
(Figure 4d) Au NPs, despite of the presence of secondary tips,

Figure 3. TEM images of Au NPs/RGO composites at different
reaction time. (a) 3 min at 45 °C, (b) 5 min at 45 °C, (c) 10 min at 45
°C, (d) 20 min at 45 °C, (e) 30 min at 37 °C, (f) 60 min at room
temperature. The insets of e and f are the enlarged images of each
sample.

Figure 4. UV−vis spectra of the synthesized Au NPs at different
reaction time: (a) 3 min at 45 °C, (b) 5 min at 45 °C, (c) 10 min at 45
°C, (d) 20 min at 45 °C, (e) 30 min at 37 °C, (f) 60 min at room
temperature.
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they do not present an obvious absorption peak, which might
be caused by the irregularly stacking structure of Au NPs
(Figure 3a, d). The above results suggest that the optical
properties are not only dependent on the secondary tips of the
particle, but also related with the aggregated structure of Au
NPs.
Effect of the Initial Ratio of HAuCl4: RGO on the

Morphology of Au NPs. Figure 5 shows the TEM images of

Au NPs/RGO composites prepared with different ratios of
HAuCl4: RGO. It indicates that the ratio of HAuCl4: RGO is
very crucial for fabricating flowerlike Au NPs, which could only
be prepared with the ratio about 4:5. When the added HAuCl4
is halved, particles are incomplete with some defects existing on
the surface (Figure 5a). Although the particles are nearly
monodispersed and stacked by a large amount of nanoparticles,
they are much smaller than flowerlike particles. It seems that

these particles are the intermediate phase of the flowerlike Au
NPs and in this case the Au nanoparticles are not enough to
form complete flowerlike morphology. When the amount of
HAuCl4 is doubled, the Au NPs collapse to form dendritic
clusters (Figure 5b, d). We find that the branches are also made
up of several nanoparticles in the enlarged image (Figure 5c).64

It seems that the number of branches on the Au particle surface
determines the optical property of Au particle (see Figure S3 in
the Supporting Information); that is, the main peak in UV−vis
spectra would red shift when the branches increase. Both the
lattice spacings of these two Au NPs are 2.3 Å in HR-TEM
images (Figure 5c), which is consistent with flowerlike Au NPs,
indicating that the crystal phase is invariant with changing initial
ratio of HAuCl4: RGO.

Probable Formation Mechanism for the Flowerlike Au
NPs on RGO Sheets. Based on the above results, a possible
mechanism for the formation of flowerlike Au/RGO composite
in the presence of RSF chains was proposed, as depicted in
Figure 6. First, GO was reduced by cysteine, tyrosine, and
glycine residues on RSF chains. During the reduction process,
some RSF chains intercalated in RGO sheets and acted as a
dispersing agent for RGO. There were three mutual
interactions between RGO sheets and RSF chains, e.g., amide
bonds (covalent interactions), H-bonds and π−π interactions
between the conjugated structures of RGO and the aromatic
moieties of tyrosine or tryptophane (noncovalent interac-
tions).29,65 After GO reduction, HAuCl4 was added before
adjusting solution pH to 7, because alkaline condition was not
favorable to flowerlike Au NPs formation in our experiment.
The Au crystals nucleated rapidly in vicinity of -NH2 groups
due to the electrostatic interaction, followed by a fast formation
of complex structures. From Figure 3a−c, the number of
scattered nanoparticles significantly decreases along with Au
crystal growth, suggesting that the final flowerlike Au NPs were
formed through the consumption of smaller spherical nano-
particles.44,45 The main driving force for this process was the
reduction of surface energy. Besides, and RSF chains acted as
the stabilizer for these particles. In early time, the nanoparticles
were formed rapidly, which would spontaneously aggregate to

Figure 5. TEM images of Au NPs/RGO composites prepared with
different ratios of HAuCl4: RGO, (a) 2:5, (b) 8:5 (V:V). (c)
Corresponding HR-TEM images of a (left) and b (right); the lattice
spacing is 2.30 Å. (d) SEM image of Au NPs/RGO composite with the
ratio of HAuCl4:RGO = 8:5. The concentrations of HAuCl4 and RGO
in this system are 25 mM and 1 g/L.

Figure 6. Schematic illustration of the procedure for the synthesis of flowerlike Au/RGO composite.
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from irregular particles. Due to the minimization of surface
energy, the particles would gradually tend to form larger
spheres. With prolonging the reaction time, the rate of Au
formation decreased and the growth of Au became diffusion-
controlled due to the depletion of HAuCl4, so the nanoparticles
would stack in favorable directions. Some tips on the surface
that could reduce the nucleation energy more easily accepted
adatom attachment, resulting in the anisotropic growth of Au
particles. Subsequently, branches would protrude from the
surface of the spherical particles, and form the observed
flowerlike structures.45

Electrocatalysis Application of Flowerlike Au NPs/
RGO. The electrocatalysis activity of flowerlike Au NPs/RGO
composite for ORR was first characterized by cyclic
voltammetry (CV) in 0.1 M KOH on a glassy carbon electrode.
As shown in Figure 7a, the onset potential and peak potential of
flowerlike Au NPs/RGO composite are −0.22 V and −0.40 V
against saturated calomel electrode, respectively, which are ∼60
mV more positive than RGO sheets (see Figure S4 in the
Supporting Information).56,66 Catalytic property of flowerlike
Au NPs/RGO composite was compared with other three Au
NPs with different shapes: branched, spherical I, and spherical
II. Branched Au NPs are composed of several separate ∼10 nm
nanoparticles67 (see Figure S5c in the Supporting Information).
The difference between two spherical Au NPs is the particle
size, where, the diameter of I is about 10 nm (see Figure S5a in
the Supporting Information) and II about 80 nm (see Figure
S5b in the Supporting Information). Although the branched Au
NPs/RGO composite also has sharp edges or tips, the onset
potential is ∼80 mV more negative than that of flowerlike Au
NPs/RGO, and the peak potential is ∼30 mV, indicating that
the aggregation structure have a crucial effect on the catalytic
ability of Au NPs. For flowerlike Au NPs/RGO composite, the

loosely stacked structures not only maintain the high specific
surface area of the single nanoparticles, but also provide many
secondary tips which could act as active reaction sites for ORR,
so the catalysis activity is better than other Au NPs/RGO
composites. Generally, the oxygen in solution would be
reduced at these secondary tips and produce electrons, because
of the excellent electrical conductivity of Au and RGO sheets.
The electrons would be quickly captured by Au particle, and
then efficiently transferred to RGO sheets, whereas for the
branched Au NPs, the Au NPs are so dispersive that the
produced electron may be quenched in the transmission
process, which would greatly affect the catalytic efficiency. The
potential of spherical I and spherical II Au NPs/RGO
composites are almost the same and further more negative
than that of flowerlike Au NPs/RGO (onset potential of −0.33
V and peak potential of −0.46 V, against saturated calomel
electrode). The most probable reason is that both the two Au
NPs do not have secondary branches or sharp tips, resulting in
lower specific surface area and much less reaction sites than
flowerlike Au NPs.
We further investigated the influence of Au content in the

composite on the catalytic property for ORR. EDS was
employed to measure Au contents, as shown in Figure S5 in the
Supporting Information. Although the mass fraction in
branched Au (22.42 wt %) is much bigger than others, the
catalytic performance of branched Au NPs/RGO composite is
much lower than flowerlike Au NPs/RGO composite,
suggesting that Au content has little effect on the catalytic
property of Au. Analogously, the crystal phases of these four Au
NPs are all the same, excluding the influence of crystal phase on
the catalytic ability toward ORR (see Figure S2 in the
Supporting Information).

Figure 7. (a) CV curves of flowerlike Au NPs/RGO composite, branched Au NPs/RGO composite, spherical Au (I, II) NPs/RGO composite. (b)
RDE curves of flowerlike Au NPs/RGO composite in O2-satureated 0.1 M KOH solution with different rotation speeds. (c) The Koutecky−Levich
plots of flowerlike Au NPs/RGO composite derived from the RDE measurements. (d) RDE curves of flowerlike Au NPs/RGO composite, branched
Au NPs/RGO composite, spherical Au (I, II) NPs/RGO composite in O2-satureated 0.1 M KOH solution at a rotation speed of 1300 rpm.
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The ORR catalytic activity of the above catalysts was also
measured by linear-sweep voltammetry (LSV) in O2-saturated
0.1 M KOH solution on rotating disk electrode. Figure 7b
shows the LSV curves of flowerlike Au NPs/RGO composite
with different electrode rotation rates. The measured current
density shows typical increase with increasing rotation rate due
to the enhanced diffusion of electrolytes, indicating the
diffusion rate is a key factor for the catalytic process. The
Koutecky−Levich equation is employed to calculate the
transferred electron number per O2 molecule involved in the
ORR process, and the corresponding curves are plotted for
different potentials in Figure 7c. The nearly parallel and straight
fitting lines indicate that the reduction reaction of dissolved O2
is a first-order reaction.55,68,69 The n value for flowerlike Au
NPs/RGO composite is also calculated to be about 3.44−4.07
V over the potential ranged from −0.95 V to −0.6 V (see
Figure S6 in the Supporting Information), suggesting a direct
four-electron transfer pathway for producing OH− ion toward
the flowerlike Au NPs/RGO catalyzed ORR process.
Additionally, the LSV curves for different catalysts in O2-

saturated 0.1 M KOH solution at a rotation rate of 1300 rpm
are shown in Figure 6d. Notably, the flowerlike Au NPs/RGO
composite exhibits much bigger current density, and the onset
potential is ∼40 mV more positive than other composites,
revealing that the catalytic ability of flowerlike Au NPs/RGO
composite is much more outstanding and the flowerlike Au
NPs/RGO composite is able to be an excellent catalyst for
ORR.

■ CONCLUSION

In summary, we synthesized a flowerlike Au NPs/RGO
composite in a facile and green approach in the presence of
RSF. RSF not only acted as a reducing agent for GO and
chloroauric acid, but also served as an “adhesive” for binding Au
NPs and RGO. The prepared composite could be easily and
stably redispersed in water because of the amphiphilicity of RSF
chains. By changing reaction parameters like reaction time,
temperature, and pH, the size, shape, and crystal aggregation of
the Au NPs loaded on RGO can be regulated. The
electrochemical experiments show that the catalytic ability of
flowerlike Au NPs/RGO composite toward ORR is more
excellent than other Au/RGO composites. It might be a new
efficient catalyst in electrochemistry area. Moreover, the
absorption throughout the visible and near-infrared region in
UV−vis spectra makes it have potential applications in
biological and colorimetric sensing area. In addition, our
work probably provides an alternative approach to expediently
prepare functional metal/RGO composites.
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