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ABSTRACT: In this paper, we develop an environmentally friendly, one-pot strategy
toward rapid preparation of Ag nanoparticle-decorated reducd graphene oxide (AgNPs/
rGO) composites by heating the mixture of GO and AgNO3 aqueous solution in the
presence of sodium hydroxide at 80 °C under stirring. The reaction was accomplished
within a short period of 10 min without extra reducing agent. As-synthesized AgNPs/
rGO composites have been successfully applied in photocurrent generation in the visible
spectral region.

■ INTRODUCTION
Graphene, a flat monolayer of sp2-bonded carbon atoms tightly
packed into a two-dimensional (2D) honeycomb lattice, has
attracted tremendous attention due to its high surface area
(∼2600 m2/g), high chemical stability, and unique electronic
and mechanical properties.1 Among the various exciting
characteristics, the superior electrical conductivity and mechan-
ical properties make graphene an excellent material for
collecting and transporting charge in photoelectrochemical
solar cells and photocatalysis.2 Recently, considerable research
efforts have been put into preparing graphene-based
composites to increase the efficiency of photocatalysis3 and
solar cells,4 in which the flat carbon serves as a scaffold to
anchor metal or semiconductor nanoparticles and assists in
promoting selectivity and efficiency of the catalytic process.5

On the other hand, the surface plasmon resonance (SPR)
effect of Ag nanoparticles (AgNPs) has recently attracted
extensive interest since Awazu et al. proposed the concept of
plasmonic photocatalysis.6 SPR of AgNPs usually results in
strong and broad absorption bands in the visible light region,
and thus it is exploited to develop visible-light-activated
photocatalysts.7 Inspired by enhancement of the properties of
nanoparticles through anchoring them onto reduced graqphene
oxide (rGO), researchers have attempted to prepare AgNP-
decorated rGO (AgNPs/rGO). Until now, a large number of
methods for the synthesis of AgNPs/rGO have been developed
successfully.8 However, the AgNPs/rGOs are usually obtained
from in situ reduction of silver salts on the preformed rGO or
the decoration of rGO with presynthesized AgNPs, which

involve multiple steps and require complex manipulation.8a−g

Since Hassan et al. reported the microwave-assisted, one-pot
preparative method of AgNPs/rGO with the use of oleylamine
as the reducing agent,8h much attention has been paid to one-
pot synthesis of AgNPs/rGO.8i−n Unfortunately, the developed
methods suffer from the use of hazardous or toxic reducing
agents such as NaBH4 and formaldehyde to reduce both GO
and Ag+, posing environmental and health risks, or the
involvement of a surface modifier such as poly(N-vinyl-2-
pyrrolidone) (PVP).
In this paper, we demonstrate an environmentally friendly,

one-pot strategy toward rapid preparation of AgNPs/rGO. The
formation of AgNPs/rGO is accomplished by directly heating
the mixture of GO and AgNO3 aqueous solution in the
presence of sodium hydroxide at 80 °C for 10 min under
stirring without the extra introduction of other reducing agents
and a surface modifier. The central idea used in this approach is
that GO serves as a reducing agent for the formation of AgNPs
while GO can be converted into rGO at the same time under
alkaline conditions. We further demonstrate the successful
application of such composites in photocurrent generation in
the visible spectral region of white light.

■ EXPERIMENTAL SECTION
Graphite powder, H2SO4, NaNO3, NaOH, AgNO3, and H2O2 (30%)
were purchased from Aladin Ltd. (Shanghai, China). Ammonia (25 wt
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%), HCl (36 wt %), and KMnO4 were purchased from Beijing
Chemical Corp. The water used throughout all experiments was
purified through a Millipore system. GO was prepared from natural
graphite powder through a modified Hummer’s method9 using
graphite powder, H2SO4, NaNO3, and H2O2 (30%) as the starting
materials. As-synthesized GO was dispersed into individual sheets in
distilled water at a concentration of 0.5 mg/mL with the aid of
ultrasound for further use. The preparation of AgNPs/rGO was carried
out as follows (sample 1): In a typical experiment, 2.2 mL of 8 M
NaOH aqueous solution was added dropwise into 20 mL of aqueous
dispersion of GO (0.5 mg/mL) containing 2.6 mM AgNO3 at 80 °C
under stirring. The solution was washed with water by centrifugation
twice, and the resulting precipitate was then redispersed in 20 mL of
water and stored at 4 °C for characterization and further use.
UV−vis spectra were obtained on a UV-1800 spectrophotometer.

Transmission electron microscopy (TEM) measurements were made
on a HITACHI H-8100 electron microscope (Hitachi, Tokyo, Japan)
with an accelerating voltage of 200 kV. The sample for TEM
characterization was prepared by placing a drop of sample solution on
a carbon-coated copper grid and dried at room temperature. Powder
X-ray diffraction (XRD) data were recorded on a RigakuD/MAX 2550
diffractometer with Cu Kα radiation (λ = 1.5418 Å). X-ray
photoelectron spectroscopy (XPS) analysis was measured on an
ESCALABMK II X-ray photoelectron spectrometer using Mg as the
exciting source. Raman spectra were obtained on a J-Y T64000 Raman
Spectrometer with 514.5 nm wavelength incident laser light.
Photoelectrochemical measurements were composed of a CHI 660D
electrochemical analyzer (CH Instruments, Inc., Shanghai); a 500 W
xenon lamp (CHFXQ500W, Beijing) with an UV cutoff filter (λ > 400
nm, input power: 100 mW/cm2); and a homemade three-electrode
cell using a KCl-saturated Ag/AgCl electrode, a platinum wire, and
AgNPs/rGO as the reference, counter, and working electrodes,
respectively. The AgNPs/rGO modified indium−tin oxide (ITO)
electrode was prepared according to dip-coating method: typically, 100
μL of AgNPs/rGO suspensions was dip-coated onto a 0.5 cm ×4 cm
ITO glass electrode. The electrode was then air-dried at room
temperature. The supporting electrolyte was 1 M Na2SO4, which was
purged with high-purity nitrogen for at least 15 min prior to
experiments.

■ RESULTS AND DISCUSSION
Figure 1 shows the Raman spectra of GO and the products thus
formed. It is reported that rGO obtained by chemical reduction
of GO exhibits two characteristic main peaks: the D band at
∼1350 cm−1, arising from a breathing mode of κ-point photons
of A1g symmetry, and the G band at 1575 cm−1, corresponding

to the first order scattering of the E2g phonon of sp2 C atoms.10

In our study, it is seen that both GO and the products exhibit a
D band at 1355 cm−1 and a G band at 1596 cm−1. The products
are also found to show a relatively higher intensity of D to G
bands (0.93) than that of GO (0.75). These observations
confirm the formation of new graphitic domains after the
reaction.11 Figure 1, inset, shows the photographs of aqueous
dispersion of GO (left) and the products thus obtained (right),
exhibiting a distinct color change from pale-yellow to black
after reaction. Such an observation provides another piece of
evidence for the formation of rGO.
It is known that most of the oxygen-containing functional

groups in GO exist in the form of either hydroxyl or epoxide
groups,12 and the successful removal of epoxy and hydroxyl
means the formation of rGO, which can be confirmed by X-ray
photoelectron spectroscopy (XPS). Figure 2A and B show the
C 1s XPS spectra of GO and the products, respectively. The C
1s spectra of GO and the products could be deconvoluted into
four peaks at 284.6, 285.7, 286.7, and 288.2 eV, which are
associated with C−C, C−OH, C(epoxy/alkoxy), and CO,
respectively.13 It is obviously seen that the peak intensity of C−
O and C(epoxy/alkoxy) in rGO tremendously decrease, and
the content of C−C correspondingly increases dramatically. All
of the observations suggest that the most oxygen-containing
functional groups are successfully removed after the reaction. It
was reported that metallic Ag 3d peaks are centered at 373.9
and 367.9 eV,14 and the Ag(I) exhibits two peaks at 375.8 and
369.6 eV.15 However, the Ag 3d peaks in our present study
appear at 374.3 and 368.3 eV (Figure 2C), which suggests that
there is both metallic Ag and Ag+ adsorbed in the rGO sheets.
The XRD pattern of the products thus obtained is shown in

Figure 3. The four peaks located at 38.0, 44.4, 64.4, and 77.3°
are assigned to 111, 200, 220, and 311 faces of a Ag crystal,
respectively, demonstrating the formation of metallic Ag.15 The
broad peak at 2θ = 20−30° appears, indicating the disordered
stacking of rGO sheets in the composites.16 On the basis of the
results of XPS and XRD characterizations, it indicates that
AgNPs and rGO were successfully prepared by heating GO and
AgNO3 solution in the presence of NaOH.
Figure 4 shows typical TEM images of the products. After

the reaction, a large amount of nanoparticles with diameters of
a few nanometers to several tens of nanometers are observed
uniformly on the surface of the rGO, as shown in Figure 4A.
The arrow clearly shows the edge of the rGO sheet. The high
magnification TEM image (Figure 4B) further reveals that the
nanoparticles are spherical in shape. The high-resolution
transmission electron microscopy (HRTEM) image taken
from a typical nanoparticle (Figure 4B, inset) shows clear
lattice fringes with an interplane distance measured to be 0.235
nm, corresponding to the (111) plane of Ag crystals.17 It
indicates that these nanoparticles are AgNPs and supports the
formation of AgNPs/rGO. It is of importance to note that the
AgNPs are anchored on the surface of rGO with a high density.
We also examined the influence of the relative amount of Ag+

on the AgNPs/rGO composites’ formation. Figure 5 shows the
corresponding TEM images. When the amount of Ag+ was
increased up to 4-fold (sample 2), a large amount of
nanoparticles with diameters ranging from 15 to 30 nm were
formed as the main products, as shown in Figure 5A. When the
amount of Ag+ decreases to one-fourth of that used in sample 1
(sample 3), nanoparticles with diameters ranging from a few
nanometers to 20 nm were formed as the main products, and
the particle density on the rGO sheets decreased tremendously,

Figure 1. Raman spectra of GO (A) and products thus obtained (B).
Inset: photographs of GO (left) and products (right) in aqueous
solution.
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as shown in Figure 5B. These observations indicate that the
increase of Ag+ amounts is favorable for the formation of
AgNPs with a larger size and higher density.
GO is covered with hydroxyl groups on the hexagonal basal

plane18 and thus can serve as a mild reducing agent. However,
GO can only reduce Ag+ under basic conditions.8a Indeed, it is
reported that in the presence of plenteous NaOH, a Ag(OH)
intermediate forms in the solution,19,20 the reduction of which
to Ag0 followed by nucleation to form AgNPs is simultaneously
accelerated by NaOH. On the other hand, GO can be
converted into rGO rapidly under strong alkaline conditions.21

Therefore, NaOH, the strong alkaline presented in our present
system, plays a dual role: not only accelerating the reduction of

Ag+ by GO to form AgNPs but inducing the reduction of GO
into rGO. As a result, AgNPs/rGO was formed finally.
We further explored the application of the composites for

photocurrent generation in the visible range of light. Figure S1
shows the absorption spectrum of AgNPs/rGO modified ITO.
This electrode exhibits an intense peak centered around 470
nm, indicating the strong ability of the electrode to absorb light
in the visible spectrum range. The transient photocurrents of
AgNPs, rGO, and AgNPs/rGO irradiated with visible light (λ >
400 nm) are shown in Figure 6. For AgNPs, a small anodic
photocurrent of ca. 0.15 μA is obtained under visible light
illumination (curve C), which can be attributed to the surface
plasmon resonance excitation in the AgNPs, indicating the
photogenerated electrons move to the bulk and finally transer
to ITO and leave holes on the outer surface. For rGO, a small
anodic photocurrent ca. 0.09 μA in intensity is observed under
visible light illumination (curve B). In contrast, a prompt
photocurrent is observed for AgNPs/rGO, the photocurrent
intensity of which is about 1.46 μA. Compared with AgNPs and
rGO, AgNPs/rGO exhibits a 32-fold and 16-fold enhancement
of photocurrent intensity, respectively (curve A), suggesting the
synergistic effect of both AgNPs and rGO in the composites.
Thus, we come to the conclusion that rGO plays a positive role
in the photocurrent generation of the modified electrode. On
one hand, rGO can accept the electrons from the AgNPs; on
the other hand, rGO can facilitate electron transfer within the
composite film.22

We also examined the influence of the density of AgNPs on
rGO sheets on the photocurrent generation properties of the
AgNPs/rGO composites. The transient photocurrents of
sample 2 and sample 3 irradiated with visible light (λ > 400
nm) are shown in Figure 7. Both the two samples exhibit
anodic photocurrent, with 0.21 μA for sample 2 (curve B) and
0.53 μA for sample 3 (curve A) in intensity under visible light
illumination. The relative intensity of the D to G bands was
0.92 and 0.95 for sample 2 and sample 3 (Figure S2, Supportig
Information), respectively, demonstrating that the reduction
degree of rGO remains similar in the three samples23 while the
density of particles on rGO sheets of sample 2, sample 1, and
sample 3 increases with increased Ag+ amounts. However,
sample 1 shows the best generation of photocurrent, mainly
due to the proper density of AgNPs decorated on rGO sheets.
The particle density is too low for sample 2 and too high for
sample 3, leading to unsatisfied intensity of the photocurrent

Figure 2. C 1s spectra of GO (A) and the products (B); the Ag 3d
XPS spectrum of the products (C).

Figure 3. XRD pattern of products thus obtained.
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owing to the inefficient electron−hole separation in the
composites. On the basis of these observations, we conclude
that the reduction degree of rGO is similar, and the density of
particles decorated on rGO sheets plays a significant role in the
photocurrent generation properties.

■ CONCLUSIONS
In summary, heating the mixture of graphene oxide (GO) and
AgNO3 aqueous solution in the presence of sodium hydroxide

has been proven to be an effective strategy toward one-pot,
rapid preparation of AgNPs/rGO without the involvement of
other reducing agents and a surface modifier. The application of
such a AgNPs/rGO in photocurrent generation has also been
demonstrated. Compared to either pure AgNPs or rGO, the
AgNPs/rGO composites show a great enhancement in
photocurrent. Our present study is important because it
provides us a practical, convenient, environmentally friendly

Figure 4. Low (A) and high (B) magnification TEM images of AgNPs/rGO. Inset: HRTEM image of a nanoparticle on the AgNPs/rGO.

Figure 5. TEM images of the products of sample 2 (A) and sample 3 (B).

Figure 6. Photocurrent responses of AgNPs/rGO (A), rGO (B), and
AgNPs (C) modified ITO electrode in a standard three-compartment
cell along with a Pt wire counterelectrode and a reference electrode
(Ag/AgCl) under white light illumination (λ >400 nm; input power,
100 mW/cm2; electrolyte, 1 M Na2SO4 aqueous solution; electrode
potential of 0 V vs Ag/AgCl).

Figure 7. Photocurrent responses of sample 3 (A) and sample 2 (B)
modified ITO electrode in a standard three-compartment cell along
with a Pt wire counterelectrode and a reference electrode (Ag/AgCl)
under white light illumination (λ >400 nm; input power, 100 mW/
cm2; electrolyte, 1 M Na2SO4 aqueous solution; electrode potential of
0 V vs Ag/AgCl).
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approach toward one-pot synthesis of AgNPs/rGO for
applications.
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