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ABSTRACT: Sunlight-induced degradation of organic pollutants
is an ideal approach for environmental pollution control and
wastewater treatment. Although a variety of photocatalysts have
been designed toward this goal, efficient degradation of colorless
organic pollutants by visible light is a challenging issue. Here, we
show that a reduced graphene oxide (rGO)-based composite with
silver nanoparticle (rGO−Ag) can act as an efficient visible-light
photocatalyst for the degradation of colorless organic pollutants.
We have developed a simple, large-scale synthesis method for
rGO−Ag and used it for the degradation of three well-known
endocrine disruptors (phenol, bisphenol A, and atrazine) under UV and visible light. It is found that photocatalytic efficiency by
rGO−Ag under visible light is significantly higher compared to that of rGO or silver nanoparticles. It is proposed that Ag
nanoparticles offer visible-light-induced excitation of silver plasmons, and conductive rGO offers efficient charge separation and
thus induces oxidative degradation of the organic pollutant. This approach can be extended for sunlight-induced degradation of
different organic pollutants.
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■ INTRODUCTION

A wide variety of organic pollutants are responsible for
environmental and water pollution.1 These pollutants cause
various environmental and health-related issues worldwide. In
particular, a class of organic pollutants known as endocrine
disruptors can interfere with hormone systems, resulting in
reproductive problem, cancer, hypospadias, miscarriages,
endomertriosis, and infertility.2 Thus, efficient removal/
degradation of organic pollutants is an important issue in
environmental pollution monitoring and water purification.3

Several methods exist for their separation, and among them,
adsorption-based separation is most widely used due to its
simplicity and general applicability.3−5 However, separation
efficiency varies depending on the chemical and physical nature
of sorbents and pollutants.3−5

Sunlight-induced degradation of organic pollutants is one of
the most attractive approaches for combating environmental
pollution and wastewater treatment.6 A variety of photo-
catalysts have been developed toward this goal. Among them,
TiO2 is most frequently used because of its chemical stability,
favorable optoelectronic properties, low toxicity, and low cost.7

However, TiO2 is photoactive in the UV region due to its
higher band gap (3.2 eV), and thus, utilization of solar
irradiation is not efficient.7 A variety of new generation visible-
light photocatalysts are under development, and prominent
examples include nitrogen -doped TiO2,

8 plasmonic nano-
particle−TiO2 composite,9−11 plasmonic nanoparticle−quan-

tum dot composite,12 and other nanocomposites.13−19 In
addition, attempts have also been made to design catalysts with
efficient charge separation and storage from the photoexcited
nanoparticle, and prominent examples include Ag−TiO2,

9

graphene−TiO2,
20 graphene−quantum dot.21

Graphene-based composite with plasmonic and semiconduc-
tor nanoparticles offers unique advantage as a photocatalyst for
organic pollutants.22 Nanoparticles and graphene can acts as
antennae for visible light. In addition, the highly conducting
graphene surface offers high mobility of photogenerated charge
carrier that in turn slows the recombination of photogenerated
electron−hole pairs.22 A hydrophobic graphene surface also
offers the adsorption sites of organic molecules.23 All these
factors result in the enhancement of photocatalytic activity.22

Although there are few reports on graphene−nanoparticle
composite as visible-light photocatalyst they are mostly
demonstrated for dye degradation, and reports on the
degradation of colorless organics are rare or inefficient.13−19

However, many organic pollutants are colorless and do not
absorb visible light, and thus, visible-light-induced degradation
is a challenging issue.1 In this work, we show that reduced
graphene oxide (rGO)-based composite with silver nano-
particle (rGO−Ag) can act as efficient visible-light photo-
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catalyst for degradation of colorless organic pollutants. We have
developed a simple, low-cost, gram-scale synthesis method for
rGO−Ag and used the composite for degradation of three well-
known endocrine disruptors that are colorless. It is found that
photocatalytic efficiency by rGO−Ag under visible light is
significantly higher as compared to rGO or silver nanoparticle
and depends on the optimum loading of Ag on rGO−Ag.
There are three distinct novelties of the presented approach.

First, rGO−Ag has been synthesized by simple electrostatic
interaction between negatively charged graphene oxide and
silica-coated positively charged Ag nanoparticles followed by
the hydrazine-based reduction of graphene oxide. The synthetic
approach can finely control the loading of Ag nanoparticles, has
been used for gram-scale synthesis of rGO−Ag, and can be
easily adapted for even larger-scale synthesis. Second, the
plasmonic property of Ag has been used for the efficient
capturing of visible light and the photolysis of organic
molecules that do not absorb any visible light. This approach
can be used for the degradation of colorless organic pollutants
Third, it is found that photocatalytic efficiency depends on
loading of Ag, and loading that is either too high or too low
reduces the catalytic activity. This work shows that controlled
loading of plasmonic nanoparticles on a graphene surface is an
important aspect for the effective utilization of visible light.

■ EXPERIMENTAL SECTION
Materials. Graphite powder (<20 μm), silver acetate

(CH3COOAg), tetrabutylammonium borohydride (TBAB), (3-
mercaptopropyl)-trimethoxysilane (MPS), [3-(2-aminoethylamino)-
propyl]trimethoxysilane (AEAPS), octylamine, oleic acid, hydrazine
hydrate (98%), bisphenol A, and atrazine were purchased from Sigma-
Aldrich. Phenol and potassium permanganate were purchased from
Merck.
Preparation of Graphene Oxide (GO). Graphene oxide was

prepared by modified Hummer’s method according to previous
reports.24 Briefly, 200 mg of graphite powder, 100 mg of sodium
nitrate, and ∼5 mL of concentrated H2SO4 were mixed in a beaker and
cooled to 0 °C. Then, 600 mg of KMnO4 was added in a stepwise
manner to the cooled solution under vigorous stirring condition so
that the temperature would not exceed 20 °C. After the complete
addition of KMnO4, the temperature of the solution was raised to 35
°C and kept there for half an hour. Next, 10 mL of water was added to
the brownish gray paste, and the temperature of the solution rose to
98 °C. This temperature was maintained for 15 min, and then the
whole solution was mixed with 30 mL of water to dilute it further.

Afterward, 500 μL of 3% H2O2 was added to reduce the residual
permanganate. The suspension turned light yellow in color. This was
washed with warm water thoroughly for 7−8 times. The solid was air-
dried and dissolved in distilled water by sonication for 30 min. Then, it
was centrifuged at 3000 rpm for 30 min to remove large particles. The
supernatant obtained is used as GO solution.

Synthesis of Water-Soluble Silica Coated Ag Nanoparticle.
Water-soluble Ag nanoparticles were prepared according to an earlier
report.25 Briefly, 4.25 mg of CH3COOAg was taken in 2.5 mL of
toluene and dissolved in 50 μL of octylamine. Next, 25 μL of oleic acid
and 50 μL of toluene solution of MPS (0.1 M) were added under
stirring conditions. Then, 250 μL of toluene solution of TBAB (0.1 M)
was added as a reducing agent, and the color of the solution changed
to brown due to the formation of Ag nanoparticles. Next, 0.5 mL of
toluene solution of AEAPS (0.1 M) was added to this solution, and the
whole solution was heated at ∼65−70 °C for about half an hour until
complete precipitation occurred. Then, the solution was centrifuged,
and the precipitate was washed with toluene several times and
solubilized in 2 mL of distilled water.

Preparation of Reduced Graphene Oxide−Silver Nano-
particle (rGO−Ag) Composite. rGO−Ag is synthesized according
to our reported method with a finer adjustment of silver loading.26

Typically, three separate batches of 50 mL of GO aqueous solution
were prepared with a concentration of GO of ∼1 mg/mL and kept
under stirring condition. Next, 25, 12, and 6 mL of aqueous silica-
coated Ag nanoparticle solution (concentration ∼1 mg/mL) were
added dropwise to three different vials. The solutions were stirred
continuously for 15 min, and then 0.5 mL hydrazine hydrate solution
was added to each batch and heated at ∼70−80 °C for 2 h. As time
progressed, the brown colored solution turned black, and a precipitate
formed. The black precipitate was washed with distilled water several
times and dried. The dried composites were designated as rGO−Ag
with rGO/Ag weight ratios of 1:0.5, 1:0.25, and 1:0.12, respectively.
This approach was also used for larger scale preparation of rGO−Ag
composites. For example, 60 mL of aqueous silica-coated Ag
nanoparticle solution (concentration ∼2 mg/mL) was added dropwise
to 250 mL of GO solution (concentration ∼2 mg/mL) under stirring
condition. Stirring was continued for 15 min, and then 5 mL of
hydrazine hydrate solution was added and heated at ∼70−80 °C for 2
h. Finally, black precipitate of rGO−Ag (with rGO/Ag = 1:0.25) was
washed with distilled water several times and dried with a yield of ∼0.6
g.

Photocatalytic Experiment. Phenol, bisphenol A, and atrazine
were selected as model endocrine disruptors to evaluate the catalytic
performance of the prepared composites. In a typical process, 22 mg of
rGO−Ag composite was dispersed in the 50 mL of pollutant solution
with a concentration of 100 mg/L. The suspension was stirred in the
dark for 2 h to establish adsorption−desorption equilibrium and then

Scheme 1. Synthetic Route for the Fabrication of Reduced Graphene Oxide−Silver Nanoparticle (rGO−Ag) Composite and
Photocatalytic Degradation Strategy for Endocrine Disruptors
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irradiated with visible/UV light. A 250 W Hg vapor lamp was used for
visible light irradiation source (light intensity ∼5 mW/cm2), whereas
two 11 W UV lamp was used for UV light source (light intensity ∼0.5
mW/cm2). At different time intervals, a certain volume of aliquot was
withdrawn, and rGO−Ag was separated by centrifuge. The aqueous
solution was shaken well with an equal volume of CHCl3, and the
CHCl3 extract was used to measure the concentration of residual
pollutant by UV−visible spectroscopy.
Detection of Hydroxyl Radicals (OH•). Typically, 22 mg of the

rGO−Ag was suspended in a 50 mL aqueous terephthalic acid solution

(5 × 10−4 M), and the pH was adjusted to basic using NaOH solution.
The solution was stirred for 2 h to reach homogeneity at room
temperature. After that, the solution was irradiated with a 250 W Hg
vapor lamp. A part of solution was collected at different time intervals
and centrifuged to separate the photocatalyst, and finally, fluorescence
of the solution was measured by exciting at 315 nm.

Instrumentation. Transmission electron microscopic (TEM)
samples were prepared by putting a drop of composite suspension
on a carbon-coated copper grid and observed with FEI Tecnai G2 F20
microscope. The field emission scanning electron microscopy

Figure 1. (a−c) TEM images of rGO−Ag composites with varied weight percent of Ag. (d) Digital image of large-scale solid rGO−Ag composite.
(e) EDX of rGO−Ag composite indicating the presence of silver, silicon, and other elements.

Figure 2. (a) Deconvoluted C 1s XPS spectrum displaying three peaks at ∼284, ∼ 286, and ∼289 eV attributed to carbon with CC, C−OH, and
CO groups, respectively. (b) Ag 3d XPS with intense doublet peaks at ∼368 and ∼374 eV corresponding to Ag 3d5/2 and Ag 3d3/2,, respectively, of
metallic Ag (0). (c) UV−vis absorption spectra of rGO−Ag with varying Ag weight percent, showing that silver plasmon peak at ∼420 nm becomes
more prominent with increasing Ag nanoparticle amount. (d) Raman spectra of various composites where the prominent G band at ∼1600 cm−1

corresponds to sp2 hybridized carbon atoms, and the D band at ∼1310 cm−1 corresponds to a defect or disorder of the sp2 hybridized carbon atoms.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505677x | ACS Appl. Mater. Interfaces 2014, 6, 20085−2009220087



(FESEM) was performed with a Supra 40, Carl Zeiss, Pvt., Ltd.
instrument. X-ray photoelectron spectroscopy (XPS) was measured
using an Omicron (Serial No. 0571) X-ray photoelectron spectrometer
by drop casting the dispersed solution on an indium tin oxide (ITO)-
coated glass slide. Raman spectra were collected using an Agiltron
R3000 Raman spectrometer with 785 nm excitation laser. Fourier
transform infrared (FTIR) spectroscopy was performed with a
PerkinElmer Spectrum 100 FTIR spectrometer using pellets made
with solid KBr. UV−vis absorption spectra of dilute samples were
collected using Shimadzu UV-2550 UV−vis spectrophotometer.
Emission spectra were measured using a Synergy Mx Multi-Mode
Microplate Reader. X-ray diffraction (XRD) patterns were obtained
using a Bruker D8 ADVANCE powder diffractometer. Thermogravi-
metric analysis (TGA) was measured using a TA SDT Q600
instrument. Light intensity was measured using UV light meter
(model UV340A) and visible light meter (model HTC LX101).

■ RESULTS

Synthesis and Characterization of Reduced Graphene
Oxide-Silver Nanoparticle (rGO−Ag) Composite. The
synthesis approach has been shown in Scheme 1. Colloidal
graphene oxide (GO) is negatively charged due to the presence
of carboxylate groups, and silica-coated Ag nanoparticles are
positively charged due to the presence of amine groups.26

When a colloidal solution of GO is added to a colloidal solution
of Ag nanoparticles, electrostatic attraction leads to the
attachment of cationic Ag nanoparticles on the anionic GO
surface, and resultant composites precipitate from solution.
Next, hydrazine is added followed by mild heating. Under this
condition, most of the oxygen functional groups of GO are

eliminated with the formation of chemically reduced
graphene.24 However, interaction between two the components
still occurs due to the remaining carboxylate groups, and some
epoxide groups of GO may covalently react with the primary
amine groups of the silica shell.27 The resultant rGO−Ag
composite was isolated as a solid via simple centrifugation and
washed with distilled water. The weight ratio of Ag nanoparticle
to GO was varied to 1:0.5, 1:0.25, and 1:0.12, and different
rGO−Ag composites were fabricated.
Composite nature of rGO−Ag has been confirmed from the

TEM study (Figure 1). The number of Ag nanoparticles
attached per rGO increases with the increasing weight ratio of
Ag. The average size of a Ag nanoparticle is ∼5 nm (Supporting
Information, Figure S1) and remains same in the composite.
Energy-dispersive X-ray spectroscopy (EDX) of G−Ag reveals
the presence of carbon, silver, silicon, sulfur, and oxygen
(Figure 1e). X-ray photoelectron spectra (XPS) of the G−Ag
composite determine the chemical environment of carbon and
Ag (Figure 2). The C 1s XPS spectrum can be deconvoluted
into three components with peaks at ∼284 eV for CC
groups, ∼286 eV for C−OH groups, and ∼289 eV for CO
groups28 (Figure 2a). The intense doublet peaks at ∼368 and
∼374 eV correspond to Ag 3d5/2 and Ag 3d3/2, respectively,
which is ascribed to metallic Ag (0)29 (Figure 2b). Besides
carbon and silver, the other elements such as nitrogen, oxygen,
and silicon are present in the rGO−Ag composite, which is
evident from raw XPS data (Supporting Information, Figure
S2).

Figure 3. (a) XRD patterns of rGO, Ag, and rGO−Ag composite showing characteristic reflections for rGO and silver planes. (b) FESEM image of
rGO−Ag showing the composite structure.

Figure 4. Photocatalytic degradation of phenol under (a) visible and (b) UV light irradiation using rGO−Ag composite with varying amounts of Ag
showing that a rGO/Ag ratio of 1:0.25 displays higher photocatalytic activity than the other composites, only rGO nanoparticles, or only Ag
nanoparticles. The control study indicates photolysis without any catalyst.
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The optical properties of rGO−Ag also indicate the property
of both components. In Figure 2c, the prominent absorbance
peak at ∼265 nm is due to π−π* transition of rGO component.
The plasmonic peak of silver at ∼420 nm gradually becomes
intense with increasing silver weight percent. Raman spectra of
rGO−Ag composites shows a prominent G band at ∼1600
cm−1 corresponding to sp2 hybridized carbon atoms and a D
band at ∼1310 cm−1 corresponding to defective sp2 hybridized
carbon atoms in rGO28 (Figure 2d). The large intensity ratio of
the D band to G band (ID/IG, ∼ 3) for various rGO−Ag
composites and higher value as compared to reduced graphene
oxide (ID/IG ∼ 2.54) reflects the increased defects in rGO
surface due to Ag nanoparticles.28,29 XRD patterns of rGO−Ag
show characteristic reflections due to rGO and silver (Figure 3a
and Supporting Information, Figure S3).28,29 The morphology
of the composite has also been observed by FESEM (Figure
3b), which shows the attached Ag nanoparticles on the rGO
sheet. The amount of Ag loading has been estimated by
thermogravimetric study. Typically, ∼ 25 wt % of silver is
present in rGO−Ag composite with 1:0.25 weight ratio of rGO
to Ag nanoparticle (Supporting Information, Figure S4). FTIR
data also shows the composite nature of rGO−Ag (Supporting
Information, Figure S5)
Photocatalytic Degradation of Colorless Endocrine

Disruptors. Three well-known endrocrine disruptor com-
pounds such as phenol, bisphenol A, and atrazine have been
selected for photocatalytic degradation study.2 These three
pollutants were selected because they are commonly found in
wastewater with well-known toxic effect, and they do not
absorb visible light.2 Typically, an aqueous solution of
endrocrine disruptor compound is mixed with solid rGO−Ag
and stirred in the dark for 2 h to reach the equilibrium
adsorption state. Next, the mixture solution is irradiated with
visible or UV light, and a portion of the solution is used for
quantitative investigation. Figures 4 and 5 summarize the
results of photocatalytic degradation under visible and UV light.

The photocatalytic degradation result of phenol is shown in
Figure 4. The initial concentration of phenol decreases with
irradiation time, and the rate of photodegradation strongly
depends on the nature of the light and of the catalyst. In the
absence of any catalyst, phenol does not degrade under visible
light but slowly degrades under UV light. The presence of
catalyst initiates the degradation of phenol under visible light
and enhances the rate of degradation under UV light. Most
importantly, the visible-light-induced degradation of phenol by
rGO−Ag is most effective compared to degradation by Ag
nanoparticle or rGO. In addition, it is also observed that the
rGO−Ag-based photocatalytic degradation rate is sensitive to
Ag loading and is highest for rGO−Ag with a weight ratio of
1:0.25, but it is low for other compositions. A similar trend is
observed for UV-light-induced photocatalytic degradation of
phenol, suggesting that rGO−Ag is also most effective under
UV light. Photocatalytic degradation of bisphenol A and
atrazine shows that they do not degrade under visible light but
degrade slowly under UV light (Figure 5). However, the
degradation under visible light is most enhanced by rGO−Ag
compared to rGO and Ag nanoparticle.
One of the important aspects of the catalyst is that it should

be reused with unaltered performance. The presented catalyst is
easily separable for reuse after the reaction via decantation or
low-speed centrifugation. The visible-light photocatalytic
performance of the rGO−Ag composite has been investigated
by recycling it after the phenol degradation and then reusing it
as catalyst. Results show that even after rGO−Ag is recycled
five consecutive times, its photocatalytic activity does not
significantly decrease (Figure 6). A TEM study of reused rGO−
Ag shows that composite structure and Ag particle size remain
intact (Supporting Information, Figure S6). This fact indicates
that rGO−Ag is stable enough for repeated use.

Figure 5. rGO−Ag composite with rGO/Ag of 1:0.25 as photocatalyst for degradation of (a and c) bisphenol A and (b and d) atrazine under (a and
b) visible and (c and d) UV light.
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■ DISCUSSION
Photocatalytic degradation of colorless endocrine disruptors is
scientifically challenging, particularly because of two reasons:
First, colorless organic pollutants do not absorb visible light,
and thus, sunlight-induced photoexcitation followed by photo-
degradation is less effective. Second, colorless endocrine
disruptors are generally present in low concentration in
polluted water (typically millimolar to micromolar concen-
tration), and at such low concentration, photodegradation
requires very efficient catalyst.1,2 Although efforts are made to
develop photocatalysts that can degrade organic compounds
under visible light,13−19 in most cases, dyes have been used for
degradation study, and it is proposed that dye can act as
antennae for visible light.30 These catalysts are expected to be
less efficient for colorless endocrine disruptors.
Nanoparticle-based visible-light photocatalysis requires effi-

cient capture of visible light, generation of electron−hole pairs,
and effective use of electron, hole, or both before they
recombine. However, the excitation recombination lifetime for
a semiconductor nanoparticle is typically on the picosecond
scale,21 and for plasmonic nanoparticle it is on the femtosecond
scale.11 Thus, rapid excitation recombination leads to inefficient
photocatalytic reactions. Here, we have selected graphene-
based composite with Ag nanoparticle for two reasons. First, Ag
nanoparticle can be used to capture visible light, and surface
plasmon of silver nanoparticle can be tuned from visible to
near-infrared by changing the particle size/shape. Second,
composite with rGO can delay the recombination dynamics of

plasmonic excitation, thereby offering efficient charge separa-
tion and photocatalytic reactions.
We have used a simple electrostatic-interaction-based

approach to generate the rGO−Ag-based composite. The
synthesis approach involves combination of two well-
established methods: a one-step silica coating method to
generate cationic Ag nanoparticle25 and the preparation of
chemically reduced graphene oxide from colloidal graphene
oxide.24 The electrostatic interaction between anionic graphene
oxide and cationic Ag nanoparticle leads to the strong
interaction between two components, and the presence of the
Ag component inhibits the extensive rGO−rGO interaction.
Thus, rGO surface is accessible for organic pollutants. In
addition, a thin silica coating (∼1−5 nm) offers a shorter
distance between rGO and silver so that tunneling of
photoexcited electron is possible.25 The observed high
performance of visible-light photocatalysis by rGO−Ag
indicates that it actually serves the desired purpose. To further
confirm that rGO−Ag is more efficient in producing
intermediate hydroxyl radicals, we performed the visible-light
photocatalytic reaction using terephthalic acid, which can trap
the hydroxyl radicals31,32 (Figure 7). Results show that rGO−
Ag produces the highest concentration of hydroxyl radicals
under similar conditions, compared to Ag nanoparticle or rGO.
It is reported that rGO can capture visible light and acts as a
photosensitizer under visible-light irradiation.33 This property
can explain the relatively high rate of photocatalysis by rGO.
However, this rate of photocatalysis by rGO is slower than that
for rGO−Ag.
A tentative mechanism of visible light photocatalytic

degradation has been proposed on the basis of the observed
results (Figure 8). The proposed mechanism considers Ag
nanoparticles as antennae for visible light and rGO for efficient
electron−hole separation. Visible light excite the Ag surface
plasmon and this coherent oscillation of electrons produces
high concentration of energetic electrons at Ag nanoparticle
surface.11 The conducting rGO surface adjacent to the Ag
nanoparticle then quickly transports those electrons via its
extended π-conjugation structure and leads to the efficient
separation of electron−hole pairs.34,35 This electron transfer
phenomena is practically feasible because of the comparable
work functions of Ag (4.2 eV) and rGO (4.48 eV).36 Those
electrons may react with dissolved oxygen to produce reactive
oxygen species and holes on Ag can react with water molecules
to produce hydroxyl radicals, and they are involved in the

Figure 6. Photocatalytic degradation of phenol using recycled rGO−
Ag composite five consecutive times, showing that catalytic activity
does not decrease with repeated use.

Figure 7. (a) Evidence of hydroxyl radical formation during photocatalysis. Photoluminescence spectra of terephthalic acid solution in the presence
of rGO/Ag = 1:0.25 under increasing irradiation time of visible light. The gradual increase of the intensity at ∼420 nm is due to the formation and
trapping of hydroxyl radicals by terephthalic acid. (b) Extent of hydroxyl radical formation for different rGO−Ag photocatalyst as evidenced from the
photoluminescence intensity of terephthalic acid. The highest intensity is observed for the catalyst with rGO/Ag = 1:0.25, suggesting that it produces
the highest concentration of hydroxyl radicals.
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degradation of organic pollutants.31 In addition these reactive
holes can directly oxidize pollutants.37 The roles of these
reactive oxygen species and hydroxyl radicals in photocatalytic
degradation have been verified earlier by using different free
radical scavengers (e.g., tert-butanol for OH• scavenger, p-
benzoquinone for O2

•− scavenger, and disodium ethyl-
enediaminetetraacetate as hole scavenger) that can block the
photocatalysis.33,37 Mechanistic studies show that organic
molecules degrade into small molecules along with some
intermediates.38,39 The proposed mechanism is different from
the earlier one in which organic molecules acts as antennae for
visible light that transfer its excited electrons to plasmonic
nanoparticles through rGO.30 The proposed mechanism can
explain the requirement of optimum loading of Ag nano-
particle. The loading of Ag nanoparticles controls the
photoexcited electron−hole pairs, and the rest of the rGO
surface is used for attachment of organic pollutants, and thus,
optimum Ag loading can balance both requirements. At low Ag
loading, the photocatalytic degradation is slow because low Ag
does not produce sufficient reactive oxygen species. At high Ag
loading, degradation is slow because pollutants can not absorb
on graphene surface because they are blocked by Ag.

■ CONCLUSIONS

In conclusion, we propose reduced graphene-oxide-based
composite with silver nanoparticle as a visible-light photo-
catalyst for efficient degradation of colorless organic pollutants.
The synthesis method for this composite is simple and can be
extended for large-scale synthesis. In the composite form, Ag
nanoparticles act as antennae for visible light, and reduced
graphene oxide offers efficient charge separation and acts as an
adsorption site for organic pollutants. All these characteristic
features make the composite a promising photocatalyst for the
degradation of organic pollutants under visible light. This
concept can be extended for the preparation of other plasmonic
nanocomposites for visible-light photocatalysis.
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