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Great efforts have been made to develop efficient visible light-activated photocatalysts in recent years.

In this work, a new nanocomposite consisting of anatase TiO2, Ag, and graphene was prepared for use

as a visible light-activated photocatalyst, which exhibited significantly increased visible light absorption

and improved photocatalytic activity, compared with Ag/TiO2 and TiO2/graphene nanocomposites.

The increased absorption in visible light region is originated from the strong interaction between TiO2

nanoparticles and graphene, as well as the surface plasmon resonance effect of Ag nanoparticles that

are mainly adsorbed on the surface of TiO2 nanoparticles. The highly efficient photocatalytic activity is

associated with the strong adsorption ability of graphene for aromatic dye molecules, fast

photogenerated charge separation due to the formation of Schottky junction between TiO2 and Ag

nanoparticles and the high electron mobility of graphene sheets, as well as the broad absorption in the

visible light region. This work suggests that the combination of the excellent electrical properties of

graphene and the surface plasmon resonance effect of noble metallic nanoparticles provides a versatile

strategy for the synthesis of novel and efficient visible light-activated photocatalysts.
1. Introduction

Anatase TiO2 has been considered one of the most promising

photocatalysts because of its long-term thermal and chemical

stability, non-toxicity, low cost, and universal applicability.

However, the photocatalytic efficiency of TiO2 using natural

sunlight is currently very low. Several factors are of relevance,

but two are more important: the fast recombination of photo-

generated electron-hole pairs and the limited optical response

only to UV light. Thus, to inhibit the recombination of photo-

generated electron-hole pairs and to extend the optical absorp-

tion to visible light region are two key ways to improve the

photocatalytic activity of TiO2 under solar irradiation.

In order to extend the optical absorption of TiO2 to the visible

light region, various attempts have been made to modify TiO2,
1

including surface deposition of noble metallic nanoparticles,

photosensitization with organic dyes, polymers, and semi-

conductors, doping with cations and/or anions, and surface

reduction treatment. Recently, the nanocomposites of TiO2 and

noble metallic nanoparticles have been intensively investigated

because they can enhance the photocatalytic activity primarily by

extending the optical absorption to the visible light region and

increasing the number of photoexcited electrons due to the

enhanced near-field amplitude.2–6 When a noble metallic
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nanoparticle is excited by light, the oscillating electric field of the

light interacts with the conduction electrons. As a result, a strong

oscillation of these electrons happens when the incident photon

frequency is resonant with the collective oscillation of the

conduction electrons. Such resonance is called localized surface

plasmon resonance (SPR) for metallic nanoparticles. By engi-

neering the size, shape and dielectric environment of the metallic

nanoparticles, their absorption and scattering properties can be

flexibly tuned. Localized SPR of gold and silver nanoparticles

usually results in strong and broad absorption bands in the

visible light region, and thus it is exploited to develop visible

light-activated photocatalysts.

Anotherway to increase the photocatalytic activity of TiO2 is to

retard bulk and surface recombination of photogenerated elec-

tron-hole pairs in TiO2 during a photocatalytic process. Deposi-

tion of metals on the TiO2 surface, formation of a composite with

a narrow band gap semiconductor, usage of electron donors/

acceptors and hole scavengers are the common ways. Multi-wal-

led carbon nanotube (MWCNT) is a good candidate for scav-

enging of photogenerated electrons mainly because of its multiple

graphene layers where electrons can flow throughwhen in contact

with TiO2.
7 Owing to its superior charge transport properties,

graphene can be a more ideal platform for photogenerated elec-

tron scavenging than MWCNT. The coupling of graphene with

TiO2 is expected to accelerate the photogenerated charge sepa-

ration in a more favorable way. In addition, graphene provides

a large scaffold for anchoring various substrates owing to its large

specific surface area and two-dimensional planar conjugation

structure. Recently, several TiO2/graphene nanocomposites have
Nanoscale, 2011, 3, 4411–4417 | 4411
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been prepared using different recipes and explored in photo-

catalysis.8–15 In most of cases, TiO2 (or Degussa P25) was firstly

mixed with graphene oxide (GO) in suspension or in thin films,

and then GO was reduced to graphene by using UV-assisted

photocatalytic reduction,8,11 NaBH4 reduction,12 or one-step

hydrothermal treatment.9,13,14 Consequently, a TiO2/graphene

nanocomposite was formed. These TiO2/graphene nano-

composites have been used as photocatalysts for degradation ofE.

coli bacteria,11 methylene blue,13 and benzene vapor,14 as well as

hydrogen production from photocatalytic water splitting.12All of

these photocatalytic results supported that the incorporation of

graphene onto TiO2 efficiently enhanced the photocatalytic

activity of TiO2.

While there have been quite a few researches concerning with

Ag/TiO2,
3–6 TiO2/graphene,

8–15 and even Ag/graphene16–20

nanocomposites used as photocatalysts, less attention has been

paid to Ag/TiO2/graphene nanocomposite. In this work, we

utilize both the SPR effect of Ag nanoparticles and the excellent

electrical properties of graphene to design a new visible light-

activated photocatalyst. In this photocatalyst, the loading of Ag

nanoparticles is expected to enhance its optical response to

a wider wavelength; the introduction of graphene will not only

accelerate the separation of photogenerated electron-hole pairs,

but also enhance the adsorption capacity of the photocatalyst,

thereby improving the photocatalytic activity of TiO2 under

visible light irradiation.

2. Experimental

2.1 Preparation of Ag/TiO2/graphene nanocomposite

Graphite oxide (GO) was synthesized from graphite powder (SP,

Sinopharm Chemical Reagent Co., Ltd.) by the modified

Hummers’ method,21 using a mixture of H2SO4, NaNO3, and

KMnO4. A previous graphite oxidation procedure with H2SO4,

K2S2O8, and P2O5 was carried out before the synthesis of GO.22

TiO2 sol was prepared using a mixture of Ti(OC4H9)4 (98%, CR),

ethanol (99.7%, AR), H2O, and HNO3 (65%, AR) with a molar

ratio of 1 : 70 : 1.9 : 0.2. Such mixture was stirred at room

temperature until a transparent sol was gotten. Then GO powder

and TiO2 sol was mixed together, ultrasonicated for 10 min, and

stirred for 20 min. After that, they were transferred into a Teflon-

lined stainless-steel autoclave and kept at 130 �C for 5 h, followed

by cooling down to room temperature naturally. The mixture

was filtered, washed with water, and then dried. A gray powder

was gotten, which was proven a TiO2/graphene nanocomposite

with a mass ratio of about 10 : 1, denoted as TiO2/G.

A half-gram of TiO2/G was dispersed in 30 ml of water, and

then 20 ml of 0.1 mol L�1 AgNO3 (99.9%, AR) aqueous solution

was added to the suspension. Such mixture was stirred for 20

min, filtered, washed, and then dried. The as-prepared powder

was added to 20 ml of 25 mg ml�1 NaBH4 (96%, CR) aqueous

solution. The mixture was stirred at room temperature for 30

min, filtered, washed, and then dried at 60 �C, getting a nano-

composite of Ag/TiO2/graphene, denoted as Ag/TiO2/G.

2.2 Characterization and measurements

The crystal structure was identified with a Rigaku D/Max-

RB X-ray diffractometer with Ni-filtered Cu-Ka radiation (l ¼
4412 | Nanoscale, 2011, 3, 4411–4417
1.54056�A).XPS experiments were carried out on aRBDupgraded

PHI-5000C ESCA system (Perkin Elmer) with Mg-Ka radiation

(hn ¼ 1253.6 eV) at a base pressure of 5 � 10�8 Pa. Diffuse reflec-

tance spectra were recorded with a Shimadzu 2450 solid-state UV–

vis spectrophotometer equipped with an integrating sphere diffuse

reflectance accessory. Fourier transform infrared spectra were

recorded from KBr pellet in a Nicolet Nexus 670 spectrophotom-

eter with a range of 400–4000 cm�1. Raman spectra were acquired

using a Jobin Yvon LabRam-1B spectrographer. The excitation

source was a helium-neon laser with a wavelength of 632.8 nm and

an excitation power of 6 mW. The morphologies were observed

using a JEOL JEM-100C II transmission electron microscope.

The photodegradation of methylene blue (MB) was carried out

to evaluate the photocatalytic activity of Ag/TiO2/G nano-

composite. Photocatalytic experiments were carried out in

a homemade reactor, which was surrounded with a cooling

system to keep the photocatalytic reaction system at ambient

temperature. A 500W halogen lamp with a KenKo L41 UV filter

(l > 410 nm) was used as a visible light source and fixed 10 cm

away from the reaction system. The photocatalyst powder (0.1 g)

was suspended in 100 mL of MB aqueous solution with

a concentration of 10 mg L�1 under magnetic stirring. The

reaction system was firstly kept in the dark for one hour to

establish an adsorption-desorption equilibrium, and then

exposed to the visible light. At the desired time intervals, 5 mL

aliquots from each sample were taken, followed by centrifuga-

tion and filtration to remove the photocatalyst. The supernatant

was used to determine the concentration of residual dye in

solution. The decolorization of MB was evaluated by measuring

the change in its characteristic optical absorbance using

a UV-1700 UV–vis spectrophotometer.
3. Results and discussion

3.1 Structure and morphology of Ag/TiO2/G nanocomposite

The formation of Ag/TiO2/G nanocomposite was confirmed by

transmission electron microscopy (TEM) analysis, and its

representative images are presented in Fig. 1. Fig. 1a clearly

demonstrates that graphene has a crumpled layered structure

composed of several stacking layers of graphene sheets. Some

graphene sheets were broken into small pieces during the

hydrothermal treatment process. Spherical or oval nanoparticles

with sizes varying several to tens of nanometres were found

deposited on the surface of the graphene sheets and are randomly

distributed, as shown in Fig. 1b. As can be seen from the enlarged

image at the top-right corner of Fig. 1b, the spacing of the lattice

fringes is 0.35 nm, corresponding to the d-spacing of (101)

crystalline plane of anatase TiO2. Such observation suggested

that TiO2 nanoparticles are highly crystallized on the graphene

sheets, but randomly orientated with their crystalline planes with

respect to the graphene sheets. Fig. 1c presents a TEM image of

Ag/TiO2/G at low magnification. It can be seen that TiO2 and

Ag/TiO2 nanoparticles are not uniformly dispersed on the

surface of graphene sheets and some of them are wrapped by the

graphene sheets. The relatively dark regions are ascribed to Ag

nanoparticles, which are adsorbed on the surface of the TiO2

nanoparticles. As described in the experimental section, Ag+ ions

were introduced after the formation of TiO2/G nanocomposite.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 TEM images of (a) graphene and (b, c) Ag/TiO2/G at different

magnifications.

Fig. 2 XRD patterns of (a) graphene oxide, (b) TiO2/G, and (c) Ag/

TiO2/G.
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These Ag+ ions should be preferably adsorbed on the hydrophilic

surface of TiO2, rather than the hydrophobic surface of graphene

sheets. After the NaBH4 reduction, Ag nanoparticles should be

deposited on the surface of TiO2 nanoparticles. The existence of

Ag nanoparticles was further evidenced by XRD and Raman

spectroscopic measurements.

The powder X-ray diffraction (XRD) pattern of the prepared

Ag/TiO2/G nanocomposite was compared with those of TiO2/G

nanocomposite and graphene oxide (GO), as depicted in Fig. 2.

The XRD pattern of natural graphite (JCPDS No. 65-6212)

which was used as a starting material shows a distinct diffraction

peak at 26.5�, corresponding to a d002 basal spacing of approx-

imately 0.335 nm. The interlayer spacing increases to 0.702 nm

for GO prepared by the oxidation of graphite according to

Hummers’ method, as revealed by a peak at 12.6� shown in

Fig. 2a. This value falls within the range of 0.63–0.77 nm

reported in the literatures. Such increment in the interlayer

distance is due to the introduction of oxygen-containing func-

tional groups generated in the oxidation process and inter-

lamellar water molecules trapped between hydrophilic graphene

oxide sheets.
This journal is ª The Royal Society of Chemistry 2011
It has been previously reported that GO could be hydrother-

mally reduced to graphene in a sealed autoclave.9,13,14,23When the

mixture of GO and TiO2 sol was treated in a hydrothermal

autoclave, GO was reduced to graphene. As shown in Fig. 2b, the

peak of GO at 12.6� disappears, and all the main peaks can be

assigned to anatase TiO2. However, the XRD pattern of TiO2/G

nanocomposite should have a diffraction peak near to 26.5�, as
graphene is multi-layered based on the TEM observation.

Although the peak is absent in the XRD pattern of single-layer

graphene, the absence of such peak for TiO2/G nanocomposite

should be the result of the overlap with the strong peak at 25.3�

of anatase TiO2. Such result suggests that GO was reduced to

graphene and TiO2/G nanocomposite was simultaneously

formed under our hydrothermal conditions.

The XRD pattern of Ag/TiO2/G nanocomposite is shown in

Fig. 2c, which exhibits four additional peaks at 38.1�, 44.3�,
64.4�, and 77.4� compared with that of TiO2/G nanocomposite.

These peaks can be indexed to the cubic structure of Ag (JCPDS

No. 65-2871), corresponding to (111), (200), (220), and (311)

reflections, respectively. This result indicates that the metallic Ag

nanoparticles were successfully anchored to TiO2/G nano-

composite by reducing Ag+ ions with NaBH4, forming an Ag/

TiO2/G nanocomposite. The average crystallite size of TiO2

nanoparticles kept unaltered after the loading of Ag nano-

particles, based on the calculations by applying the Scherrer

equation to the characteristic diffraction peaks.

Raman spectroscopic measurement was further to elucidate

the structure of Ag/TiO2/G nanocomposite. In general, the gra-

phene sheet exhibits three most intense Raman bands at

�1350 cm�1 (D band), �1580 cm�1 (G band), and �2700 cm�1

(2D band).24 The D band is due to the breathing modes of sp2

atoms in rings and is related to the occurrence of defects and

structural disorder in graphene sheets. This band is absent in

a defect-free graphene. The G band is derived from the stretching

of the sp2-hybridized carbon-carbon bonds and is highly sensitive

to strain effects in sp2 system within graphene sheets. The 2D
Nanoscale, 2011, 3, 4411–4417 | 4413
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band is the overtone of the D band and is sensitive to the number

of graphene layers. The 2D band in multilayer graphene is much

less intense and broader compared with the one in monolayer

graphene.25 These three characteristic bands were observed in all

the samples, as indicated in Fig. 3. As evidenced in Fig. 3a, the as-

prepared graphene is multi-layered since a strong D band and

a weak 2D band were observed, which is consistent with the

results of TEM and XRD analyses. A D/G intensity ratio near to

1.0 implies small average size of the sp2 domains. An increment in

D/G intensity ratio was observed in the Raman spectrum of

TiO2/G nanocomposite, suggesting that an increase in the

number of defects was brought by the introduction of TiO2

nanoparticles on the graphene sheets,26 possibly because that the

formation of TiO2 nanoparticles on graphene stressed its surface

and induced more defects.

After the formation of TiO2/G nanocomposite, more additional

Raman peaks around 143, 383, 501, and 626 cm�1 were found,

which are ascribed to anatase TiO2. The result demonstrates that

anatase TiO2 was successfully attached to the graphene sheets.

After the loading ofAg nanoparticles, there is no distinct change in

the number of Raman peak as compared with that of TiO2/G

nanocomposite.However, the intensity ofRaman peaks of anatase

TiO2 increases intensively comparedwith thatof graphene,which is

associated with the surface enhancement effect on TiO2 induced by

the SPR effect of Ag nanoparticles. This fact further proves the

existence of Ag nanoparticles in the Ag/TiO2/G nanocomposite.

Because the Ag nanoparticles are deposited on the surface of TiO2

nanoparticles, the Raman scattering of TiO2, not graphene, was

notably enhanced by the SPR effect of Ag nanoparticles. However,

the possibility of Ag nanoparticles deposited on the surface of

graphene sheets cannot be completely excluded, as Ag+ ions may

react with the residual oxygen-containing functional groups

because of the incomplete reduction of GO.

TheC1sXPS spectra ofGOandAg/TiO2/Gnanocomposite are

shown in Fig. 4. In the deconvoluted C1s spectra of GO, the peak

centered at 284.6 eVwas attributed to the sp2 or sp3 carbon species,

while the peaks at higher binding energies (286–290 eV) are
Fig. 3 Raman spectra of (a) graphene, (b) TiO2/G, and (c) Ag/TiO2/G.

4414 | Nanoscale, 2011, 3, 4411–4417
assigned to oxygenated carbon species such as hydroxyl, epoxy,

and carboxyl species on the GO surface.27 After the formation of

Ag/TiO2/G nanocomposite, the peak intensities of oxygenated

carbon species decreased significantly, which suggests that GO

was reduced to graphene. However, the residue of C]O species

implies that a small part of carboxyl groups were kept under the

hydrothermal conditions. These residual carboxyl groups could

serve as a bridge between graphene and TiO2. Two peaks centered

at 464.2 and 458.4 eV were observed in the Ti 2p XPS spectra of

Ag/TiO2/G nanocomposite (figure not shown). They are ascribed

to the Ti 2p1/2 and Ti 2p3/2 spin–orbit splitting states respectively,

which are typical for TiO2.
28 The peak corresponding to Ti–C

bonds at around 281 eV (C1s) was not observed, suggesting that

there is no carbon doping in the lattice of TiO2 or the formation of

Ti–C bond between carbon of graphene sheets and TiO2.
29

The IR spectra of TiO2/G and Ag/TiO2/G nanocomposites are

given in Fig. 5. As shown in Fig. 5a, two separate O–H stretching

vibrational modes can be identified with principal absorption

centered around 3418 and 3165 cm�1 in the IR spectrum of TiO2/

G nanocomposite. The former band is the superposition of the

O–H stretching vibrational modes of hydroxyl groups attached

to graphene and anatase surfaces respectively. The latter one is

attributed to the intercalated water within graphene sheets. The

multiple bands appearing around 1635 cm�1 are assigned to the

C–C vibrations of graphene sheets. The fundamental vibrations

of anatase TiO2 appear as very intensive broad bands over the

range of 400–800 cm�1, which are related to bending and

stretching vibrational modes of Ti–O–Ti bonds (�670 and

571 cm�1).30 The vibrational bands of C–H and C–O bonds were

identified in this spectrum, suggesting that GO was not

completely reduced under the hydrothermal conditions. The

peak at �1000 cm�1 is assigned to the C–O stretching mode

similar to the case of metal alkoxides. However, XRD

measurements clearly indicated that TiO2 is highly crystallized.

Thus, one possibility is the formation of C–O–Ti bonds in the

nanocomposite. The spectroscopic feature of Ag/TiO2/G nano-

composite is similar to that of TiO2/G, as indicated in Fig. 5,

suggesting that the loading of Ag nanoparticles does not change

the structure of TiO2/G nanocomposite.
Fig. 4 C1s XPS spectra of (a) GO and (b) Ag/TiO2/G.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 IR spectra of (a) TiO2/G and (b) Ag/TiO2/G.
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UV–vis spectroscopic measurement was carried out to

examine the optical response of Ag/TiO2/G nanocomposite. As

shown in Fig. 6, the absorption edge near 400 nm in all three

samples is ascribed to the band-to-band transition of anatase

TiO2. It is clearly seen that the absorption between 600 and

800 nm was enhanced when anatase TiO2 and graphene formed

a nanocomposite, as indicated by the dash line in Fig. 6. This

absorption is due to the interaction between anatase TiO2

nanoparticles and graphene sheets. Moreover, when Ag nano-

particles were introduced to form Ag/TiO2/G nanocomposite,

a broad absorption band from 400 to 700 nm appeared. Such

band is attributed to the SPR absorption of Ag nanoparticles,

which further proves the successful introduction of Ag nano-

particles as result of the NaBH4 reduction of Ag+ ions. The broad
Fig. 6 UV–vis spectra of TiO2 (dot line), TiO2/G (dash line), and Ag/

TiO2/G (solid line).

This journal is ª The Royal Society of Chemistry 2011
absorption of Ag/TiO2/G nanocomposite extending into the

visible light region is expected to improve its photocatalytic

activity under visible light irradiation.
3.2 Photocatalytic property of Ag/TiO2/G nanocomposite

under visible light irradiation

The photocatalytic decolorization of methylene blue (MB) dye

molecules was used to evaluate the photocatalytic performance

of Ag/TiO2/G nanocomposite under visible light irradiation.

Degussa P25 TiO2 and TiO2/G nanocomposite were chosen as

the reference photocatalysts for comparison. The photocatalytic

results are shown in Fig. 7. The MB molecules were strongly

adsorbed by graphene, Ag/TiO2/G, and TiO2/G nanocomposites

in the dark; however, there was no significant adsorption

occurred on Degussa P25. It is clear to see that the strong

adsorption of theMBmolecules on two kinds of nanocomposites

is due to the contribution of graphene, which has a large specific

surface area and a strong affinity to the aromatic dye molecules

via p–p interactions. The formation of nanocomposite will

further increase the adsorption ability of graphene sheets because

TiO2 nanoparticles will separate the graphene sheets against the

formation of aggregates due to the strong p–p interactions

between themselves. The introduction of Ag nanoparticles has

not side effect on the adsorption ability.

Under visible light irradiation, the MB molecules were slightly

decolorized in the presence of graphene and Degussa P25. The

reason for the former is the adsorption effect, and for the latter is

the photosensitization effect. As the MB molecules can absorb

visible light, electron transfer takes place from the photoexcited

dye molecules to the TiO2 conduction band under visible light

irradiation. The dye molecules that have lost electrons will

decompose if no sacrificial electron donor is available. However,

the dye solution became nearly colorless in the presence of either
Fig. 7 Photocatalytic decolorization of methylene blue under visible

light irradiation in the presence of P25 (-), graphene (,), TiO2/G (C),

and Ag/TiO2/G (B). c0 is the initial concentration of the dye, and c is the

concentration of the dye at time t. Reaction conditions: 0.1g of photo-

catalyst (0.01g for graphene), 100 ml of 10 mg mL�1 MB aqueous

solution.

Nanoscale, 2011, 3, 4411–4417 | 4415
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Fig. 8 Proposed mechanism for the photocatalytic degradation of

organic dyes over Ag/TiO2/G nanocomposite under visible light

irradiation.
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Ag/TiO2/G or TiO2/G nanocomposite after 60 min of visible light

illumination. The complete decolorization can be mainly attrib-

uted to the photocatalytic reaction, rather than the adsorption or

photosensitization effect, because both the effects have a very

limited contribution as revealed in Fig. 7. As expected, Ag/TiO2/

G nanocomposite showed better photocatalytic activity than

TiO2/G nanocomposite, as presented in Fig. 7.

Several efforts have been made to prepare TiO2/graphene

nanocomposites and explore their photocatalytic properties.11–15

Their highly photocatalytic activities under visible light irradia-

tion have been explained due to the unique electric property of

graphene and the interaction between TiO2 and graphene.13,14

However, the underlying mechanism is not well understood

currently. Some researchers suggested that graphene should act

as a sensitizer for light absorption to produce the photogenerated

electrons, which are subsequently injected into the TiO2

conductance band, similar to the case in TiO2/carbon nanotube

nanocomposites.31 Pristine graphene is a zero band gap semi-

conductor and has a work function of 4.42–4.66 eV.32,33 Gra-

phene obtained from the reduction of GO should have a higher

work function than the pristine one due to the possible incom-

plete reduction.34 Since the electron affinity of anatase TiO2

(�4.2 eV) is lower than the work function of graphene, electron

transfer from the TiO2 conductance band to graphene is ener-

getically favorable.35 The successful photocatalytic reduction of

GO to graphene under UV light irradiation also proven that the

photoexcited electrons were transferred from the TiO2 conduc-

tance band to GO.8,36 Thus, the explanation of graphene as a role

of a sensitizer is not reasonable. Others argued that the forma-

tion of C–Ti–O bonds extends the light absorption to longer

wavelengths, similar to the case of carbon-doped TiO2.
13,37,38

Most recently, the ab initio calculations confirmed that several

energy states exist in the middle of band gap of TiO2 due to the

hybridization of C2p with O2p or Ti3d orbitals.39 The transition

from these surface states close to the valence band maximum to

the states near to the conductance band minimum or the

conductance band itself should be responsible for the visible light

response of TiO2/G nanocomposite. Since the surface states in

the band gap are limited by the amount of C–Ti–O bonds, the

absorbance in the visible light region is expected to be restricted.

This assumption is consistent with the results of UV–vis spec-

troscopic measurements, as shown in Fig. 6. The anodic shift of

flat-band potential of TiO2/graphite-like carbon compared with

P25 based on Mott-Schottky measurements also supported this

hypothesis.40 Thus, this explanation is more sensible to explain

the origin of visible light absorption for TiO2/G nanocomposite,

but the true mechanism may be more complicated.

In the case of Ag/TiO2/G nanocomposite, a Schottky junction

is formed between Ag and TiO2 once they come into contact

because Fermi level of TiO2 is higher than that of Ag.41 The

formation of a Schottky barrier will hinder electrons across the

boundary transferring from Ag to TiO2. However, the electron

injection from Ag to TiO2 on SPR excitation has been proven

truly happened in Au/TiO2 and Ag/TiO2 systems,6,42–44 although

the detailed mechanism on such transferal is still unclear at

present. One possible explanation suggested that electrons

oscillating collectively on the SPR excitation might lead to

interband excitation, giving enough energy to electrons moving

to the interface to overcome the Schottky barrier on Ag/TiO2,
4416 | Nanoscale, 2011, 3, 4411–4417
which is only 0.4 eV above the Fermi level.43,44 Once the SPR

excited electrons are transferred to the TiO2 conductance band,

they are subsequently trapped by the adsorbed molecular oxygen

on the TiO2 surface producing superoxide anion radicals ($O2
�).

Furthermore, these electrons can transfer from the TiO2

conductance band to the graphene sheets as mentioned above.

The two-dimensional planar conjugation structure in graphene

facilitates interfacial charge transfer along the graphene sheets to

any electron acceptors like oxygen molecules, and subsequently

an effective charge separation is achieved. If graphene was not

perfectly restored from GO during the reduction process, any

defects on graphene sheets would depress the charge separation

efficiency, thus diminish the photocatalytic activity of the

nanocomposite. At the same time, the oxidized Ag species accept

electrons from H2O or hydroxide ions adsorbed on the TiO2

surface or from the dye molecules present in the solution and are

regenerated. The reaction with H2O or hydroxide ions produces

hydroxyl radicals ($OH). These radicals ($O2
� and $OH) are very

powerful oxidizing agents for the degradation of MB molecules.

As a result, the separated holes and electrons can be fully

involved in the photocatalytic reactions, and a highly efficient

photocatalytic activity is expected. The proposed mechanism for

the photocatalytic degradation of organic dyes under visible light

irradiation is illustrated in Fig. 8.

In order to meet the requirements for practical applications,

a good photocatalyst should have high photocatalytic activity

and good stability. In order to test the photocatalytic stability of

Ag/TiO2/G nanocomposite, the photocatalyst was recycled up to

five times. As shown in Fig. 9, its photocatalytic activity was

slightly deteriorated after five consecutive photocatalytic exper-

iments, accompanied with the decreased adsorption capacity. As

TiO2 and Ag nanoparticles are not uniformly distributed on the

surface of the graphene sheets, the dye molecules adsorbed on the

sites where no TiO2 nanoparticle is deposited will be not

degraded. They are also not easily washed away when the pho-

tocatalyst is regenerated for the next run because of the inter-

actions between the graphene sheets and the dye molecules. As

a result, the existence of these dye molecules on the graphene

sheets will reduce the adsorption capacity towards the fresh dye

solution, and subsequently decrease the photocatalytic efficiency

during the same reaction period. This result indicated that Ag/

TiO2/G nanocomposite almost retained its photocatalytic

activity in the repeated photocatalytic runs.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Photocatalytic decolorizationofMBundervisible light irradiation

over Ag/TiO2/G nanocomposite recycled five times. Reaction conditions:

0.1g of photocatalyst, 100 ml of 10 mg mL�1 MB aqueous solution.
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4. Conclusion

In this work, we have demonstrated a new strategy by utilizing

the excellent electrical properties of graphene and the SPR effect

of noble metallic nanoparticles to increase the photocatalytic

efficiency of TiO2. A photocatalyst of Ag/anatase TiO2/graphene

nanocomposite was prepared following such idea, which

exhibited enhanced photocatalytic activity in the degradation of

methylene blue molecules under visible light irradiation. The

enhanced photocatalytic activity is associated with wide visible

light response and high electron-hole separation efficiency due to

the synergetic interactions between TiO2, graphene and Ag. The

coupling of graphene to improve the photocatalytic activity of

TiO2 could be applied to other wide band gap semiconductor

materials, while the introduction of noble metallic nanoparticles

can further boost the photocatalytic efficiency. Since the SPR

effect of noble metallic nanoparticles strongly depends on their

species, size and shape, the optical response of nanocomposites

of graphene and wide band gap semiconductors can be flexibly

tuned, thereby further extending their absorption of sunlight and

enhancing their photocatalytic activity.
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