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1 Introduction

TiO2 is considered one of the most attractive photocata-
lysts due to its extraordinary semiconducting properties,
such as high photocatalytic ability, remarkable chemical
stability, environmental friendliness and cost effectiveness
[1,2]. Because of these unique properties, TiO2 has been
applied in photocatalysis [3], sensors [4] and solar cells [5].
However, the photocatalytic efficiency of TiO2 is still low

because of the rapid recombination of photogenerated
electrons and holes [6,7]. To reduce the probability of
electron-hole recombination, an attempt of loading Au
nanoparticles on the surface of TiO2 as a cocatalyst was
proposed to form a nanocomposite of Au/TiO2. The
recombination of photogenerated electrons and holes
might be inhibited by the built-in electric field at the
interface of the metal and semiconductor, and the excited
electrons generated from TiO2 might migrate into the Au
nanoparticles [8–10].
Graphene, a single atomic layer carbon nanostructure, is

regarded as a promising photocatalyst support because of
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H I G H L I G H T S

•Deposition Au nanoparticles on both TiO2 and
RGO to fabricate Au/TiO2/RGO.

•Au/TiO2/RGO displayed a high H2O2 and •OH
production in photocatalytic process.

•RGO is a good collector to transfer electrons
from TiO2 to Au.
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G R A P H I C A B S T R A C T

A B S T R A C T

A new type of Au/TiO2/reduced graphene oxide (RGO) nanocomposite was fabricated by the
hydrothermal synthesis of TiO2 on graphene oxide followed by the photodeposition of Au
nanoparticles. Transmission electron microscopy images showed that Au nanoparticles were loaded
onto the surface of both TiO2 and RGO. Au/TiO2/RGO had a better photocatalytic activity than Au/
TiO2 for the degradation of phenol. Electrochemical measurements indicated that Au/TiO2/RGO had
an improved charge transfer capability. Meanwhile, chemiluminescent analysis and electron spin
resonance spectroscopy revealed that Au/TiO2/RGO displayed high production of hydrogen peroxide
and hydroxyl radicals in the photocatalytic process. This high photocatalytic performance was
achieved via the addition of RGO in Au/TiO2/RGO, where RGO served not only as a catalyst support
to provide more sites for the deposition of Au nanoparticles but also as a collector to accept electrons
from TiO2 to effectively reduce photogenerated charge recombination.
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its superior electrical conductivity, good optical transpar-
ency, remarkable chemical stability and high specific
surface area [11–13]. In particular, it has been reported that
a high photocatalytic activity could be achieved using
graphene as an ideal photogenerated electron transporter to
efficiently increase the separation of photogenerated
electrons and holes [14–16]. Motivated by the distin-
guished properties of graphene, we expect that single
atomic layer graphene could also serve as a promising
support for TiO2 and Au nanoparticles, attaching to form a
nanocomposite of Au/TiO2/graphene. In this nanocompo-
site, Au nanoparticles could be loaded onto the surface of
both TiO2 and graphene, which will give the photogener-
ated electrons two transfer routes. As shown in Fig. 1, if Au
nanoparticles are combined with TiO2, photogenerated
electrons could directly migrate from TiO2 into Au.
Meanwhile, if Au nanoparticles are loaded onto the surface
of graphene, photogenerated electrons could first migrate
from TiO2 to graphene, then the photogenerated electrons
could continually migrate from graphene to Au since
graphene would benefit from the transported photogener-
ated charge carriers [17]. This indicates that the separation
of photogenerated electrons and holes could be further
increased in Au/TiO2/graphene nanocomposites on behalf
of the participation from graphene. However, until now,
less attention has been paid to the application of graphene
as a support for the preparation of Au/TiO2/graphene
nanocomposites [18]. Here, we explore an approach to
load Au nanoparticles on the surface of TiO2/graphene to
fabricate Au/TiO2/graphene nanocomposites. The influ-
ence of graphene on the properties of Au/TiO2/graphene
was investigated, and the photocatalytic activity of these
nanocomposites was evaluated for the photodegradation of
phenol.

2 Materials and methods

2.1 Preparation of Au/TiO2/graphene nanocomposite

The process for the preparation of the Au/TiO2/graphene

nanocomposite included graphene oxide fabrication, TiO2/
reduced graphene oxide (RGO) hydrothermal synthesis
and photodeposition of Au on TiO2/RGO. Briefly, the
graphene oxide used for the fabrication of the Au/TiO2/
RGO nanocomposites was produced by chemical oxida-
tion of natural graphite powder in concentrated H2SO4 and
KMnO4. Then, a varying amount of the prepared graphene
oxide and P25 were dispersed in deionized water. The
weight ratios of graphene oxide to P25 were 0.5%, 1.0%,
and 1.5%. Each solution was transferred into an autoclave
and held at 160°Cfor 3 h. After the hydrothermal reaction,
the obtained samples were rinsed with deionized water and
dried in an oven at 60°C for 12 h. The obtained samples
were labeled TiO2/0.5RGO, TiO2/1.0RGO, and TiO2/
1.5RGO. Finally, 0.5 g of prepared TiO2/RGO and 16
mmol HAuCl4 were dispersed in 100 mL of a mixed
solution of alcohol and deionized water (volume ratio of
1:1). The solution was irradiated with a Xe lamp under
vigorous stirring at 20°C for 1 h. After that, the precipitates
from the mixture were collected by centrifugation. The
final products of Au/TiO2/RGO were dried overnight at
room temperature. For comparison, a sample of Au/TiO2

was prepared under the same experimental conditions
using P25 as a precursor instead of TiO2/RGO.

2.2 Characterization

The general morphologies of the prepared samples were
observed by transmission electron microscopy (TEM, FEI
Tecnai G2 F30, USA). The crystallinity of the products was
determined by X-ray diffraction (XRD) using a diffract-
ometer (Shimadzu LabX XRD-6000, Japan). The Raman
spectra were obtained using a Renishaw Micro-Raman
System 2000 Spectrometer. The electrochemical impe-
dance spectroscopy (EIS) plots were measured in the dark
or under UV irradiation using an electrochemical station
(CHI660D, Shanghai Chenhua Limited, China).

2.3 Photocatalytic activity

The photocatalytic activity of Au/TiO2/RGO was investi-
gated for the photocatalytic degradation of phenol (initial
concentration of 10 mg$L–1). A high-pressure mercury
lamp (300 W) was used as the light source with a principal
wavelength of 365 nm. The incident light intensity was
0.75 mW$cm–2, which was measured by a radiometer
(model UV-A, Photoelectric Instrument Factory Beijing
Normal University, China). All the experiments were
carried out at room temperature (approximately 25°C) in a
cylindrical quartz reactor with a magnetic stirrer set to a
constant speed. The volume of the phenol solution was 100
mL with 20 mg prepared photocatalyst. At certain time
intervals, 1.5 mL of the solution was collected and filtered
to remove the photocatalyst for analysis. The concentration
of phenol was detected by high-performance liquid
chromatography (HPLC, Waters 2695, USA). In addition,

Fig. 1 A schematic mechanism of photogenerated electrons
migrating in the Au/TiO2/graphene nanocomposite
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during the photocatalytic process, a flow injection
apparatus (IFIS-D, Xi’an Remex Analysis Instrument Co.
Ltd., China) combined with the detector of a chemilumi-
nescence system (MIP-B, Xi’an Remex Analysis Instru-
ment Co. Ltd., China) was used for the determination of
hydrogen peroxide (H2O2) [19], and hydroxyl radicals
(•OH) were recorded on an electron spin resonance
spectrometer (ESR, Bruker Elexsys A 200, Germany)
using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the
spin-trap reagent.

3 Results and discussion

3.1 Characterization of Au/TiO2/RGO

The morphologies of TiO2/RGO and Au/TiO2/RGO were
observed by TEM to directly investigate the structure of
TiO2/RGO decorated with Au nanoparticles. Figure 2(a)
shows that TiO2 particles are present on RGO, indicating
RGO served as a good support. After the deposition of the
Au nanoparticles, it can be seen from Fig. 2(b) that the Au
nanoparticles were loaded on the surface of both TiO2 and
RGO, indicating that the aggregation of the Au nanopar-
ticles was inhibited. Meanwhile, Fig. 2(c) shows that the
size of the Au nanoparticles in Au/TiO2/RGO is approxi-
mately 20 nm.
Figure 3 shows the XRD patterns of TiO2/RGO and Au/

TiO2/RGO. For TiO2/RGO, the typical strong peak of TiO2

was found at 25.3°, and several weak diffraction peaks
matched those of the crystalline anatase phase of TiO2

(JCPDS card No. 21-1272). Meanwhile, a rutile phase was
also observed at 27.2°, indicating that anatase TiO2 was the
majority phase mixed with a minute quantity of the rutile
phase [20]. However, no characteristic peak for RGO could
be indexed. Compared with that of TiO2/RGO, the XRD
pattern of Au/TiO2/RGO showed four additional peaks at
2q values of 38.2°, 44.2°, 64.8°, and 78.0°, corresponding
to the (111), (200), (220), and (311) diffraction planes of
Au, respectively [18].
Figure 4 shows the Raman spectra of Au/TiO2, Au/TiO2/

0.5RGO, Au/TiO2/1.0RGO, and Au/TiO2/1.5RGO. In
these spectra, the typical spectral features for the anatase
phase of TiO2 were found at approximately 145, 395, 515,
and 637 cm–1 [3]. Compared with Au/TiO2, two frequen-
cies at approximately 1343 cm–1 (D band) and 1586 cm–1

(G band) were observed for all Au/TiO2/RGO samples,
confirming the presence of RGO in the Au/TiO2/RGO
nanocomposites [21]. Meanwhile, with an increase in the
proportion of RGO in Au/TiO2/RGO, the intensity of the
TiO2 peaks decreased, and the intensities of the RGO peaks
increased. This occurred due to the increasing proportion
of RGO in the Au/TiO2/RGO nanocomposite reducing the
influence of TiO2 on the Raman measurement. These
results, in accordance with the XRD measurements, agree
well with the TEM observations.

3.2 Photocatalytic activity of Au/TiO2/RGO

The performance of Au/TiO2/RGO was evaluated by the
photocatalytic degradation of phenol (10 mg$L–1) under
UV light irradiation. For comparison, the photocatalytic

Fig. 2 TEM images of TiO2/RGO before (a) and after (b) the deposition of Au nanoparticles. (c) A higher magnification TEM image of
Au/TiO2/RGO
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capabilities of TiO2 and Au/TiO2 were also evaluated
under the same conditions. It can be found from Fig. 5 that
the degradation of phenol follows pseudo-first-order
kinetics by the linear equation ln(C0/Ct) = Kt (C0 is the
initial concentration of phenol, Ct is the concentration of

phenol at time t, and K is the kinetic constant). Without any
catalyst, the phenol degradation kinetic constant was
0.0021 h–1. Using TiO2 and Au/TiO2 as photocatalysts,
the kinetic constants reached 0.0043 and 0.0060 h–1,
respectively. This indicates that the photocatalyst plays a
significant role in the phenol degradation, and an
enhancement of the photocatalytic activity was achieved
by the deposition of Au nanoparticles on TiO2. Particu-
larly, Fig. 5 shows that, compared with Au/TiO2, the
presence of RGO in Au/TiO2/RGO had an obvious effect
on the phenol degradation under the same experimental
conditions. Even with a small amount of RGO, the kinetic
constant increased to 0.0091 h–1 for Au/TiO2/0.5RGO.
When using Au/TiO2/1.0RGO as a photocatalyst, the
kinetic constant reached the highest value of 0.0107 h–1,
which was approximately 1.8 times that of Au/TiO2.
However, upon a further increase in the amount of RGO in
Au/TiO2/RGO, the kinetic constant decreased to 0.0081
h–1 for Au/TiO2/1.5RGO, indicating a reduction of the
photocatalytic activity. This observation could be ascribed
to the introduction of a relatively high percentage of RGO
in Au/TiO2/RGO, which could result in a rapid decrease of
light intensity reaching through the reaction solution.
Therefore, a suitable content of RGO in Au/TiO2/RGO
nanocomposite is crucial for the photocatalytic perfor-
mance, and the following experiments were conducted
selecting Au/TiO2/1.0RGO.
To determine the factors to deliver better a photocata-

lytic activity for Au/TiO2/RGO, the charge transport
resistance was characterized by EIS. Figure 6 shows the
EIS plots of Au/TiO2 and Au/TiO2/RGO. In the dark, the
arcs of both Au/TiO2 and Au/TiO2/RGO are very large.
However, under UV light irradiation, the radii of the
semicircles decreased because of the presence of charge
carriers induced by the incident light [13]. Meanwhile, the
semicircle of Au/TiO2/RGO is smaller than that of Au/
TiO2. This result indicates that the charge transfer

Fig. 3 XRD patterns of TiO2/RGO and Au/TiO2/RGO

Fig. 4 Raman spectra of Au/TiO2 and Au/TiO2/RGO

Fig. 5 Evaluation of phenol degradation under UV light (0.75
mW$cm–2) irradiation for no catalyst, TiO2, Au/TiO2, Au/TiO2/
0.5RGO, Au/TiO2/1.0RGO and Au/TiO2/1.5RGO

Fig. 6 Electrochemical impedance spectroscopy plots of Au/
TiO2 and Au/TiO2/RGO both in the dark and under UV light (0.75
mW$cm–2) irradiation
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resistance in Au/TiO2/RGO is relatively low in the
presence of UV light irradiation, which would be beneficial
for photocatalytic reactions.
Since the formation of H2O2 is a critical step for the

photocatalytic reaction, the concentration of H2O2 in the
reaction solution was detected. Figure 7 shows the
concentration of H2O2 for no photocatalyst, TiO2, Au/
TiO2, and Au/TiO2/RGO. Without any photocatalyst, the
concentration of H2O2 in water is approximately 0.00311
mmol$L–1 under UV light (0.75 mW$cm–2) irradiation over
4 h. For TiO2, the concentration of H2O2 is merely
approximately 0.00868 mmol$L–1. When using Au/TiO2

as a photocatalyst, the concentration of H2O2 in water
reaches approximately 0.122 mmol$L–1. When using Au/
TiO2/RGO as a photocatalyst, the concentration of H2O2 in
water reaches the highest value of approximately 0.335
mmol$L–1, which was approximately 2.7 times that of Au/
TiO2, indicating that Au/TiO2/RGO can produce more
H2O2 than Au/TiO2 during the photocatalytic process. This
result demonstrated that, compared with Au/TiO2, using
RGO as a support could facilitate the transportation of the
photogenerated electrons from TiO2 across RGO to the Au
nanoparticles at locations separated from the TiO2

anchored sites, thus enhancing the separation of photo-
generated electron-hole pairs.
To further investigate the difference of oxidative radicals

in the photocatalytic reactions, an ESR technique was
performed choosing DMPO as a spin-trap reagent. Figure
8 shows the ESR spectra of TiO2, Au/TiO2, and Au/TiO2/
RGO both in the dark and under UV light irradiation. In the
dark, no ESR signals appeared. Under UV light irradiation,
all samples showed quartet peaks with a 1:2:2:1 intensity
pattern, which could be indexed to a DMPO-OH adduct
[22]. This indicates that •OH is one of the main oxidative
radicals in the photocatalytic reaction solution. Meanwhile,
it can also be found from Fig. 8 that the peak intensity of
Au/TiO2/RGO is greater than that of Au/TiO2 under the

same experimental conditions, indicating that more •OH
was produced for Au/TiO2/RGO during the photocatalytic
process. This result, in accordance with the H2O2

measurements (Fig. 7), demonstrates that a more efficient
reduction of H2O2 to •OH occurred at the surface of the Au
nanoparticles loaded on RGO and that a high photoactivity
was achieved for Au/TiO2/RGO.
The mechanism of RGO as a collector in graphene-

based materials has been established [12,13,16–18,23].
Based on the results illustrated above, we believe that this
mechanism could also explain reason for Au/TiO2/RGO
exhibiting a much higher photocatalytic activity than Au/
TiO2. Once RGO is introduced to Au/TiO2/RGO, the
selective loading of TiO2 and Au at separate sites on RGO
plays a key role for the enhancement of the photocatalytic
activity because RGO has a beneficial structure for
transporting photogenerated charge carriers, which effec-
tively increases the separation of photogenerated electrons
and holes. Meanwhile, RGO also provides more sites for
the deposition of Au nanoparticles, resulting in photo-
generated electrons producing more H2O2 as well as
reducing H2O2 to form more •OH to participate in the
photoredox reaction.

4 Conclusions

This work clearly demonstrated that an optimal amount of
RGO in Au/TiO2/RGO can dramatically enhance the
photocatalytic performance of this material. The reason for
this enhancement is that RGO is an attractive support for
both TiO2 and Au nanoparticles as well as a good electron
transporter for affecting the photocatalytic capability. This
work suggests that Au/TiO2/RGO can be utilized in very
appealing applications in several areas, such as solar cells,
electronic nanodevices, water splitting, and environmental
monitoring.
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