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Reduced  graphene  oxide–TiO2 (RGO–TiO2)  nanocomposites  have  been  successfully  synthesized  through
a  facile  hydrothermal  reaction  with  minor  modification  using  graphene  oxide  (GO)  and  commercial  P25
as starting  materials  in an  ethanol–water  solvent,  followed  by  calcining  temperature  at  400 ◦C  for  2 h in
Ar.  These  nanocomposites  prepared  with  different  ratios of  graphene  oxide  (GO) were  characterized  by
BET surface  area,  X-ray  diffraction  (XRD),  Raman  spectroscopy,  UV–vis  diffuse  reflectance  spectroscopy
(UV–vis  DRS),  Fourier  transform  infrared  (FT-IR)  spectroscopy,  X-ray  photoelectron  spectroscopy  (XPS),
Transmission  Electron  Microscopy  (TEM)  and ultraviolet–visible  (UV–vis)  absorption  spectroscopy.  The
raphene oxide
educed graphene oxide–TiO2

anocomposite
hodamine B
ydrothermal reaction
hotocatalytic activity

RGO–TiO2 nanocomposites  exhibited  much  higher  photocatalytic  activity  than  bare  P25  for  the  degra-
dation  of  rhodamine  B (Rh.B)  in  an  aqueous  solution.  The  improved  photocatalytic  activities  may  be
attributed  to increased  adsorbability  for Rh.B  molecular,  light  absorption  levels  in  visible  region  and
charge  transfer  rate  in the presence  of  a two-dimensional  graphene  network.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

harge transfer

. Introduction

Graphene is a new star on applications of condensed-matter
hysics, electronics, and material science after carbon nanotube
nd C60 [1].  Because graphene is a single-atom thick sheet arranged
y sp2-bonded carbon atoms in a hexagonal lattice, which shows
utstanding mechanical, thermal, optical, and electrical proper-
ies. Therefore, the interesting graphene-based materials have
een extremely extended to application in diverse fields such as
anoelectronic devices, biomaterials, intercalation materials, drug
elivery, and catalysis [2–8].

Previous reported that nanocarbon materials as CNT and C60
ave some beneficial effects on the photocatalytic activity of homo-
eneous and heterogeneous semiconductors by effective electron
ransfer and interaction effects [9–11]. Among the various semicon-
uctors, titanium dioxide (TiO2) is known to be good photocatalyst
or the degradation of environmental contaminants due to its high
hotocatalytic activity [12,13]. These TiO2–nanocarbon compos-

te exhibited higher photocatalytic performance than that of bare

iO2. However, some problems still hinder further promotion of
fficiency of TiO2–nanocarbon composites, such as the weaken-
ng of light intensity arriving at surface of catalysts and the lack

∗ Corresponding author. Tel.: +86 10 68914027; fax: +86 10 68913154.
E-mail address: zhangkan112255@hotmail.com (K. Zhang).

381-1169/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.molcata.2011.05.026
of reproducibility due to the preparation and treatment varia-
tion [14]. In comparison with CNT and C60, graphene has perfect
sp2-hybridized two-dimensional carbon structure with better con-
ductivity and larger surface area, it seems reasonable to envision
that the novel graphene–TiO2 nanocomposite with high interfacial
contact and potential could be much more promising to improve
the photocatalytic performance of TiO2. Furthermore, graphene
is easy to produce from inexpensive natural graphite through
intermediates product “graphite oxide” [15,16]. The presence of
oxygen-containing functional groups in GO and reduced GO makes
them as excellent supporters to anchor TiO2 nanocrystals for the
synthesis of graphene-TiO2 [17,18].

Recently, graphene/TiO2 composites have been successfully fab-
ricated by various ways. Kamat et al. reported that graphene/TiO2
composite is obtained via UV illuminated suspension of graphene
oxide (GO)/TiO2 at N2 condition, inhibited the UV light as reducer
[19]. Liang et al. reported that graphene/TiO2 nanocrystals hybrid
has been prepared by directly growing TiO2 nanocrystals on GO
sheets. The direct growth of the nanocrystals on GO sheets was
achieved by a two-step method, in which TiO2 was  first coated on
GO sheets by hydrolysis and crystallized into anatase nanocrys-
tals by hydrothermal treatment in the second step [17]. Liu et al.

prepared the self-assembly of TiO2 with graphene composites in
the stabilization of graphene in aqueous solution by assistance of
anionic sulfate surfactant [20]. Chen et al. prepared a visible-light
responsive GO/TiO2 composite with p/n heterojunction by adding

ghts reserved.

dx.doi.org/10.1016/j.molcata.2011.05.026
http://www.sciencedirect.com/science/journal/13811169
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Fig. 1. Raman spectra of (1:20) RGO–TiO nanocomposite, GO and RGO.
02 F. Wang, K. Zhang / Journal of Molecula

odium dodecylsulfate in an aqueous of TiCl3 and GO, in which
iO2 could be excited by visible light with wavelengths longer than
10 nm [21]. Some people synthesized graphene/TiO2 composites
sing graphene oxide and P25 as reactants by a facile one-step
ydrothermal method and obtained higher photocatalytic activity
22,23].

In this study, a facile hydrothermal reaction with minor modifi-
ation is reported which is capable of depositing P25 nanoparticles
n graphene surface by means of chemical reduction of graphene
xide in ethanol–water solvent, and followed by calcining tem-
erature at 400 ◦C for 2 h in Ar. The photocatalytic activity of the
GO–TiO2 nanocomposites is assessed by examining the degrada-
ion of Rh.B from model aqueous solutions as a probe reaction under
V–vis light irradiation.

. Experimental

.1. Synthesis of graphene oxide (GO)

Here, graphene oxide was synthesized by the oxidation
f graphite powder using Hummers method [14]. (Details in
upporting information.)

.2. Synthesis of reduced graphene oxide/TiO2 composites

RGO–TiO2 nanocomposites were synthesized with a weight
atio between GO and P25 at (1:100, 1:40, 1:20, 1:10 and 1:3) by a
ydrothermal reaction, followed with heat treatment at 400 ◦C for

 h under argon atmosphere. During this hydrothermal reaction,
he reduction of GO to graphene can be completed with simulta-
eous deposition of TiO2 onto the graphene sheets [21]. (Details in
upporting information.)

.3. Photocatalytic activity

In order to analysis of the photocatalytic effect, the degrada-
ion reaction of Rh.B in water was followed. Powdered samples of
.05 g were dispersed in the Rh.B solution under ultrasonication
or 3 min. For irradiation system, the UV (� = 365 nm)  and visible
ight (� > 420 nm,  LED lamp) was used at the distance of 100 mm
rom the solution in darkness box, respectively. The suspension was
rradiated with light source as a function of irradiation time. Sam-
les were then withdrawn regularly from the reactor and removal
f dispersed powders through centrifuge. The clean transparent
olution was analyzed by UV–vis spectroscopy. The concentration
f Rh.B in the solution was determined as a function of irradia-
ion time from the absorbance region at a UV wavelength line of
55 nm.

. Results and discussion

.1. Physicochemical properties

Raman spectroscopy can quickly and accurately determine the
umber of graphene layers and the change of its crystal structure
fter chemical treatments [24]. Thus, we used it to examine the
hanges that occurred in the crystal structure of the RGO–TiO2 and
O, as shown in Fig. 1. The Raman spectra of GO and reduced GO
repared by a similar method to preparation of RGO–TiO2 (inset
raph in Fig. 1d) show the presence of D and G bands at 1340, 1580,
720 and 2930 cm−1, respectively. G band is common to all sp2 car-

on forms [25] and provides information on the in-plane vibration
f sp2 bonded carbon atoms [26]. The D band suggests the presence
f sp3 defects [27]. The second-order Raman feature, namely the 2D
and (second-order of the D band) at about 2720 cm−1, is very sen-
2

sitive to the stacking order of the graphene sheets along the c-axis
as well as to the number of layers, and shows greater structure
(often a doublet) with increasing number of graphene layers. The
stacking structure and agglomerated morphology of the reduced
GO sheets are therefore consistent with previous report [24,28].
In the Raman spectrum of (1:20) RGO–TiO2, the G band is broad-
ened and shifted to 1590 cm−1 in Fig. 1. In addition, D band shifted
to around 1330 cm−1 indicates the considerable increase in size of
the in-plane sp2 domains and thickness of graphitic structure due
to hydrothermal reaction.

The X-ray photoelectron spectroscopy (XPS) spectra of GO and
RGO–TiO2 nanocomposites are shown in Fig. 2. In Fig. 2(a), the
peak with a binding energy of 284.6 eV can be attributed to the
C–C, C C, and C–H bonds, while the deconvoluted peaks centered
at the binding energies of 287.7, and 289.2 eV can be assigned
to the C O, and O C–OH functional groups, respectively [29].
The C1s peaks show that the relative ratio of the areas of the
C–C and C–O peaks in the GO spectrum is 1:1.28 (C:O). Com-
pared to C1s spectra of RGO–TiO2 nanocomposites, the reduction
seems to be very effective. The C:O ratio goes from 1:1.28 to
1:0.3 following reduction, and the C–O peak represents a substan-
tial blue-shift from 286.98 to assuming 286.46, C O and O C-OH
also go from 1:0.22 to 1:0.03 and 1:0.13 to 1:0.05. The verita-
ble existent RGO–TiO2 composites are further confirmed by Ti2p
and O1s spectra (Fig. S1, ESI), XRD (Fig. S2, ESI) and EDX spectra
(Fig. S3, ESI).

The UV–vis DRS spectra for P25 and (1:20) RGO–TiO2 nanocom-
posite are shown in Fig. 3a. The single P25 photocatalyst shows a
sharp edge at about ∼405 nm,  whereas the RGO–TiO2 nanocom-
posite displays an obvious red shift of ∼25 nm in the absorption
edge. This result indicated that the RGO–TiO2 nanocomposite can
be excited in visible region because of the existence of Ti–O–C bond
[30] which is further confirmed by FT-IR spectra (Fig. S4, ESI). Inset
photograph in Fig. 3(a) shows the different colors of suspensions of
GO, mechanical mixture of P25 and GO before hydrothermal reac-
tion and (1:20) RGO–TiO2 nanocomposite. The transparent solution
of GO displays light brown. The change in color from light brown
to whiteness to grayish can be seen as the reduction of GO pro-
ceeds after mixed with P25 by hydrothermal reaction in the solvent
of ethanol–water, which is further confirmed by UV–vis spectra
(Fig. 3b). The absorption intensity increases in the UV and visible

regions with increasing GO contents in the RGO–TiO2 nanocom-
posite. The enhanced absorption can be attributed to the chemically
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Fig. 2. XPS spectra of the GO and RGO–TiO2 nanocomposite. (a) C1s XPS core level
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Fig. 3. (a) UV–vis diffuse reflectance spectra (DRS) of P25 and (1:20) RGO–TiO2

nanocomposite and a photograph of a 20 mL  suspension solution: (1) GO with
0.015 g, (2) (1:20) GO-P25 before hydrothermal reaction and (3) (1:20) RGO–TiO2.
(b) The UV–vis absorption spectra of GO and RGO–TiO2 nanocomposite suspension.
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educed graphene oxide as in accordance with the UV–vis spectrum
f plain graphene.

To further investigate photoelectricity results of the P25 and
GO–TiO2 nanocomposite, the photocurrent generated from the

TO/P25 and ITO/RGO–TiO2 electrodes immersed in aqueous
a2SO4 solution was monitored. The time profiles of photocurrents
enerated under visible light irradiation are shown in Fig. 4. It is
bserved that there is a fast and uniform photocurrent responding
o each switch-on and switch-off event in both electrodes. The pho-
ocurrent of the P25 is only 0.15 �A. The photocurrent of RGO–TiO2
hows about 8 times as high as that of P25. This indicates that the
GO–TiO2 can be effectively excited under visible light irradiation
nd subsequently separate photo-induced electrons and holes to
nhance light-induced current.

The TEM images of GO and (1:20) RGO–TiO2 nanocomposite
re showed in Fig. 5a and b, respectively. The morphology of GO,
onsisting of thin stacked flakes and having a well-defined few-
ayer structure at the edge, can be clearly seen in Fig. 5a. Fig. 5b
eveals a homogeneous dispersion of TiO2 in the RGO matrix and
hat are eager to accumulate along the wrinkles and edge of visible
raphene sheets. The TiO2 nanoparticles are not simply mixed up
r blended with RGO; rather, they have been entrapped possibly
nside the RGO sheets. The tapping mode AFM image (Fig. S5, ESI)

f GO shows ∼5 mm size sheets and the height profile of thickness
ess than 6.992 nm indicates formation of few-layers GO.

Fig. 4. Visible light-photoelectrochemical responses of the P25 and RGO–TiO2

nanocomposite.
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Fig. 5. TEM images of GO

.2. Degradation performances

Fig. 6 shows the selective UV–vis absorption spectral changes
f Rh.B during the photocatalytic degradation in the present of
1:20) RGO–TiO2 nanocomposite under UV light in the wavelength
ange from 230 to 700 nm.  The main absorption peak of the Rh.B
olution at approximately 555 nm decrease continuously with UV
ight irradiation, two weak peaks at around 260 and 355 nm also

onotonously decrease with irradiation time. It indicates that the
h.B molecules could be degraded in the present of RGO–TiO2
anocomposite. This result can be further confirmed by HPLC chro-
atograms (Fig. S6, ESI).
The photocatalytic activities for P25 and all RGO–TiO2 nanocom-

osites were measured by the degradation of Rh.B under UV–vis
ight irradiation, as shown in Fig. 7a and b, respectively. The
rder of the photodegradation efficiency of Rh.B is as follow-
ng under UV light: (1:20) RGO–TiO2 > (1:40) RGO–TiO2 > (1:10)
GO–TiO2 > (1:100) RGO–TiO2 > P25 > (1:3) RGO–TiO2, which sug-
ests that the (1:20) RGO–TiO2 nanocomposite reveals to
e much more efficient for the degradation of Rh.B. Sim-
larly, the degradation efficiency of Rh.B with all samples
enerally under visible light follows the order as below:
1:20) RGO–TiO2 > (1:10) RGO–TiO2 > (1:40) RGO–TiO2 > (1:100)
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ig. 6. UV–vis absorption spectral of Rh.B concentration against the (1:20)
GO–TiO2 nanocomposite under UV light.
nd (1:20) RGO–TiO2 (b).

RGO–TiO2 > P25 > (1:3) RGO–TiO2. Clearly, the addition of GO in
the (1:20) RGO–TiO2 nanocomposite should be at an appro-
priate amount. The photocatalytic activities of the RGO–TiO2
nanocomposites can be enhanced with increasing weight ratio
of GO up to 1:20. Further increasing the weight ratio of GO
will lead to a significant decrease, especially in (1:3) RGO–TiO2.
However, a complicated change for UV and visible light pho-
tocatalytic activities are showed between (1:10) RGO–TiO2 and
(1:40) RGO–TiO2 nanocomposites. Therefore, we  cannot simply
estimate the action of RGO, which is possibly to be the most
synergy effect accounting for the enhanced photocatalytic activ-
ities.

Therefore, we  compare the UV and visible light photodegra-
dation efficiency of Rh.B over RGO–TiO2 nanocomposites and
mechanical mixture of P25 and as prepared graphene (Gr-P25), as
shown in Fig. 7c. The mechanical mixture of Gr-P25 shows much
lower photoactivity under visible light irradiation compared to
UV light. As mentioned above in Fig. 3(a), the absorption edge of
light plays an important role in the photocatalysis under visible
light irradiation. It implies that the vital chemical bonding between
graphene and TiO2 was  not established, that is Ti–O–C bond [17].
However, the photocatalytic activities with UV light are not sig-
nificant different on RGO–TiO2 and mixture of Graphene-P25. It is
noteworthy that the reason for the enhanced photoactivity of mix-
ture of Gr-P25 is similar from the TiO2 mixing CNT system, whose
enhancement in the photocatalysis should be largely assigned to
the great electrons transfer [31].

According to previous studies on photocatalytic system of
TiO2–carbon composites, besides the light absorption capability
and the charge transportation, the adsorption of reactants also is
a crucial factor [10,32,33].  To compare afterward the adsorption
capability for Rh.B molecules in bare P25, (1:20) RGO–TiO2 and
(1:3) RGO–TiO2, the change in Rh.B absorption spectra was mon-
itored before and after adding samples in the dark as shown in
Fig. 7d. The decrease of the Rh.B absorbance indicates that Rh.B
molecules are more pre-adsorbed on the RGO–TiO2 surface than
that of bare P25. Therefore, under UV or visible light irradiation,
electron transfer between excited Rh.B molecules and TiO2 par-
ticles become more efficient for the RGO–TiO2 nanocomposites,
leading to the higher photocatalytic activity with contrary result
on (1:3) RGO–TiO2 nanocomposite.

Herein, we  will give a reasonable explication for the above

results of (1:3) RGO–TiO2 nanocomposite. The adsorbability can
be influenced not only by BET surface area (∼58 × 10−3 and
79 × 10−3 m2/kg for P25 and (1:3) RGO–TiO2, respectively), but
also largely relate to the selectivity for the adsorption of organic
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nd  after adsorption over P25, (1:20) RGO–TiO2 and (1:30) RGO–TiO2 nanocompos

olecules. The responsibility for enhanced adsorbability on (1:3)
GO–TiO2 nanocomposite can be ascribed to formation of �–�
tacking between Rh.B molecules and aromatic regions of the
raphene, which is noncovalent and driven [34]. Photo-induced

harge transfer can also occur in the electronic interaction between
GO and TiO2. However, with the assistance of more RGO, super-
uous RGO is detrimental for photon absorption. The result
oncerning the effect of RGO content demonstrates that although

Scheme 1. The possible photocatalytic mech
ites under (a) UV light and (b) visible light irradiation. (c) Comparison of photocat-
mposites under UV and visible light. (d) UV–vis absorption spectra of Rh.B before
r 30 min  in the dark condition.

the recombination of electron/hole can be retarded by graphene,
also obstructed the light absorption.

In summary, for as prepared RGO–TiO2 nanocomposites, TiO2
nanoparticles can be loaded on or entrapped into the platform of

reduced RGO sheets, even by chemical bonding, as illustrated in
Scheme 1. The structure of RGO–TiO2 nanocomposites can effec-
tively increase adsorption of Rh.B molecules and charge transfer
along the RGO sheets.

anism of RGO–TiO2 nanocomposites.
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.3. The repeatability of photocatalystic activity

For investigating the long-term stability of RGO–TiO2 nanocom-
osites under UV light irradiation, recycling experiments are
arried out using (1:20) RGO–TiO2 nanocomposite. For each new
ycle, the sample is collected and vacuum-dried at 100

◦
C for 2 h by

eeping other reaction conditions constant. As shown in Fig. 8, it is
pparent that the photocatalytic degradation rates of Rh.B during
he second cycle are faster than that of the first cycle for (1:20)
GO–TiO2 nanocomposite. After second cycles, the degradation
fficiency is gradually decreased to approximately 86% of the first
ycle. The phenomena can be explained that the GO sheets can be
urther reduced by semiconductor photocatalysts as TiO2 and ZnO
nder UV light irradiation [18,35],  which is further confirmed by
PS spectra (Fig. S7, ESI). The slight decrease also indicates that the
hotocatalytic activity of RGO–TiO2 nanocomposites has repeata-
ility. The reduction in the degradation efficiency after second cycle
ay  be explained by the decrease of the surface for both photon

bsorption and Rh.B adsorption.

. Conclusions

In this study, we present the synthesis and characteriza-
ion of reduced graphene oxide–TiO2 (RGO–TiO2) nanocomposites
erived from commercial P25 and graphene oxide (GO) via a
acile hydrothermal reaction with minor modification. The results
howed that the RGO–TiO2 nanocomposites are able to exhibit a
igh surface area, excellent structure, great electrical and opti-
al properties. Their photocatalytic activities for the degradation
f Rh.B were higher than that of a commercial P25 as a bench-
ark photocatalyst under UV and visible light irradiation. The

isible light response of RGO–TiO2 nanocomposites can be signif-
cantly ascribed to in the presence of Ti–O–C bond by compared

ith mechanical mixture of graphene-P25 (Gr-P25). The influence
f RGO on the photocatalytic activity of RGO–TiO2 nanocompos-
tes has been examined systematically by considering the different

eight addition ratios of graphene. It is found that the superfluous
raphene in RGO–TiO2 nanocomposites leads to a decreased pho-
ocatalytic activity, the features are similar to CNT–TiO2 composite.
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