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ABSTRACT: Anatase TiO, nanosheets supported on re-
duced graphene oxide (RGO) were synthesized via a one-step,
solvothermal method. During the solvothermal step, graphene
oxide (GO) was reduced to RGO, and, subsequently, anatase
TiO, with 73.7% exposed {001} facets was grown in situ on
the surfaces of the RGO nanosheets. Compared with pure
TiO,, the RGO/TiO, hybrid nanocomposite had improved
photoactivity as a result of effective photoinduced electron
transfer from TiO, to the RGO acceptor through interfacial
interactions. Trapping tests showed that the oxidation of dye
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molecules proceeded for about 22% through the reaction with *OH radicals, and the remaining 78% occurred via direct
interactions with holes. The holes left in TiO, crystals were the main reason for the enhanced photocatalytic properties of the
RGO/TiO, composite. This paper not only reports the fabrication of highly active photocatalysts but also gives deeper insight

into the photocatalytic mechanism of carbon/TiO, composites.
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Bl INTRODUCTION

Semiconductor photocatalysis has become a hot research area
in recent decades because it is one of the most effective
technologies for dealing with global environmental pollution
and the energy crisis. Among various semiconductor photo-
catalysts, TiO,-based materials have been the most promising
candidates because of their strong oxidizing powers, photo-
stabilities, and relative nontoxicities." > Carbon/TiO, compo-
sites have been reported as potential photocatalysts, and they
can effectively enhance the charge-separation rate of TiO,.*°
In comparison with traditional carbon materials, the honey-
comb-like graphene has a very large 7-conjugated system and a
two-dimensional planar structure, and these improve the
mobility of charge carriers (~200000 cm* V! sh).7710
Graphene coupled with TiO,, therefore, offers an effective
way of accepting photoinduced electrons from the TiO,
conduction band (CB) and len?:hening the lifetimes of
photoinduced charge carriers."' ™" In addition, the highly
transparent morphology, resulting from its one-atom thickness,
will not significantly weaken the light intensity arriving at the
catalyst surface. Since the first report of the synthesis of
graphene/TiO, nanocomposites by Williams et al,"> these
nanocomposites have been developed as efficient composite
systems for applications in photocatalysis,'"'*'” hydrogen
production,'® lithium-ion batteries,"® and dye-sensitized solar
cells." For example, Liang et al. reported that a graphene/TiO,
hybrid showed a 3-fold performance enhancement over that of
commercial P25 in the degradation of rhodamine B.
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Anatase TiO, nanosheets with reactive {001} facets exhibited
photocatalytic activity superior to that of P25.%*°~** Both
theoretical and experimental evidence show that the {001}
facets are much more reactive than the thermodynamically
stable {101} facets, as a result of their higher surface energy.
Very recently, graphene-coupled TiO, with exposed {001}
facets has been studied by several groups.'***~*° Sun et al.
discovered that the introduction of graphene further improved
the photocatalytic performance of TiO, as well as enhanced
crystal facet engineering.'* Some experiments, such as X-ray
photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy measurements, have been conducted to explain
the interactions between TiO, and carbon materials, and they
suggest that electron transfer is involved in the mechanism of
enhanced photocatalysis.”**

However, the contributions of active species, produced by
photoinduced carriers on graphene and TiO,, to the
degradation of organics are still unclear because of a lack of
sufficient evidence. The role of holes versus *OH radicals in the
oxidation of organics remains controversial. For example, on
naked TiO,, the UV-assisted oxidation of phenol proceeds for
90% through reaction with surface-bound *OH radicals; the
remaining 10% occurs via direct interactions with holes.*® For
polyaniline/TiO, nanocomposites, radicals were the main
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active species that oxidized adsorbed organic pollutants under
visible light, whereas holes were the main active species that
functioned under UV light.>” To the best of our knowledge,
there is still no direct evidence for the mechanism of enhanced
photocatalytic performance in graphene/TiO, composites.

In this paper, we present a one-step, solvothermal synthesis
of graphene-supported anatase TiO, sheets with a high
percentage of exposed {001} facets. More importantly, the
detailed mechanism of enhanced photocatalytic properties as a
result of graphene coupling is studied from several aspects. XPS
and IR measurements showed the interfacial interactions
between graphene and TiO,, which facilitate electron transfer
from TiO, to reduced graphene oxide (RGO). Photo-
luminescence spectra showed that the recombination rate of
electrons and holes was lower in the composite system. The
study of active species can explain the role of electron transfer
between highly reactive TiO, and graphene in the reactivity
properties of photocatalysts. Overall, this work provides a
further understanding of the photocatalytic mechanism over
carbon-supported TiO, nanomaterials and facilitates their
applications in environmental purification and solar-energy
conversion.

B EXPERIMENTAL SECTION

Materials Preparation. Preparation of Graphene Oxide (GO).
GO was synthesized using a modified Hummers’ method.*® Typically,
natural graphite was reacted with concentrated H,SO,, NaNO;, and
KMnO,. H,0, was then added to the mixture after completion of the
reaction. The product was then washed and centrifuged with dilute
HCI and deionized water several times. Finally, the precipitate was
dried in an oven.

Synthesis of a RGO/TiO, Hybrid. Anatase TiO, nanosheets with
exposed {001} facets were incorporated with RGO through a simple
one-step, solvothermal route. In a typical experimental process, 8 mg
of GO was dissolved in 15 mL of isopropyl alcohol by sonication for
30 min, to obtain a solution of GO nanosheets. Then, 4 mL of
tetrabutyl titanate (TBT) was added, and the mixture was sonicated
for another 30 min to form a uniform solution. Next, 0.5 mL of fluoric
acid (40 wt %) was dropped into the solution under continuous
stirring. Finally, the mixed solution was placed in a 40-mL dried Teflon
autoclave, and the vessel was sealed and heated at 180 °C for 12 h.
After solvothermal treatment, the reaction system was cooled to room
temperature and washed several times with absolute ethanol and
deionized water. The sample was collected by vacuum drying at 60 °C
for 24 h and then milled into an ultrafine powder. The initial mass
ratio of GO to TBT was calculated to be 0.2%. By variation of the
dosage of GO, a series of RGO-supported TiO, nanocomposites were
synthesized. For comparison, anatase TiO, nanosheets were prepared
using a similar solvothermal procedure without GO. In addition, RGO
was also obtained in the absence of both TBT and fluoric acid via the
above solvothermal method.

Characterization. Powder X-ray diffraction (XRD) patterns were
obtained over the diffraction angle range (26) 5—80° using an XRD-
6000 X-ray diffractometer with Cu Ka radiation as the X-ray source
(Shimadzu, Japan). Scanning electron microscopy (SEM) images were
obtained using an FEI Inspect microscope. Transmission electron
microscopy (TEM) images were obtained using an FEI Tecnai G2
T20 S-Twin microscope with an accelerating voltage of 200 kV (FEI,
USA). Atomic force microscopy (AFM) images were obtained using a
Bioscope scanning probe microscope (Bruker, USA) on freshly
cleaved mica in tapping mode. Raman spectra were recorded using a
JY HR800 spectrometer (Jobin—Yvon, France) in the backscattering
geometry with a 458-nm argon-ion laser as the excitation source. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a PHIS700 ESCA system (Physical Electronics) with an Mg Ka
X-ray source. The binding energy shifts were corrected using the C 1s
level at 284.6 eV as an internal standard, to compensate for the

3086

surface-charging effect during data analysis. The surface elemental
stoichiometry was determined from the ratios of peak areas corrected
with empirical sensitivity factors. Fourier transform infrared (FT-IR)
spectra were recorded using a Nicolet Avatar 360 FT-IR spectrometric
analyzer in the range 400—4000 cm™", with KBr pellets. Thermogravi-
metric analysis (TGA) was performed using a Mettler-Toledo TGA/
SDTAS851e instrument, at a heating rate of 10 °C min™", from room
temperature to 950 °C under an air atmosphere. The surface areas of
the samples were measured using the Brunauer—Emmett—Teller
(BET) method on an ASAP 2020M instrument in liquid nitrogen
(Micromeritics, USA). Photoluminescence (PL) spectra were obtained
using a fluorescence spectrometer (LS SS, PerkinElmer, USA). The
excitation wavelength was 320 nm, with a scanning speed of 600 nm
min~". The widths of the excitation slit and emission slit were both 10
nm.

Photocatalytic Tests. The photocatalytic activities of the as-
obtained samples were measured by degrading aqueous solutions of
methylene blue (MB) under UV-light irradiation. The photocatalyst
(10 mg) was suspended in 10 mL of an aqueous solution containing
40 uL of 0.2 wt % MB and HCI (pH 2.5). A high-pressure 100-W
mercury lamp was used as the UV-light source. Before irradiation, the
suspensions were stirred for about 40 min in the dark to establish an
adsorption—desorption equilibrium. Self-decomposition of MB and
the adsorption capacities of the photocatalysts for the dye molecules
were both tested by determining the MB remaining after stirring in the
dark. At given time intervals, the suspension was sampled for analysis
by recording the MB absorption spectra. The changes in maximum
absorption versus irradiation time (C/C, versus t) were obtained;
these reflected the decrease in the MB concentration.

Detection of Reactive Oxygen Radicals (*OH and O,°”). A Bruker
A200S spectrometer (Germany) was used to record the electron
paramagnetic resonance (EPR) signals of radicals spin-trapped by §,5-
dimethyl-1-pyrroline N-oxide (DMPO) at ambient temperature. The
parameters for the EPR measurements were as follows: center field,
3510 G; microwave frequency, 9.86 GHz; power, 2.28 mW.

To measure the level of *OH radicals, 10 mg of photocatalyst was
suspended in 50 mL of an aqueous solution containing 20 mM NaOH
and 6 mM terephthalic acid (TA). The solution was stirred in the dark
for 40 min before exposure to UV light. After illumination with a high-
pressure 100-W mercury lamp for 20 min, the suspension was
centrifuged, and the supernatant was sampled for analysis by recording
the fluorescence signal of the generated 2-hydroxyterephthalic acid
(TAOH) on a fluorescence spectrometer (LS 55, PerkinElmer, USA).
The wavelength of the excitation light was 312 nm, and the scanning
speed was 600 nm min~". The widths of the excitation slit and the
emission slit were both 5 nm.

Trapping Tests for Radicals and Holes. The trapping experiments
for photogenerated radicals and holes were carried out using tert-
butanol (t-BuOH, radical scavenger) and ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na; hole scavenger). For the trapping of
photogenerated radicals, a 0.1 M t-BuOH aqueous solution containing
HCI (pH 2.5) was first prepared, and then 10 mg of photocatalyst was
suspended in 10 mL of this aqueous solution. Subsequently, 40 uL of
0.2 wt % MB was added; the next step in the experimental process was
the same as that in the above photocatalytic tests. For the hole-
trapping experiments, the experimental procedure was similar to the
radical one, except that EDTA-2Na was used instead of +-BuOH.

B RESULTS AND DISCUSSION

The synthesis of the RGO/TiO, composite nanostructure is
illustrated in Scheme 1. Briefly, GO prepared using a modified
Hummers’ method and TBT were mixed in an isopropyl
alcohol solvent. After ultrasonic pretreatment, the strong van
der Waals interactions among the layers of GO were overcome,
leading to the generation of dispersed GO nanosheets.
Meanwhile, TBT was dissolved and anchored on the GO
surface via chemisorption with the oxygen-containing func-
tional groups of GO at the molecular level.” In the following
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Scheme 1. Schematic Illustration of Incorporating Anatase
TiO, with Exposed {001} Facets into RGO to the Formation
of RGO/TiO, Nanocomposites
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solvothermal procedure, GO was reduced to reduced GO
(RGO) sheets, on which an anatase TiO, nanosheet with
reactive {001} facets was in situ grown, thus forming composite
RGO/TiO, nanostructures.

Structural Characterization. XRD was used to determine
the crystallographic structures of as-prepared GO, RGO, TiO,,
and RGO/TiO, nanocomposites. As shown in Figure S1 in the
Supporting Information (SI), only a strong diffraction peak at
around 12.2° was observed, indicating the (002) diffraction of
GO and the oxidation of natural graphite by expanding the d
spacing from 0.35 to 0.52 nm.** After solvothermal treatment,
this characteristic peak almost disappeared and a weak
diffraction peak from RGO appeared at 23.0°, suggesting that
most of the GO was reduced.’ According to the standard
pattern (JCPDS 21-1272), the pure TiO, nanosheets and
RGO/TiO, nanocomposites both existed in the pure anatase
phase (Figure 1). Notably, no typical RGO diffraction peaks
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Figure 1. XRD patterns of as-obtained TiO, and RGO/TiO,.

were observed in the RGO/TiO, pattern because the weak
RGO diffraction peak at 23.0° was shielded by the stronger
peak of TiO, at 25.3°.%

TEM and high-resolution TEM (HRTEM) images clearly
demonstrated the morphology and structure of the as-
synthesized samples (Figure 2). As shown in Figure 2ab and
as reported in the literature, the free-standing, two-dimensional
GO sheets were not flat but crumpled, with a layered
structure.'”** As a result of surface-terminated oxygen-
containing functional groups such as —OH and —COOH, the
obtained GO could be well dispersed in polar solvents to form
homogeneous solutions (inset in Figure 2b). Parts ¢ and d of
Figure 2 show that sheetlike anatase TiO, nanocrystals of
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average length 32.5 nm and thickness 5.8 nm were grown in
situ on the RGO layers. The HRTEM image further confirmed
the morphology and crystal characteristics of the anatase TiO,
crystals in the RGO/TiO, composite nanostructure (Figure
2e). The typical laterally viewed hexagonal shape in Figure 2e
was observed through the [100] zone axis, which was consistent
with our previous work.”> The lattice spacing was found to be
0.47 nm, corresponding to the reactive {001} facets of anatase
TiO,. The reactive {001} facets were calculated to account for
about 73.7% of TiO, in the RGO/TiO, composite, using a
geometric calculation. For comparison, images of a pure TiO,
sample are given as Figure 2f and an inset. The percentage of
{001} facets in pure TiO,, with an average length of 33.8 nm
and a thickness of 5.9 nm, was calculated to be ca. 74.1%, which
differed slightly from the parameters in the composite. In the
absence of RGO, the dispersion of the TiO, crystals was much
poorer, although RGO has little influence on the crystal phase
of TiO,. As a result, the RGO layers could serve as a supporting
material for in situ growth of anatase TiO, nanocrystals and
suppressed aggregation.”> This kind of interfacial interaction
would facilitate the transfer of photoinduced electrons from
TiO, to RGO when using the composite for photocatalysis.

Dilute suspensions of GO and the RGO/TiO, hybrid were
dropped onto freshly cleaved mica and then analyzed using
AFM; the results are shown in Figure 3. The cross-sectional
analysis showed a height of about 3 nm for the GO sheet
(Figure 3a,b). It is well-known that the thickness of graphene is
increased by the introduction of bulky carbonyl, epoxy, and
carboxyl groups on the surface when graphene is oxidized to
GO.** Gomez-Navarro et al. and Stankovich et al. reported that
the thickness of a single GO sheet was typically 0.9—1.3 nm,
determined by AFM, 1nd1cat1n§ that the GO obtained in our
case might be a trilayer sheet.”*>* For the hybrid in Figure 3¢, it
was obvious that the RGO sheet was coupled to TiO,
nanoparticles. However, the RGO in the hybrid was even
thicker (4.3 nm) than the GO sheet (3.2 nm; Figure 3c,d),
which was probably the result of stacking of single RGO layers
during the reduction process.

Raman spectroscopy, a powerful nondestructive tool, was
used to confirm the successful oxidation of natural graphite
using the modified Hummers’ method and the combination
with TiO,. As shown in Figure 4, the graphite displayed two
distinct Raman response signals, i.e,, a D band at 1366 cm™!
and a G band at 1578 cm™'. The D peak, from sp’
hybridization, indicated disruption of the symmetrical hex-
agonal graphitic lattice by internal structural defects, edge
defects, and dangling bonds, whereas the G peak, indicating sp*
hybridization, originated from the in-plane stretching motion of
symmetric C—C bonds. The D and G bands of GO differed
from those of graphite in three aspects: (i) a significant increase
in the D/G intensity ratio (Ip/I;) from 0.11 to 0.76, which
arose from disruption of the lattice symmetry; (ii) broadening
of both the D and G peaks as a result of the introduction of
hydroxyl and epoxy groups; (iii) shifts of the D band from 1366
to 1372 cm™! and the G band from 1578 to 1592 cm™, as a
result of the increased numbers of isolated carbon double
bonds in disordered GO.** The results demonstrated that
natural graphite had been largely oxidized by the modified
Hummers’ method. For the RGO/TiO, composite, D and G
bands could also be observed in the range 1200—1800 cm™". As
in the case of the presence of oxygen-containing functional
groups in GO, the introduction of TiO, led to shifts of the D
and G bands, as well as an increase in I/I; (from 0.11 to 0.73)

dx.doi.org/10.1021/am303274t | ACS Appl. Mater. Interfaces 2013, 5, 3085—3093
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Figure 2. Representative SEM, TEM, and HRTEM images of GO and RGO/TiO,: (a) SEM image of GO; (b) TEM image of GO (inset is the
solution of GO dispersed in isopropyl alcohol); (c) low-magnification TEM image of RGO/TiO,; (d) high-magnification TEM image of RGO/
TiO,; (e) HRTEM image of anatase TiO, nanosheets in RGO/TiO,; (f) low-magnification TEM image of the obtained anatase TiO, sample (inset
is the high-magnification TEM image; scale bar 20 nm).

5 nm

-5 nm

20 nm

-20 nm

Figure 3. (a) AFM image of GO. (b) Depth profile of the line of interest on the GO sheet (the red marker corresponds to the GO sheet with a
height of 3.2 nm). (c) AFM image of the RGO/TiO, hybrid. (d) Depth profile of the line of interest on RGO/TiO, (the red marker corresponds to
the RGO sheet in the hybrid with a height of 4.3 nm).

in the RGO/TiO, composite. These shifts of the D and G reduced to RGO under high temperature and pressure. The

bands in RGO/TiO, were deduced to be the result of evolution of oxidized carbon species was studied by XPS
interfacial interactions with TiO,. (Figure S). The C 1s core-level spectrum of GO could be

During the solvothermal process, the color of the reaction devolved into four peaks at 284.5, 286.7, 287.9, and 289.0 eV,
solution changed from brown to black, indicating that GO was corresponding to elemental carbon, C—O in hydroxyl or epoxy

3088 dx.doi.org/10.1021/am303274t | ACS Appl. Mater. Interfaces 2013, 5, 3085—-3093
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Figure 4. Raman spectra of natural graphite and graphite oxide.
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Figure S. High-resolution XPS spectra of C 1s for GO and RGO/
TiO,.

groups, C=0, and C(0)O, respectively.**?” After the
solvothermal reaction, all of the peaks from oxygen-containing
functional groups weakened sharply, suggesting substantial
removal of hydroxyl, epoxy, carbonyl, and carboxyl groups.'*
The reduction degree of GO was calculated to be 75.6% from
the changes in the peak areas of the carbon species in GO and
RGO/TiO, (48.0% of oxidized carbon for GO and 11.7% of
that for RGO/TiO,). Compared with photoassisted synthesis,
the solvothermal method was more efficient at removing
oxygen-containing functional groups in GO.***® It should be
noted that no peak was detected at around 281 eV, implying
that elemental carbon had not been doped into the TiO,
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lattice.** The RGO—TiO, interactions in the composite were
also investigated using XPS. As shown in Figure 6, two peaks
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Figure 6. XPS spectra of Ti 2p over GO and RGO/TiO,.

from pure TiO, were observed at 458.85 and 464.73 eV, which
were respectively assigned to the Ti 2p;,, and Ti 2p,,, spin—
orbital splitting photoelectrons in the Ti*" chemical states. After
the introduction of RGO, the Ti 2p;/, peak shifted slightly
toward higher binding energy, to 458.98 eV. This shift of 0.13
eV could be explained by a change in the chemical state or
coordination environment of Ti 2p; /2,5’40 i.e., the interactions
between RGO and TiO,.

The reduction of GO was also confirmed using FT-IR
measurements (Figure 7). The peaks of GO at 1053, 1281,
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Figure 7. FT-IR spectra of GO and the RGO/TiO, nanocomposite.

1396, 1726, and 3433 cm™! were assigned to oxygen-containing
functional groups, ie, C—O (alkoxy) stretching, C—OH
stretching, O—H deformation, C=0 stretching, and O—H
stretching, respectively. In the spectrum of RGO/TiO,, these
characteristic absorption bands decreased dramatically in
intensity or even disappeared entirely, indicating a significant
reduction of GO by solvothermal treatment. The peak at 1633
cm™' was assigned to the skeletal vibrations of unoxidized
graphitic domains.*’ The strong absorption band centered at
457 cm™" was attributed to the Ti—O—Ti stretching vibrations
in TiO,-based composites.*” The slight blue shift compared
with the absorption band of the Ti—O—Ti stretching vibration

dx.doi.org/10.1021/am303274t | ACS Appl. Mater. Interfaces 2013, 5, 3085—3093
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in pure TiO, (centered at 447 cm™') indicated interfacial
interactions between RGO and TiO, in the composite. In
addition, TGA was used to confirm the real content of RGO in
the RGO/TiO, composite. Upon heating, a total weight loss of
about 5.9% was observed below 950 °C, including 1.2% from
adsorbed water vapor between room temperature and 100 °C
and 4.7% from the combustion of RGO in the RGO/TiO,
composite above 100 °C in air (Figure S2 in the SI).

Evaluation of the Photocatalytic Efficiency. The
influence of RGO coupling on the photocatalytic activity of
TiO, was studied through MB degradation. It is noteworthy
that there were no significant changes in the BET specific areas
of the photocatalysts (79.0 m* g~! for pure TiO, and 76.8 m*
g™! for the RGO/TiO, composite; Figure S3 in the SI). The
enhanced adsorptivity of RGO/TiO,, as seen in Figure S4 in
the SI, therefore did not merely originate from simple physical
adsorption but was largely the result of selective adsorption of
the aromatic dye on the catalyst. The adsorption was
noncovalent and driven by n—r stacking between MB and
the aromatic regions of the graphene.

As shown in Figure 8, the activity of the RGO/TiO,
composite photocatalyst was higher than that of a reference
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Figure 8. Photocatalytic activities of TiO, and RGO/TiO, as a
function of time for degradation of MB under UV-light illumination.

sample of TiO, under UV-light illumination. Graphene has
been reported to be a competitive acceptor material because of
its two-dimensional 7-conjugated structure.*> The two-dimen-
sional planar structure endows it with unexpectedly §ood
conductivity and benefits the transport of charge carriers.
the basis of these two factors, photoexcited electrons could
rapidly transfer from the CB of TiO, to RGO through
interfacial interactions. The recombination of electron—hole
(e”—h"*) pairs could therefore be greatly suppressed in the
composite system, leaving more charge carriers to react with
water, dissolved O,, and dye molecules.

In addition, the amount of incorporated GO has some effect
on the photoactivity of the composite.'” All of the RGO/TiO,
composites exhibited a better photocatalytic performance than
did pure TiO,, as seen in Figure S5 in the SI. However, excess
RGO shielded some of the light arriving at TiO,, which
lowered the quantum efficiency of the photocatalyst. Also, a
large covering of RGO might occupy active sites on the TiO,
surface and block subsequent reactions with water, dissolved
0,, and dye molecules.
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Mechanism of Enhancement of the Photocatalytic
Properties in the RGO/TiO, System. In general, photo-
catalytic processes involve the excitation, bulk diffusion, and
surface transfer of photoinduced charge carriers. As mentioned
above, the function of RGO in the TiO, photocatalytic system
was mainly focused on charge transport between their
contacting surfaces. The separated carriers participated in MB
degradation, and most of the photogenerated e —h* pairs
inevitably recombined at the surface or at bulk trapping sites,
with the release of photons and heat, resulting in PL. To clarify
the function of RGO in the TiO, photocatalytic system, PL was
used to study the excited state and reveal the differences in the
photocatalytic efficiencies of the photocatalysts because PL
emission arises from the recombination of free carriers.*>*® PL
spectra of the RGO/TiO, composite and pure TiO, in the
wavelength range 350—550 nm are shown in Figure 9.

500

—Tio,

400 - —RGOITIO,

300 1

2004

Intensity / a.u.

100+

T T T T T T T T T T
360 380 400 420 440 460 480 500 520 540
Wavelength / nm

Figure 9. PL spectra of as-prepared TiO, and RGO/TiO, solid
powders.

Obviously, the TiO, sample emitted strong PL signals with
peaks at 420, 434, 449, 467, and 481 nm. The introduction of
RGO led to a significant decrease in the emission intensity of
the PL spectrum, compared with that of pure TiO,, indicating a
much lower recombination rate of photoinduced electrons and
holes. The PL results demonstrated that the RGO layers with a
two-dimensional 7-conjugated structure could serve as an
effective electron-accepting material and hinder the direct
recombination of e”—h" pairs in TiO,.

In order to obtain more information about the mechanism of
MB photodegradation, EPR measurements were used to detect
the intermediate radicals (mainly *OH and 0O,* /HO,*)
generated in the RGO/TiO, photocatalytic system under UV
light. Because it was very hard to detect *OH and O,*"/HO,*
directly under steady-state EPR measurements, because of their
high reactivities and short lifetimes, DMPO is often used as
*OH or 0, /HO," traps to form relatively stable species.*”**
Figure 10a shows the EPR spectrum of the hybrid in water
under UV light; the spectrum displays the characteristic 1:2:2:1
signal of the DMPO—"OH adduct.*’ This result indicated the
presence of *OH during the photocatalytic process over the
hybrid under UV light.

Because the lifetime of DMPO-0,*"/HO,* was much
shorter than that of DMPO—"OH in water, the hybrid was
dispersed in ethanol to detect O,°”/HO,"* As shown in
Figure 10b, the EPR pattern had the signature of the DMPO—

dx.doi.org/10.1021/am303274t | ACS Appl. Mater. Interfaces 2013, 5, 3085—3093
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Figure 10. DMPO spin-trapping EPR spectra over the RGO/TiO,
hybrid under UV light for (a) a hydroxyl radical (*OH) in water and
(b) a superoxide radical (O,°") in ethanol.

0,7 /HO,* adduct, but it seemed to be much weaker in
intensity than that of the DMPO—"OH adduct.

To further illustrate the relationship between the carrier
separation and photocatalytic properties in the RGO/TiO,
composite, a TA fluorescence probe was used to monitor the
level of *OH radicals generated in the reaction system under
UV-light irradiation. TA reacts with *OH to form TAOH, so
the fluorescence intensity of TAOH was related to the level of
*OH radicals produced in the photocatalytic system. As a result
of a lower degree of recombination and the longer lifetimes of
the carriers in the composite system, the fluorescence signal of
TAOH was stronger than that of TiO,, indicating that more
valid e”—h" pairs participated in the radical-chain reaction and
more *OH groups were generated (Figure 11).
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Figure 11. Fluorescence signal intensity of TAOH over TiO, and
RGO/TiO, after UV-light irradiation.

From the above analysis of electron transfer between RGO
and TiO,, the photocatalytic processes in the RGO/TiO,
composite system were proposed to involve generation,
separation, transfer of e —h* pairs, and a chain reaction.
Under UV-light irradiation, TiO, particles directly absorb
photons, exciting electrons from the valence band (VB) to the
CB. The generated e"—h" pairs are unstable and tend to
recombine quickly, leading to a serious decrease in the
quantum efficiency and impairment of the photoactivity.*’
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However, in the presence of RGO, with a #m-conjugated
structure, these photoinduced electrons can transfer from the
CB of TiO, to the RGO surface and then react with oxygen to
yield reactive oxygen species such as 0,*~, HO,*, and *"OH.>***
The main oxidative species, holes left in the VB of TiO,, will
transfer to the surface and directly oxidize the adsorbed dye
molecules, as well as reacting with water to produce *OH
radicals.

In this case, the recombination of photogenerated electrons
and holes is suppressed, and their lifetime is prolonged. RGO-
hybridized TiO, exhibited enhanced photocatalytic efficiency
for the degradation of organic pollutants. However, the
mechanism of the enhancement of the photocatalytic properties
of RGO/TIO, is still unclear because of the lack of evidence
regarding the roles of holes versus *OH radicals in the
degradation of organics. To clarify the contributions of holes
and *OH radicals, +-BuOH (a radical scavenger) and EDTA-
2Na (a hole scavenger) were used as probes to detect the main
oxidative species in the photocatalytic process of RGO/TiO,
under UV light. The results of the trapping experiments, shown
in Figure 12, showed that the addition of the radical scavenger

1.0 :1\.\. —
0.8
o
0.6
Qo \
O
0.4
[ )
—u— Blank
024 —e—RGO/TIO,
RGO/TiO, + 0.1 M tBuOH )
2
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0.0 T T T T T
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t/ min

Figure 12. Trapping test of photogenerated holes and hydroxyl
radicals in the RGO/TiO, composite system.

(+-BuOH) only caused a small decrease in the photoactivity of
the RGO/TiO, composite. However, when the hole scavenger
(EDTA-2Na) was added to the photocatalytic system, the
photocatalytic activity was seriously suppressed. The oxidation
of MB dye proceeded for about 22% through reactions with
*OH radicals, and the remaining 78% occurred via direct
interactions with holes. The major reactions occurring in this
system are summarized in Scheme 2. These results revealed
that photoinduced holes were the main oxidative species in the
RGO/TiO, photocatalytic systems under UV light.”” Through
the effective separation of carriers, the enhancement of the
photocatalytic performance by RGO introduction mainly
comes from holes left in TiO, crystals rather than electrons
transferring to RGO.

B CONCLUSIONS

In summary, RGO/TiO, hybrid nanocomposites were
synthesized using a one-step, solvothermal method, with GO
and TBT as the starting materials. Through the introduction of
RGO sheets as a two-dimensional substrate, anatase TiO,
nanocrystals with a large percentage of exposed {001} facets
were grown in situ on the RGO surface, with a uniform
distribution. During the solvothermal process, the eflicient
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Scheme 2. Proposed Mechanism of the RGO/TiO, Composite Material during a UV Photocatalytic Process

UV light

RGO/TiO, + hv — RGO/TiO,(e-h*)
RGO/TiO,(e-h*) — RGO(e)/TiO,(h")
¢ +0,—0," (— — HO,, H,0,, -OH)
h* + H,0 — H" +-OH

ROS+M —M" -—-22%
H+MoM*  —78%

M* — — oxidation products

removal of oxygen-containing functional groups in GO
(reduction degree of 75.6%) and the combination with highly
reactive TiO, were achieved. XPS and IR analyses suggested
that interfacial interactions occurred between RGO and TiO,.
The EPR results confirmed the existence of abundant *OH
radicals and a small number of O,°” radicals in the
photocatalytic reaction. PL measurements and *OH radical
tests showed that RGO could serve as an effective electron-
accepting material, resulting in the effective separation of
photogenerated e”—h" pairs. The lower recombination rate and
longer lifetimes of electrons and holes brought about the
enhanced photocatalytic activity of the composite system.
Through trapping experiments, it was further shown that the
enhancement mainly came from holes left in the TiO, crystals
rather than electrons transferring to RGO. Confirmation of the
exact influence of RGO incorporation would be useful for an in-
depth study of the photocatalytic mechanism in carbon/TiO,
composites and for the development of photocatalysts with
high activities.
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