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ABSTRACT: A graphene-based two-dimensional (2D) nanoplatform
provides new opportunities for fabricating 2D heterojunction interfaces to
fortify charge transfer in semiconductor assemblies. In this report, TiO2
nanosheet/graphene composite based 2D−2D heterojunctions were
fabricated by a solvothermal process. Microscopic and spectroscopic
characterization revealed a homogeneous sheetlike morphology with
intimate interfacial contact between the TiO2 nanosheet and graphene
due to chemical interactions. Compared with 0D−2D Degussa P25 (TiO2)/
graphene and 1D−2D TiO2 nanotube/graphene composites, the 2D−2D
TiO2 nanosheet/graphene hybrid demonstrated higher photocatalytic
activity toward the degradation of rhodamine B and 2,4-dichlorophenol under UV irradiation. Radical trapping and ESR
experiments revealed the enhanced generation of ·OH and O2

•− in the 2D−2D heterojunction system. By analyzing TiO2 excited
state deactivation lifetime, the interfacial electron transfer rates determined for 0D−2D, 1D−2D, and 2D−2D TiO2/graphene
composites were 1.15 × 108 s−1, 3.47 × 108 s−1, and 1.06 × 109 s−1, respectively. It was therefore proposed that the fast charge
separation in the TiO2 nanosheet/graphene photocatalyst promoted the generation of reactive oxygen species and enhanced the
photodegradation reactions. The results underscore the key role of nanomaterial dimensionality in interfacial charge transfer
processes.
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■ INTRODUCTION

Sunlight-driven semiconductor photocatalysis has been receiv-
ing a great deal of attention due to its prominent ability in
realizing solar energy conversion and environmental remedia-
tion.1−3 The effectiveness of photocatalytic devices is dictated
to a great extent by three processes: optical absorption, charge
separation, and catalytic reaction on semiconductor surfaces.
Among various photocatalysts, nanophase TiO2 appears to be a
suitable candidate because of its robust performance, low
toxicity, low cost, and long-term stability.4,5 By rationally
engineering morphology, chemical composition, surface
structure, and energy band, numerous photocatalytic applica-
tions for TiO2 have been developed with tailored optoelec-
tronic and catalytic properties.6−9 However, the intrinsically fast
recombination of charge carriers in their defect-rich bulk
remains to be problematic.
Nanosized semiconductor heterojunction photocatalytic

systems represent a typical strategy for enhancing charge
carrier separation. The built-in electric field at the interface of
the heterojunction can direct the flow of photogenerated charge
carriers and thus inhibit the recombination process. In most
cases, photogenerated electron transfer (ET) across the
interface between the components is a key process in the
heterogeneous catalytic system. Design of low-dimensional
heterojunction interface (e.g., core/shell structured nanotube or
nanorod architecture) has proved to be an effective way to

promote charge carrier separation. For example, use of TiO2 or
carbon nanotubes as scaffolds has been developed to boost the
photocatalytic performance of TiO2-based systems.10−12

Although these heterojunctions performed well in separating
electron−hole pairs, further enhancement in interfacial ET to
overcome electron transport limitation is highly desired to
realize their full potential in practical photocatalytic settings.
The granum in green plants, which is composed of numerous

thylakoids in a stacking structure with light-capturing molecules
and electron transfer lumen, provides a valuable model for solar
energy conversion. Inspired by the delicate structures and
functional components in granum, a 2D−2D heterojunction
structure would be helpful in achieving rapid charge transfer
and separation in photocatalytic systems. The challenge in
fabricating a 2D heterojunction system lies in developing a 2D
platform for nanomaterial assembly to ensure continuous
electron flow across the contacting interface. 2D flexible plane
structure combined with excellent electron transport properties
makes graphene an ideal platform for assembling hetero-
junction systems.13−17 Previous studies have demonstrated
enhanced photoelectrochemical performance of stacked TiO2/
graphene structure on solid substrates by a layer-by-layer
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assembly technique.18,19 Such layered nanostructures are
believed to increase the contact area between TiO2 and
graphene sheets and shorten the diffusion distance of
photogenerated charge carriers, thus facilitating fast electron
transfer across the heterojunction interface. However, the
fabrication of a free-standing TiO2/graphene 2D−2D structure
is still a challenging task in photocatalytic applications.
Moreover, the interfacial charge transfer reactions between
graphene and different dimension TiO2 are not completely
understood. A better understanding of the effect of nanoma-
terial dimensionality on interfacial charge transfer processes is
essential in the design of high-performance photocatalytic
systems.
Herein, we constructed a TiO2 nanosheet/graphene 2D−2D

system with a well-defined heterojunction interface by a
solvothermal method. Direct comparison with 0D−2D P25
(TiO2)/graphene and 1D−2D TiO2 nanotube/graphene
hybrid nanomaterials was carried out in terms of photocatalytic
degradation efficiency, reactive oxygen species (ROS) gen-
eration, and interfacial electron transfer kinetics. The key issue
we would like to address is whether the TiO2 nanosheet/
graphene 2D−2D system, with its stacked structure and
intimate interfacial contact, would promote the charge
separation process after photoexcitation and eventually lead
to more ROS generation and enhanced photocatalytic
degradation activity.

■ EXPERIMENTAL SECTION
Chemicals. Graphite powder was purchased from Bodi Chemical

Co. Ltd (Tianjin, China). Titanium(IV) fluoride (98%) was obtained
from Alfa Aesar (Ward Hill, MA, USA). Degussa P25 and 2,4-
dichlorophenol (2,4-DCP) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Rhodamine B (RhB) and ethylenediaminetetra-
acetic acid disodium salt (EDTA-2Na) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All other chemicals
were of analytical reagent grade and used as received without further
purification. Deionized water (resistance >18 MΩ cm) was prepared
on a Millipore Milli-Q system (Bedford, MA, USA) and used
throughout all experiments.
Preparation of TiO2/Graphene Composites. Graphene oxide

(GO) was prepared using a modified Hummers’ method as detailed in
the Supporting Information.20−22 TiO2 nanosheet/graphene compo-
sites were prepared by a solvothermal method. In a typical synthesis,
0.45 g of TiF4 powder was sonicated in 20 mL of n-butanol and stirred
for a few minutes to produce a homogeneous solution. Then, 0.9 mL
of GO solution (1 g L−1) in n-butanol was gradually added to the
above solution and stirred for 0.5 h. After that, 0.14 mL of hydrofluoric
acid (HF) was added dropwise into the solution with stirring. The
above mixed solution was transferred into a 100 mL Teflon-lined
autoclave immediately and maintained at 210 °C for 24 h in an oven.
The resulting precipitates were separated by centrifugation, washed
with ethanol and ultrapure water several times, and finally dried at 60
°C in an oven. The removal of fluorine was performed by treating the
hybrids with 0.1 M NaOH solution
For comparison, a TiO2 nanosheet sample was synthesized by a

similar method without the addition of GO. A P25/graphene
composite was prepared by a hydrothermal method according to the
literature.23 TiO2 nanotube/graphene composites were prepared
through an alkaline hydrothermal treatment.24 The detailed synthesis
procedures are described in the Supporting Information.
Characterization. The crystal structure of as-prepared products

was measured by the powder X-ray diffraction (XRD) using X’Pert
PRO MPD (Philips, Eindhoven, Netherlands) with Cu Kα radiation.
The morphology and chemical composition were examined using an
FEI Tecnai F20 S-TWIN transmission electron microscope (TEM)
(Eindhoven, Netherlands) equipped with an energy-dispersive X-ray
spectrometer (EDS). Atomic force microscopy (AFM) images were

obtained on a Nanollla Multimode AFM (Digital Instrument Co., New
York, NY, USA), operating in tapping mode with a scan rate of 1.20
Hz. Raman measurements were performed on a Renishaw inVia
Raman spectroscope (Wotton-under-Edge, UK) with exciting wave-
length at 532 nm. X-ray photoelectron spectroscopy (XPS) analysis
was performed on a Thermo VG ESCALAB 250 spectrometer (East
Grinsted, UK) with Al Kα X-ray radiation at 1486.6 eV. The
background of the XPS peak was subtracted by Shirly subtraction and
then deconvolved by Gaussian−Lorentzian shapes. An electron spin
resonance (ESR) signal of the radicals spin trapped by 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) was recorded on a JEOL JES FA200 X-
band spectrometer (Tokyo, Japan) under photoirradiation with a 500
W mercury lamp (Ushio, USH 500D). The settings were the center
field at 323.3 mT, microwave frequency at 9054.6 MHz, and power at
0.998 mW. A spectrofluorometer (Hitachi, F-4500) was used for the
photoluminescence (PL) measurement at room temperature with an
excitation wavelength at 375 nm. Photoluminescence lifetime decay
was recorded on an Edinburgh Instruments F900 spectrometer
(Livingston, UK) with a 375 nm laser excitation source and
luminescence monitored at 430 nm.

Photocatalytic Degradation Experiments. Photocatalytic activ-
ities of the prepared catalysts were evaluated by the photodegradation
of RhB and 2,4-DCP. Before irradiation, a suspension containing 60
mL of 10 mg L−1 RhB or 2,4-DCP and 0.04 g of the prepared
photocatalyst was sonicated for 10 min and stirred for 30 min in the
dark to ensure an adsorption/desorption equilibrium state. Then the
above suspension was transferred into a cylindrical Pyrex glass reactor
and illuminated with a 500 W tubelike high-pressure mercury lamp
(Perfectlight Co Ltd., Beijing, China) with a maximum emission at
approximately 365 nm. At a given time interval of irradiation, 2 mL
aliquots were collected from the suspension and centrifuged. All the
experiments were carried out under ambient conditions, and the
temperature was maintained at 20 °C by recirculating a cooling water
system. The residual concentration of RhB in the aliquot was analyzed
by using an Agilent 8453 UV−vis spectrophotometer (Palo Alto, CA,
USA). The concentration of 2,4-DCP was determined on a Waters
2695 high-performance liquid chromatograph (HPLC) (Milford,
MA,USA) with an Agela Venusil MP C18 (0.46 μm × 250 mm)
reverse-phase column equipped with a Waters 2996 photodiode array
detector.

■ RESULTS AND DISCUSSION
Characterization of the TiO2 Nanosheet/Graphene

Composite. Graphene oxide was first synthesized and
characterized. AFM images (Figure 1a) show that graphene
oxide is two dimensional with an average height of 1.26 nm and
lateral dimensions on the order of micrometers, suggesting
successful exfoliation of graphite oxide down to single-layer or
bilayer sheets. The oxidation process introduced oxygen-
containing groups on the plane of the graphene oxide
sheet,24 providing anchoring sites for TiO2 growth. TiO2
nanosheet/graphene composites were synthesized by a simple
solvothermal process to achieve in situ growth of the TiO2
nanosheet on the graphene oxide sheet and simultaneous
reduction of graphene oxide to graphene. Figure 1b
demonstrates that the produced TiO2 nanosheet is distributed
uniformly on the graphene sheet and exhibits the two-
dimensional sheetlike morphology. The nearly transparent
feature of the TiO2 sheet indicates its ultrathin thickness. This
suggests the graphene sheet indeed acts as a 2D support for the
growth of large TiO2 nanosheets.
The homogenous combination of TiO2 nanosheet/graphene

composites is further confirmed by EDS analysis. Figure 1c−e
displays the representative element mapping images of carbon
and titanium in the hybrids. It demonstrates an even
distribution of the two elements in the entire imaging area,
reasonably indicating the homogeneous 2D−2D interfacial
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contact. These results indicate the realization of the 2D
heterojunction interface in the TiO2 nanosheet/graphene
composites. The graphene content in the TiO2 nanosheet/
graphene composite is determined at ∼2 wt % by the EDS
analysis in Figure S1 (Supporting Information). In comparison,
TEM images of P25/graphene (0D/2D) and TiO2 nanotube/
graphene (1D/2D) nanocomposites (Figure S2, Supporting
Information) reveal the well-dispersed TiO2 nanoparticle and
nanotube on graphene sheet, respectively. To further
investigate the morphology and structure of TiO2 nanosheet/
graphene composites, AFM images of the composites are
conducted (Figure S3, Supporting Information). The TiO2
nanosheet/graphene composites display a layer thickness with
about 8−10 nm. Although the stacking style of the TiO2 sheet
and graphene in the composites cannot be examined, these
results indicate the TiO2 nanosheet anchors throughout the
graphene sheet.
XRD patterns of the prepared samples are shown in Figure

S4 (Supporting Information). The diffraction pattern of the
TiO2 nanosheet/graphene composite exhibits distinctive peaks
of the pure anatase phase of TiO2 (JCPDS No. 21-1272), which
are similar to the diffraction peaks of the TiO2 nanosheet alone.
Notably, for the sample GO, the peak at 2θ = 10.3o corresponds
to the (002) reflection of stacked GO sheets. However, no
diffraction peak of GO is observed in the composites,
attributing to the disruption of the GO layers.25 The TiO2
nanosheet anchored on the graphene surface is favorable for
preventing the reduced GO from direct stacking after the
solvothermal process. Such a pristine layer-by-layer assembly
suggests the formation of a 2D heterojunction interface with
high quality. Raman spectra provide additional insights into the
local order of the products (Figure 2). The anatase phase of the
TiO2 nanosheet in the composites is further confirmed by the
typical Raman bands at 153 cm−1 (Eg), 400 cm−1 (B1g), 517
cm−1 (A1g), and 640 cm−1 (Eg).

26 In addition, the D band
centered at 1320 cm−1 (disorder band) and the G band at 1594
cm−1 (tangential vibration band) attributed to the graphene
substrate are also present, indicating successful incorporation of
graphene into the hybrids. The intensity ratios between D and

G bands (ID/IG) reveal the relative concentration of defects or
disorders (particularly the sp3-hybridized defects) compared to
the sp2-hybridized graphene domains.27−29 After the solvo-
thermal process, the decrease of the ID/IG ratio from 0.91 to
0.83 implies the removal of hydroxyl and epoxy groups and the
reduced defect density in the TiO2 nanosheet/graphene
composite.28,29

The interactions between the TiO2 nanosheet and graphene
in the hybrids are further investigated by XPS spectra. Figure 3a
shows the Ti 2p XPS spectrum of TiO2 nanosheet/graphene
composites. Two bands centered at binding energies of 464.3
and 458.5 eV are assigned to Ti 2p1/2 and Ti 2p3/2 spin-orbital
splitting photoelectrons in the Ti4+ oxidation state, respec-
tively.25,30 In addition, the separation between these two bands
(5.8 eV) is in accordance with the chemical state of Ti4+ in the
anatase TiO2, which is consistent with XRD and Raman
spectral data. Two peaks located at binding energies of 463.4
and 457.6 eV can be attributed to Ti3+ 2p1/2 and Ti3+ 2p3/2
peaks, indicating the existence of Ti3+ in addition to the Ti4+

oxidation state.31 Besides, the bands at 465.2 and 459.4 eV of
the Ti 2p1/2 and Ti 2p3/2 peaks are attributed to the formation
of the Ti−C bond, suggesting the chemical interaction between
TiO2 nanosheets and graphene.32

The C 1s spectrum of GO can be deconvoluted into four
peaks at binding energies of 284.5, 286.5, 287.1, and 288.8 eV,
which are assigned to C−C, C−O, CO, and O−CO
groups, respectively (Figure 3C).29,33 These oxygen-containing
bands on the surface of GO can act as anchoring sites for TiO2
growth. After the solvothermal process, the XPS C 1s spectrum
of TiO2 nanosheet/graphene composites displays greatly
reduced oxygen-containing groups, indicating the reduction of
GO to graphene. It is noted that the deconvoluted peak
centered at 283.7 eV is assigned to the Ti−C bond,32,34 which
is consistent with Ti 2p spectra in Figure 3a. In addition, a
characteristic peak at 288.7 eV attributed to the Ti−O−C bond
is also observed, indicating that the −OH group of the TiO2
nanosheet possibly interacts with −COOH on the surface of
graphene through an esterification reaction.35,36 The binding
energy at 529.6 eV in O 1s XPS spectra is closely related to the
lattice oxide TiO2, indicating the titanium atom bonds with

Figure 1. (a) Atomic force microcopy images of graphene oxide
sheets. (b) Transmission electron microscopy images of TiO2
nanosheet/graphene composites. (c−e) Element mapping images of
TiO2 nanosheet/graphene composites.

Figure 2. Raman spectra of graphene oxide, TiO2 nanosheets, and
TiO2 nanosheet/graphene composites. The inset shows Raman
spectra of the three nanomaterials in the 1200−2200 cm−1 region.
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oxygen rather than carbon. Binding energy at 531.9 eV is
mainly attributed to the hydroxyl groups on the surface of
GO.37,38 The observation of both crystal lattice oxygen and
hydroxyl groups in the synthesized material further demon-
strates the existence of TiO2 and graphene in the composite
and intense interactions between the two components.
Photocatalytic Activity and Reaction Mechanism.

Photocatalytic activity of the prepared samples was evaluated
by photodegradation of RhB and 2,4-DCP under UV light.
Figure S5 (Supporting Information) displayed the photo-
catalytic devices. For comparison, six different types of TiO2

photocatalysts were examined, including P25 (0D), TiO2

nanotube (1D), TiO2 nanosheet (2D), P25/graphene (0D/
2D), TiO2 nanotube/graphene (1D/2D), and TiO2 nanosheet/
graphene (2D/2D). Figure 4a displays the temporal evolution
of RhB concentration in the presence of the prepared
photocatalysts. Adsorption of RhB on the nanomaterial reached
an equilibrium state within 30 min in the dark. The control

experiment displayed that few RhB molecules were degraded
under UV light without photocatalyst (Figure S6, Supporting
Information). Upon light irradiation, a sharp decrease of RhB
concentration was observed on TiO2 nanosheet/graphene
samples, and approximately 95% of RhB dyes were degraded
within 60 min, whereas about 80% of the dyes were bleached
on P25/graphene and TiO2 nanotube/graphene in the same
reaction time. It needs to be noted that all three TiO2/graphene
composites exhibited higher photocatalytic activity compared
with the corresponding pure TiO2. This demonstrates that the
heterojunction structure with incorporation of graphene
contributed significantly to the photocatalytic activity of
TiO2. Interestingly, although the photocatalytic activity of
pure TiO2 nanosheets was slower than bare P25, the TiO2

nanosheet/graphene displayed higher activity than P25/
graphene. This suggests that the 2D−2D heterojunction
structure is more beneficial to the photocatalyst than the
other heterojunction structures. Similar results were obtained

Figure 3. X-ray photoelectron spectroscopy results of the (a) Ti 2p band of TiO2 nanosheet/graphene composites, (b) O 1s band of graphene oxide,
TiO2 nanosheets, and TiO2 nanosheet/graphene composites, (c) C 1s band of graphene oxide, and (d) C 1s band of TiO2 nanosheet/graphene
composites.

Figure 4. Photocatalytic degradation of (a) RhB and (b) 2,4-DCP over different photocatalysts under the irradiation of UV light. The time of light
on is defined as 0 min. C represents the concentration of RhB or 2,4-DCP at time t, and C0 stands for the initial solution.
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with another degradation target 2,4-DCP, a commonly found
environmental contaminant (Figure 4b). This indicates that
TiO2 nanosheet/graphene 2D heterojunction hybrids may be
used as a universal photocatalyst for the elimination of organic
pollutants.
The photodegration curves of RhB were fitted by pseudo-

first-order reaction kinetics. The rate constant (k) was
calculated to be 0.046 min−1 for the TiO2 nanosheet/graphene
composite and 0.0068 min−1 for the TiO2 nanosheet, which
exhibits almost seven-fold enhancement after graphene
incorporation and only two-fold and five-fold enhancement
for P25/graphene and TiO2 nanotube/graphene, respectively.
These experimental findings clearly demonstrate the important
role of interfacial dimensionality in improving the photo-
catalytic performance.
It is commonly accepted that ROS produced in photo-

catalytic reactions usually govern the photocatalytic degradation
processes.39 To get more insight into the high photooxidation
activity of TiO2 nanosheet/graphene 2D−2D hybrids, the
photocatalytic reaction was investigated by the radical trapping
experiment. Figure S7 (Supporting Information) displays the
degradation trace of RhB over P25/graphene, TiO2 nanotube/
graphene, and TiO2 nanosheet/graphene with the addition of
ROS scavengers. In all three photocatalytic systems, the RhB
degradation process was greatly depressed by isopropanol (·
OH scavenger) and EDTA-2Na (h+ scavenger), verifying the
important role of the ·OH and h+ in the degradation process. It
is worth noting that the TiO2 nanosheet/graphene catalyst
experienced a greater extent of suppression by p-benzoquinone
than P25/graphene and TiO2 nanotube/graphene. This
strongly suggests that O2

•− radical oxidation plays a significant
role in the photocatalytic degradation of RhB over the TiO2
nanosheet/graphene. This phenomenon may be associated
with the efficient photogenerated electron transfer in the 2D
heterojunction photocatalytic system, which facilitates more
hole participation in the photocatalytic process and greatly
promotes the oxygen molecules to yield O2

•− radicals.40,41

These produced O2
•− radicals would further induce the

formation of H2O2 and then participate in the photocatalytic
processes.
The involvement of radical species is further confirmed by

ESR experiments. In Figure 5, the signal intensity of DMPO−·
OH species produced by TiO2 nanosheet/graphene increased
progressively under UV irradiation, suggesting the continuous
generation of ·OH radicals. In contrast, the DMPO−·OH signal
intensity in P25/graphene and TiO2 nanotube/graphene

suspensions increased in the first few minutes and subsequently
decayed until barely discernible after 8 min irradiation (Figure
S8a and S8c, Supporting Information). The decay of signal
intensity is probably due to the photoinduced destruction of
the DMPO−·OH adducts under UV irradiation that is faster
than ·OH generation.42 The steady signal observed with TiO2
nanosheet/graphene indicates a higher generation rate of ·OH
by the 2D/2D composite photocatalyst. The ESR signal of the
DMPO−O2

•− adduct displays a similar pattern of change as the
DMPO−·OH adduct (Figure 5). In addition, methyl radical
signals derived from ·OH radical reactions with DMSO were
also observed, which is in accordance with the reported
work.43,44 These findings are consistent with the results of the
radical trapping experiments.
The stability of the photocatalyst was evaluated by

performing the recycling experiments (Figure 6). No obvious

decrease in the photodecomposition rate was observed after
five cycles, indicating the nanocomposites exhibit relatively high
stability during the photocatalytic degradation of pollutant
molecules after a long time irradiation. In Figure S9
(Supporting Information), the XPS spectra of the TiO2
nanosheet/graphene after five cycles of photodegradation
experiments exhibited a slight decrease of the C−O peak,
which is possibly due to the further photocatalytic reduction of
the graphene in the TiO2 nanosheet/graphene composites
during the UV irradiation.29,45 In addition, according to the
previous report,45 the carbon contents in the nanocomposites
are possibly photodegradated by TiO2 materials. However,
these changes did not affect the photoactivity of the sample
after long-term irradiation. These results indicate the photo-
catalytic performance of TiO2 nanosheet/graphene composites
is stable.

Photoinduced Elecctron Transfer Dynamics. ROS
generation during a photocatalytic reaction depends critically
on the photo-induced generation of the electron−hole pair,
electron transfer (ET) across the semiconductor interface, and
electron−hole charge recombination.3,46 An ET reaction that is
faster than the charge recombination process is a key
desideratum in improving photocatalytic efficiency. As a good
electron acceptor, graphene could provide an efficient ET
pathway for deactivating the excited state TiO2.
The efficient charge separation and transfer in the TiO2/

graphene system can be supported by the steady state
photoluminescence (PL) spectra. As shown in Figure S10

Figure 5. Electron spin resonance spectra of radical adducts trapped
by DMPO in TiO2 nanosheet/graphene dispersions as a function of
time under UV irradiation: (a) DMPO−·OH formed in irradiated
aqueous dispersions and (b) DMPO−O2

•− formed in DMSO
(DMPO−O2

•− and methyl radical were marked with ∇ and ●
symbols, respectively).

Figure 6. Five-cycle photocatalytic degradation of RhB over TiO2
nanosheet/graphene composites.
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(Supporting Information) the introduction of graphene
quenched the PL intensity of excited TiO2 nanostructures.
Particularly, compared with the other two composites, TiO2
nanosheet/graphene exhibited the most significantly dimin-
ished PL intensity, which demonstrates that the two-dimension
heterojunction interface promotes the charge transfer more
efficiently. This result is consistent with the highest photo-
reactivity of TiO2 nanosheet/graphene composites.
Time-resolved photoluminescence was employed to further

investigate the charge transfer dynamics across the TiO2/
graphene interface. Figure 7 shows the transient photo-
luminescence bleach decay of the prepared TiO2/graphene
composite, using the corresponding pure TiO2 as the control.
Previous studies have demonstrated that both the heterogeneity
of samples and surface defects could introduce the multi-
exponential decay behavior of the charge recombination
process.47,48 The curves were fitted well to a biexponential
decay function, with all the fitting parameters listed in Table 1.

For all three composite materials, incorporation of graphene
reduced the photoluminescence lifetime of TiO2, confirming
the role of graphene in storing and shuttling electrons from
photoexcited TiO2 nanosheets. It was important to note that,
compared with the corresponding bare TiO2 samples, the fast
time decay component (τ1) in the TiO2 nanosheet/graphene
hybrid exhibited a greater decrease than P25/graphene and
TiO2 nanotube/graphene hybrids, suggesting a more efficient
interaction and faster ET process in the 2D−2D heterojunction
system. According to eq 1,49 the apparent ET rate (kET) in
P25/graphene, TiO2 nanotube/graphene, and TiO2 nanosheet/

graphene hybrids is calculated to be 1.15 × 108 s−1, 3.47 × 108

s−1, and 1.06 × 109 s−1, respectively.

τ τ
=

−
−k

1
(TiO RGO)

1
(TiO )ET

1 2 1 2 (1)

Compared with P25/graphene, an almost ten-fold enhance-
ment of ET rate was achieved in the TiO2 nanosheet/graphene
based 2D−2D heterojunction system. It is believed that the
2D−2D heterojunction interface has more intimate physical
and electronic coupling between TiO2 and graphene, resulting
in more effective ET quenching of the excited state TiO2.
On the basis of the above results, the mechanisms for the

enhanced photocatalytic degradation efficiency of the TiO2
nanosheet/graphene system are proposed as follows. Due to
the intimate and uniform contact between the two sheetlike
nanomaterials in the composite photocatalyst, photogenerated
electrons in the excited TiO2 are injected rapidly into graphene
across the 2D−2D heterojunction interface. Thus, effective
charge separation between the electron−hole pair is achieved
and leads to enhanced generation of ROS including ·OH and
O2

•− radicals. These radicals subsequently accelerate the
oxidative degradation of RhB and 2,4-DCP.

■ CONCLUSIONS
0D−2D, 1D−2D, and 2D−2D TiO2/graphene hybrids were
synthesized and evaluated to provide fundamental insights into
the photocatalytic enhancement mechanisms of nanocompo-
sites. Due to the heterojunction interface nature of these
hybrids, the TiO2 nanosheet/graphene-based 2D−2D photo-
catalytic system possesses a stronger electronic and physical
coupling effect, resulting in remarkable enhancement in the ET
process and yielding superior photocatalytic activity toward
contaminant degradation. This 2D−2D heterojunction system
strategy offers a significant route to overcome carrier transfer
limitation. This work could stimulate the development of a
photocatalytic system with a well-defined nanocomposite
interface to fulfill their potential in the photocatalytic devices.
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Figure 7. Photoluminescence decay curves of (a) P25 and P25/graphene, (b) TiO2 nanotubes and TiO2 nanotube/graphene, and (c) TiO2
nanosheets and TiO2 nanosheet/graphene in aqueous solutions with excitation wavelength at 375 nm and photoluminescence monitored at 430 nm.

Table 1. Kinetic Parameters of the Photoluminescence
Decay Analysis of P25, P25/Graphene, TiO2 Nanotubes,
TiO2 Nanotube/Graphene, TiO2 Nanosheets, and TiO2
Nanosheet/Graphene Compositesa

photocatalyst
τ1
(ns)

τ2
(ns) a1/(a1 + a2) a2/(a1 + a2) χ2

P25 0.30 4.49 79.29% 20.71% 1.57
P25/graphene 0.29 3.92 83.17% 16.83% 1.38
TiO2 nanotubes 0.36 4.52 82.53% 17.47% 1.56
TiO2 nanotube/
graphene

0.32 4.44 86.67% 13.33% 1.35

TiO2 nanosheets 0.34 4.91 57.68% 42.32% 1.33
TiO2 nanosheet/
graphene

0.25 4.48 61.37% 38.63% 1.71

aThe kinetic curve was fitted using a double exponential decay
function given by I(t) = b + a1·exp(−t/τ1) + a2·exp(−t/τ2).
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