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TiO, heterojunctions can absorb more O, than pure TiO,, which
can generate more -O, species for MO degradation. Accordingly,
the heterojunctions exhibit much higher photocatalytic performance for degrading methyl orange (MO) under visible-light
irradiation than TiO, alone. At optimum GQD content (1.0 wt %), an apparent MO decomposition rate constant is 15 times
higher than that of TiO, alone, and photocurrent intensity in response to visible-light excitation increases by 9 times. Compared
with conventional sensitization by toxic, photounstable quantum dots such as CdSe QDs, the sensitization by environmentally
friendly GQDs shows higher visible-light photocatalytic activity and higher cycling stability. Monodispersed QD-based
heterojunctions can effectively inhibit the fast recombination of electron—hole pairs of GQDs with a large exciton binding energy.
The photogenerated electron transfer, energy-band-matching mechanism of GQD/TiO,, and possible MO decomposition
pathways under visible-light irradiation are proposed.
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B INTRODUCTION photoexcited electrons and holes. Moreover, these QDs are
known to be highly unstable to hole oxidation in a liquid
medium under light irradiation,'® and the inevitable photo-
oxidization seriously impairs these heterojunctions, leading to
the photodegradation of their performances. Moreover, there
are increasing safety and environmental concerns about these
conventional heterojunctions, because highly toxic Cd ions are
released into the solution by photo-oxidization.'®"” Therefore,
it is still a challenge to develop high-efficiency, environmentally
friendly, and recyclable sensitizers for enhancing solar harvest-
ing capability of heterojunctions under sustainable conditions.

As a novel class of QD materials, graphene quantum dots
ing, sensitization with a visible bandgap semiconduc- (GQD sz)o_algve currently become an active area of great
tor,”'* and use of traditional semiconductor quantum dots interest because of a myriad of alluring physicochemical
(QDs), such as CdX (X = Se, S, Te).""""7 Among those properties as well as a wide range of potential applications, such

Heterogeneous photocatalysts have drawn great attention in
the past decades because of their broad applicability and better
performances.”> Among the photocatalysts, anatase titanium
dioxide (TiO,) has shown to be promising because of its
effectively oxidizing power, good photodurability, environ-
mental friendlies, chemical inertness, and low cost.”~” Despite
their good performances and stabilities, TiO,-based photo-
catalysts have limited applications because of a wide bandgap
energy (3.2 €V) and high recombination rate. Hence, various
research groups have tried to improve their photocatalytic

activity using different approaches such as element dop-
68-12

- - bioimaging,”**”*' > sensors,”"** light-emitting devi-

strategies, typical narrow bandgap QDs of compounds have as  biommaging, SENsors, ght-€ g devi
i i 272835 photocatalysis,”* """’ and solar cells.”” Different

been reported as the best option spanning the UV as well as the ces, photocatalysis, and solar cells. ere
visible portions of the solar spectrum.”~"” To realize effective from toxic and unstable conventional semiconductor QDs,
separation of photoexcited electrons from holes required for GQDs are environmentally friendly and highly robust against
these compounds, it is essential to construct suitable harsh chemical attacks or strong UV-light irradiation. More-
heterojunctions based on QD modified TiO,."” Despite the
substantial progress, the photocatalytic activity of these Received: April 21, 2015
photocatalysts is not improved markedly'® because rich surface Revised:  August 26, 2015
traps in naked QDs increase the recombination rate of Published: August 31, 2015
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over, GQDs keep the graphene geometry with a high specific
surface area and possess stable sp® bonding at the surface
without need of additional passivation to remove surface traps
except for edge sites.””””** Besides, the electronic structure of
GQDs is tunable in a wide energy range by changing size and
functionalization at edge site,””*****"*" which allows for
construction of GQD—TiO, heterojunctions with appropriate
energy-band matching while the bandgap of GQDs is tuned as
lowly as possible for harvesting more solar light. Despite these
conceptual advantages, pure GQDs have a poor catalytic
property due to their large exciton binding energy (~0.8 eV
estimated for 2 nm GQDs"'"), which greatly increases the
recombination rate of photoexcited electrons and holes. Doping
is an effective method to change the electronic density of bulk
semiconductor materials and tune their optical, electrical, and
transport properties. In the case of bulk graphene, amine-
function (or called N-dopant) can induce different effects:
amine-functionalized graphene can enhance surface absorption
for organic pollutants and O,,** which degrade organic matter
with a relatively short degradation time. On the basis of the
benefits of amine-function in graphene nanostructures, it can be
extrapolated that the introduction of amine to GQDs will show
similar properties to bulk graphene, which is extremely
important both fundamentally and technologically. These
surface modifications enable directly exploiting a free graphene
surface to construct GQD—TiO, heterojunctions with fast
electron transfer to suppress the electron—hole recombina-
tion.”> Meanwhile, current routes are less effective in mass
production of high-quality GQDs. The preparation of GQDs is
typically based on chemical or electrochemical cutting methods,
and GQDs exhibit defective structure and thus extremely poor
optical properties.”” >***~*" For example, their absorption
bands are largely localized within the UV region, which limits
their solar harvesting efficiency for photocatalytic or other
applications.

Recently, our group has developed the gram-scale production
of single-crystalline and amine-functionalized GQDs based on a
water-phase molecular fusion method. The low-cost, mild, and
green synthetic method has provided a platform for
manipulating their properties and further investigating their
potential applications.’’ In the present study, we evaluate the
visible-light sensitization capability of single-crystalline and
amine-functionalized GQDs with strong visible-light absorption
as the environmentally friendly, highly robust sensitizer to
sensitize a commercial TiO, photocatalyst for photodegrada-
tion of organic dyes. The most effective junctions of GQDs
with TiO, nanoparticles were established by hydrothermal
deposition of the GQDs at a low doping level (1.0 wt %) on the
nanoparticles. Importantly, a novel monodispersed QD-based
heterojunction can effectively inhibit the fast recombination of
excitons of GQDs with a large exciton binding energy. The
composite on exposure to visible light exhibits much higher
photocatalytic performance for degrading methyl orange (MO)
and stronger photocurrent response than TiO, alone. More-
over, the composite catalyst exhibits excellent long-term
photostability with a negligible decrease in degradation rate
even after 480 min of irradiation. These results indicate that the
GQDs can serve as an effective sensitizer to harvest visible light
and the GQD—TIiO, heterojunctions have an ability to suppress
the electron—hole recombination and thus enhance the
catalytic activity.
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B EXPERIMENTAL SECTION

Chemicals. All reagents were of analytical grade and used without
further purification. Pyrene was obtained from TCI. Water-soluble
CdSe QDs with absorption edge at ~510 nm was supplied by Wuhan
Jiayuan Co., Ltd. Tetrabutylammonium hexafluorophosphate
(TBAPFy), anatase TiO, nanoparticles, and poly(3,4-ethylenediox-
ythiophene)—polystyrenesulfonate (PEDOT—PSS) were purchased
from Sigma-Aldrich. Hydrazine hydrate, nitric acid, sulfuric acid, and
ammonium hydroxide were obtained from Sinopharm Chemical
Reagent CO., Ltd. Deionized (DI) water was produced using a Milli-Q_
system (R > 18.1 MQ).

Preparation of GQDs. Amine-functionalized GQDs were
synthesized through an alkali-catalyzed water-phase molecular fusion
method.>" In a typical procedure, 1 g of pyrene was nitrated into 1,3,6-
trinitropyrene in hot HNO; (80 mL) at 80 °C under refluxing and
stirring for 12 h. After cooled to room temperature, the mixture was
diluted with DI water (1 L) and filtered through a 022 um
microporous membrane to remove the acid. 0.5 g of 1,3,6-
trinitropyrene was dispersed in a hydrazine hydrate solution of DI
water (40 mL, 0.2 M) by ultrasonication (500 W, 40 kHz) for 2 h. The
suspension was transferred to a poly(tetrafluoroethylene) (Teflon)-
lined autoclave (100 mL) and heated at 150 °C for 10 h. After cooled
to room temperature, the product containing water-soluble GQDs was
filtered through a 25 nm microporous membrane to remove traces of
insoluble impurities.

Synthesis of GQD/TiO, Composites. The composites were
prepared by a hydrothermal deposition method. Typically, TiO, (0.1
g) was added to 10 mL of GQD solution (0.1 mg mL™") with stirring
for 1 h at room temperature to obtain a homogeneous suspension.
After that, the suspension was transferred into a poly-
(tetrafluoroethylene) (Teflon)-lined autoclave (20 mL) and main-
tained at 150 °C for 4 h, and dried in a vacuum oven at 80 °C
overnight. The resulting composite contains 1.0 wt % of GQDs. Other
doping contents were controlled by addition of different volumes of
the GQD solution. CdSe QD/TiO, composites were prepared by a
similar procedure.

Photocatalytic Test. The photodegradation of methyl orange
(MO) was carried out by adding 0.02 g of photocatalyst in S0 mL of
10 mg L' MO solution at room temperature. A 350 W xenon lamp
with a cutoff filter (A > 420 nm) was used for visible-light irradiation.
Prior to illumination, the suspension was protected from light and
magnetically stirred for 1 h to reach adsorption equilibrium, then
stirred under visible light all the time. A small amount of suspension
(about 1 mL) was taken out every 30 min and filtered through a 0.22
pum microporous membrane. The MO in the suspension was
quantified by the measurement of the decay of absorbance at 4, =
466 nm at a certain time.

Electrochemical Measurements. The cyclic voltammetry (CV)
was performed by using a conventional three-electrode system on a
CHI 660D electrochemical workstation (Chenhua Instrument,
Shanghai, China), which consists of a GQD coated platinum sheet
as the working electrode, a platinum wire as the counter electrode, and
an Ag/AgCl (saturated KCl) as the reference electrode. CV was
recorded in acetonitrile containing 0.1 M TBAPF as the supporting
electrolyte. The lowest unoccupied molecular orbital (LUMO) energy
level of the GQDs was calculated according to the following equation:
Erpmo = —e(Ereg + 44) (eV).

Photocurrent Tests. Photocurrent measurements were performed
in a conventional three-electrode configuration with a Pt foil as the
counter electrode and an Ag/AgCl (saturated KCI) reference
electrode, and 0.5 M Na,SO, as the electrolyte. The working
electrodes were prepared as followed: 10 mg of the prepared
photocatalyst was ground with 20 uL of a PEDOT—PSS aqueous
solution and 100 uL of DI water to make slurry. The slurry was then
spread on a 2 cm X 0.5 cm ITO glass substrate with an active area of
about 0.5 cm’® by the doctor-blade method. The film was annealed at
150 °C for 30 min in a flowing N, atmosphere. A 350 W xenon lamp
with a cutoff filter (1 > 420 nm) was used as light source and placed 3
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Figure 1. AFM image (a), TEM image (b), and HRTEM image (c) of GQDs. TEM (d), HRTEM (e), and SEM (f) images of GQD/TiO,

composite (1.0 wt % doping).

cm away from the working electrode. The photoresponse of the
samples as light on and off was measured at 0.0 V.

Analytical Methods. Formic acid (HCOOH), acetic acid
(CH,;COOH), NO;~, and SO,*~ produced from MO degradation
were determined by IC (Dionex ICS1100) equipped with an IonPac
As22 column (4 mM X 250 mM). The determination was achieved on
hydrophilic anion exchange column. The eluent was mixed with 4.5
mM Na,CO, and 1.4 mM NaHCOj; at a flow rate of 1.2 mL min™".
The injection volume was 25 uL.

A triple quadrupole mass spectrometer (HPLC1260-G6460 series,
Agilent) operating in negative electrospray ionization (ESI) scan mode
was employed for the sample analysis. The LC-MS system was
equipped with a C18 reversed-phase column (3.0 mm X 100 mm, 2.7
um) with the column temperature at 303 K. Sample injection volume
was 10 pL. The solvent used acetonitrile:0.01 M ammonium acetate
(pH 6.8) (30/70, v/v) as the mobile phase with a flow rate of 0.4 mL
min~". The ESI conditions were as followed: optimal instrumental
source parameters were set as scan time, 200 ms; gas temperature, 300
°C; gas flow, 10 L min™'; nebulizer pressure, 40 psi; sheath gas
temperature, 350 °C; sheath gas flow, 11 L min™'; capillary voltage,
—3500 V; nozzle voltage, —1000 V; cell accelerator voltage, 3 V;
fragmentor, 100 V. The transitions selected ranged from 100 to 400
m/z.

Structural Characterization. AFM images were taken using a
SPM-9600 atomic force microscope. TEM observations were
performed on a JEOL JEM-2010F electron microscope operating at
200 kV. SEM images were taken with JEOL FESEM-6700F under
voltage of 15 kV. UV—vis absorption and diffuse reflectance spectra
were recorded at room temperature on a Hitachi 3100 spectropho-
tometer. Raman spectra were recorded on a Renishaw in plus laser
Raman spectrometer with A.,. = 633 nm. Fourier transform infrared
spectroscopy (FT-IR) spectra were performed on Thermo Nicolet
Avatar 370 FT-IR. XPS spectra were collected using a Kratos Axis
Ultra DLD X-ray photoelectron spectrometer.
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B RESULTS AND DISCUSSION

The GQDs were synthesized by an alkali-catalyzed water-phase
molecular fusion method.*’ The main process involved 1,3,6-
trinitropyrene in an hydrazine hydrate solution of DI water
followed by hydrothermal molecular fusion. Brown GQD
suspensions were obtained directly by filtering the hydro-
thermal product with a 25 nm microporous membrane without
further dialysis or high-speed centrifugation (Insets in Figure
3a). The size and morphology of the GQDs were examined by
AFM, TEM, and HRTEM (Figure lab,c). Their thickness is
distributed in the range of 1 to 1.8 nm, with an average
thickness of 1.32 #+ 0.52 nm (Figure S1, Supporting
Information), corresponding to an average layer number of
~3. Their TEM image (Figure 1b) shows that the GQDs have a
relatively uniform particle distribution, giving an average lateral
size of 3.4 + 0.6 nm (Figure S2, Supporting Information). As
displayed in the HRTEM image (Figure 1c), this real-space
image and its fast Fourier transform (FFT) pattern (inset in
Figure 1c) show that the GQDs consist of almost defect-free
graphene. Moreover, an obvious single-crystal structure is
observed, with an interplanar spacing of 0.21 nm corresponding
to that of graphene (100) planes. Under the hydrothermal
“sintering” conditions, the water-soluble GQDs were deposited
stably onto the surface of the TiO, nanoparticles, without free-
standing GQDs in the water. Moreover, the deposited GQDs
remain photostable because of their strong sp” bonding. A
typical GQD/TiO, composite sample with 1.0 wt % doping
was characterized by TEM, HRTEM, and SEM. From the
typical TEM/SEM images of the composite (Figure 1d,f), it is
found that the GQDs are well dispersed on TiO, nanoparticles
with a firm and close contact to form coating-like GQD—TiO,
heterojunctions. EDS element mapping clearly shows the
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Figure 2. XRD (a), FT-IR (b), and Raman (c) spectra of TiO, alone and 1.0 wt % GQD/TiO, composite. Survey XPS spectrum (d), high-resolution

Ti 2p (e), C 1s (f), N 1s (g), and O 1s (h) spectra of the composite.
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Figure 3. (a) UV—vis absorption spectrum of GQD solution. (b) UV—vis absorption spectra of GQD/TiO, composites with different contents of
GQDs. Insets in panel a are the GQD solution under visible (left) and UV (right) lights.

presence of Ti, C, N, and O elements as the major chemical
components of the composite over the entire region (Figures
S$3 and S4, Supporting Information), indicating that the GQDs
are evenly distributed on the TiO, nanoparticles. The presence
of the GQDs in the composite is further confirmed by the
HRTEM image (Figure le), where a 0.21 nm lattice spacing of
the graphene (100) planes is identified.

The structure of the composite is further characterized by
XRD, FT-IR, Raman, and XPS spectra. As shown in Figure 2a,
TiO, alone and GQD/TiO, composite exhibit the same
diffraction peaks assigned to anatase TiO, [JCPDS: 21-1272].*
No characteristic diffraction signals from GQDs are detected in
the composite because of the small amount and high dispersion
of GQDs in the composite."”* Compared with the IR spectrum
of TiO,, additional IR vibration peaks of the GQDs in the
GQD/TiO, composite are observed (Figure 2b). Besides the
C=C vibration at 1590 cm™, there is N—H vibration at 1480
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cm™, which is further confirmed by the vibration of C—OH at
1270 cm™! in the IR spectrum. For the Raman spectrum of
pure Ti02 (Figure 2c), four strong peaks at 142, 398, 519, and
641 cm™" correspond to the Eg1y Blg(l), Ajg + Byyp), and Egy)
modes of anatase TiO,, respectively.” In the case of the
composite, besides the four TiO, peaks, two additional peaks of
the GQDs are observed at 1580 and 1374 cm™’, corresponding
to the G and D bands of GQDs, respectively. The GQD/TiO,
compositions are also revealed in the XPS spectra (Figure 2d—
h). The survey XPS spectrum (Figure 2d) shows strong signals
of Ti 2p, C 1s, and O 1s as well as a weak signal from N 1s.
This indicates that the GQDs are doped with N. Binding
energy peaks at 458.3 and 464.1 eV in the high-resolution Ti 2p
spectrum are assigned to Ti 2p;,, and Ti 2p,,,, respectively
(Figure 2e). The high-resolution C 1s spectrum (Figure 2f)
reveals the strong signal of C=C at 284.2 eV, C—N at 285.4
eV and the distinguishable C—OH peak at 286.9 eV. Two
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Figure 4. (a) Visible-light photocatalytic degradation rates of MO by GQD/TiO, composites with different contents of GQDs. (b) UV—vis
absorption spectra of MO aqueous solution after degraded by visible light in the presence of 1.0 wt % GQD/TiO, photocatalyst for 0—120 min. (c)
Photocatalystic degradation rate curves of MO using GQDs, TiO,, and GQD/TiO, as photocatalysts under the visible light. (d) Transient
photocurrent response spectra of TiO,, GQDs, and GQD/TiO, composite.

Scheme 1. (a) Diagrams of Photogenerated Electron Transfer of GQD on the Surface of TiO, under Visible-Light Irradiation
and (b) Diagrams of Energy Position of GQD/TiO, under Visible-Light Irradiation
,Vijible Light
#

Visible Light

Monodispersed GQDs b O,

‘0, 8.00V
42V
253V GQDs
Low-level doping
Visible Light
y. w Aggregative GQDs i -5.62V

50 v PoliutantsHCOOH+S0,*

» 4 ™
st "

) . +CHzCOOH+NOy"
N (g =
High-level doping

peaks at 399.2 and 401.2 eV in the N 1s XPS spectrum are with the naked eye, corresponding with the PL spectrum in
assigned to NH, and N—C bonding of the GQDs (Figure 2g). Figure SS, Supporting Information. As shown in Figure 3b,
Thus, the primary amine molecules play dual roles in the TiO, alone exhibits no absorption in the visible region of 400—
hydrothermal process: as the precursor for N-dopant and as the 800 nm. With the incorporation of GQDs, the composites
passivation agent, which both greatly contribute to the PL exhibit enhanced visible-light absorption, whose intensity
enhancement of GQDs." The peaks at 529.2, 531.1, and 533.1 increases with the doping content.”"™**
eV in the O 1s spectrum (Figure 2h) are assigned to the Ti— To determine an optimum doping content of GQDs for the
0, O—H, and O—C bonding, respectively. These XPS results most efficient MO photocatalytic degradation, we compare the
are consistent with FT-IR results and further demonstrate the removal ratios of MO using the composite as the photocatalyst
existence of GQDs in the composite. with different GQD contents for the same irradiation time of

Figure 3a shows the UV—vis absorption spectrum of as- 120 min (Figure 4a). The photodegradation efficiency
prepared GQDs. Four pronounced excitonic absorption bands dramatically rises with slightly increasing the GQD content,
center at about 225, 255, 290, and 405 nm. The absorption rapidly reaches its maximum value merely at 1.0 wt % doping,
edge is at ~490 nm, and thus the optical bandgap of the GQDs and then decreases at higher doping levels. At the optimum
is estimated to be 2.53 eV, illustrating that the GQD absorption doping content, the MO dye is nearly completely decoloured
band extends from UV to visible region (400—500 nm).*® The after 120 min of visible-light irradiation, as shown by the
insets in Figure 3a depict the GQD solution under visible (left) variations in the UV—vis absorption spectrum and color of MO
and UV (right) lights. Obviously, the bright cyan photo- solution with irradiation time (Figure 4b). The characteristic

luminescence (PL) of GQDs is strong enough to be easily seen peaks of MO at 274 and 464 nm rapidly decay upon the
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Scheme 2. Proposed Photodegradation Pathway of MO by 1.0 wt %-GQD/TiO, Photocatalyst under Visible-Light Irradiation
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Figure 5. Photocatalytic activity (a) and k,y,

values (b) of 1.0 wt %-GQD/TiO, photocatalyst with different scavenges under visible-light irradiation.

exposure to the visible light and nearly completely disappear
after the 120 min treatment. For the pure TiO, photocatalyst,
however, only 18% MO is degraded for the same irradiation
time (Figure 4c), as expected by the visible-light response
limitation owing to their wide-bandgap nature. GQDs alone
also show low catalytic efficiency under the visible light: About
17% MO is degraded after 120 min of irradiation, though they
show relatively strong optical absorption in the range of 400—
500 nm. The poor catalytic property of pure GQDs can be
ascribed to their large exciton binding energy (~0.8 eV
estimated for 2 nm GQDs"') that greatly increases the
recombination rate of photoexcited electrons and holes.
These contrast experiments clearly show that the formation
of nanoscale heterojunctions between TiO, nanoparticles and
GQDs in the composite plays a key role in the enhanced
visible-light catalytic activity. We postulate that a monodis-
persion and thin monolayer of the soluble GQDs can be
deposited on the surface of TiO, nanoparticles by a
hydrothermal process, and thus the optimum GQD-TiO,
heterojunctions at the nanoscale can be established at the low
doping level, as shown in Scheme 1a. When the doping content
is increased further, a thicker GQD layer forms in the
nanoparticle heterojunctions, or GQDs aggregate without
direct contact with TiO, nanoparticles, thus leading to the
greatly reduced catalytic activity. For example, at 4.0% doping,
the removal ratio of MO is 35%, merely slightly higher than the
catalytic capacity of TiO, nanoparticles alone, though the
composite shows stronger visible-light absorption owing to
higher GQD doping level. Therefore, for the design of GQD-
based hybrid photocatalysts with superior visible-light catalytic
performance, it is of crucial importance to construct
monodispersed nanoparticle heterojunctions that can effectively
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inhibit the fast recombination of excitons of GQDs with a large
exciton binding energy.

Photoelectrochemical measurements are often used to study
qualitatively the excitation and transfer of photogenerated
charge carriers in photocatalysts. The transient photocurrent
responses of the TiO,, GQDs, and GQD/TiO, composite are
recorded for several on—off cycles under visible-light irradiation
and plotted in Figure 4d. For the TiO, sample, there is weak
photocurrent response to visible light, likely because there are
oxygen vacancies in the TiO, nanoparticles, which may induce
visible-light response, as reported in many papers.’” For the
GQDs alone, the visible-light on—off response is stronger than
in the TiO, alone, but becomes much slower. There is about 30
s hysteresis to reach the on or off states. This photocurrent
hysteresis behavior of the GQDs could be associated with high
recombination rate of photoexcited electrons/holes and a high
interfacial resistance between NH,-functionalized GQDs to
charge transfer. After the hybridization of the GQDs with the
TiO, nanoparticles, the photocurrent response is enhanced by
9 times compared with TiO, alone, without hysteresis. This
result indicates that there exists a good energy-band matching
in the GQD-TiO, heterojunctions, which facilitates highly
efficient electron—hole separation at the interface. To confirm
this, we measured the CV curve of the GQDs to determine
their LUMO. From the reduction potential (E,.4) of —1.31 V vs
SCE (Figure S6, Supporting Information), the LUMO energy
level relative to the vacuum level is calculated to be —3.09 eV
using the equation in the Experimental Section. It is noted that
the LUMO of the GQDs locates above the conduction band
(CB) bottom (—4.2 eV) of anatase TiO,, giving a large energy
difference of 1.11 eV to drive the electron transfer from the CB
of the GQDs to the CB of TiO,, as illustrated in Scheme 1b.
The electrons were trapped by the adsorbed molecular oxygen
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on the TiO, surface to produce superoxide anion (-O,7)
radicals.” Electrons left on TiO, also could be trapped to form
-0, radicals. The enhanced transient photocurrent response in
the composite can be thus explained based on the frame of
GQD-TiO, heterojunctions, where GQDs are excited by
photons of visible light to produce electron—hole couples with
a large binding energy (<1 eV), followed by rapid separation
and transfer of the charge carriers driven by the large CB
difference, thus producing photocurrent transport in the TiO,
matrix.

Similar photophysical processes coupled with photochemical
processes occur in the heterojunctions and their interface with
MO solution, when the MO molecules are degraded by
photocatalysis (Scheme 2). Accompanying the photophysical
processes above-mentioned, typical photochemical processes
include the production of highly oxidative species such as h*, -
0,7, and -OH, which have been suggested to directly oxide dye
molecules.”*”*° To determine the contributions of these
reactive species to the MO degradation, we performed MO
photocatalytic degradation experiments in the presence of
scavengers to quench h¥, 0%, and -OH during the degradation
of MO using ammonium oxalate (AO), benzoquinone (BQ),
and isopropyl alcohol (IPA), respectively."*”*° Compared with
the absence of any scavengers, the addition of all the three
scavengers suppresses the MO decomposition rate (Figure Sa),
indicating that all the oxidative species contribute to the MO
degradation. The contributions of h*, -O*7, and -OH to the
overall MO degradation rate are thus determined to be 44.7%,
38.0%, and 17.3%, respectively. These results indicate that h*
and -O®" are the main oxidative species for the MO
degradation. The largest contribution of h* to the degradation
is expected because other reactive species are generated after
h*. We note that the production of the -O*~ species undergoes
two basic processes, i.e., electron transfer from the CB of the
GQDs to the CB of TiO, followed by trapping by O, absorbed
on the surface of TiO, nanoparticles. Moreover, NH,-
functionalized GQDs can enhance surface absorption for
0,"" which were absorbed more O, on the surface of
GQD-TiO, heterojunctions than pure TiO,. Despite the
multistep formation, the -O®” species contributes 38.0%. This
fact indicates that the electron transfer process is highly
effective owing to the presence of the ideal heterojunctions.
Because this species forms on the surface of TiO, nanoparticles,
the NH,-functionalized GQDs should be sparsely dispersed on
the surface of TiO, nanoparticles. Therefore, to enhance the
contribution of -O*” species, the doping of the GQDs should
be controlled at rather low level, such as the optimum content
of 1.0 wt %.

To investigate the degradation mechanism, the degradation
products of MO were analyzed by IC and HPLC-MS/MS.
Simple inorganic anions of NO;~ and SO,*~ and small organic
acids of formic acid (HCOOH) and acetic acid (CH;COOH)
as final products®® > were detected by IC (Figure 6). With
increasing irradiation time, the concentrations of HCOOH and
SO,*~ always increase, but the concentrations of CH;COOH
and NO;~ remain low during 120 min irradiation. Typical
intermediates generated in the degradation of MO after 60 min
irradiation can be identified by HPLC-MS/MS (Figure S7,
Supporting Information). The mass peak at m/z 304.0 is
ascribed to pristine MO molecules, and peaks at m/z 306, 290,
276, 271, and 224 belong to side-chain oxidation Eroducts,
which have been identified by Fu’* and Peng™ et al.
According to the analysis of IC and HPLC-MS/MS, we have
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Figure 6. IC analysis of degradation products of MO by 1.0
wt %-GQD/TiO, photocatalyst under visible-light irradiation.

inferred possible reaction pathways during the photocatalytic
MO degradation (Scheme 2).

Finally, the cycling stability of the composite is evaluated for
four cycles (120 min irradiation at every cycle). For
comparison, a composite of water-soluble CdSe QDs and
TiO, nanoparticles was also tested. For the GQD-based
composite, the degradation rate of MO is kept at 96% for the
four cycles, indicating that the composite is highly photostable.
For the CdSe QD/TiO, photocatalyst, the MO degradation
rate decreases from 60% for the first cycle to 48% for the fourth
cycle (Figure 7). This photoinduced serious instability is due to
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Figure 7. Cycling stability experiments of MO by GQD/TiO, and
CdSe QD/TiO, composites.

the known photo-oxidation reaction CdX(s) + 2h* = Cd**(1) +
X(s), which also produces highly toxic Cd*" ions.'®'” These
results indicate that graphene-based QDs are superior to
conventional QDs in catalytic activity, recycling usage, and
environmental friendliness.

B CONCLUSIONS

In summary, water-soluble and amine-functionalized GQDs are
successfully loaded onto the TiO, in optimum density to form
novel GQD sensitized TiO, heterojunctions. The incorporation
of GQDs can sensitize TiO, and extend the photoresponse of
the composite to the visible region. More importantly, amine-
functionalized GQD—TiO, heterojunctions can absorb more
O, on their surface than pure TiO,, which can generate more -
O’ species for MO degradation. Compared with pure GQDs
and TiO,, the GQD/TiO, composite exhibits much higher
visible-light-driven photocatalytic performance for degrading
MO in water. The optimum visible performance is achieved at
GQD content of 1 wt %, with an apparent decomposition rate
constant 15 times higher than that of pure TiO,, and
photocurrent intensity in response to visible-light excitation
increases by 9 times. The cycling stability of the composite is
better than that of the CdSe QD/TiO, composite. The
enhanced photocatalytic activity can be attributed to the
efficient separation and recombination preventing of electron—
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hole pairs based on a novel monodispersed QD-based
heterojunctions. The possible pathway of the photocatalytic
decomposition of MO has been proposed. The GQD sensitized
photocatalyst is a promising photocatalytic material that has
good potential for application to pollutant purification.
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