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A B S T R A C T

The present work focuses on understanding the heterojunction formation of graphene quantum dots (GQDs) and
oxygen deficient TiO2 nanoparticle hybrid system and its enhanced photocatalytic activity under visible light
illumination. We explain the formation of TiO2-GQD heterojunction through the bonding between oxygen va-
cancy sites in TiO2 and in-plane oxygen functional (epoxy) groups in GQDs possibly via CeOeTi bonds. Our
FTIR, XPS and Raman results lend support to the proposed mechanism of heterojunction formation. In the TiO2/
GQD hybrid, the Raman Eg(1) peak of anatase TiO2 is blue shifted indicating the strong interaction between the
GQD and TiO2. The heterojunction formation was simulated through the density functional theory (DFT) cal-
culation to obtain the optical spectrum on the hybrid between oxygen deficient TiO2 and oxygen functionalized
GQDs. Interestingly, the calculated results for the hybrid structure show strong optical absorption in the visible
to near infrared region, which is in close agreement with the experimental results. The TiO2-GQD heterojunction
exhibits enhanced photocatalytic degradation (97%) of MB due to the facile interfacial charge separation, as
revealed from the steady state and time resolved photoluminescence studies. Interestingly, the photo-
luminescence intensity of the TiO2-GQD heterojunction was partially quenched indicating the electron transfer
from GQDs to TiO2. The degradation rate constant (first order) for TiO2-GQD hybrid is 5.2 times higher than that
of the TiO2. Free radical scavenger test revealed that %OH radical played a major role in MB degradation as
compared to °−O2 radical. These results are significant for the development of metal free catalysts based on carbon
nano-materials for ensuing optoelectronic, energy and environmental applications.

1. Introduction

Titanium dioxide (TiO2) is one of the promising materials for var-
ious applications ranging from water splitting, solar cells, energy sto-
rage device, optoelectronic devices, photocatalysis etc. [1–8]. Among
different polymorphs of TiO2, anatase phase is most preferable for
photocatalytic application, due to its highly oxidizing power, high
surface area, ability to generate more free radicals and charge carrier
transport etc. [3–5,9]. Despite its good performance and stability, TiO2

based photocatalysts have limited applications because of its wide band
gap energy (anatase 3.2 eV), which impede the efficient utilization of
visible light and as a consequence yields low photocatalytic efficiency
using solar light driven photocatalysis, since solar spectrum consists of
only 3–5% of UV and 44% of visible light. On other hand, the high
recombination rate of photo generated charge carries is another cause
of concern for the low photocatalysis efficiency [10]. Band gap nar-
rowing and efficient charge separation can promote a high rate of
photocatalytic degradation for various synthetic dyes and pigments that

are produced in large scale at industry. Notably, the presence of dye
effluents cannot be discarded, as it greatly affects the environmental
eco system [11,12]. To improve the photocatalytic efficiency, hetero-
geneous catalysts based on TiO2 and conventional semiconductor
quantum dots (QDs), such as CdS, CdSe, PbS, etc. have been proposed
[6,13–15]. To achieve the facile electron and hole separation, one can
engineer the proper heterojunction using QDs and TiO2 nanostructure
[6]. Apart from these, semiconductor QDs are known to be highly un-
stable to hole oxidation when light irradiated in liquid medium [16].
Besides, semiconductor QDs based on Cd certainly causes the en-
vironmental problems due to release of highly toxic Cd ions into the
solution by the photo oxidation [2,16]. Hence, it is necessary to fabri-
cate heterojunction based on carbon QDs and TiO2 for ensuing appli-
cations.

Graphene QDs are emerging class of zero-dimensional (0D) material
and it show pronounced quantum confinement, plenty of edge states
and functional groups [17–20]. Moreover, simple synthesis procedure,
low toxicity, stable photoluminescence (PL), and excellent solubility
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properties of GQDs are highly advantageous than the conventional
semiconductor QDs. Consequently, GQDs are being explored for
studying the fundamental properties as well as their applications in
optoelectronic devices, sensors, bioimaging, resistive switching, energy,
environmental cleaning, etc. [19,21–26]. It has been proposed that the
combination of GQDs and TiO2 is a model heterojunction for visible
light photocatalysis and other emerging applications [27,28]. The en-
visaged advantage of GQDs over conventional semiconductor QDs is to
cross the Shockley–Queisser limit, where the hot charge carriers are the
sources in solar to electric energy conversion process [29].

One of the simplest ways for large scale synthesis of GQDs is the
ultrasonication method by separation from the carbon based materials
[24,26,30,31]. Interestingly, ultrasonication is a green and an in-
expensive approach for the introduction of defects in TiO2 [32–34] and
the same has been used for the preparation of composite materials
[13–15,34–37]. It has been proposed that during the ultrasonication,
ultrasonic waves produce an intense localized hot spot in the solid
composite [34,38,39]. Previous reports indicate that TiO2 nanotubes
array and GQDs hybrids are good candidates for UV and visible light
photocatalysis [40,41], and GQD-TiO2 nanowire hybrid for photoelec-
trochemical (PEC) hydrogen fuel production [42]. Xing et al. studied
the graphene and TiO2 hybrid formation through the OH functional
groups [36]. Umrao et al. proposed the CeOeTi bond formation in
TiO2-graphene system due to the free electron interaction of both the
materials [37]. However, the actual pathway that leads to the forma-
tion of the TiO2-GQD hybrid has not been addressed in the literature.
GQDs are known to be ultrafine size pieces of graphene materials. Due
to the ultrafine size and high ratio of edge to basal plane, carbon atoms
in GQDs possess the edge states and edge oxygen functional groups
[43–46]. In this regard, GQDs have meagre in-plane oxygen functional
groups than that of graphene materials. Thus, we believe that in GQDs
mostly the edge oxygen functional groups rearrangement or in-plane
epoxy disorder is necessary in order to form the hybrid. To our
knowledge, the actual pathway that leads to the formation of the TiO2-
GQD heterojunction in the oxygen deficient TiO2 and GQDs enriched
with in-plane oxygen function groups has not been addressed in the
literature. Thus, it is of significant interest to study the formation of
TiO2-GQD heterojunction, the interfacial charge carrier dynamics in the
heterojunction and its influence on the visible light photocatalysis.

Herein, we study the formation mechanism of TiO2-GQD hetero-
junction and its application in the improved visible light photocatalytic
degradation of methylene blue (MB), a model dye. Based on our ex-
perimental results of Raman, PL, X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FTIR) spectroscopy and
Thermogravimetric analysis (TGA), we propose ultrasonication induced
oxygen vacancy and in-plane epoxy functional group mediated possible
CeOeTi bond formation in TiO2-GQD hybrid, for the first time. The
proposed heterojunction formation is simulated by DFT calculation that
shows a close agreement with the experimental results. XPS studies
demonstrate that reduction of edge oxygen functional groups in GQDs is
due to the hybrid formation with the TiO2. We probe the change in
oxygen vacancy defects in TiO2 from the PL studies after the decoration
of GQDs onto the TiO2, and these results are corroborated by time re-
solved (TR) PL, Raman and electron paramagnetic resonance (EPR)
studies. FTIR and XPS analyses suggest the possible presence of
CeOeTi bonds in the hybrid system. Finally, we explore the use of the
TiO2-GQD hybrid for the visible light photocatalytic degradation of MB.
To understand the different free radicals involved in the photo-
degradation of MB, we perform the scavenger test and our studies
suggest that the %OH radical plays a major role in the MB degradation.
The mechanism of interfacial charge transfer and the possible de-
gradation pathway of MB are discussed. Significance of these results for
controlled fabrication of metal free carbon nanomaterial based hybrids
catalysts for energy and environmental applications are discussed.

2. Experimental details

2.1. Fabrication of GQDs and TiO2 nanoparticle hybrids

Details of the fabrication of GQDs and TiO2 NPs are provided in the
supplementary information (S1). TiO2 NPs (pristine and ball milled)
and GQDs (weight ratio 1:1) are mixed together and dispersed in DI
water. Next, the mixture was ultrasonicated (40 kHz) for 1hr and sub-
sequently centrifuged, dried to get the solid powder. Pristine and 16 h
ball milled TiO2 NPs [47] samples are denoted as T0 and T16, respec-
tively. The hybrid samples of T0 and T16 each mixed with GQDs and
ultrasonicated are denoted as T0/GQD and T16/GQD, respectively. We
also performed the ultrasonication treatment on sample T0 and it is
denoted as T0S. One set of hybrid sample is prepared only by mixing
and stirring method without any ultrasonication, and the sample is
termed as T16/GQDM.

2.2. Characterization techniques

Crystallinity and phase of the as-prepared samples are studied by
powder X-ray diffraction (XRD) with Rigaku RINT 2500 TTRAX-III, Cu-
Kα radiation. The morphological features and crystallinity of the sam-
ples are obtained with transmission electron microscopy (TEM), high-
resolution (HR) TEM and selected area electron diffraction (SAED)
pattern using a JEOL 2100 (Japan) operating at 200 kV. Micro-Raman
measurements were performed using a high resolution spectrometer
(Horiba, LabRam HR) with an excitation wavelength of 488 nm.
Excitation source was focused with 100X objective lens and 1 mW of
laser power used to avoid the laser heating and damage to the sample.
The Raman signal was collected by a CCD in a back scattering geometry
sent through a multimode fibre grating of 1800 grooves per mm. XPS
data were obtained with a PHI X-Tool automated photoelectron spec-
trometer (ULVAC-PHI, Inc.) using Al Kα X-ray beam (1486.6 eV) with a
beam current of 20 mA. The UV–vis absorption and diffuse reflectance
spectroscopy (DRS) measurements were performed using a commercial
spectrophotometer (Perkin Elmer, UV win Lab) equipped with an in-
tegrating sphere. Steady state PL measurements were carried out using
a 405 nm external laser as an excitation source and a single grating
monochromator (Triax 550) coupled to a cooled CCD detector (Jovin
Yvon). TR PL measurements were carried out in a picosecond time re-
solved luminescence spectrometer (Edinburg Instruments, FSP920).
EPR measurements were performed with a JEOL (JES-FA200) instru-
ment operating in the X band. TGA data were obtained with a STA7200
HITACHI (Thermal analyser) with a heating rate of 5 °C/min by purging
the high purity O2 gas. FTIR spectroscopy measurement was performed
with a commercial spectrometer (Perkin Elmer, Spectrum BX).

2.3. Photocatalytic experiments

2.3.1. Photodegradation of methylene blue
Visible light photocatalytic studies were performed with a Xe arc

lamp (ORIEL Instruments, USA) fitted with an external UV cutoff filter
(Hoya Filter, Japan) and a mirror for beam reflection. MB was chosen as
a model dye organic pollutant. 20 mg of catalyst was mixed with
100 mL of aqueous solution with an initial MB concentration of 8 mg/l.
MB with catalyst was stirred in dark for 1 h to reach the adsorption-
desorption equilibrium between dye and catalyst. Next, the solution
was irradiated with visible light. During the irradiation of light, cold
water was circulated to maintain the temperature of the system. At an
interval of 10 min, 5 mL aliquot was taken out and centrifuged.
Photodegradation of MB was measured from the UV–vis absorption
spectrum of its maximum absorption peak at 665 nm after each 10 min
of irradiation.

2.3.2. Free radicals scavenger test
To determine the contribution of reactive species that are involved
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in the photodegradation of MB, we have performed the free radical
scavenger experiment. For this experiment, Ammonium oxalate (AO),
tert-butyl alcohol (t-BA) and p-benzoquinone (BQ) scavengers were
used to study the influence of hole (h+), hydroxyl radical (%OH) and
superoxide radical ( °−O2 ), respectively. In each experiment, 1 mM of
scavenger is added to the catalyst–dye solution (20 mg, 8 mg/l) [48].
Afterwards, the dye-catalyst-quencher solution was irradiated with the
Xe arc lamp fitted with an UV cut off filter (Hoya Filter, Japan). The
irradiation time, sample collection and UV–vis absorption measure-
ments conditions are identical to that mentioned in the previous sec-
tion.

2.4. Computational methodology

In order to support the experimental results and the conclusions
thereof, theoretical calculations were carried out by CASTEP code
based on density functional theory (DFT) in Materials Studio program
[49]. The exchange correlation interaction is implemented by gen-
eralized gradient approximation (GGA) functional in Perdew and Burke
and Ernzerhof (PBE) format, using the ultrasoft pseudopotentials
[50,51]. Grimme dispersion corrected density functional theory (DFT-
D) has been employed for the interaction of GQD and TiO2 surface. The
system contains hybrid structure of a 2 × 2 supercell of TiO2 (110)
surface with two oxygen vacancies and overlapping GQD of size
1.27 × 1.27 nm2 with oxygen functional groups. The GQD contained
nine hexagonal rings with two epoxy functional groups out of the GQD
plane. A vacuum space of 20 Å is placed to avoid the interaction be-
tween the adjacent layers in the direction perpendicular to the GQD
plane. Geometry optimization of hybrid structure is performed until the
maximum force was less than 0.05 eV/Å. We have calculated the ab-
sorption spectrum of bare anatase TiO2 (110) and oxygen deficient
TiO2-GQD hybrid structures. Spin unrestricted calculation is performed
with the Brillouin zone integration by setting an 3 × 3 × 2 Monkhorst-
Pack k-point grid for geometry optimization and optical properties. The
cut off energy of 600 eV is used with 2 × 10−5 eV/atom SCF con-
vergence tolerance limit. Note that 0.1 eV smearing is used for the
calculation of the absorption spectrum in each case. Computational
results are compared with that of the experimental results of bare TiO2

and hybrid structures.

3. Results and discussion

3.1. XRD and HRTEM studies

The structural and morphological properties of bare and hybrids of
GQDs and TiO2 NPs are studied by XRD and TEM analyses. Fig. 1 shows
the XRD pattern of T0/GQD and T16/GQD. XRD pattern for T0 and T16
samples are provided in Fig. S1 (Supporting Information). The XRD
pattern shown in Fig. 1 matches with the characteristic reflection peaks
of anatase TiO2 and hexagonal graphitic structure of GQDs. In the hy-
brid samples, the most intense peak at 2θ–25° corresponds to the ana-
tase phase (101) plane of TiO2 and another intense peak at 2θ–26.3° is
originated from the (002) plane of hexagonal sp2 hybridized carbon in
GQDs. The (002) peak is very intense for the hybrid sample prepared
with equal weight ratio of TiO2 and GQDs. These results indicate the
successful preparation of TiO2-GQD hybrids with crystalline phases.
Interestingly, in addition to the anatase TiO2 phase, XRD data show two
new peaks appearing at 2θ∼31.28 and 41.6°, which correspond to the
(1͞12) and (312) planes of Ti3O5 (JCPDS No. 74-0819), respectively
[47]. Note that the XRD peaks related to the anatase TiO2, Ti3O5 and
GQDs are labelled with the ‘●’, ‘*’ and ‘♦’ symbols, respectively in Fig. 1
and Fig. S1 (Supporting information). It is noted that as compared to
T0, the crystallinity of T16 is reduced, presumably due to the me-
chanical milling that causes high density of defects/disorder in the
system (see Fig. S1, Supporting information). In particular, high density
of oxygen vacancies are introduced during ball milling of the TiO2

powder [47]. The role of oxygen vacancies in the formation of TiO2-
GQD hybrid is discussed later.

The size and morphological features of the TiO2 NPs, GQDs and
their hybrids were analysed by TEM and HRTEM imaging, as displayed
in Fig. 2(a–i). Fig. 2(a) shows the TEM image of T0 and the average
TiO2 particle size is ∼80 nm. Fig. 2(b) represents the HRTEM lattice
image of T0 showing a lattice spacing (d) of 3.25 Å, which corresponds
to the TiO2 (101) planes. Fig. 2(c) shows the TEM image of GQDs and
the average size of GQDs is ∼5.2 nm. The inset shows the SAED pattern
for GQDs confirming the sp2 hybridized, hexagonal graphitic structure.
Fig. 2(d) represents the TEM image of T16 sample and the inset shows
the HRTEM lattice image, where the lattice spacing (d) 3.29 Å corre-
sponds to the TiO2 (101) plane. The lattice spacing in T16 is marginally
higher than that of the T0, due to the tensile strain [47] in the TiO2 NPs
caused by ball milling. The formation of TiO2/GQD hybrid is noticeable
from the TEM/HRTEM images shown in Fig. 2(e–h) for T0/GQD and
T16/GQD. Fig. 2(e) shows the TEM image of T0/GQD and the inset
shows a portion of the image at a higher magnification. Uniform dec-
oration of the GQDs on the surface of the TiO2 NPs is clear from the
inset image. Fig. 2(f) shows the HRTEM lattice image of T0/GQD
sample, where the lattices of both TiO2 and GQDs are discernible. Si-
milarly, the GQD distribution over the T16 surface in T16/GQD hybrid
can be clearly seen from the TEM images in Fig. 2(g,h). Fig. 2(g) and (h)
show the TEM and HRTEM lattice image of T16/GQD. The simulta-
neous presence of both TiO2 and GQD lattices are evident from the
image and it reveals the strong attachment of the GQDs over the TiO2

surface. Note that in HRTEM lattice images of TiO2-GQDs hybrid in
Fig. 2(f, h), the GQDs are shown with dotted circles. TEM image of T16/
GQD hybrid after three repeated cycles of photocatalysis is shown in
Fig. 2(i), which reveals the stable structure of the hybrid after photo-
catalysis experiment. These results clearly demonstrate the formation of
TiO2/GQD hybrid nanostructure.

3.2. Raman spectroscopy studies

Raman spectroscopy is an established tool for the characterization
of semiconductor nanostructures and graphitic materials. In particular,

Fig. 1. XRD pattern of T0/GQD and T16/GQD hybrids. Note that the peaks corresponding
to the anatase TiO2, Ti3O5 and GQDs are shown with different symbols.
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it provides valuable information about the crystallinity/disorder, de-
gree of hybridization, defects and the extent of chemical modification in
hybrid structures [52–55]. Fig. 3(a) shows the Raman spectra of

pristine and hybrid samples of TiO2 and GQDs. All the TiO2 and TiO2/
GQD hybrid samples display the characteristic Raman bands of anatase
TiO2, such as three Eg, two B1g, and one A1g modes, which are

Fig. 2. (a, b) TEM and HRTEM lattice images of TiO2

nanoparticles in sample T0. (c) TEM image of GQDs
showing an average size of ∼5.2 nm. The inset
shows the corresponding SAED pattern. (d) TEM
image of TiO2 NPs in T16. The inset shows the
HRTEM lattice image of single TiO2 NP with the
strained region marked with oval shaped dotted line.
(e-f) TEM and HRTEM lattice images of T0/GQD
hybrid, respectively. The inset in (e) shows the high
magnification image of small GQDs on a TiO2 NP
surface; the scale bar is 10 nm. (g) The TEM image of
T16/GQD hybrid, (h) the HRTEM lattice image of
T16/GQD showing simultaneous presence of TiO2

and GQDs lattices. Note that the GQDs are shown
with the dotted line in (f, h). (i) TEM image of T16/
GQD hybrid after 3 cycles of photocatalysis experi-
ment.

Fig. 3. (a) Characteristic Raman spectra of TiO2 NPs and GQDs and their hybrid samples. The characteristic Raman signatures of anatase TiO2 and GQDs are labelled by standard
notations. Note that the curves are vertically shifted for clarity. The inset shows the magnified view of the spectrum with fitting in the region 240–480 cm−1 for T16/GQD showing
CeOeTi modes, besides the other modes. (b) Comparison of the Raman Eg (1) peak profile for the T0 and T16 samples before and after decoration of GQDs.

G. Rajender et al. Applied Catalysis B: Environmental 224 (2018) 960–972

963



consistent with the literature reports [54,55]. In case of GQDs, the
characteristic Raman G band originates from the in-plane (E2g) vibra-
tion of sp2 hybridized carbon atoms, whereas the D band arises from the
edge states in graphene and it is very significant in GQDs due to
availability of large density of edge carbon atoms as compared to the in-
plane atoms. Based on the intensity of D band, one can determine the
type of edge configuration. The D band is prominent for the armchair
edges, but absent for the zig-zag edges of GQDs [56–59]. Besides the D
band, another defect band, known as the D' band, appears as result of
crystalline defects, such as vacancies, pentagon/heptagon or so called
S-W defects [19,52]. Besides the characteristic Raman features of ana-
tase TiO2 and GQDs as labelled in Fig. 3(a), additional peaks with low
intensity (marked with * symbol) related to the phase of Ti3O5 are
present in T16 and T16/GQD samples. This is consistent with the XRD
analysis. Previous Raman studies on hybrid structure based on TiO2 and
TiC indicate that Raman modes for the CeOeTi bonds lie at ∼264,
∼407 and ∼620 cm−1 [60]. In the present study, we find additional
bands related to Ti3O5 and CeOeTi bonds in T16/GQD hybrid system,
after deconvolution of the Raman spectrum in the range
350–480 cm−1. The inset in Fig. 3(a) shows a magnified view of the
Raman spectrum with Lorentzian peak fitting of T16/GQD in the region
240–480 cm−1, where the new peaks related to CeOeTi bonds are
marked at 267 cm−1 and 410 cm−1 [60]. Thus, the Raman results in-
dicate the possible presence of CeOeTi bonds in T16/GQD hybrid. This
is in addition to the B1g(1) and Ti3O5 modes (denoted by “*’ symbol)
present in the hybrid system. Note that in case of TiO2-GQD hybrid, due
to the introduction of possible additional covalent bond (e.g., CeOeTi),
lattice strain may be introduced resulting in broadening in Raman line
shape (see Fig. 3(b)).

The linkage of oxygen deficient TiO2 and GQD through the possible
CeOeTi bonds can be understood by the blue shift of Eg(1) Raman
mode in the hybrid samples. Fig. 3(b) shows a comparison of the Raman
Eg(1) peak profiles of TiO2 and TiO2-GQD hybrid samples. The centre of
the Raman Eg(1) for T0/GQD and T16/GQD are at 148.0 and
149.8 cm−1, respectively, which are upshifted by 5 and 6 cm−1 from
that of the T0 and T16. The shift in Eg(1) peak in T16/GQD is 1.8 cm−1

higher than that of T0/GQD. These results indicate a strong interaction
between GQD and TiO2 through defects in TiO2. The shift in the Raman
peak in hybrid samples is possibly due to the formation of CeOeTie
bond, when GQD and TiO2 come in contact with each other or due to
the strain.

With the first principle calculations, Long at el. proposed that the

central part of GQDs is mostly intact with TiO2 surface and resultant
GQDs is slightly bent [27]. We believe that the central part, most likely
the in-plane epoxy functional groups, is directly connected to the defect
sites in TiO2 possibly through the CeOeTi bonds after the hybrid for-
mation, which is supported by our simulation results (discussed later).
As a result, the in-plane part of GQD is more favourable to form the
hybrid with TiO2. These results further indicate the change in the
oxygenated functional groups, without significant change in the edge
configuration. To estimate the relative contribution of in-plane func-
tional groups and edge states, we calculate the intensity ratio of Raman
D band to G band (ID/IG) in GQDs and TiO2-GQD hybrid. The ID/IG
ratios are 1.08, 1.01 and 0.97 for GQDs, T0/GQD and T16/GQD, re-
spectively. The negligible change in ID/IG ratio for different samples
indicates the uniform edge configuration of GQDs. It is important to
note that despite the formation of the TiO2-GQD hybrids, the edge sites
(zig-zag and armchair) configuration of GQDs is unaltered [36]. This
implies that the changes take place mostly at the in-plane oxygenated
functional groups of GQDs. The oxygenated functional groups may have
been formed during the ultrasonication to facilitate the hybrid forma-
tion [61]. We speculate that in the present case the edge and in-plane
oxygenated functional groups are re-distributed and provides the in-
plane disorder (in-plane epoxy CeO) to facilitate the hybrid/junction
formation. The basal plane disorder in GQDs is directly linked to the
bonding of TiO2 with the GQDs through the linking of basal plane CeO
to the Ti in TiO2.

It may be noted that the stability of edge sites in GQDs is higher than
that of the edge oxygenated functional groups. Note that our XPS results
(discussed below) suggest the decrease in some of the edge oxygenated
functional groups after hybrid formation. As a result, the oxygen
functional groups in GQDs can rearrange due to its weak bonding. Note
that the ratio of in-plane to edge carbon atoms is relatively small in
GQDs as compared to that of graphene oxide. Thus, we believe that the
ultrasonication induced in-plane epoxy disorder enables the possible
formation of the CeOeTi bonds in TiO2-GQD hybrid. In order to form
such CeOeTie bonds, some of the functional groups might be supplied
from the atmosphere during the hybrid formation [61].

3.3. XPS studies

In ordered to understand the chemical composition and bonding
environment in different samples, XPS measurements were conducted.
Fig. 4(a,b) represents the core level C1s spectra for GQD and T16/GQD.

Fig. 4. Core level XPS spectra of different samples: (a–b) C1s spectra
for GQD and T16/GQD, (c–d) O1s spectra for T16 and T16/GQD,
respectively.

G. Rajender et al. Applied Catalysis B: Environmental 224 (2018) 960–972

964



The C1s spectrum is fitted with four Gaussian peaks centred at 284.5
(P1), 286.1 (P2), 287.5 (P3) and 290.1 eV (P4). The peak P1 signifies
the honeycomb lattice structure of sp2 hybridized carbon atoms,
whereas the other peaks (P2, P3, and P4) correspond to the oxygen
related edge functional groups in GQDs, such as CeO (ether), C]O, and
COOH, respectively [19,62]. It is evident from the fitted data that the
CeO (ether) and COOH functional groups are significantly reduced in
the hybrid sample, which implies that some of the oxygen related
functional groups may be converted to in-plane epoxy group to facil-
itate the possible formation of CeOeTi bonds in the TiO2-GQD hybrid.
The edge carbon atoms are bonded with CeO (ether), COOH and C]O
oxygen functional groups, among which the C]O is highly stable
[19,63]. Due to less stability, the CeO (ether) and COOH functional
groups may relocate during the hybrid formation. Note that we have
not noticed any TieC bond related peak in the C1s XPS spectrum of
T16/GQD. This further implies that the Ti and C are bonded through
the oxygen atom in ordered to form the possible CeOeTi bonds. Note
that some studies indicated the TieC bond formation in TiO2 and
carbon hybrid [37,64]. Further, the change in surface states in T16 and
T16/GQD samples is understood from the core level O1s XPS spectra, as
shown in Fig. 4(c,d). Based on the nature of the O1s XPS spectrum, the
XPS spectrum of T16 is fitted with two Gaussian peaks centred at 531.1
and 532.2 eV, which are attributed to the TieO bonds (OTi

3+) and
organic impurities, respectively [37,65]. In contrast, the O1s XPS
spectrum of T16/GQD shows asymmetry and distinctly different peaks.
Accordingly, the XPS spectrum is fitted with three Gaussian peaks. The
peak centred at 530.1 eV is referred to the oxygen in crystal lattice (OL)
[65] and the other two peaks at 531.7 and 535.5 eV are due to the
TieOeC and hydroxyl functional group (CeOH) [37,66], respectively.
The XPS peaks in the range 530.0-532.1 eV are assigned to the TieOeC
bond in the literature [7,36,37]. In the present case, the strong peak at
531.7 eV is believed to result from the TieOeC bond. These results
indicate the hybrid formation in TiO2-GQD possibly through the
TieOeC bonds. The core level Ti 2p XPS spectra of T16 and T16/GQD
are provided in Fig. S2 (Supporting information). The peaks in the
range ∼458.1–458.3 eV and ∼463.8–464.0 eV are due to the Ti 2p3/2
and 2p1/2 orbital splitting of Ti 2p core level states in TiO2 [65].

3.4. UV–visible absorption and FTIR studies

The UV–vis absorption characteristics of the T0, T16 and T16/GQD
samples are depicted in Fig. 5. Fig. 5 shows the Kubelka-Munk plots
(absorption spectra) for T0, T16 and T16/GQD samples obtained from
the diffused reflectance spectrum of the respective samples. The band
edge of T16 is clearly red shifted with respect to that of the T0, due to

the combined effect of strain and oxygen vacancy defects, as reported in
our previous study [47]. This clearly implies a narrowing of the band
gap in the T16 sample. Further it shows enhanced absorption in the
visible region as compared to that of T0. Interestingly, the T16/GQD
hybrid sample shows very strong absorption in the entire visible to
near-infrared (NIR) region. This extended range absorption is highly
advantageous for the visible-NIR light photocatalysis and related ap-
plications. This extended absorption is due to the hybrid formation
through the coupling of GQDs to TiO2 possibly via CeOeTi covalent
bonds. An intimate contact between the TiO2 and GQDs through this
bond facilities the efficient interfacial charge transfer from GQDs to the
TiO2 [27]. Note that GQDs have some visible absorption, besides the
strong UV absorption, as shown in Fig. S3(a). The π-π* and n-π* tran-
sition peaks appeared at ∼269 and ∼332 nm are due to the sp2 carbon
domains and functional groups defects in GQDs, respectively [19].

The characteristics of anatase TiO2 and formation of TiO2/GQD
hybrid is further confirmed from the FTIR analysis. Fig. 6(a) shows the
FTIR spectra for T16 and T16/GQD. The TiO2 vibrational modes lying
in the range 600–800 cm−1 can be attributed the TieO and OeTieO
bonds [41,65]. Note that in T16/GQD, the OeTieO vibrational peak is
shifted to lower wavenumber as compared to that of T16. This red shift
is a signature of the formation of hybrid possibly through the CeOeTie
bond formation [41]. In addition, a vibrational band at ∼1400 cm−1 is
observed in T16 and it is due to the TieOeTi vibration in TiO2 [67].
Notably, this mode becomes prominent in GQDs/T16 probably due to
the lattice distortion caused by the formation of possible CeOeTie
bond or oxygen vacancy rearrangement during the hybrid formation.
The peak at 1620 cm−1 in T16 is could be due to the adsorption of
water/OH on TiO2 [68], whereas two weak vibrational modes at 1590
and 1650 cm−1 in T16/GQD are due to the C]C and COOH bonds,
respectively [19,69]. These results confirm the presence of GQDs in
hybrid sample. Interestingly, we observed an additional broad band
centred at ∼2131 cm−1 in T16/GQD sample, as shown in the inset of
Fig. 6(a). Based on the literature reports, this band is attributed to the
CeOeTi bond (CeO attachment at oxygen deficient sites in TiO2) [70].
From this result, it is believed that the oxygen in GQDs may bind to the
oxygen deficient sites in TiO2-x, which results in the possible formation
of CeOeTi bonds in the T16/GQD hybrid samples. A broad vibrational
band in the range from 3000 to 3900 cm−1 is due to OH vibrations
[19,41].

3.5. PL and TRPL studies

3.5.1. Steady state PL
To understand the nature of defects and their role in hybrid for-

mation, we have carried out the PL measurements on the pristine and
hybrid samples. The PL spectra of T0, T16, GQD and T16/GQD obtained
with 405 nm laser excitation are portrayed in Fig. 6(b). The broad PL
spectrum from T0 and T16 is as a result of transition of electrons from
different defect states; particularly the green PL emission (∼520 nm) is
due to oxygen vacancy defects in TiO2 [65]. Note that the PL intensity
of T16 is substantially higher than that of the T0 due to the introduction
of additional oxygen vacancy defects during the ball milling process
[47]. On the other hand, PL spectrum of GQDs shows strong blue-green
emission; the blue PL emission arises from the edge states and the green
PL emission arises from the oxygenated functional groups in GQDs
[19,62,71]. Interestingly, the PL spectrum of T16/GQD shows a much
lower intensity than that of the individual components. In particular,
the intensity of green PL emission is significantly reduced as compared
to that of the blue PL in the hybrid sample. For T16/GQD hybrid, the
green PL (∼518 nm) intensity is 5.6 times lower than that of pristine
T16. This may indicates the reduction/passivation of oxygen vacancies
in the hybrid system due to the bonding of GQDs to oxygen vacant sites
in TiO2, possibly through the CeOeTi bonds. The partial quenching of
PL intensity is also indicative of the electron transfer from GQDs to
TiO2. In order to ascertain that the additional oxygen vacancies are

Fig. 5. Kubelka-Munk plot (F(R)) of absorbance derived from diffuse reflectance spectra
of T0, T16 and T16/GQD samples in the powder form.

G. Rajender et al. Applied Catalysis B: Environmental 224 (2018) 960–972

965



indeed formed during the ultrasonication, we compare the PL in-
tensities of sample T0 before and after ultrasonication (T0S), as shown
in Fig. S3(b) (Supporting information). It’s evident that the visible PL
intensity of T0 is increased by four fold after ultrasonication, which
implies the creation of additional oxygen vacancies during the ultra-
sonication of bare TiO2 NPs.

3.5.2. TGA analysis
In order to ascertain the role of oxygen vacancies in the hybrid

formation, we prepared two different hybrid samples: (i) mixing of
GQDs and TiO2 under simple stirring (T16/GQDM), and (ii) mixing of
GQDs and TiO2 under ultrasonication (T16/GQD). Interestingly, the
TGA analyses of these two samples showed quite different weight loss
characteristics due to the difference in hybrid formation. Fig. 6(c)
shows the TGA profiles of T16/GQDM and T16/GQD. The results can be
understood as follows. In case of the hybrid prepared under stirring
(T16/GQDM), the faster weight loss characteristics indicates that the
GQDs may be loosely attached to the TiO2 surface, perhaps physisorbed
onto the TiO2 surface due to insufficient energy to change local struc-
ture (e.g., oxygen vacancies) in TiO2, and negligible rearrangement in
the functional groups in GQDs. On the other hand, in case of the hybrid
prepared by ultrasonication (T16/GQD), the slower and low weight loss
characteristic indicate strong bonding between the TiO2 and GQDs
through some changes in the local structure (e.g., oxygen vacancies) in
TiO2 and functional groups rearrangement in GQDs. It is likely that the
in-plane epoxy (CeO) functional groups in GQDs are transferred to the
oxygen deficient sites in TiO2 and form a hybrid possibly through the

CeOeTi bonds. This type of bond strongly couples the GQDs and TiO2.

Thus, ultrasonication of the hybrid mixture results in a kind of chemi-
sorption of GQDs on to TiO2, instead of physisorption. The chemi-
sorption is believed to be responsible for the high thermal stability and
low weight loss (only ∼20%) in T16/GQD. These results clearly de-
monstrate the role of oxygen vacancies in TiO2 in the formation of
TiO2/GQD hybrid. Note that T16 contains high density of oxygen va-
cancies and during ultrasonication, more vacancy sites of TiO2 are
available for chemisorption of GQDs with in-plane CeO functional
groups and it results in the hybrid formation with covalent bonding. It
is likely that the hybrid sample prepared only under stirring leads to the
van der Waals interactions between GQD and TiO2, which is likely to
yield physisorption.

3.5.3. Time resolved PL
To gain further insight into the mechanism of the interfacial charge

transfer in TiO2-GQD hybrid, we performed the TRPL measurements on
T16 and T16/GQD. For the TRPL measurements, the samples are ex-
cited with the 405 nm laser source and the PL emission is monitored at
518 nm, based on the steady state PL spectrum. Fig. 6(d) shows the
TRPL spectra for T16 and T16/GQD. Each spectrum is well fitted with a
bi-exponential decay, indicating that two life time components con-
tribute in the carrier dynamics. The carrier life time values for T16 are
0.82 (τ1) and 2.08 ns (τ2), possibly due to the prompt recombination of
charge carries from defect states in TiO2. On the other hand, the carrier
life time values for T16/GQD are 0.82 ns (τ1) and 4.5 ns (τ2), indicating
a slower decay in the hybrid sample. The average life time values in T16

Fig. 6. (a) Comparison of FTIR spectra for T16 and T16/GQD. The inset shows the magnified view of a portion of the spectrum showing the presence of CeOeTi bonds. (b) Comparison of
PL spectra excited with 405 nm laser for T0, T16, GQD and T16/GQD hybrid showing reduced PL intensity in the hybrid sample. (c) Comparison of TGA profiles of T16/GQD and T16/
GQDM showing higher thermal stability of T16/GQD. (d) TRPL spectra excited with 405 nm pulsed laser for T16 and T16/GQD showing longer life time of photo-generated carriers in the
hybrid sample.
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and T16/GQD are 1.08 and 2.42 ns, respectively. This prolonged life
time value in the hybrid sample signifies the efficient charge separation
at the TiO2-GQD interface. These separated charge carriers play a vital
role in the free radical generation and dye degradation process, which is
illustrated later. These results are consistent with the steady state PL
analysis, which showed lower PL intensity in the hybrid sample. Our
results are fully consistent with the theoretical calculations reported by
R. Long [27]. Through density functional theory calculations, R. Long
[27] reported on the efficient electron transfer and charge separation at
the TiO2/GQD interface where the GQDs were chemisorbed on to TiO2

(110) surface. The report also suggested that visible light irradiation
can excite the electrons of GQD to be injected into the TiO2 surface due
to band-gap narrowing of GQD/TiO2 composites relative to pure TiO2

[27].

3.6. EPR studies

In ordered to understand the nature of defects in pristine and TiO2-
GQD hybrid, we have performed the EPR measurements. Fig. S4
(Supporting information) shows the EPR spectra of T16, GQD and T16/
GQD samples. The intensity of EPR signal for T16 is very high as
compare to other samples, which could be due to the large density of
defects in T16 [72]. This result is consistent with the PL analysis, which
showed high density of oxygen vacancy defects in T16. The EPR signal
at g value 1.9905 is due to the oxygen defects related to the F+ centres
in TiO2 [72]. On the other hand, the EPR signal at g value 1.9975 in
GQD is due to the free electron sites (edge states) [73]. The possible
reason for lower g-value and reduction of EPR intensity in the GQD
sample could be due to the large density of oxygenated functional
groups attached at the edge sites of carbon. Presence of various func-
tional groups such as eOH, eCO, and eO etc. in GQDs strongly influ-
ence the EPR signal [73]. Note that broad PL (blue-green) emission
from GQDs (see Fig. 6(b)) results from the edge states and functional
groups, as discussed above. In addition, our XPS studies of GQDs further
supports the evidence for edge oxygenated functional groups. Thus, the
results of XPS and EPR analysis are consistent with each other. In hy-
brid sample, the g-value of 1.9961 is due to the F+ centres in TiO2 [72].
Interestingly, in case of T16/GQD, the EPR signal intensity is reduced,
possibly due to passivation of the defects in TiO2 by the GQDs. Note
that we observed reduced intensity of peaks related to functional group
in XPS C1s spectrum of the hybrid sample. Thus, the reduced EPR signal
indicates the formation of TiO2-GQD hybrid possibly due to CeOeTi
covalent bonding. These results are consistent with the PL analysis of
the hybrid sample.

3.7. Computational study on the optical spectra of TiO2/GQD hybrid

In ordered to verify the physical validity of possible CeOeTi bonds
for the hybrid formation and to compute its corresponding optical
spectra, we have performed the DFT calculations on the anatase TiO2

and oxygen deficient TiO2-GQD hybrid structures. The atomistic
structures of the bare TiO2 and TiO2-GQD hybrid without and with
energy optimization are shown in Fig. 7(a–c). The corresponding op-
tical absorption spectra for different structures are shown in Fig. 7(d).
Interestingly, as compared to bare the TiO2, the oxygen deficient TiO2-
GQD hybrid without and with optimization show much stronger ab-
sorption in the visible region and the absorption tail is extended to NIR
region. The computed absorption spectra are fully consistent with our
experimental absorption data shown in Fig. 5. Our results are quite
consistent with the literature report on TiO2-graphene hybrid, where a
red-shift of absorption edge and greatly improved absorption intensity
in the visible region was reported [74]. Thus, it is concluded that in the
present case the coupling of functionalized GQD with oxygen deficient
TiO2 through the possible TieOeC bonds gives rise to extended ab-
sorption in the visible-NIR region. This results in highly improved
photocatalytic performance of the hybrid under visible-NIR light

irradiation.
Based on our finding, a schematic model for the structural ar-

rangement in TiO2-GQD hybrid is presented in Fig. 8, using the Material
Studio software. It depicts the structural changes taking place in TiO2

and GQD to form TiO2-GQD hybrid through possible CeOeTi bonds
during ultrasonication. Note that the edge sites in GQD contain various
oxygenated functional groups, such as COOH, CeO (ether) and C]O.
After ultrasonication of TiO2, more oxygen vacancy defects are created,
as shown in Fig. 8(a,b). The ultrasonication of the mixture of TiO2 and
GQD (Fig. 8(c)) results in creation of additional oxygen vacancies in
TiO2 and redistribution of oxygen functional groups in GQDs. The re-
sultant hybrid structure of TiO2-GQD bonded through the possible
CeOeTi covalent bonds is shown in Fig. 8(d). This is consistent with
the recent report on TiO2-graphene oxide hybrid by Umrao et al. [37].

3.8. Visible light photocatalysis studies

The oxygen vacancy mediated TiO2-GQD hybrid formation, inter-
facial charge transfer and its influence on the visible light photo-
degradation of organic dye (MB) is studied in details. Fig. 9 shows the
photocatalytic degradation and kinetics of MB degradation in different
catalysts. Fig. 9(a) represents the UV–vis absorption spectra of MB up to
120 min irradiation using T16/GQD catalyst. Fig. 9(b) shows the var-
iation in concentration ratio (final to initial concentration, C/C0) as a
function of irradiation time for bare MB and MB in different catalyst
samples subject to visible light irradiation up to 120 min. MB is only 6%
self-catalysed after irradiation of 120 min. On the other hand, the de-
gradation of MB in T16 is increased to the 44%, while it is dramatically
high (97%) for T16/GQD hybrid. The photo degradation of MB in T16 is
primarily due to the effect of band gap narrowing. Note that the band
gap narrowing in T16 is the combined effect of strain and oxygen va-
cancies induced by milling process [47,75]. On the other hand, due to
the band bending at the heterojunction of T16/GQD hybrid, the de-
gradation efficiency is vastly high. We believe that the chemi-adsorp-
tion of GQDs on TiO2 and the possible CeOeTi bond formation are
responsible for the efficient interfacial charge transfer and enhanced
photocatalytic performance of the hybrid sample. Interestingly, our
degradation studies on the T16/GQDM sample prepared by simple
stirring showed only 59% degradation in contrast to the 97% de-
gradation in case of T16/GQD. The lower degradation in case of T16/
GQDM is believed to be due to the weak van der Waals interaction
between the GQD and TiO2 during the stirring. In contrast, during the
ultrasonication, oxygen vacancy mediated bond formation takes place
possibly through CeOeTi bonding and due to strong interaction be-
tween TiO2 and GQD, the efficient charge carrier separation at the in-
terface takes place, which results in high degradation rate.

Note that besides the interfacial charge transfer process, another
considerable factor is the hot charge carrier injection from GQDs to
TiO2 [29]. Considering the T16/GQD sample, GQDs are strongly cou-
pled to the TiO2 as compared to that in T16/GQDM. As a result, the
interfacial charge separation and hot carrier generation is higher in
T16/GQD as compared to that of T16/GQDM.

Next, we estimate the degradation rate constants for MB in different
catalysts. The kinetics of the photocatalytic reaction followed a pseudo
first order reaction process, which is expressed by ln(C/C0) = kapp,
where kapp is the apparent reaction rate constant, C and C0 are the
concentration of MB after irradiation time t and initial concentration,
respectively. The rate constants are obtained from the slope of the
linear plots. Fig. 9(c) shows a plot of ln (C/C0) vs irradiation time for
degradation of MB in the different catalysts. The rate constant for T16 is
0.46 × 10−2 min−1, while that of T16/GQD is 2.40 × 10−2 min−1 and
that of T16/GQDM is 1.47 × 10−2 min−1. Thus, the hybrid sample
shows much improved (5.2 fold higher) degradation rate constant than
the pristine sample. The MB degradation (%) and the corresponding
rate constants of different samples are shown in Fig. 9(d1,d2). These
results signify the influence of interaction of GQDs and TiO2 for
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enhanced photocatalytic degradation of MB. The degradation me-
chanism and the nature of free radical species involved in the de-
gradation of MB are elucidated in the following section. We also studied
the reusability of the T16/GQD catalyst, since it has shown the highest
efficiency photodegradation of MB as compared to the other catalysts.
The relative concentrations of MB in T16/GQD catalyst for three re-
peated cycles of photocatalysis are shown in Fig. 10(a). It’s evident from
the data that the hybrid catalyst is quite stable up to three repeated
cycles. Further, in ordered to assess the structural stability of the cat-
alyst, we recorded the XRD pattern of the samples before and after three
cycles of catalysis. Fig. 10(b) shows the XRD pattern of T16/GQD before
and after catalysis. Note that the anatase TiO2, Ti3O5 phase and GQDs
reflection planes are symbolized in Fig. 10(b). These results indicated
that crystalline phase of the TiO2 and GQD is unchanged even after
three repeated cycles of photocatalysis. These results are consistent
with the TEM results shown in Fig. 2(i).

3.9. Free radical detection and degradation mechanism of MB

In a typical photocatalysis degradation process, hole (h+), hydroxyl
radical (%OH) and the superoxide radical ( °−O2 ) are active species in-
volved in the reactions [76,77]. To investigate and explore their con-
tribution in visible light photocatalysis, a series of scavenger test was
performed on T16/GQD catalyst. Ammonium oxalate (AO), tert-butyl
alcohol (t-BA) and p-benzoquinone (BQ) scavengers were used to study
the roles of hole (h+), %OH and °−O2 radicals, respectively [76,77]. As
compared to the bare T16/GQD, the degradation efficiency of MB is

reduced/quenched after addition of any scavenger. This indicates the
contribution of all the oxidative species to the MB degradation.
Fig. 11(a) represents the evolution of the relative concentration of MB
in different scavengers, and Fig. 11(b) shows the degradation (%) of MB
in presence of different catalyst-scavenger combination. Note that
without any quencher, the MB is degraded by 97%. It can be understood
from the scavenger test that the MB is degraded by 76% in BQ, and it is
quenched to 46% in t-BA. Interestingly, high quenching of MB de-
gradation (38%) is observed in presence of AO. These results indicate
the significant role of holes (h+) in the MB degradation. Further, t-BA
scavenger studies show the second highest quenching of MB degrada-
tion. This demonstrates that %OH radical is a major reactive species in
MB degradation. Indeed, in the photocatalysis process the photo-gen-
erated holes are the sources for %OH radicals emerging. On the other
hand, the electrons from GQDs are transferred to the TiO2 conduction
band and they trap the molecular oxygen (O2) and convert it to the °−O2
radicals. This process enables efficient utilization of holes for the gen-
eration of the %OH radicals. The high degradation of MB in BQ can be
interpreted as conversion of superoxide radical in to the %OH radical, as
detailed below.

Based on the above results, we can discuss about the mechanism of
enhanced charge separation and enhanced photocatalytic activity of
TiO2-GQD hybrid. Note that the TiO2-GQD heterojunction forms a type-
II band alignment, which is thermodynamically more favourable
[28,42]. Fig. 11(c) shows a schematic representation of interfacial
charge transfer and free radical generation in TiO2-GQD hybrid during
the photocatalysis process. The superoxide free radicals are unstable in

Fig. 7. DFT simulation images of structure of (a) anatase TiO2, (b) oxygen deficient TiO2-GQD hybrid without optimization, (c) optimized oxygen deficient TiO2-GQD hybrid structure,
and (d) Comparison of optical absorption spectrum of anatase TiO2 (100) and oxygen deficient TiO2-GQD hybrids.

Fig. 8. (a, b) Schematic illustration of structural
transformation in TiO2 NPs by ultrasonication that
creates additional oxygen vacancy defects in TiO2.
(c, d) TiO2-GQD hybrid formation through the pos-
sible CeOeTi bonds aided by ultrasonication of TiO2

NPs and GQDs mixture. The images are simulated in
Materials Studio software.
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aqueous solution and these are immediately converted to the %OH ra-
dicals [48]. Since the band gap of TiO2 is narrowed in T16 as evident
from the absorption spectrum, part of the visible light is absorbed by
T16 and gives rise to the MB degradation up to ∼44%. Note that the
anatase phase of TiO2 surface is more facile and versatile for generation
of mobile %OH radical [3,9]. However, the charge separation is the one
of the major factor influencing the MB degradation efficiency. In case of
the TiO2-GQD hybrid, the band alignment at the heterojunction

facilitates the charge separation at the interface, where GQD act as a
donor and the TiO2 as an acceptor. Our TRPL results (Fig. 6(d)) lend
strong support to the fact that there is efficient charge separation at the
heterojunction giving rise to the enhanced photocatalysis. Once the
charges are separated, the %OH and °−O2 radicals are formed which are
highly energetic to decompose the MB into water, CO2 and other in-
organic compounds. However, as compared to the superoxide radical,
the %OH radical contribution is more in the present case, as described

Fig. 9. Visible light photocatalytic degradation of MB for different catalyst samples. (a) UV–vis absorption spectra of MB in T16/GQD. (b) Change in relative concentration (C/C0) of MB
in different catalysts as a function of irradiation time up to 120 min. (c) Plot of ln(C/C0) vs. irradiation time (t) for MB degradation in different catalysts. (d1,d2) Comparison of MB
degradation% and first order rate constants for different catalysts, respectively.

Fig. 10. (a) Change in relative concentration of MB as a function of irradiation time for T16/GQD catalyst for three repeated cycles. (b) XRD pattern of T16/GQD catalyst before and after
three cycles of photocatalysis.
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earlier. The possible degradation pathways for MB can be expressed by
the following reactions.

+ →− °−O e O2 2

+ + →
°− + −eO 2H H O2 2 2

H2O2 + e− → %OH+ OH−

H2O → H+ + OH−

OH− + h+ → %OH

%OH+ dye → water + CO2

+ → +
°−O dye water CO2 2

4. Conclusions

In conclusion, we have fabricated the TiO2-GQD hybrid nanos-
tructure by a simple ultrasonication process and studied its photo-
catalytic degradation efficiency for MB. With the help of various ex-
perimental tools and DFT calculation, we elucidated the mechanism of
TiO2-GQD heterojunction formation through the possible CeOeTi
bonds achieved by ultrasonication induced oxygen vacancy creation in
TiO2 and in-plane epoxy functional group rearrangement in GQDs. Our
PL results further demonstrate the efficient interfacial charge transfer
from GQDs to TiO2 possibly through the CeOeTi bonds. Our Raman
analysis on the hybrid system revealed the strong interaction between
the GQD and TiO2. The FTIR, Raman and XPS analyses suggested the
possible existence of CeOeTi bonds in the hybrid system. UV–vis ab-
sorption studies show extended visible to NIR absorption in TiO2-GQD
hybrid system. With the help of the Raman and XPS studies, we pro-
posed that the in-plane functional group in GQDs is an important in-
gredient to form the possible CeOeTi bonds between GQDs and TiO2.
Our DFT simulation results strongly support the proposed model for the
hybrid formation. The TiO2-GQD hybrid sample exhibited 97% de-
gradation of MB under visible light illumination, which is remarkably
high, and the degradation rate constant is 5.2-fold enhanced as com-
pared to that of bare TiO2. The enhanced photodegradation of MB is
attributed the rapid interfacial charge transfer from GQDs to TiO2

through the possible CeOeTi bonds. Free radical scavenger studies
reveal that as compared to °−O2 radical, the %OH radical plays a domi-
nant role in the MB degradation. These results provide important clue
to the development of hybrid nanocatalysts based on non-metallic GQD
and metal oxide semiconductor nanostructures for ensuing optoelec-
tronic, energy and environmental applications.
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