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Abstract
To make the best and highest use of solar light is the main direction and object of photocatalysis and
water-splitting. Although UVand visible active photocatalysts have been extensively investigated, the
use of near-infrared (NIR) wave band of solar light remains a nearly blank area. Here we report the
UV–visible–NIR broad spectrum active photocatalytic property of CQDs/hydrogenated TiO2 (H-TiO2)
nanobelt heterostructures. The improved UV and visible photocatalytic property can be attributed to
improved optical absorption, charge carrier trapping, and hindering of the photogenerated electron–
hole recombination of oxygen vacancies and Ti3+ ions in TiO2 nanobelts created by hydrogenation.
The NIR photocatalytic activity is from photo-induced electron transfer, electron reservoir, and up-
converted PL properties of CQDs, which can absorb NIR light and convert into visible light and transfer
to visible photocatalytic active H-TiO2 nanobelts. This work offers a simple strategy for the
fabrication of a wide spectrum of active heterostructured photocatalysts by assembling CQDs on
the surface of UV–visible photocatalysts, which opens a door for photodegradation, photocatalytic
water splitting, and enhanced solar cells using sunlight as light source.
& 2014 Elsevier Ltd. All rights reserved.
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Introduction attention because of their fascinating physical and chemical
The present energy crisis and environmental contamination
makes it necessary to explore renewable and clean energy
sources [1–3]. As one of the most promising renewable and
clean energy sources in the world, solar energy offers a
free, clean, non-polluting, inexhaustible resource [4–6]. The
search for semiconductor photocatalysts that can harvest
the wide spectrum of solar light, from ultraviolet (UV) to
near-infrared (NIR) to achieve efficient solar energy con-
version is the main driving force for the development of new
and efficient photocatalysts [7].

Titanium dioxide (TiO2), one of the most promising photo-
catalysts, has attracted considerable attention and been widely
applied in photovoltaics, photoelectrochemical cells, photoca-
talysts and gas sensing [8–12]. Unfortunately, the wide band gap
of TiO2 (3.2 eV) has limited its widespread application because
it is activated solely by UV light, which makes up only 5% of the
total incoming solar radiation [13–16]. Visible light accounts for
about 42–45% of sunlight, so numerous efforts to develop
photocatalysts that are effective in this portion of the spec-
trum, including N-doped TiO2, hydrogenated TiO2 (H–TiO2), and
bismuth-based photocatalysts [17–19]. Nevertheless, NIR light,
accounting for more than 50% of the solar spectrum, remains
underutilized [4]. Only a few NIR photocatalysts have been
investigated, such as up-conversion materials, Bi2WO6, Cu2(OH)
PO4, and carbon quantum dots (CQDs) [20–23]. At present, most
photocatalysts are driven by artificial sunlight, but their real
target should be the harvesting of all solar light. Therefore, a
broad spectrum (UV–vis–NIR) light active photocatalyst should
be a high priority for practical photo-electric conversion
materials.

Hydrogenation, a simple method for extending the absorp-
tion spectrum of TiO2-based materials into the visible light
region without suppressing their UV light photocatalysis
property, allows expansion of their applications into areas
beyond photocatalysis, lithium ion batteries, and solar cells
[24–26]. Hydrogenation of the surface of anatase TiO2 to
introduce surface disorder and oxygen vacancies, leads to the
creation of Ti3+ centers or unpaired electrons, and subse-
quently forms donor levels in the electronic structure of TiO2

[27,28]. Oxygen vacancies are believed to suppress the
recombination of photo-generated electrons and holes,
improving the photocatalytic activity of TiO2 [29].

Carbon quantum dots, as a novel class of recently
discovered carbon nanomaterials, have attracted much
Figure 1 (a) Schematic illustration of the fabrication process o
nanobelts, H-TiO2 nanobelts, and CQDs/H-TiO2 heterostructures.
properties [30]. These include high aqueous solubility, high
biocompatibility, low toxicity, photo-induced electron trans-
fer, redox properties, and luminescence [31]. Notably, they
possess both up- and down-converted photoluminescence
(PL), and electron-accepting and -transport properties,
which make CQDs-based NIR light sensitive hybrid photo-
catalysts become promising agents for harvesting NIR light
[32,33]. Although CQDs can be assembled on the surface of
some UV or visible photocatalytic-active nanoparticles to
yield UV–NIR and vis–NIR light active photocatalysts, their
low photocatalytic activity and non-recyclability restrict
their application. Discovering high efficiency and practical
CQDs-based broad spectrum (UV–vis–NIR) light active photo-
catalysts remains a challenge.

Therefore, in order to improve the use of the full spectrum
of solar energy, a novel heterostructure, which consist of NIR
light induced CQDs' up-conversion phosphor, and UV and visible
lights driven H-TiO2 nanobelts photocatalysts, was prepared by
the synthesis of TiO2 nanobelts followed by subsequent hydro-
genation and bath reflux CQDs loading strategy (Figure 1a). The
photocatalytic activities of the as-prepared heterostructures
were evaluated by the degradation of methylene orange (MO)
in aqueous solution upon UV, visible, and NIR light irradiation.
Importantly, the CQDs/H-TiO2 heterostructures showed signifi-
cantly improved photocatalytic activities under UV and visible
light irradiation in comparison with H-TiO2 nanobelts and TiO2

nanobelts, and also exhibited NIR active photocatalytic activity.
CQDs with NIR up-conversion activity might serve as an
intermedium, which transfers energy from NIR light to visible
light, which is absorbed by H-TiO2 nanobelts to generate
strongly oxidative holes and reductive electrons, improving
the photocatalytic property. These results contribute to the
structural design and functionality improvement of this new
type of broad spectrum catalytic material.
Experimental section

Materials

The chemicals used in this work were of analytical reagent
grade. Titania P25 (anatase 80%, rutile 20%, Degussa Co. Ltd.,
Germany), sodium hydroxide (NaOH), hydrochloric acid (HCl),
sulfuric acid (H2SO4) and glucose were purchased from
Sinopharm and used without further treatment.
f CQDs/H-TiO2 heterostructure and (b) XRD patterns of TiO2
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Synthesis

Preparation of hydrogenated TiO2 (H-TiO2) nanobelts: TiO2

nanobelts were synthesized by a hydrothermal procedure.
Typically, P25 powder (0.1 g) was mixed with an aqueous
solution of NaOH (20 mL, 10 mol/L), followed by a hydro-
thermal treatment at 180 1C in a 25 mL Teflon-lined auto-
clave for 48 h. The treated powder was washed thoroughly
with deionized water followed by filtration and drying
processes. The obtained sodium titanate nanobelts were
then immersed in an aqueous solution of HCl (0.1 mol/L) for
48 h and then washed thoroughly with water to produce
H2Ti3O7 nanobelts. The H2Ti3O7 nanobelts were added into a
25 mL Teflon vessel, which was filled with an aqueous
solution of H2SO4 (0.02 mol/L) up to 80% of the total volume
and maintained at 1001C for 12 h. Finally, the products were
isolated from the solution by centrifugation and sequen-
tially washed with deionized water several times, and dried
at 70 1C for 10 h. Thermal annealing of the H2Ti3O7 nano-
belts by acid corrosion at 600 1C for 2 h led to the produc-
tion of TiO2 nanobelts with roughened surfaces. The H-TiO2

nanobelts were obtained by annealing the TiO2 nanobelts in
hydrogen atmosphere at temperature at 600 1C for 60 min.
Thermal treatment was performed in tube furnace filled
with hydrogen and argon gas mixtures (1:1).

Preparation of carbon quantum dots (CQDs): CQDs were
synthesized by a facile one-step alkali-assisted ultrasonic
treatment. In a typical experiment, 0.05 mol glucose was
dissolved in 50 mL deionized water to form a clear solution.
Then 50 mL NaOH solution (1 mol/L) was added to the
solution of glucose, and the mixed solution was submitted
to a 150 W (40 kHz) ultrasonic treatment for 2 h at room
temperature. Then, the raw solution obtained from glu-
cose/NaOH was adjusted to pH=7 with HCl. After that, the
crude solution underwent dialysis treatment using a semi-
permeable membrane (MWCO 1000) to remove any impu-
rities except for the CQDs sample. After filter treatment,
the obtained solution was brown, implying the formation
of CQDs.

Preparation of CQDs/H-TiO2 heterostructures: To synthe-
size CQDs/H-TiO2 heterostructures, 0.08 g H-TiO2 nanobelts
were added into 50 mL CQDs aqueous solution. Then the
heterostructures were obtained via an oil bath reflux at
90 1C for 3 h. The obtained samples were washed with
water, and then dried in an oven at 60 1C for 12 h.
Materials characterization

X-ray powder diffraction (XRD) pattern of catalysts were
recorded on a Bruke D8 Advance powder X-ray diffract-
ometer with Cu Kα (λ=0.15406 nm). HITACHI S-4800 field
emission scanning electron microscope (FE-SEM) was used to
characterize the morphologies and size of the synthesized
samples. The chemical composition was investigated via
energy-dispersive X-ray spectroscopy (EDS). High resolution
transmission electron microscopy (HRTEM) images were
carried out with a JOEL JEM 2100 microscope. X-ray
photoelectron spectroscopy (XPS) was performed using an
ESCALAB 250. Fourier transform infrared (FTIR) spectra
were collected on a Nicolet Avatar 370 infrared spectro-
meter in the range 400–4000 cm�1 using pressed KBr discs.
The KBr disks were formed by mixing 10 mg of each sample
with 1000 mg of KBr in an agate mortar. From this stock,
200 mg were then pressed into pellets of 13 mm diameter.
UV–vis–NIR diffuse reflectance spectra (DRS) of the samples
were recorded on a UV–vis–NIR spectrophotometer (Cary
5000, Varian) with an integrating sphere attachment within
the range of 200–2000 nm and with BaSO4 as the reflectance
standard. The photoluminescence (PL) spectra were carried
out on a Horiba JobinYvon (FluoroMax 4) Luminescence
Spectrometer. The specific surface area was calculated
using the Brunauer–Emmett–Teller (BET) method using a
Micromeritics, ASAP2020 instrument.

Photocatalytic activity test: The photocatalytic activity of
the CQDs/H-TiO2 heterostructures was investigated by the
photodegradation of methyl orange (MO, 20 mg/L) and photo-
catalytic hydrogen evolution. In a typical photodegradation
experiment, 20 mL aqueous suspension of MO and 20 mg of
photocatalyst powder were placed in a 50 mL beaker. Prior to
irradiation, the suspensions were magnetically stirred in the
dark for 30 min to establish adsorption–desorption equilibrium
between the dye and the surface of the catalyst under normal
atmospheric conditions. A 350 W mercury lamp with a max-
imum emission at 356 nm was used as the UV source for
photocatalysis. A 300 W Xe arc lamp was used as the visible
light source with filter glasses to filter UV light for visible light
photocatalysis. A 250 W infrared lamp used as the NIR light
source where the λo760 nm were filtered out during NIR light
photocatalysis. At given irradiation time intervals, aliquots of
the mixed solution were collected and centrifuged to remove
the catalyst particulates for analysis. The residual MO concen-
tration was detected using a UV–vis spectrophotometer (Hita-
chi UV-3100). In a typical photocatalytic hydrogen evolution
experiment, all samples were loaded with 1 wt% platinum by a
photo-deposition process before photocatalytic production of
H2. Briefly, samples and chloroplatinic acid (H2PtCl6 � 6H2O,
c=10 g/L) were suspended in 20:80 v/v mixture of ethanol:
water, and were irradiated with a Mercury lamp (300 W) for
30 min. The catalyst (0.05 g) was suspended in 100 mL aqueous
solution containing methanol (20% v/v). The reaction tempera-
ture was maintained at 5 1C. A 300 W Xe arc lamp (CEL-
HXF300, Beijing Aulight Co. Ltd.) was used as the light source.
The amount of H2 evolved was determined with a gas
chromatograph (Techcomp GC7900) equipped with thermal
conductivity detector (TCD).
Results and discussion

Figure 1b shows the XRD pattern of TiO2 nanobelts, H-TiO2

nanobelts, and CQDs/H-TiO2 heterostructures. Strong XRD
diffraction peaks at 2θ=25.281, 37.801, 48.051, 53.891,
55.061, and 62.691 in curve black and red indicate that
both TiO2 nanobelts and H-TiO2 nanobelts displayed highly
crystalline anatase phases (JCPDS 21-1272) with no crystal-
phase change after hydrogenation. Further, the diffraction
peak intensity increases after hydrogenation and the aver-
age grain size of TiO2 nanobelts and H-TiO2 nanobelts is 26.8
and 22.2 nm, respectively, deduced from peak broadening
of the X-ray diffraction pattern using the Scherrer equation.
Chen et al. [34] observed a peak intensity decrement during
the hydrogenation process, which was ascribed to the
increase of defect density in the crystal structure. However,
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this phenomenon does not appear in our present study.
Considering the experimental process, these results may
originate from the conflict between crystal growth and high
density defect formations. In curve red, a slight peak at
23.821 was observed. This peak can be perfectly indexed to
the (012) crystal planes of Ti2O3 (JCPDS 10-0063). Ti3+ is
known to form in H-TiO2 nanobelts. Under thermal hydro-
genation, hydrogen atoms interact dramatically with lattice
oxygen on the surface of TiO2 nanobelts; the electrons of
the H atoms are transferred to the Ti4+ of TiO2, and Ti3+

defects are formed [27]. For CQDs/H-TiO2 heterostructures
(curve blue), all of the diffraction peaks can be matched
well with H-TiO2 nanobelts. No extra peaks were found,
indicating that there is no second crystalline phase in the
products. The characteristic peak for carbon at 261 is too
weak to be observed, which is due to the low amount of
carbon and its relatively low diffraction intensity in the
heterostructure [35].

The morphology and structural changes of the samples
was characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) measurements.
Figure 2a shows a typical SEM image of the TiO2 nanobelts,
which are 50–200 nm in width, 20–40 nm in thickness, and
have a belt structure [14,36]. After the acid etching
process, surface-coarsened TiO2 nanobelts are obtained
(Figure 2b). No obvious difference of size and morphology
between H-TiO2 nanobelts and the as-synthesized ones can
be observed under SEM conditions (Figure 2c). However, the
color of the nanobelt powder changes from white (inset in
Figure 2b) to dark-blue (inset in Figure 2c) after hydrogena-
Figure 2 SEM images of (a and b) TiO2 nanobelts. Powder of bulk T
nanobelts. Powder of bulk H-TiO2 nanobelts is shown in the bottom
tion. The blue coloration of the samples is due to the
formation of Ti3+ ions by electron trapping at the Ti4+

centers. The surface-coarsened H-TiO2 nanobelts have a
large specific surface area and can provide numerous
nucleation sites for the growth of CQDs. Figure 2d shows a
SEM image of the CQDs/H-TiO2 heterostructures. CQDs are
difficult to discern through FE-SEM due to their very small
size. Figure S1 displays the energy dispersive X-ray spectro-
scopy (EDS) patterns of the CQDs/H-TiO2 heterostructures.
In addition to the Ti and O peaks resulting from TiO2, the
C diffraction peaks corresponding to CQDs (CQDs content:
3.0%) can be clearly observed.

Figure 3a shows the TEM image of CQDs obtained by the
glucose ultrasonic method [37]. The small CQDs appear as
spherical particles with a diameter of less than 5 nm and
have good monodispersity, which consistent with atomic
force microscopy (AFM) of CQDs (Figure S2). Figure S3 shows
the particle size distribution, and their average diameter is
4.19 nm. They freely disperse in water with a transparent
appearance (Figure S4a). The bright blue luminescence can
be clearly observed under UV irradiation (Figure S4b,
365 nm, center) even at very dilute concentration, indicat-
ing that the CQDs possess high down-version fluorescent
properties. The high resolution TEM image (HRTEM) of CQDs
is shown in Figure 3b. The lattice spacing of 0.325 nm agrees
well with the (002) spacing of graphite [38,39].

After assembling CQDs on the surface of H-TiO2 nanobelts,
the CQDs/H-TiO2 heterostructures retain a one-dimensional
morphology and the surface of the TiO2 nanobelts is homo-
geneously covered with a layer of dense CQDs (Figure 3c and
iO2 nanobelts is shown in the bottom left inset of (b); (c) H-TiO2

left inset; and (d) CQDs/H-TiO2 heterostructures.



Figure 3 Low-magnification (a) and high-magnification (b) TEM images of CQDs. Insets show HRTEM images of CQDs; low-
magnification (c) and high-magnification; and (d) TEM images of CQDs/H-TiO2 heterostructures.
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d). The HRTEM of CQDs/H-TiO2 heterostructures is shown in
Figure 3d and S5, revealing the interplanar spacing of
0.354 nm and 0.325 nm, which corresponds to the (101)
crystal planes of anatase TiO2 [40,41], and the (002) crystal
planes of graphite, respectively. This is indicative of the
formation of the heterostructure, which can benefit better
charge separation and efficient electron transfer within the
hybrid structure when compared with pure TiO2 nanobelt,
corroborating the enhanced photocatalytic activity.

X-ray photoelectron spectroscopy (XPS) was used to char-
acterize the presence and chemical states of Ti in the
samples. Figure S6 shows the Ti2p XPS spectra of CQDs/H-
TiO2 heterostructures. Ti3+ ions were found in the CQDs/H-
TiO2 heterostructures. The formation of the Ti3+ induces
TiO2 nanobelt's color changing from white to black [42]. The
Ti3+/Ti4+ ratio was calculated to be approximately
88.9:11.1, and the concentration of oxygen defects was
calculated to be about 3%. After calculation, the 36-atom
super cell of TiO2 has one O vacancy. Oxygen vacancies on the
surface or in the bulk of samples can suppress the recombi-
nation of electron-hole pairs and help to form Oads by oxygen
photo-adsorption thereby promoting catalytic activity [43].
Density functional theory (DFT) simulations show that oxygen
vacancies in the TiO2 crystalline structure produce visible
absorption by reducing the band gap and raising the Fermi
level (Figure S7). The density of states (DOS) of TiO2 with one
O vacancy also shows that the primary interband transition is
still at approximately 2.17 eV (Figure S8b), similar with the
DOS of pure TiO2 (Figure S8a), however an interband transi-
tion is also possible at roughly 0.77 eV with a smaller DOS.

Figure 4a shows UV–vis–NIR absorption spectra of the TiO2

nanobelts, H-TiO2 nanobelts, and CQDs/H-TiO2 heterostruc-
tures. TiO2 nanobelts shows strong absorption in the UV
region, and the absorption wavelength was approximately
380 nm (black curve), which agreed well with the bandgap
of bulk anatase (Eg=3.2 eV, corresponding to λ=387 nm)
[44]. The hydrogenation had little effect on the absorption
of TiO2 nanobelts in the UV region, while H-TiO2 nanobelts
exhibited a remarkable absorption in the visible light
region, implying suitability for UV–visible photocatalysis
(red curve in Figure 4a). The experimental absorption
spectrum of H-TiO2 nanobelts matches the theoretical
spectrum well (Figure S9). It is reported that titanium
oxides with lower oxidation states, such as Ti2O3 and TiO,
usually show a strong absorption across the entire visible
light range and is responsible for the bandgap narrowing in
TiO2 [45]. This strong absorption band can be attributed to
the low-energy photon of trapped electrons in localized
states of oxygen vacancy associated with Ti3+ or Ti2+ just
below the conduction band minimum to the conduction
band [46]. While CQDs/H-TiO2 heterostructures also display
obvious visible light absorption ranging from 400 to 800 nm
except for strong UV absorption (blue curve in Figure 4a).
Compared to the H-TiO2 nanobelt, the large red shift from
the heterostructure arises from the beneficial interaction
between CQDs and H-TiO2 nanobelts. This larger absorption



Figure 4 (a) UV–vis–NIR diffuse reflectance spectra of TiO2 nanobelts, H-TiO2 nanobelts, and CQDs/H-TiO2 heterostructures;
(b) down-converted and (c) up-converted photoluminescence spectra of CQDs.
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would lead to the enhancement of the photocatalytic
activity of CQDs/H-TiO2 heterostructures, again indicating
their usefulness for harnessing solar energy.

To further explore CQDs' optical properties, photolumines-
cence (PL) of the as-prepared CQDs was studied using different
excitation wavelengths (Figure 4b and c). Figure 4b shows the
down-converted PL spectra (300–800 nm) of CQDs within the
excitation range of 300–500 nm. When the excitation wave-
length changes from 320 to 480 nm, the PL peak correspond-
ingly shifts from 430 (violet) to 560 nm (yellow). The most
intense PL from the CQDs appears under a wavelength of
450 nm and has a maximum at 510 nm. Figure 4c shows the up-
converted PL spectra (300–800 nm) of CQDs with excitations at
700, 750, 800, 850, 900, 950, and 1000 nm (NIR light region).
We found that the emissions are located at visible light
wavelengths of 300–650 nm. That is to say, CQDs have obvious
up-converted PL behavior. CQDs absorb NIR light and then emit
visible light (300–530 nm) as a result of up-conversion, which
can in turn excite a visible light photocatalyst to form electron-
hole pairs, make this visible light photocatalyst can effectively
harness the broad spectrum of sunshine to strengthen the
photocatalytic activities.

The photocatalytic activity of the CQDs/H-TiO2 heterostruc-
tures was evaluated for the degradation of organic dyes (MO) in
water under UV, visible and NIR light irradiation (Figure 5a–c),
where C was the absorption of MO at the wavelength of 465 nm
and C0 was the absorption after the adsorption equilibrium on
the samples before irradiation. For comparison, P25, TiO2

nanobelts, and H-TiO2 nanobelts were used as a photocatalytic
references to measure under the same experimental condi-
tions. Before the photocatalysis, blank experiments were
performed under various conditions: (1) the solution including
MO and photocatalysts was stirred in the dark for the adsorption
equilibrium (Figure 5a–c), and (2) with UV, visible, and NIR light
irradiation in the absence of the photocatalysts (Figure S10).
These results highlighted that the samples by themselves
exhibited no catalytic activity or absorption on MO in the dark.
Furthermore, only a negligible amount of the MO was degraded
after 80 min under these conditions. Fourier transform infrared
(FTIR) spectra indicated that the MO de-colorization is due to
the photocatalytic reaction of photocatalysts rather than adsor-
ption (Figure S11). The CQDs/H-TiO2 heterostructures exhibited
an enhanced degradation rate and degradation efficiency under
UV, visible, and NIR light irradiation (Figure 5a–c).

As shown in Figure 5a, the photodegradation efficiency of
MO over CQDs/H-TiO2 heterostructures is more than 86%
within 25 min under UV light irradiation. The photocatalytic
activity of CQDs/H-TiO2 heterostructures is superior to P25
(66%), TiO2 nanobelts (63%), and H-TiO2 nanobelts (82%). In
addition, the UV photocatalytic activity of H-TiO2 nanobelts
is better than that of P25 and TiO2 nanobelts as well. This can
be attributed to the oxygen vacancies and Ti3+ created by
hydrogenation. The role of Ti3+ species can serve as hole
scavengers. Also, oxygen vacancies on the surface of TiO2

nanobelt would act as O2 binding sites and electron scaven-
gers, thus suppressing the electron-hole recombination and
remarkably improve the photocatalytic activity of TiO2

nanobelt [47]. Under visible light irradiation for 25 min
(Figure 5b), CQDs/H-TiO2 heterostructures (50%) and H-TiO2

nanobelts (45%) exhibit higher photocatalytic activities than
P25 (26%) and pure TiO2 nanobelts (17%). Among them,
CQDs/H-TiO2 heterostructures exhibited the highest photo-
catalytic activity under visible light irradiation. Fast electron
transfer between CQDs and H-TiO2 nanobelts can effectively
promote the efficient separation of electron–hole (e�–h+)
pairs, thus the visible photocatalytic activities of CQDs/H-
TiO2 heterostructures are enhanced. In addition, the visible
photocatalytic activity of H-TiO2 nanobelts is better than
that of P25 and TiO2 nanobelts as well. This is because H-TiO2

nanobelts have a narrow band gap and exhibit enhanced
visible light absorption in the region of 400–800 nm. It is
evident from the results that the H-TiO2 nanobelts can absorb
more visible light than pure TiO2 nanobelts and thus display
better visible photocatalytic activity. Under NIR light irradia-
tion (Figure 5c), we can see that the photodegradation
process over CQDs/H-TiO2 heterostructures is efficient with
about 32% MO decomposed after 120 min. In control experi-
ments using P25, TiO2 nanobelts, and H-TiO2 nanobelts as
photocatalysts, no or little degradation of MO was observed.
The TiO2 nanobelts and H-TiO2 nanobelts photocatalysts do
not respond to light over 740 nm. After CQDs assemble onto
the H-TiO2 nanobelts, the CQDs/H-TiO2 heterostructures can
respond to NIR light. The above experimental results demon-
strate that CQDs can play key roles for the enhanced NIR
photocatalytic activity. Only light with wavelengths shorter
than 530 nm can be used to excite H-TiO2 nanobelts (bandgap
about 2.4 eV) to form photogenerated electron/hole pairs, so
the up-converted PL behavior of CQDs may make CQDs/H-TiO2

heterostructures useful in the NIR light region [48]. The NIR
light is harvested by CQDs, converted to visible light, and
subsequently excite H-TiO2 to complete the NIR-photocatalysis
process of the hybrid nanobelts.



Figure 5 Photocatalytic degradation of MO in the presence of P25, TiO2 nanobelts, H-TiO2 nanobelts and CQDs/H-TiO2

heterostructures under (a) UV, (b) visible, and (c) NIR light irradiation; (d) Photocatalytic hydrogen generation of 1 wt% Pt loaded
TiO2 nanobelts, H-TiO2 nanobelts, and CQDs/H-TiO2 heterostructures under Xe arc lamp (300 W); and (e) schematic photocatalytic
mechanism for the CQDs/H-TiO2 heterostructures under UV, visible and NIR light irradiation.
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The experiment on photocatalysis cyclic performance of
CQDs/H-TiO2 heterostructures under UV, visible, and NIR light
irradiation demonstrates that the samples exhibit the stable
performance, i.e. there is no obvious decrease in photocata-
lytic degradation activity even after four cycles (Figure S12).
Then it can be concluded that the CQDs/H-TiO2 heterostruc-
tures really and truly realizes the efficient usage of the full
spectrum of sunlight.

To further demonstrate the enhanced photocatalytic
property of the CQDs/H-TiO2 heterostructures, hydrogen
evolution was measured for the photocatalytic water-
splitting process (Figure 5d). The TiO2 nanobelts show poor
photocatalytic oxygen production activity (0.65 mmol h�1

g�1), because they can only absorb UV light. However, the
CQDs/H-TiO2 heterostructures exhibit the highest hydrogen
evolution rate of about 7.42 mmol h�1g�1, which is higher
than that of H-TiO2 nanobelts (6.01 mmol h�1g�1). The
obvious photocatalytic oxygen production activities can be
attributed to the efficient visible light absorption of H-TiO2

nanobelts [49]. Importantly, the synergistic effect from the
CQDs and the heterostructure's formation makes the photo-
catalytic hydrogen production activity of CQDs/H-TiO2 het-
erostructures higher than that of the pure H-TiO2 nanobelts.
Therefore, in the CQDs/H-TiO2 heterostructures, the H-TiO2

nanobelt is expected to act as an efficient light harvester
and the heterostructure provides the efficient charge
separation to suppress the electron–hole recombination,
which greatly enhances the photocatalytic activity in the
hydrogen production.
On the basis of the above experimental results, the
photocatalytic process of the CQDs/H-TiO2 heterostructures
under UV, visible and NIR light irradiation can be described as
schematically illustrated in Figure 5e. (1) When CQDs are
attached to the H-TiO2 nanobelts, the CQDs/H-TiO2 hetero-
structures are formed. The heterostructure can enhance the
photocatalytic activities by promoting the separation of
photo-generated holes and electrons. (2) CQDs/H-TiO2 het-
erostructures have a large specific surface area. The Bru-
nauer–Emmett–Teller (BET) surface area of the CQDs/H-TiO2

heterostructures is estimated to be about 32.91 m2 g�1,
which is higher than that of pure TiO2 nanobelts
(19.01 m2 g�1) and H-TiO2 nanobelts (20.01 m2 g�1). The
CQDs/H-TiO2 heterostructures have a more coarsen surface
and larger surface area, which make the CQDs/H-TiO2

heterostructures absorb more pollutant molecules. Photo-
induced electrons and holes can directly degrade these
pollutant molecules, thus the photocatalytic properties are
improved. (3) CQDs can absorb NIR light (4700 nm), and
then emit shorter wavelength light (390–564 nm) as a result
of up-conversion, which subsequently excites H-TiO2 nano-
belt to form electron/hole (e�/h+) pairs. So the up-
converted PL behavior of CQDs make the CQDs/H-TiO2

heterostructures have the NIR photocatalytic activities.

Conclusions

In summary, a new hybrid photocatalyst (CQDs/H-TiO2 hetero-
structures) was synthesized via a simple and efficient



J. Tian et al.426
hydrothermal and bath reflux strategy. A layer of dense CQDs
are assembled on the surface of H-TiO2 nanobelts. Impor-
tantly, the heterostructures exhibit excellent photocatalytic
decomposition of organic dyes activity under wide spectrum
(UV, visible, and NIR light) irradiation. The novel photocata-
lysts further confirm that the oxygen vacancies and Ti3+ions
created by hydrogenation and CQDs play key roles in improving
the activity of the TiO2 nanobelts photocatalysts. Oxygen
vacancies on the surface of TiO2 nanobelts, associating with
Ti3+ sites, can enhance UV and visible light photocatalytic
activity through improved optical absorption, charge carrier
trapping, and prevention of electron-hole recombination.
Meanwhile, the up-converted PL property of CQDs enable
the CQDs/H-TiO2 heterostructures to make use of NIR light by
absorption of the visible light converted by CQDs from the NIR
light region. Moreover, CQDs with excellent photo-induced
electron transfer and reservoir properties can effectively
suppress the recombination of electron-hole pairs, thereby
leading to significantly enhanced photoelectric conversion
efficiency. All of the above allow the heterostructures to have
enhanced UV, visible, and NIR light photocatalytic activity. The
findings of this work provide further insights into the devel-
opment of TiO2 materials as photocatalysts for water splitting
under broad spectrum (UV, visible, and NIR light) radiation as
well as for other solar energy conversion applications.
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