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a  b  s  t  r  a  c  t

A  series  of  TiO2 hybrids  composited  with  exfoliated  g-C3N4 nanosheets  (CNs)  were  successfully  synthe-
sized  through  a facile  sol–gel  method  and  fully  characterized  by  X-ray  diffraction  patterns  (XRD),  Fourier
transform-infrared  spectroscopy  (FT-IR),  X-ray  photoelectron  spectroscopy  (XPS),  transmission  electron
microscopy  (TEM),  scanning  electron  microscopy  (SEM),  and  UV–vis  diffuse  reflectance  spectra  (UV–vis
DRS).  The  CNs–TiO2 hybrids  were  exposed  to  visible  light  irradiation  and  showed  much  higher  catalytic
capability  toward  degrading  dye  rhodamine  B (RhB)  comparing  with  bare  TiO2 and  N-TiO2.  The  sam-
ple  CNs–TiO2-0.05  exhibited  the largest  apparent  reaction  rate  constant  among  all CNs–TiO2 hybrids,
iO2

ybrid
hotocatalyst
echanism

which  was  2.4  times  and  7.0  times  as  high  as  bare  TiO2 and N-TiO2, respectively.  The  enhanced  catalytic
efficiency  could  be mainly  attributed  to the well-matched  band  gap  structure  with  heterojunction  inter-
face, suitable  specific  surface  area,  and  favorable  optical  property.  In addition,  active  species  trapping
experiments  were  conducted,  revealing  that  photoinduced  holes  (h+)  had  a severe  influence  on catalytic
outcome,  through  which  a possible  catalytic  mechanism  was  finally  realized  and  proposed.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Semiconductor photocatalysis is one promising and extensively
esearched technique in the field of environmental remediation
nd renewable energy supply [1]. Among all semiconductors used
s photocatalysts, TiO2 has attracted much attention from numer-
us researchers due to those favorable physicochemical properties
2]. However, TiO2 fails to catalyze degradation of environmen-
al contaminations upon visible light irradiation and can only
xert photocatalysis in presence of ultraviolet light that takes up
erely 4% of solar energy, attributing to the large band gap energy

f 3.2 eV [2,3]. In addition, high recombination rate of photoin-
uced hole–electron pairs is another factor limiting its practical
pplications. As a result, abundant efforts have been devoted

o advance TiO2 through structural modifications with metal-
ic [4,5], nonmetallic elements [6,7], and other semiconductors
8,9], aiming to produce photocatalysts with both merits of

∗ Corresponding authors at: School of Environment and Architecture, University
f  Shanghai for Science and Technology, Jun Gong Road 516 No., Shanghai, PR China.
el.:  +86 21 55271722/+86 535 2109157.

E-mail addresses: feichang@usst.edu.cn (F. Chang), xfhu@yic.ac.cn (X. Hu).

ttp://dx.doi.org/10.1016/j.apsusc.2014.05.111
169-4332/© 2014 Elsevier B.V. All rights reserved.
visible light response and efficient separation of hole–electron
pairs.

Graphitic carbon nitride (g-C3N4) is normally prepared through
pyrolysis of nitrogen-rich organic precursors and thus no metal-
lic species are remained in structure after synthesis [10]. g-C3N4
owns intrinsic characteristic structure units called tri-s-triazine and
is recognized as the most stable allotrope of carbon nitride [11].
Moreover, it was reported that g-C3N4 could promote the hydro-
gen generation by water splitting under visible light illumination,
which inspired researchers to further explore modification of g-
C3N4 structures with enhanced photocatalytic performance [12].
An efficient strategy is to exfoliate g-C3N4 in bulk form to corre-
sponding nanosheets by means of diverse methods [13–16]. During
exfoliation, multilayer structure is destroyed to create numerous
thin sliced fragments with enlarged specific surface area exposed.
Thin sliced structure benefits the efficient transfer and separa-
tion of photoinduced charge carries, and enlarged specific surface
areas supply abundant actives sites exposed and large visible
light adsorption, thus remarkably improving the photocatalytic

capability [17].

Several investigations have reported that composites of bulk
g-C3N4 and TiO2 could be constructed to pursue visible light
response and satisfactory photocatalytic efficiency since band gap

dx.doi.org/10.1016/j.apsusc.2014.05.111
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.05.111&domain=pdf
mailto:feichang@usst.edu.cn
mailto:xfhu@yic.ac.cn
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tructures of both semiconductors are well matched and readily
orm heterojunction interfaces along boundaries [3,18–22]. Yan
t al. reported that g-C3N4–TiO2 composites prepared in a direct
rind manner could catalyze hydrogen evolution under visible light
3]. Miranda et al. demonstrated that g-C3N4–TiO2 composites by a
imple impregnation method exhibited improved photocatalytic
ctivity upon degradation of phenol [19]. Zhao et al. indicated
hat g-C3N4–TiO2 hybrid by a hydrolysis approach could efficiently
emove phenol in visible light [20]. Yu et al. synthesized Z-scheme
-C3N4–TiO2 photocatalysts for efficient removal of formaldehyde
n air [21]. Boonprakob et al. fabricated g-C3N4–TiO2 films that
howed enhanced photocatalytic efficiency on dye methylene blue
22]. To date, researchers have only focused on the synthesis and
hotocatalytic evaluation of TiO2 hybrids with bulk g-C3N4 and no
eport relevant to TiO2 hybrids with exfoliated g-C3N4 has been
ound, even virtues of exfoliated g-C3N4 are fully realized. As a
esult, in this study a series of CNs–TiO2 hybrids were first fab-
icated and characterized with a collection of analytic techniques.
hese CNs–TiO2 hybrids were featured with enlarged specific sur-
ace areas, favorable optical feature, and intimate interface between
oth TiO2 and CNs semiconductors and thus showed marvelously
nhanced photocatalytic capability over dye RhB degradation upon
isible light irradiation in comparison with bare TiO2 and N-
iO2. In addition, active species trapping experiments were also
onducted to understand photocatalytic mechanism and photoin-
uced holes (h+) exerted a main effect on catalytic process in this
tudy.

. Materials and methods

.1. Materials

All chemicals involved were purchased from Sinopharm Chem-
cal Reagent Co., Ltd. (China) and used directly for experiments

ithout any further purification. Aqueous solutions utilized were
repared with deionized water.

.2. Synthesis of exfoliated CNs

The CNs was prepared according to the reference with small
odification [16]. A typical synthesis was described as follows:

 desired amount of melamine was put into a semi-closed alu-
ina crucible and annealed in a muffle furnace at 550 ◦C for

 h. After cooling down to an ambient temperature, yellow poly-
eric g-C3N4 in bulk form was obtained. Then bulk g-C3N4 loaded

n an open alumina crucible was annealed in a muffle fur-
ace at 500 ◦C for 2 h to supply exfoliated CNs as a light yellow
owder.

.3. Fabrication of CNs–TiO2 hybrids

The synthetic procedure of CNs–TiO2 hybrids was depicted as
elow. A certain amount of CNs was added into isopropanol (40 mL)
nd the resultant suspension was vigorously stirred at ambient
emperature for 2 h prior to addition of tetra-n-butyl titanate
4 mL). After stirring for 3 h, deionized water (40 mL)  was  added
nto the above mixture in dropwise and the obtained milky liquid
tood in a drying oven for 24 h at 60 ◦C to give a powder, which was
ollected and annealed at 400 ◦C for 1 h to give target CNs–TiO2
ybrids, denoted as CNs–TiO2-X, where X referred to the mass per-

entage of CNs in CNs–TiO2 hybrids. Bare TiO2 synthesized using

 same protocol in the absence of CNs and N-doped TiO2 (N-TiO2)
repared using a previously reported procedure [23] were adopted
s references.
ience 311 (2014) 574–581 575

2.4. Characterization

The crystal structures of samples were investigated using a
Bruker D8 Advance X-ray diffractometer with Cu K� radiation.
Optical property was recorded on a Shimadzu UV2600 UV–vis
spectrophotometer with BaSO4 as a reflectance standard. Nitro-
gen adsorption–desorption isotherms at 77 K of samples were
measured by a Tristar �3020 nitrogen adsorption apparatus. All
samples were degassed at 473 K for 2 h before measurement. X-
ray photoelectron spectroscopy (XPS) was performed on a Thermo
ESCALAB 250Xi system to analyze oxidation states and surface
chemical composition of samples. The C 1s signal was set to
284.8 eV for calibration. The micro morphologies were observed
by transmission electron microscopy (TEM) conducting on a FEI
Tecnai G2 20 electron microscope with an acceleration voltage of
200 kV and scanning electron micrographs (SEM, Hitachi Electronic
S4800). The FT-IR spectra were conducted on a Bruker V-70 Fourier
transform-infrared spectrophotometer using KBr pellet as the ref-
erence.

2.5. Photocatalytic activity test

The visible light irradiation was obtained by a 400 W halide
lamp (Institute for Electric Light Sources, Beijing) with a 2 M sodium
nitrite solution as a filter to cut off ultraviolet light (<400 nm) and
to eliminate thermal effect [24]. Forty milligram of photocatalysts
and 40 mL  of RhB (10 mg/L) solution were added into a quartz glass
tube set in a LIMX-VII apparatus manufactured by Bylabo Preci-
sion Instrument Co. Ltd. (Xi’an, China). Before exposure to visible
light irradiation, the suspension was magnetically stirred in dark for
1 h to attain the desorption–adsorption equilibrium. During reac-
tion, a magnetic stirrer was employed for continuous mixing. At
each 30 min  interval, 3 mL  of aliquot was sampled, diluted with
3 mL  of distilled water, and centrifuged twice at 5000 rpm for 5 min
each time to remove catalyst nanoparticles. The supernatant was
carefully analyzed by recording the maximum absorption band
(554 nm)  by a UV–vis spectrophotometer (Purkinje General T6).

Active species trapping experiments were accomplished using a
similar procedure as described above, except the addition of 5.0 mM
of disodium ethylenediaminetetraacetate dihydrate (EDTA-2Na),
benzoquinone (BQ), or isopropanol (IPA) to detect holes (h+), •O2

−,
and •OH radicals, respectively [25].

3. Results and discussion

3.1. XRD patterns

X-ray diffraction patterns of CNs–TiO2 hybrids, bare TiO2, and
CNs were exhibited in Fig. 1. The intensive diffraction peak at 27.7◦

of bare CNs is indexed to (0 0 2) diffraction plane for graphitic
materials, relating to the characteristic interlayer stacking struc-
ture (JCPDS87-1526) [25]. Another distinct diffraction is found at
nearly 13.1◦ and assigned as (1 0 0) diffraction plane, revealing the
interplanar structural packing [26]. All diffraction peaks of bare
TiO2 are attributed to anatase phase, instead of rutile phase, which
is in good accordance with the reference [27]. Diffraction patterns of
CNs–TiO2 hybrids resemble that of bare anatase TiO2 and no charac-
teristic peaks of CNs are observable, attributing to the low content
and relatively low diffraction intensity of CNs [20]. Moreover, the
absence of other diffraction peaks adequately demonstrates the
high purity of synthesized hybrids without any byproducts formed.
3.2. Nitrogen adsorption

Nitrogen adsorption–desorption isotherms of CNs–TiO2
hybrids, bare TiO2, and CNs were depicted in Fig. 2. Present
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Table 1
SBET, DBJH, and apparent reaction rate constant of CNs–TiO2 hybrids, bare TiO2, CNs,
and  N-TiO2.

Samples SBET (m2/g) DBIH (average pore
diameter, nm)

Rate constant
(×10−2)

TiO2 87.49 3.43 0.49
CNs–TiO2-0.03 132.13 3.48 0.98
CNs–TiO2-0.05 140.13 3.38 1.20
CNs–TiO2-0.07 78.96 5.12 1.14
Fig. 1. XRD patterns of CNs–TiO2 hybrids, bare TiO2, and CNs.

sotherm of bare TiO2 is assigned to type IV according to the IUPAC
lassification, displaying a H2 hysteresis loop of a capillary conden-
ation [19]. The feature of type IV isotherm is closely relevant to
he presence of mesopores during aggregation of anatase nanopar-
icles [21,28], which is also identified by the average pore size of
.43 nm calculated with the BJH method from adsorption data. The

sotherm of bare CNs is classified as type IV with a H3 hysteresis
oop at a high relative pressure range of 0.7–1.0, confirming the
xistence of slit-like pores [21]. With the increase of CNs amount,
sotherms of CNs–TiO2 hybrids gradually vary to a shape featured

ith both bare TiO2 and CNs characteristics, and specific surface
reas increase to 140.1 m2/g of CNs–TiO2-0.05 and then decrease
o 90.5 m2/g of CNs–TiO2-0.09, as seen in Fig. 2 and Table 1. The
esults indicate that the presence of appreciate amount of CNs
uring synthesis might influence the formation and growth of
iO2 nanograins and further aggregation of TiO2 nanoparticles.
n addition, an appreciate amount of CNs might favor a good
ispersion of CNs in hybrids, thus exerting a positive effect on

he increase of specific surface areas. However, excess amount
f CNs tended to self-aggregation and hereby the CNs content in
ybrids decreased, causing the shrinkage of specific surface areas.

t is well known that samples with enlarged surface areas readily

ig. 2. N2 adsorption–desorption isotherms of CNs–TiO2 hybrids, bare TiO2, and
Ns.
CNs–TiO2-0.09 90.51 4.42 0.73
CNs  165.66 16.4 2.41
N-TiO2 – – 0.17

exhibit enhanced photocatalytic capability, mainly owning to the
abundant active sites exposed and large light harvesting.

3.3. FT-IR spectra

FT-IR spectra were recorded to show chemical structures of
CNs–TiO2 hybrids, bare TiO2, and CNs, as represented in Fig. 3.
For the spectrum of bare CNs, two broad and pronounced peaks at
3200 cm−1 and 3400 cm−1 originate from stretching vibrations of
N H and O H, corresponding to residual amino groups attached to
sp2 hybridized carbons and absorbed H2O molecules on the surface,
respectively [3]. Several intense adsorption peaks in the region of
1200–1640 cm−1 are corresponding to the typical stretching modes
of aromatic CN heterocycles [29]. In addition, an apparent peak
around 809 cm−1 is assigned to the characteristic breathing mode
of triazine unites [11]. As to the spectrum of bare TiO2, a broad
band ranging from 400 cm−1 to 800 cm−1 is attributed to Ti O Ti
stretching vibration modes [30]. All characteristic adsorption peaks
of both components CNs and TiO2 are coexisted in as-synthesized
samples except the relatively low intensity of adsorption peaks of
CNs in hybrids comparing to that in pristine CNs, owning to the
low content of CNs in structure, as also evidenced in XRD section.
Especially, the intensity of adsorption peaks at 1200–1640 cm−1

increased from sample CNs–TiO2-0.03 to CNs–TiO2-0.05 and then
decreased, which is in agreement with the variation of specific sur-
face areas as aforementioned.

3.4. XPS analysis
X-ray photoelectron spectroscopy was  utilized to investi-
gate the oxidation state and surface chemical compositions of
CNs–TiO2-0.05 hybrid, bare TiO2, and CNs, as shown in Fig. 4. The
C 1s signal was set to 284.8 eV for calibration. From the survey XPS

Fig. 3. FT-IR spectra of CNs–TiO2 hybrids, bare TiO2,  and CNs.



F. Chang et al. / Applied Surface Science 311 (2014) 574–581 577

Fig. 4. X-ray photoelectron spectra of (A) survey scan of CNs–TiO -0.05 hybrid, bare TiO2, and CNs; high-resolution spectra of (B) C 1s of CNs–TiO -0.05 hybrid and bare CNs,
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C)  N 1s and O 1s (inset) of CNs–TiO2-0.05 hybrid, and (D) Ti 2p of CNs–TiO2-0.05 h

pectrum in Fig. 4A, it is obvious that C and N elements are observ-
ble in CNs–TiO2-0.05 hybrid, though the intensity of them is quite
ow in comparison with that of bare CNs. The results confirm the
resence of low content of CNs in CNs–TiO2-0.05 hybrid, which is

n good accordance with the FT-IR and XRD analysis. In addition,
tomic percent of elements C, N, Ti, and O for all CNs–TiO2 hybrids
ere also tested and collected in Table S1 (Supporting section). It

s evident that all samples contain both phase of CNs and TiO2 and
tomic percent of C and N is improved with the increase of CNs
mount up to 5% and then reduced, in good agreement with the
ariation of adsorption peak intensities in FT-IR spectra and spe-
ific surface areas. High-resolution spectra of C 1s, N 1s, Ti 2p, and

 1s were displayed in following Fig. 4B–D.
As to bare CNs in Fig. 4B, the C 1s XPS spectrum shows three

ain peaks at around 284.8 eV, 288.0 eV, and 293.8 eV, correspond-
ng to the adventitious carbon, C (N)3 group of CNs, and carbon
n aromatic rings connected with terminal uncondensed amino
roups [22]. The last two peaks are typical features of basic tri-
-triazine units in CNs [31]. For CNs–TiO2-0.05 hybrid, beside three
eaks described above, another pronounced peak is also detected
t 286.2 eV, attributing to the sp2 carbon atoms bonded to N inside

romatic units [32]. It is clear that intensity ratio of peaks positioned
t 288.0 eV to 284.8 eV in CNs–TiO2-0.05 hybrid is remarkably low
omparing with that of bare CNs, again proving the presence of CNs
n hybrids with low content [21].
2

and bare TiO2.

The high-resolution XPS spectra of N 1s and O 1s of CNs–TiO2-
0.05 hybrid were displayed in Fig. 4C. Several signals of N 1s located
at 398.7 eV, 400.3 eV, and 401.2 eV are present and originate from
sp2 bonded N in triazine rings, tertiary N in N (C)3 groups, and N
atoms in amino moieties, owning to the existence of CNs in hybrid
[28]. In addition, O 1s peaks (inset of Fig. 4C) centered at 529.5 eV
and 530.4 eV are attributed to O atoms in Ti O and surface OH
[22,28], respectively.

Ti 2p Spectrum in bare TiO2 are composed of two peaks corre-
sponding to Ti 2p3/2 and Ti 2p1/2 with binding energy of 458.6 eV
and 464.3 eV, ascribing to Ti4+ species in TiO2 aggregations. How-
ever, a small shift around 0.3 eV toward low binding energy region
was found for both Ti 2p3/2 and Ti 2p1/2 after hybridization of TiO2
with CNs, which is possibly due to the partial substitution of Ti O
with Ti N and resultant enhanced electron density on Ti as a con-
sequence of relatively small electronegativity of N comparing with
O [33], indicating that chemical binding between two components
was possibly formed instead of a simply physical mixture.

3.5. UV–vis DRS
The optical property of CNs–TiO2-0.05 hybrid, bare TiO2, and
CNs was  measured by UV–vis diffuse reflectance spectroscopy
and showed in Fig. 5A. The UV–vis DRS spectrum of CNs–TiO2-
0.05 hybrid is quite similar to that of bare TiO2 but the main
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ig. 5. (A) UV–vis absorption spectra of CNs–TiO2-0.05 hybrid, bare TiO2, and CNs ((
f  CNs–TiO2 hybrids, bare TiO2, and CNs.

dsorption edge of CNs–TiO2-0.05 hybrid moves toward the vis-
ble light region, as evidenced in Fig. 5A. In addition, the adsorption
f CNs–TiO2-0.05 hybrid is slightly strengthened beyond 400 nm.
and gap energies of CNs and TiO2 could be estimated as 3.06 eV
nd 3.12 eV from a plot of (˛h�)2 or (˛h�)1/2 versus Eg, respec-
ively, as depicted in the inset of Fig. 5A. For comparison, UV–vis

RS spectra of all CNs–TiO2 hybrids were evaluated and dis-
layed in Fig. 5B. Hybrid CNs–TiO2-0.03 and CNs–TiO2-0.05 exhibit
elatively strengthened adsorption over 400 nm, comparing to
ther samples, maybe relating to the higher content and better

Fig. 6. TEM images of (A) bare TiO2, (B) CNs–TiO2-0.05 hybrid, and (C) CNs;
or (˛h�)1/2 versus Eg plot of bare CNs and TiO2, inset); (B) UV–vis absorption spectra

dispersion of CNs in structures. Visible light responsive catalysts
with strong adsorption capability ensure the efficient utilization
of visible light and enhanced photoinduced electron–holes separa-
tion, consequently causing improved photocatalytic performance
[34].
3.6. Microstructure analysis

The morphology and microstructure of CNs–TiO2-0.05 hybrid,
bare TiO2, and CNs were recorded by TEM and SEM, as shown

 SEM images of (D) bare TiO2, (E) CNs–TiO2-0.05 hybrid, and (F) CNs.
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3.8. Photocatalytic mechanism

In order to understand the photocatalytic mechanism, active
species trapping experiments were conducted through introducing
ig. 7. (A) Photocatalytic activity for the degradation of RhB under visible light irrad
dsorption peak with extension of irradiation time.

n Fig. 6. It is observable that bare TiO2 aggregated into small
egular roundish particles of about 15–20 nm with a homoge-
eous size distribution in Fig. 6A. These roundish particles further
ssembled to microsized clusters with coarse surface and loose
tructure in Fig. 6D, during which mesopores were generated. The
are CNs exfoliated exhibit lamellar structures with smooth sur-
ace and crimpled edges, as evidenced in Fig. 6C and F. The SEM
mage of CNs–TiO2-0.05 hybrid in Fig. 6E resembles that of bare
iO2, indicating the main structure of bare TiO2 could be retained
fter hybridization. In addition, both roundish particles of TiO2 and
amellar CNs with smooth surface at the boundary can be observed
n Fig. 6B and each signed with an arrow. The microstructure analy-
is indicates that both components are closely attached to form the
eterojunction interface along boundaries, by which photoinduced
harge carriers can be easily migrated and separated [35].

.7. Photocatalytic measurements

Photocatalytic performances of CNs–TiO2 hybrids with variable
Ns amount were accessed by degradation of dye RhB under visi-
le light irradiation and shown in Fig. 7A. Direct photolysis of RhB

s almost negligible and bare TiO2 show a relatively low catalytic
fficiency mainly through a photosensitive pathway [36]. CNs dis-
layed a best catalytic performance among all samples tested. With

 dramatically enlarged specific surface area after exfoliation, CNs
as been proven as an efficient photocatalyst that is much bet-
er than bulk g-C3N4 upon identical conditions [17]. Therefore,
Ns is a good alternative to construct TiO2 hybrids with merits
f visible light response and enhanced catalytic performance. The
s-synthesized CNs–TiO2 hybrids exhibit much higher photocat-
lytic outcomes than bare TiO2 and N–TiO2. The photocatalytic
fficiencies of CNs–TiO2 hybrids enhance in line with the increase
f CNs amount from 3% to 5% in hybrids and inversely decayed if
Ns amount is further increased beyond 5%. CNs–TiO2-0.05 hybrid

s the best candidate among all CNs–TiO2 hybrids upon photocat-
lytic degradation of RhB. The experimental data were fitted with

 pseudo-first-order model to study reaction kinetics of RhB degra-
ation and CNs–TiO2-0.05 hybrid showed the largest reaction rate
mong all CNs–TiO2 hybrids that is nearly 2.4 times and 7.0 times
hat of bare TiO2 and N-TiO2, as seen in Table 1. In addition, blue
hift of the main adsorption of RhB 554 nm to 539 nm in Fig. 7B
as found along with the extension of irradiation time and could
e attributed to a stepwise deethylation of RhB [36].
The enhanced photocatalytic ability is relevant to the formation

f heterojunction structures between both components, which can
fficiently promote the transfer and separation of charge carries
 on CNs–TiO2 hybrids, bare TiO2, CNs, and N-TiO2; (B) the variation of the RhB main

via smooth interface, thus enhancing the photocatalytic efficiency.
To construct an effective hybrid, appropriate amount of CNs was
extraordinarily required, which would be explained as follows.
First, proper amount of CNs added might enhance the specific sur-
face area and extend the light adsorption [13], as evidenced in
Table 1. Materials with enlarged surface areas are prone to absorb
more organic pollutants on the surface that tend to subsequently
degrade by a larger number of active sites. Another factor is pos-
sibly associated with the optical property of CNs–TiO2 hybrids.
As aforementioned, the main adsorption edge and adsorption in
UV–vis DRS spectra are variable with the increase of CNs content.
Both merits of suitable specific surface area and favorable optical
property in CNs–TiO2-0.05 hybrid may  be crucial to achieve the
best catalytic outcome upon identical conditions. Second, TiO2 can
assemble to a unique structure with mesopores of uniformed size
distribution even hybridizing with CNs [22]. The mesopored struc-
ture facilitated multiple-reflection of visible light, thus enhancing
the light harvesting. Besides, mesopores structure was  beneficial to
the mass transfer of pollutants and degraded products. As a result,
the enhanced catalytic efficiency could be mainly attributed to the
well-matched band gap structure with heterojunction interface,
suitable specific surface area, and favorable optical property.
Fig. 8. Active species trapping experiments of CNs–TiO2-0.05 hybrid.
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Fig. 9. Proposed mechanism of CNs–

eagents BQ, EDTA-2Na, and IPA to quench •O2
−, h+, and •OH

pecies, respectively [37]. It is found that the addition of BQ and
PA have almost no effect on the degradation results, revealing that
oth active species •O2

− and •OH may  impossibly be generated
uring reaction. The holes h+ played an important role on the photo-
atalysis as a result of greatly depressed catalytic efficiency after
ddition of holes quencher EDTA-2Na, as shown in Fig. 8.

According to the simple approach [22], the CB and VB potentials
f CNs were estimated at −1.30 eV and 1.76 eV, and the CB and VB
otentials of TiO2 were −0.25 eV and 2.87 eV. Under irradiation, CNs
ould absorb visible light and be easily excited to provide holes and
lectrons. The photogenerated holes and electrons were located at
B and CB, respectively. However, TiO2 failed to be excited because
f the large band gap energy therefore the hole–electron pairs were
mpossible to form [36]. Since the potential of CB of CNs (−1.30 eV)

as more negative than that of TiO2 (−0.25 eV), electrons on CB
f CNs were of easy to transfer across the smooth heeterojunction
nterface and reach the CB of TiO2. In addition, RhB, as a photosen-
itive reagent, inclined to harvest visible light to produce electrons,
hich could also be injected to CB of TiO2 since the lowest molec-
lar orbital potential of RhB (−0.75 eV) was more negative than CB
otential (−0.25 eV) of TiO2. The RhB molecules on excited state
fter donating electrons tended to self-degrade or degrade other
hB molecules on ground state [36,38]. The electrons on CB of
iO2 were insufficient to react with adsorbed molecular oxygen
o generate •O2

− species since the potential of CB of TiO2 is less
egative than O2/•O2

− couple (−0.33 eV) [22], which was in good
ccordance with the trapping experiments. In addition, the holes
tayed on VB of CNs because the potential of VB of CNs was  more
egative than that of TiO2. Consequently, electrons and holes were
eparated and located on CB of TiO2 and VB of CNs, greatly pro-
onging the life of electrons and thus inhibiting recombination rate,
nally remarkably enhancing the photocatalytic efficiency. Holes
n VB of CNs were unable to oxidize OH− or H2O molecules to
orm •OH species owning to the less negative of VB (1.76 eV) on
Ns than that of OH−/•OH couple (1.99 eV) [22]. Thereby, holes
ad a tendency to oxidize pollutants directly without producing
ther active species, which was proven by trapping experiments

s well. Based upon the discussion, it is reasonable that the
echanism in this study may  combine two pathways, called as pho-

osensitive route and photocatalytic route, as described in detail
n Fig. 9.
ybrids upon visible light irradiation.

4. Conclusions

In summary, a series of CNs–TiO2 hybrids were synthesized
through a facile sol–gel method. Structural analyses indicated
that both components were present and close in contact to form
heterojunction structures. The as-synthesized CNs–TiO2 hybrids
exhibited much higher photocatalytic efficiency in terms of depre-
dating dye RhB, mainly attributing to the well-matched band gap
structure with heterojunction interface, suitable specific surface
area, and favorable optical property. Especially, the best candidate
CNs–TiO2-0.05 hybrid showed an apparent reaction rate constant
2.4 times and 7 times that of bare TiO2 and N-TiO2 under identical
conditions. Finally, a possible photocatalytic mechanism was also
proposed on the basis of active species trapping experiments.
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