
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 6
/2

1/
20

26
 9

:3
2:

15
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A stable and high
State Key Laboratory of New Ceramics and Fi

and Engineering, Tsinghua University, Beij

mail.tsinghua.edu.cn; Fax: +86-10-6277116

† Electronic supplementary informa
10.1039/c7ra00546f

Cite this: RSC Adv., 2017, 7, 15330

Received 13th January 2017
Accepted 3rd March 2017

DOI: 10.1039/c7ra00546f

rsc.li/rsc-advances

15330 | RSC Adv., 2017, 7, 15330–1533
ly efficient visible-light
photocatalyst of TiO2 and heterogeneous carbon
core–shell nanofibers†

Jing Cheng, Yuting Wang, Yan Xing, Muhammad Shahid and Wei Pan*

A novel core–shell heterostructure of TiO2 nanofibers with carbon quantum dots embedded in an

amorphous carbon shell has been successfully prepared via a simple electrospinning and impregnation

process. Here, carbon quantum dots (CQDs) are designed as sensitizers for the visible-light response and

amorphous carbon ensures intimate contact with TiO2. The photocatalytic performance is evaluated by

the degradation of rhodamine-B under visible light irradiation. It is found that the composite nanofibers

with an appropriate thickness of carbon shell exhibit a stable and highly efficient photocatalytic activity,

and the apparent quantum efficiency can reach as high as 52%, which is about 10 times that of pure

TiO2 nanofibers. Structural analyses show that the enhanced photocatalytic activity is attributed to the

synergistic effect of TiO2, the amorphous carbon thin shell and the CQDs embedded inside. Due to the

intimate contact between TiO2 and the carbon shell, the photogenerated electrons can be easily

transferred from the CQDs to TiO2 resulting in a longer lifetime of the photogenerated electron–hole

pairs and a higher photocatalytic activity. In addition, the unique upconversion properties of the CQDs

enables the nanofibers to utilize more solar energy and increase the photocatalytic activity. Also, the

carbon shell can induce more oxygen vacancies on the surface of the nanofibers, which can further

enhance the photocatalytic activity. The results in this work may be beneficial to the future study of

exploring new carbon-based heterostructured materials for visible-light-driven photocatalysts.
1. Introduction

Nowadays, increasing concerns of energy consumption and
environmental problems have driven a demand for cost-effective
clean energy. As a result, photocatalysts, which convert solar
energy into chemical energy, have been extensively investigated.1

Among them, titanium dioxide is the most researched photo-
catalytic material due to its high stability, low cost and non-
toxicity.2–4 Though a large amount of research has been reported
on nano-TiO2 since it came to light, there are still some problems
that remain to be solved to get improved photocatalytic perfor-
mance. One is that its wide bandgap (3.2 eV) connes the
application of TiO2 to the ultraviolet region, which is only 5% of
the total solar spectrum. Furthermore, the photocatalytic effi-
ciency of TiO2 is relatively low due to the high recombination rate
of the photogenerated electrons and holes.5–7 To efficiently utilize
solar light and increase the lifetime of the photogenerated elec-
tron hole pairs, much research has been carried out on surface
modication, doping or coupling with other materials to form
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heterostructures.8–10 Among these approaches, modication of
TiO2 with nonmetallic materials is a way to get better photo-
catalytic performance.11–13

As a common nonmetallic material, carbon, for example
carbon nanotube, graphene, carbon quantum dot (CQD) and
amorphous carbon, shows many excellent characteristics for
photocatalysis. It has large electron storage capacity, which
can capture the photo-excited electrons and enhance the
charge transfer across the interface, resulting in efficient
separation of the electron–hole pairs.14 Besides, carbon can
assist the adsorption of the pollutant on the surface of pho-
tocatalysts, which is benecial for the photocatalytic process.15

Among the various types of carbon, graphene is one of the
most commonly used materials to suppress the recombination
of the photogenerated electron–hole pairs.16 However, the
contact of graphene with the semiconductor is poor, which is
a crucial factor that inuences the electron transport.17 So,
better contact of carbon with the semiconductor material is
desired. Here, a core–shell heterostructure of TiO2 and amor-
phous carbon embedded with CQDs composite nanobers is
prepared. The amorphous carbon is introduced to increase the
contact area of the carbon and TiO2. In addition, CQDs have
many advantages over other carbon-based nanostructures
and other QDs like CdS QDs18 such as higher photo-induced
electron transfer and the up conversion properties. Thus,
This journal is © The Royal Society of Chemistry 2017
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enhanced photocatalytic activity can be expected on the
composite nanobers.

In recent years, one-dimensional semiconductor nano-
materials, such as nanobers and nanorods have been exten-
sively investigated because of their potential applications in
sensors, solar cells, lithium batteries and so on.19–21 Moreover,
the one-dimensional nanostructures show unique properties as
promising photocatalysts compared to particles and lms. The
main benets include the large surface-to-volume ratio and the
short electron–hole diffusion length.22,23 In addition, the light
scattering and absorption can be enhanced due to the high
length-to-diameter ratio of the one-dimensional nanostructure.24

Lately, electrospinning is found to be a good method to prepare
one-dimensional materials. Despite the advantages discussed
above, the open structure, easy scale-up, and recoverable char-
acters make the electrospun ultrane nanobers suitable for
catalysts.25

In present work, heterogeneous carbon coated TiO2 nano-
bers are successfully prepared. The core TiO2 nanobers is
fabricated via electrospinning and CQDs embedded in amor-
phous carbon shell is coated by impregnation process under
a relatively low temperature using glucose as carbon precursor.
Themorphology and structure of the composite nanobers with
different coating thickness are determined. The surface chem-
ical state and photoluminescence properties are characterized.
The photocatalytic performance is evaluated by the degradation
of rhodamine B (RhB) under visible light irradiation. The
mechanism of the enhanced photocatalytic activity of the
composite nanobers is discussed.

2. Experimental section

TiO2 nanobers were prepared by electrospinning.2 Tetrabutyl
titanate (6 wt%) was dissolved in the mixture of ethanol and
acetic acid (3 : 2, volume rate). Polyvinylpyrrolidone (PVP,
MW ¼ 1 300 000, 6 wt%) was then added to control the
viscosity. Aer dissolution, a clear transparent precursor solu-
tion was obtained and transferred into a hypodermic syringe at
a constant ow rate of 1 mL h�1. At an applied high voltage of
12.5 kV, a nonwoven mat was collected on a grounded
aluminum foil at an electrode distance of 15 cm. The as-spun
nanobers were then calcined at 550 �C in air for 2 h.

The carbon precursor solutions were prepared by the
following procedure. In a typical experiment, CQDs source were
prepared by a one-step alkali-assisted ultrasonic treatment.
Glucose was dissolved in distilled water. NaOH solution was
then added to the glucose solution, and the concentration of
glucose and NaOH are 0.5 mol L�1. Aer mixing, the solution
was then ultrasonic treated at room temperature. To get
different thickness of the carbon shell, we change the ultrasonic
time as 1 h, 2 h, and 3 h, respectively. Then, the precursor
solution was adjusted to pH ¼ 7 with HCl. Thus, the carbon
precursor solutions containing CQDs and other small carbon
species with the color of yellow, brown, and dark brown were
obtained.

To synthesize the carbon/TiO2 composite nanobers, 50 mg
TiO2 nanobers were dispersed into 50 mL carbon precursor
This journal is © The Royal Society of Chemistry 2017
solution. Aer that, a few drops of PVP solution (0.4 g mL�1)
were added to the solution. Then, the mixture was stirred at
95 �C for 3 h to get the composite nanobers. The obtained
composite nanobers were then washed with water and ethanol
for several times, and then vacuum dried in an oven at 60 �C for
10 h. The samples of the nanobers of different ultrasonic time
are denoted as C1, C2 and C3, respectively.

The photocatalytic activity of the prepared nanobers was
evaluated by the degradation of rhodamine B (RhB) under
visible light irradiation of a 300 W Xe lamp with a 400 nm cutoff
lter. The total optical power impinging on the solution was
obtained as 100 � 10 mWmL�1, measured by a Digital Power &
Energy meter (PM121D, Thorlabs Inc., Newton, NJ). The nano-
bers were dispersed in RhB solution (2.5 � 10�5 M, 10 mL)
with a catalyst loading of 1 g L�1. The mixture was magnetically
stirred in the dark for 2 h to obtain the adsorption and
desorption equilibrium of RhB and then loaded in an open
beaker and exposed to irradiation with continuous stirring at
room temperature. At regular intervals of 5 min, UV-vis
absorption spectra of the separated solution were measured.
The absorption at 554 nm referring to the concentration of RhB
was recorded as a function of irradiation time.

The morphology of the as-prepared nanobers was charac-
terized by scanning electron microscopy (SEM, JEOL JSM-
6460LV, Tokyo, Japan) and transmission electron microscopy
(TEM, JEOL-2011, Tokyo, Japan). The crystalline structure of the
composite nanobers was identied by X-ray diffraction (XRD,
D/max-2550, Rigaku Co., Tokyo, Japan). X-ray photoelectron
spectroscopy (XPS, PHI-5300 ESCA, PerkinElmer, Boston, MA),
Raman (LabRAM HR800, Horiba, Kyoto, Japan), and Fourier
transform infrared spectroscopy spectrum (FTIR, VERTEX 70v,
Bruker, Karlsruhe, Germany) was measured for the analysis
of elemental and chemical states of carbon in the nanobers.
UV-visible diffuse reectance spectra (UV-vis, Shimadzu,
UV3600, Tokyo, Japan) were recorded in the diffuse reectance
mode in the scanning range of 300–800 nm. Photoluminescence
spectra (PL, FLS-920, Edinburgh Instruments, Livingston, UK)
were also measured.

3. Result and discussion

Fig. 1a shows the SEM image of the composite nanobers. It can
be seen that the nanobers form a three-dimensional open
structure, while the diameters of the nanobers range from 50
to 250 nm. The surface of the nanobers is quite smooth
because of the carbon coating. High resolution TEM (HRTEM)
is carried out to study the microstructure of the composite
nanobers. Fig. 1b–d show the HRTEM images of the composite
nanobers, the TEM images of pure TiO2 nanobers are shown
in Fig. S1.† The HRTEM images of C1, C2 and C3 show the well-
developed interfaces between carbon and the TiO2 nanobers.
It can be seen that a shell of a thin carbon layer is formed on the
TiO2 nanober core. And as the ultrasonic time increases, the
thickness of the carbon shell increases, which is about 1 nm,
2 nm and 5 nm for C1, C2 and C3, respectively. The electron
dispersive spectrometer (EDS) line scanning and mapping
results further conrms the formation of the carbon shell
RSC Adv., 2017, 7, 15330–15336 | 15331
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Fig. 1 (a) SEM images of the composite nanofibers; (b–d) HRTEM
images of C1, C2, and C3. The inset shows the HRTEM of CQDs of C3.
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(Fig. S2†). The inset of Fig. 1d shows the precise structure of the
carbon shell of C3. The lattice fringes with d spacing of around
0.34 nm agree well with the (002) spacing of the graphitic
carbon, which is the typical structural of the CQDs.26,27 The
diameter of the CQDs ranges from 2 nm to 5 nm. Thus, the as
prepared carbon shell is a structure of an amorphous carbon
embedded with CQDs.

The proposed formation schematic for the synthesis of the
composite nanobers is shown in Fig. 2. CQDs are derived from
the dehydration and polycondensation of glucose molecules
under ultrasonic wave. With the increasing time of the ultra-
sonication, glucose rst nucleates and further grows at the
nucleus surface. The longer the ultrasonic time, the larger the
Fig. 2 Schematic illustration for the synthesis of the composite
nanofibers.

15332 | RSC Adv., 2017, 7, 15330–15336
size of CQDs, which is corresponded to the photoluminescence
spectra of the CQDs precursor solutions as shown in Fig. S3.†
Partially carbonized organic species are also existed in the
solution, which are the carbon source of the amorphous carbon
of the composite nanobers. Thus, with the existence of PVP,
composite nanobers with different thickness of the carbon
shell are obtained.

To further investigate the structure of the carbon shell,
Raman and FTIR spectra were measured (Fig. 3). Fig. 3a shows
the Raman results. The peak at around 1340 cm�1 corresponds
to the D-band relating to the disorder induced in the carbon
structure, while the peak at 1610 cm�1 corresponds to the
G-band attributing to the vibration of sp2 carbon vibration.28

The relative intensity of D to G peaks (ID/IG) can refer to
the disorder or graphitization degree of carbon based hybrids.29

ID/IG are about 0.94 for C1, C2 and C3, respectively, suggesting
the existence of both disordered graphitic form and graphitic
domains,30 which is in accord with the CQDs embedded in
amorphous carbon structure. Except for the typical D-band and
G-band of carbon, the Raman spectra of the as-prepared
composite nanobers also show some incompletely carbon-
ized organic matter, which may result from the partially
carbonized species from glucose. Fig. 3b shows the FTIR spectra
of pure TiO2 nanobers and the as-prepared composite nano-
bers. The broad peaks at 3426 and 1633 cm�1 are correspond
to the water and hydroxyl groups absorbed on the surface.31 The
differences between pure TiO2 nanobers and the composite
nanobers are due to the coated carbon. The absorption peaks
at around 1050 cm�1 are attributed to the C–C stretching
vibration, while the peaks at around 1456 cm�1 are ascribed to
the C–H deformation vibration.32 Absorptions due to C]O,
C^C and C–H stretching vibration modes are located at around
1716 cm�1, 2343 cm�1, and 2900 cm�1. The results imply that
carbon exists as functional groups in the nanocomposites.

The phase structures of the nanobers were studied by XRD,
shown in Fig. 4. It is found that both pure TiO2 nanobers and
the composite nanobers exhibit the diffraction peaks of
anatase and rutile TiO2. And as the ultrasonic time increases,
the ratio of the rutile phase to anatase phase increases. Anatase
phase tend to transform to rutile phase during the coating
process. Moreover, as shown in the inset of Fig. 4, the (200) peak
of TiO2 shis to the smaller 2q angle direction, indicating the
increase in lattice constant, which may due to the coating of
carbon on the surface of the TiO2 nanobers. The graphitic
carbon peak at 25.6� is too weak to see. Notably, the decrease of
Fig. 3 Raman and FTIR spectra of the prepared composite nanofibers.
(a) Raman; (b) FTIR.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XRD patterns of pure TiO2 nanofibers and C1, C2, C3. The inset
shows the 2q shift of (200) peak of TiO2.
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the intensity from pure TiO2 nanobers to C1, C2, and C3 may
be due to the presence of glucose, which deteriorated the
crystallinity.33

In order to investigate the chemical states of C, O and Ti in
the composite nanobers, XPS spectra were measured (Fig. 5).
Fig. 5a shows the concentration of C, O and Ti atoms on the
surface of the nanobers. It is found that carbon content
increases as the shell thickness increases. The C 1s signal of
pure TiO2 nanober is caused by the hydrocarbon from the XPS
instrument itself.34 Fig. 5b shows the XPS spectra of Ti 2p. The
Ti 2p binding energy of all the nanobers are located around
Fig. 5 XPS results of pure TiO2 nanofibers, C1, C2 and C3. (a) The
content of surface C, Ti, and O; (b–d) Ti 2p, C 1s, and O 1s scan,
respectively.

This journal is © The Royal Society of Chemistry 2017
458.6 eV (Ti 2p3/2) and 464.3 eV (Ti 2p1/2) without any shi,
indicating a normal state of Ti4+ in the nanobers.35 C 1s spectra
are shown in Fig. 5c, the main contribution at 284.8 eV is
ascribed to the delocalized alternant hydrocarbon, while the
two peaks at 286.4 and 288.5 eV are due to the C–O and C]O,
respectively.36 The OH and C]O groups observed in XPS are
from the partially dehydrated carbohydrates during the ultra-
sonic process. As shown in Fig. 5d, the spectra of O 1s can be
divided into three peaks around 529.9, 531.6, and 533.1 eV,
corresponding to the binding energy of the lattice oxygen,
oxygen vacancies, and absorbed oxygen species, respectively.37

The concentration of surface oxygen species can be estimate
according to the photoelectron cross-sections and mean path.
According to Fig. 5d, it is found that the concentrations of
oxygen vacancies for C1, C2, and C3 are 14.5%, 20.8%, and
27.3%, while the concentration of the absorbed oxygen species
are 9.5%, 5.3%, and 16.1%, respectively. It suggests that the
surface oxygen vacancies increase as the carbon shell becomes
thicker. However, the concentration of the absorbed oxygen
species doesn't increase with the thickness of the carbon shell,
which may because that the carbon of C1 is ultrathin and more
active.

The photocatalytic performances of the composite nano-
bers with different thickness of carbon coating are evaluated
by the degradation of RhB under visible light irradiation.
Catalyst loading is 1 g L�1. The total optical power (TOP)
impinging on the solution is 100 � 10 mW mL�1. The
normalized optical density change of RhB at the maximal
absorption peak 554 nm is plotted in Fig. 6a as a function of
time, where C0 is the concentration of RhB aer the adsorption
and desorption equilibrium before irradiation. For comparison,
P25 and CQDs are used as references. As shown in Fig. 6a, the
commercial TiO2 powders (Degussa P-25) show no photo-
degradation of RhB because for P25, TiO2 can be activated only
under UV radiation. It is found that when carbon is coated on
the TiO2 nanobers, a remarkable enhancement in photo-
catalytic activity is observed. C2 has the best photocatalytic
activity, and RhB can be almost completely degraded when
irradiated under visible light for 20 min. The visible-light-driven
photocatalytic activity of pure TiO2 nanobers may due to the
surface oxygen vacancies, which is in accord with the XPS
results. It is indicated from Fig. 6b that the photocatalytic
activity of C2 composite nanobers shows good repeatability
and stability in 4-time cycle tests, for which RhB can still be
Fig. 6 (a) Photodegradation of RhB by the composite nanofibers; (b)
the repeatability tests of C2.

RSC Adv., 2017, 7, 15330–15336 | 15333
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almost completely degraded when irradiated under visible light
for 20 min. Moreover, the RhB adsorbed on the surface of the
nanobers also prove to be removed totally, indicating that the
decrease of RhB concentration is due to the photocatalytic
degradation rather than adsorption (see FTIR results, ESI
Fig. S4†).

The photodegradation of RhB can be considered as a
pseudo-rst-order reaction.38,39 The rate constant k can be
calculated by the formula as follows:

C ¼ C0e
�kt (1)

where t is the reaction time, C0 and C are the RhB concentra-
tions at initial and reaction time t, respectively. The reaction
rate constant k of the composite nanobers with different
thickness of carbon shell is shown in Fig. 7. C2 shows the
highest catalytic efficiency with a rate constant of 0.13 min�1,
about 10 times of pure TiO2 nanobers (0.01 min�1) and 3 times
of C3 (0.04 min�1) when the carbon shell is thicker. The
apparent quantum efficiency (AQE) is dened as follows:40,41

AQE ¼ d½x�=dt
d½hn�inc

�
dt

¼ kC0

TOP
(2)

where d[x]/dt is the initial rate of change of the concentration of
the reactant, here for the degradation of RhB d[x]/dt ¼ kC0. d
[hn]inc/dt is the total optical power (TOP) impinging on the
sample. As the catalyst loading of the nanober is 1 g L�1, the
TOP impinging on the nanobers is 0.023 � 0.002 mW mL�1.
Based on the experimental data, the apparent quantum effi-
ciency (AQE) is estimated by formula (2) and plotted in Fig. 7.
The AQE of pure TiO2 nanobers is 4.75%, while the AQE of C2
with a carbon shell of 2 nm can reach as high as 51.62%. In
present research, AQE depends on the incident photons but not
the photons absorbed by the photocatalysts, so the real
quantum yield may be higher than the AQE obtained in this
article.

To investigate the mechanism of the enhanced photo-
catalytic activity of the heterostructure, we have further studied
Fig. 7 Degradation rate constants and apparent quantum efficiencies
of the prepared composite nanofibers.

15334 | RSC Adv., 2017, 7, 15330–15336
the origin of the visible light absorption of the nanobers and
the effect of the composite carbon structure on the optical
properties. Fig. 8a shows the UV-vis diffuse reection spectra of
pure TiO2 and the composite nanobers. It can be seen that
enhanced absorption for C1, C2 and C3 in the visible light range
is observed. The band gaps can be estimated from the reection
spectra using the Tauc plot (inset of Fig. 8a).42 Obviously, the
band gap of pure TiO2 nanober (3.13 eV) is higher than the
carbon coated nanobers, and the bandgaps for C1 (3.12 eV), C2
(3.08 eV) and C3 (3.04 eV) are further narrowed by the increase
of carbon loading. Moreover, the middle inset of Fig. 8a indi-
cates that the color of the nanobers turns to grey aer carbon
coating. There are probably two reasons accounting for this: one
is due to the carbon coating induced surface defects, which are
found to have a signicant effect on the electrical and optical
properties of semiconductor materials;43 another is related to
the increased content of rutile phase (bandgap 3.0 eV) in the
nanobers, corresponding to the former XPS and XRD results.
Fig. 8b shows the up conversion PL spectra of CQDs with exci-
tations from 700 to 900 nm. It is indicated that the emissions
are located at visible light range of 350–600 nm (some are cut by
the lter). Thus, the embedded CQDs have obvious up conver-
sion PL behavior, and it can absorb near infrared light and then
emit light in the region of 350–450 nm, which can promote
electrons from the valance band to the conduction band of TiO2

with rutile or anatase phase. As a result, CQDs in the carbon
shell can efficiently utilize the broad spectrum of the sunlight
and enhance the photocatalytic activity. Fig. 8c shows the PL
spectra of the nanobers with excitation wavelength of 300 nm.
Although the band–band PL phenomenon cannot be found, all
the samples exhibit a wide PL signal at the range of 350–600 nm.
Fig. 8 (a) UV-visible diffuse reflection spectra of the composite
nanofibers, the inset shows the colour of the sample and the corre-
sponding plots of (ahn)2 vs. photon energy (hn); (b) up conversion
properties of the CQDs; (c) photoluminescence spectra of the
composite nanofibers; (d) photoluminescence decay of the composite
nanofibers, the inset shows the fitting results.

This journal is © The Royal Society of Chemistry 2017
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There are four PL peaks at about 420, 440, 460, and 520 nm,
respectively. These PL signals are attributed to excitonic PL,
which mainly result from the surface oxygen vacancies and
some interface traps of radiative defects at the boundaries
between carbon and TiO2.44 The signal of pure TiO2 nanobers
is too weak to see, due to the relatively low density of the surface
defects. In addition, the weakest PL emission intensity of C2 is
also observed in the composite nanobers, illustrating that C2
has the best separation rate of photo-induced charges, which
enhances the photocatalytic activity. In compared with C2, C3
with the thicker carbon shell shows a relatively stronger emis-
sion density and lower photocatalytic activity, which may due to
the fast recombination of the photogenerated electron–hole
pairs on the carbon sites that are not at the interface. To further
understand the recombination process in the nanobers, we
have measured the time-resolved photoluminescence spectra,
shown in Fig. 8d. The laser wavelength is 405 nm. It can be seen
that a very fast relaxation is observed, which can be tted into
two exponential decay components of the fast recombination of
excitons and a relatively long-lasting emission.45 The tting
results are shown in the inset of Fig. 8d. Obviously, C2 shows
much slower PL decay and the longest average lifetime (0.69 ns),
which is about 2 times of pure TiO2 (0.39 ns) and 3 times of C3
(0.23 ns), indicating an increase of long-lived excited states.
These may be originated from the electron trapping by the
surface defects and the heterostructure of carbon coating. As
a result, an appropriate loading of carbon is benecial for
increasing the amount of long-lived charge trapping states. It's
not that the thicker the carbon shell, the better the photo-
catalytic activity. There are probably two reasons accounting for
this: one is that the contaminant molecules have to diffuse
through the carbon shell before reaching the surface of the
TiO2; another is that the light arriving at the surface of TiO2 are
weakened because of the scattering of the carbon shell.46

On the basis of the above results, the mechanism of the
enhanced photocatalytic activity in the heterostructure of TiO2

and amorphous carbon embedded with CQDs composite
nanobers is schematically shown in Fig. 9. When the catalysts
are illuminated by visible light with photon energy higher than
the band gap of TiO2 and CQDs, electrons in the valance band
can be excited to the conduction band with the generation of
the same amount of holes. In the heterostructure of the
Fig. 9 Schematic illustration of the photocatalytic mechanism of the
heterostructure.

This journal is © The Royal Society of Chemistry 2017
composite nanobers, the electrons will transfer from CQDs to
the electron-trapping site of amorphous carbon and then
injected into the conduction band of TiO2. The good contact
with the amorphous carbon (a-C), CQDs, and TiO2 also
promotes the separation process. In addition, surface oxygen
vacancies can further trap the photogenerated electrons and
help releasing holes from the catalyst. As a result, the lifetime of
the photogenerated electron–hole pairs will be increased,
leading to an enhanced photocatalytic activity. The photoin-
duced holes are apt to react with surface-bound H2O or OH� to
produce the hydroxyl radical species (cOH), while the dissolved
oxygen molecules (O2) react with the electrons to yield super-
oxide radical anions (cO2

�), both are extremely strong oxidant
for the mineralization of organic compounds. On the other
hand, we can also discuss the mechanism of the enhanced
photocatalytic activity from the aspects of the optical character.
The up conversion properties make CQDs absorb near infrared
light and emit shorter wavelength light which can excite TiO2 to
form the photogenerated electron–hole pairs and increase the
photocatalytic activity.
4. Conclusions

In summary, a novel core–shell heterostructure of TiO2 nano-
bers and heterogeneous carbon is successfully prepared via
a simple electrospinning and impregnation process. A shell of
CQDs embedded amorphous carbon has been coated on the
surface of TiO2 nanobers. The obtained core–shell nanobers
show an enhanced photocatalytic activity in the degradation of
rhodamine-B under visible light irradiation. The nanobers
with a thickness of carbon shell of 2 nm exhibit a stable and
highly efficient photocatalytic activity. The apparent quantum
efficiency can reach as high as 52%, which is about 10 times of
pure TiO2 nanobers. The enhanced photocatalytic activity is
attributed to the efficient separation of the photogenerated
electrons and holes due to the unique heterostructure of TiO2,
CQDs and amorphous carbon. The intimate contact of TiO2 and
the carbon shell further enhances the charge transfer process.
Moreover, the up conversion property of CQDs enables the
composite nanober to utilize more solar energy to increase the
photocatalytic activity. Thus, the photocatalytic activity of the
composite nanobers is efficiently improved. The results in this
work may be benecial to the future study of exploring the
carbon-based heterostructured materials for visible-light-driven
photocatalyst.
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