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carbon quantum dots/single
crystal TiO2 nanosheets with exposed {001} and
{101} facets and their visible light driven catalytic
activity

Hongqin Huang, Hao Ouyang, Tiehu Han, Huigang Wang * and Xuming Zheng

Carbon quantum dots were successfully doped into anatase TiO2 single crystal nanosheets (TNS) with

exposed {001} and {101} reactive facets by a facile solvothermal process. SEM and TEM confirmed the

as-prepared TiO2 nanosheet structure and that the dominant exposed face is the {001} facet, and the

loaded N-CDs are nearly spherical with an average size of about 3 nm. XPS results confirmed that the

deposited N-CDs were chemically integrated into the TiO2 nanosheets. UV-vis DRS spectroscopy shows

that with the dotting of N-CDs, the absorption edge of N-CDs/TNS has been extended into the visible

light region. The ability of the N-CDs/TNS to degrade Rhodamine B (RhB) in aqueous solution under

visible light irradiation (l $ 400 nm) was investigated. The results show that the photocatalytic

performance of N-CDs/TNS was substantially improved relative to pure TNS. The photodegradation

efficiency reached its maximum value with 6 mL of N-CDs/TNS, showing a 9.3-fold improvement in

photocatalytic activity over TNS. Fluorescence spectroscopy (PL) and electron paramagnetic resonance

(EPR) studies were conducted to characterize the active species during the degradation period, based on

which the possible photodegradation mechanism of N-CDs/TNS by visible light irradiation was given.
1 Introduction

In 1972 Fujishima and Honda rst reported that titanium
dioxide (TiO2) can split water into hydrogen and oxygen by
a photo-assisted electrochemical reaction.1 This work triggered
enormous interest by scientists into semiconductor photo-
catalysis investigation. Photocatalytic degradation of pollutants
using TiO2 was rst reported in 1977 by Frank and Bard,2 since
when a dramatic improvement has taken place in this area
because of the urgent need for water and air purication.

The photocatalysis process generally begins with the
absorption of a photon with energy greater than the band gap of
the semiconductor, which interacts with an electron in the
valence band (VB), and then excites the electron to the
conduction band (CB).3–5 Only a photon with energy greater
than the band gap of the semiconductor can excite the electron
to the CB; in the case of anatase TiO2, the band gap is 3.2 eV,
therefore only light with a wavelength shorter than 387 nm
satises the condition.6,7 However, there are some strategies to
make anatase TiO2 active in the visible light region. Hetero-
element structures such as doping,8–11 p–n
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heterojunctions,12,13 metal/semiconductor Schottky junc-
tions14,15 and dye sensitization15–17 are proven to be effective
ways to extend the absorption range into the visible light region.
For example, N-doped TiO2 creates a hybrid orbital above the VB
of TiO2 by imbedding an N atom into the lattice of TiO2 (ref. 10)
or C-doped TiO2 can create a hybrid orbital above the VB of TiO2

by replacing a lattice Ti atom or lattice O atom by C atoms.11,18,19

They all successfully expand the catalyst's photoresponse to the
visible light region with an enhanced visible light photocatalytic
performance.20

Nowadays homo-structures, including surface hetero facet
junctions21–23 and Ti3+ self-doped black TiO2�x strategies, arouse
great attention in the solar cell and pollution treatment elds.24

Anatase TiO2 single crystal nanosheets (TNS) with highly
exposed {001} and {101} facets boast enhanced photocatalytic
activity as a result of forming a surface heterojunction that
induces photogenerated e� and h+ to move to {101} and {001}
facets, respectively.25–27 Tachikawa et al.28 also reported a study
on the electron transfer between {101} and {001} facets on the
TiO2 surface. Moreover, TNS provide perfect single crystal facets
for an investigation of the mechanism of facet-dependent
catalytic activity.

Carbon quantum dots are nanoparticles with intriguing fast
chargemobility and large surface area properties.29 The effective
doping of TiO2 with carbon quantum dots is expected to be
benecial to increasing the electron transfer rate and the
This journal is © The Royal Society of Chemistry 2019
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View Article Online
adsorption amount of dye molecules to be degraded. Therefore,
it is believed that TNS nanosheets combined with carbon
quantum dots and N atoms to form N-CDs/TNS nanosheets
could be an ideal designed photocatalyst with superior catalytic
performance.30,31

Herein, in this work, novel anatase N-CDs/TNS nanosheets
with exposed {101} and {001} facets are prepared for the rst
time using HF as a morphology control agent through a sol-
vothermal method. The morphology, chemical structure, and
the inuence of N-CDs content in the composites on catalytic
performance were systematically investigated. The prepared N-
CDs/TNS nanosheets with exposed {001} facets and a narrow
band gap exhibit a much higher photocatalytic activity relative
to pure TNS under visible-light irradiation. Furthermore, the
photocatalytic efficiency exhibits good stability aer ve cycles.
A possible photocatalytic mechanism of the as-prepared catalyst
has been proposed.

2 Experimental section
2.1 Preparation of N-CDs

0.768 g of citric acid and 0.72 g of urea were dissolved into
20 mL of water, and stirred to form a clear solution. Then the
solution was transferred into a 100 mL Teon lined stainless
autoclave. The sealed autoclave was heated to 200 �C in an
electric oven and kept for an additional 8 hours. It was cooled to
obtain a suspension, followed by adjustment of the pH to 7 with
acetic acid. The suspension was centrifuged at 10 000 rpm for
5 min to remove large carbon residues, yielding a dark
yellowish-brown solution of N-CDs. Further purication of the
N-CDs was conducted through a dialysis tube (kept molecular
weight: 500–3500 Da) for 4 days in the dark (changing the
deionized water every 8 h). The liquid was collected and
concentrated to 20 mL by rotary evaporation.

2.2 Preparation of TNS

TiO2 nanosheets with dominant {001} crystal planes were
prepared by a facile one-pot solvothermal reaction of TBT-HAc
solution: a precursor solution containing 1 mL of tetrabutyl
titanate and 3 mL of ethylene glycol was added dropwise to
50 mL of HAc with continuous stirring. 60 min later 0.18 mL of
HF was added and stirred for 5 min more. The obtained white
suspension was transferred to a dried Teon-lined autoclave at
200 �C for 24 h. Aer being cooled to room temperature, the
product was collected by high-speed centrifugation, washed
with ethanol and water several times, dried at 60 �C overnight,
and nally calcined at 600 �C for 90 min to remove the residual
organics and F�.

2.3 Preparations of N-CDs/TNS photocatalysts

N-CDs/TNS were prepared by a hydrothermal deposition
method. In the standard preparation conditions, an appropriate
volume of N-CDs and 0.2 g of TNS were dispersed in 40 mL of
distilled water, and stirred for 1 h. The suspension was put into
a dried Teon-lined autoclave at 200 �C for 6 h. Aer being
cooled to room temperature, the product was collected by high-
This journal is © The Royal Society of Chemistry 2019
speed centrifugation. According to the added volume of N-CDs,
we named the samples (2 mL) N-CDs/TN, (4 mL) N-CDs/TNS, (6
mL) N-CDs/TNS, (8 mL) N-CDs/TNS and (10 mL) N-CDs/TNS.

2.4 Photocatalysis experiments

The photocatalytic activities of the materials were examined by
degrading Rhodamine B (RhB) in aqueous solution under
visible light irradiation using a 300 W xenon lamp (CEL-
HXUV300, Beijing CEAULIGHT) with a 400 nm cutoff lter as
the light source. In each experiment, a total of 50 mg of catalyst
was added to a 100 mL solution of 10 mg L�1 RhB in a 120 mL
quartz reactor with a circulating water system to maintain
a constant temperature, and the distance between the light and
the surface of the solution was set at about 10 cm. Before irra-
diation, the suspension was stirred in the dark for 30 min to
ensure the adsorption–desorption equilibrium of the solution.
Aer the start of the photocatalytic reaction, approximately
3 mL of the mixture was taken at regular time intervals, and
then centrifuged to separate the photocatalyst particles. The
concentration was analyzed by measuring the maximum
absorbance at 554 nm for RhB using a UV-vis spectrometer
(Varian Cary 50).

2.5 Characterization

Crystalline phases of the prepared samples were characterized
by X-ray diffraction (XRD) on a DX-2700 diffractometer (Dan-
dong Hanyuan Instrument Co. Ltd, China) using Cu Ka radia-
tion (l¼ 0.15418 nm). Transmission electronmicroscope (TEM)
images were taken on a JEOL-2100 electron microscope oper-
ating at an accelerating voltage of 200 kV. The morphology of
the materials was analyzed by a Hitachi S-4800 eld emission
scanning electron microscope (FE-SEM). UV-vis diffuse-
reectance spectroscopy (DRS) was obtained from a Shimadzu
UV-2450 spectrophotometer using BaSO4 as the reference. X-ray
photoelectron spectroscopy (XPS) was performed on a Kratos
AXIS Ultra DLD instrument with an Al Ka monochromatic
source. All binding energies were referenced to the C 1s peak
(284.6 eV) arising from adventitious hydrocarbons.

3 Results and discussion

The preparation procedure for the catalysts N-CDs/TNS is
illustrated in Scheme 1. N-doped CDs were carbonized with
a solvothermal process and puried through centrifugation and
dialysis. TNS nanosheets were prepared from tetrabutyl titanate
using a solvothermal method, and HF was used as a crystal facet
control agent. In this work, the mixture of as-prepared N-CDs
and TNS goes through a hydrothermal deposition process,
and Ti–OH can be easily dehydration condensed with the
abundant oxygen functional groups on the N-CDs surfaces,
which is more favourable to the formation of the {001} surfaces.
That is, N-CDs as a stabilizer plays an important role in helping
to maintain a large single crystal of TNS with exposed {001}
facets.

X-ray diffraction (XRD) measurements were used to identify
the crystallographic phase structures of the synthesized
RSC Adv., 2019, 9, 3532–3541 | 3533
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Fig. 1 XRD pattern of N-CDs, TNS and N-CDs/TNS.

Scheme 1 Synthetic route to the photocatalyst N-CDs/TNS from citric acid and tetrabutyl titanate through hydrothermal deposition.
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products. XRD patterns of as-prepared N-CDs, pure TNS, and N-
CDs/TNS are shown in Fig. 1. Fig. 1 (bottom) shows a typical
broad noisy peak around 21�, assigning a graphitic structure to
the spectrum for the N-CDs, corresponding to the (002) planes
of graphite. The interlayer spacing is 0.35 nm, which is broader
than that of graphite, indicating that N-CDs had a bigger
interlayer spacing than that of graphite. This result could be
attributed to the nitrogen-containing groups introduced in the
dehydrolysis and hydrothermal process, which enhanced the
interlayer distance. From TNS and (6mL) N-CDs/TNS in Fig. 1, it
can be seen that no peak ascribed to N-CDs can be observed in
the (6 mL) N-CDs/TNS composites; this is due to the fact that the
N-CDs are highly dispersed in the TiO2 nanosheet structures
and the low loading quantity of N-CDs is beyond the XRD
detection limit. Simultaneously, all the diffraction peaks for (6
mL) N-CDs/TNS in Fig. 1 are the same as for the crystal structure
of pure TNS, and match well with the crystal structure of
anatase-phase TiO2 (space group: I41/amd, JCPDS no. 21-1272),
indicating the formation of (6 mL) N-CDs/TNS nanocomposites.
3534 | RSC Adv., 2019, 9, 3532–3541
The TEM image in Fig. 2a shows that the N-CDs nano-
particles are uniform and monodispersed, with an average
diameter of about 3 nm. The high resolution TEM (HRTEM)
image (inset of Fig. 2a) shows that the N-CDs have crystallinity
with lattices of 0.242 nm. These latticesmay be sp2 clusters in N-
CDs or carbon quantum dots obtained in the solvothermal
route.32 Fig. 2b and c show the SEM image of pure single crystal
TNS nanosheets; the rectangular TNS nanosheets have a typical
dimension (length � width � height) of 150 � 120 � 20 nm.
The HRTEM image shows the continuous {001} atomic planes
of anatase TiO2 single crystals with a lattice spacing of 0.235 nm
(inset of Fig. 2b). The percentage of the {001} facets can be
statistically estimated to be 75%, based on SEM and TEM
measurements. A previous study demonstrated that the {001}
facets and {101} facets can form a surface heterojunction due to
the more negative at-band potential of anatase {001} facets,
which is favorable for the separation of e� and h+.33 Therefore,
the as-synthesized TNS nanosheets composed of {001} and
{101} facets are particularly benecial to photocatalytic appli-
cations. Fig. 2d and e show the TEM and SEM images of the as-
prepared catalysis N-CDs/TNS composites; they demonstrate
that the N-CDs were uniformly distributed on the exposed
surfaces of TNS. The main size distribution of N-CDs, obtained
from the statistical result in Fig. 2d, was around 3 nm. The
uniform distribution of N-CDs on all exposed surfaces of TNS
derived from the crucial advantage of our hydrothermal depo-
sition process: the homogeneous high-pressure deposition of
the N-CDs precursor on the spatial locationally conned TNS.

To investigate the surface composition and the chemical
states of the elements in as-prepared N-CDs/TNS and the
interactions between TNS nanosheets and N-CDs, XPS studies
were conducted over N-CDs before and aer loading over TNS.
As shown in Fig. 3a, the wide-scan survey spectra of N-CDs and
N-CDs/TNS all contain O, N and C elements. Compared with N-
CDs, the survey spectrum of N-CDs/TNS shows the presence of
Ti 2p originating from TiO2. In addition, the oxidation state of
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) TEM image of N-CDs (inset shows the HRTEM image); (b) TEM image of single crystal TNS nanosheets (inset shows the HRTEM image);
(c) SEM image of single crystal TNS nanosheets; (d) TEM image of N-CDs/TNS; (e) SEM image of N-CDs/TNS.
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the Ti in N-CDs/TNS is shown (in inset of Fig. 3a). Two bands
located at 458.94 eV and 464.71 eV can be recognized, and
assigned to the distinct Ti 2p3/2 and Ti 2p1/2 signals in the Ti4+

chemical state.34 In contrast, the peak intensities of the O 1s
substantially decreased in the XPS survey spectrum (Fig. 3a),
conrming the increasing Ti percentage in the N-CDs/TNS
composites. It should be taken into consideration that for
such small-sized carbon nanodots, less than 3 nm, most of the
XPS signal comes from the whole particles, both core and
surface, rather than being from the surface alone. The reason is
attributed to the fact that the size of the CDs (below 3 nm) is
smaller than the depth of the XPS (which is about 15 nm).

The high resolution deconvoluted spectra of each XPS peak
are shown in Fig. 3b–d. In Fig. 3b the C 1s XPS spectrum is
composed of four peaks based on peak tting. The peak at
a binding energy of 285.63 eV is assigned to C–O and C–O–C, the
signal at 288.90 eV is attributed to the C]O oxygen-containing
carbonaceous band and the peak at 285.17 eV is coming from
C–N. In addition, the deconvoluted peak centered at a binding
energy of 284.63 eV is assigned to the C–C, C]C and C–H bonds
(sp2). These results suggest that there are relatively high
amounts of oxygen groups on the N-CDs or the surface of the N-
CDs/TNS, and there is a nitrogen group bonded to the N-CDs
and N-CDs/TNS as well. In contrast, the peak intensities of the
oxygen functional groups substantially decreased in the C 1s
XPS spectrum of N-CDs/TNS (Fig. 3b), conrming that N-CDs
This journal is © The Royal Society of Chemistry 2019
has been covered by TiO2 nanosheets. It is worth noting that
no peak assigned to C–F is detected, indicating no F-doped TNS
was produced during the solvothermal process. In addition, the
O 1s XPS spectra of N-CDs and N-CDs/TNS nanosheets are
presented in Fig. 3c, which exhibit a different peak shape. For N-
CDs, the O 1s peak at 533.59 eV is closely related to the signif-
icant C–O–C and hydroxyl groups, and the peak at 532.07 eV was
assigned to C]O. For N-CDs/TNS nanosheets the three peaks
tted with O 1s peaks were assigned to three different groups:
530.12 eV to Ti–O, 531.88 eV to C]O and 532.27 eV to C–O–C/C–
OH. All these results further conrm the successful integration
between TNS and N-CDs and the presence of a strong interac-
tion between the Ti, O, and C aer the solvothermal treatment.

The N 1s peaks at 398.20 and 400.11 eV shown in Fig. 3d
indicate that nitrogen existed mostly in the form of N–C (400.05
eV) or N–H (401.74 eV). It is worth noting that no peak assigned
to C–Ti is detected, indicating that N-CDs were not directly
bonded to Ti atoms, and most probably were bonded to TNS
through oxygen functional groups during the solvothermal
process.

The FTIR technique was used to identify the organic func-
tional groups on the surface of the N-CDs. As shown in Fig. 4,
the amide group is clearly identied through the 1661 cm�1

C]O stretching vibration. Absorptions at 3200 cm�1 and
1100 cm�1 are ascribed to O–H symmetric stretching vibration
and C–O stretching vibration, respectively. The peaks at
RSC Adv., 2019, 9, 3532–3541 | 3535
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Fig. 3 XPS spectral comparison of N-CDs and N-CDs/TNS. (a) XPS survey spectrum, (b) high-resolution C 1s spectrum, (c) O 1s spectrum and
(d) N 1s spectrum.

Fig. 4 FTIR spectra of N-CDs.
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1575 cm�1 and 1406 cm�1 are assigned to C]C stretching and
C–N bending respectively. The peak at 1207 cm�1 is described
as C–O–C stretching vibration. The strong absorption peaks of
C–O, C–N and O–H in N-CDs suggest that the N-CDs have an
abundance of amide groups and hydroxyl groups, thus
guaranteeing their good solubility in water. In addition, the
3536 | RSC Adv., 2019, 9, 3532–3541
absorption peaks between 2800 cm�1 and 3000 cm�1 are
attributed to the C–H stretching vibration and the peaks within
the range 1300–1500 cm�1 represent the C–H bending
vibration.

Fig. 5a shows the UV-vis absorption spectrum of N-CDs, with
inset photographs of N-CDs under different light. A clear
adsorption feature is observed at about 228 nm, which is
assigned to the p–p* transition of C]C bonds. In addition, N-
CDs have a broad absorption band ranging from 280 nm to
500 nm with decreasing intensity, which is ascribed to the
typical n to p* transitions of C]O and C]N groups. Such
a wide absorption band ensures the photoluminescent emis-
sion of the N-CDs under excitation from UV light to red light.
The phenomenon of emission wavelength dependence on the
excitation wavelength is a common property observed in carbon
quantum dot-based materials. The solution of N-CDs presents
blue light under UV beam excitation but a yellow color under
visible light excitation (Fig. 5a inset).

Fig. 5b shows the UV-vis DRS of as-prepared TNS and N-CDs/
TNS photocatalysts. In the UV region no absorption difference
can be discerned among all the catalysts while in the visible
light region a red shi in the absorption edge could be observed
for N-CDs/TNS relative to TNS. This red shi could be ascribed
to the deposition of carbon quantum dots in the composites,
reducing the reection of light. (6 mL) N-CDs/TNS have the
highest visible light absorption.
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 UV-vis absorption spectrum (a) of the as-prepared N-CDs solution (inset is a photograph of N-CDs solution under visible light and UV
light) and (b) UV-vis diffuse reflectance spectra (UV-vis DRS) of N-CDs/TNS.
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Fig. 6a shows the uorescence emission spectra of water
solutions of N-CDs excited by a series of laser wavelengths. It
shows that the emission spectra of N-CDs are broad, ranging
from 350 nm to 550 nm; moreover, the emission spectra are
wavelength dependent on the excitation laser wavelengths. This
indicates that the band structures of N-CDs are complicated and
disordered. The emission property of the C dots is highly related
to the C]O and C]N functional groups in N-CDs, which can
affect the electronic structures of core sp2 clusters and intro-
duce new energy levels into their electronic structures, conse-
quently resulting in multiple electronic transition possibilities.
Multiple electronic transitions mix together, broadening the
absorption band range. The weight of each transition is
different and changes with the excitation wavelength. The
excited electrons will be deactivated by radiative recombination
to their own ground state, leading to multiple uorescence
emissions. A specic excitation wavelength corresponds to
specic weight multiple electronic transitions, resulting in
tailored backward uorescence wavelength emissions. The
excitation wavelength changes, the weight of each electronic
transition changes, and the weight of each uorescence
Fig. 6 (a) Normalized fluorescence emission spectra of water solutions o
of TNS and (6 mL) N-CDs/TNS.

This journal is © The Royal Society of Chemistry 2019
emission changes, shiing with the emission peak wavelength,
presenting wavelength-dependent properties of N-CDs. Our N-
CDs show the strongest blue uorescence under an excitation
wavelength of 330 nm. It was reported that doping with nitrogen
element moves the conduction band edge of carbon down so as
to decrease the band gap. Moreover, the nitrogen bonding to
carbon may cause disorder in the carbon hexagonal rings and
create new luminescent centers by trapping the radiative elec-
tron–hole pairs, so prolonging the lifetime of electron–hole
pairs and making room for electron transfer to another semi-
conductor. Fig. 6b shows that doping of N-CDs into TNS
changes the electron radiative solution: it may trap the excited
electrons and cause quenching of uorescence.

Rhodamine B (RhB) is a representative organic dye and has
been widely used in industrial applications, contaminating
environments. Thus the photocatalytic degradation of RhB in
aqueous solution was selected as a probe reaction in this work
to evaluate the photocatalytic performance of N-CDs/TNS pho-
tocatalysts, together with those on N-CDs and pure TNS for
a comparison. The concentration change in RhB vs. photo
illumination time is shown in Fig. 7. Under visible light
f N-CDs acquired using various excitation wavelengths. (b) PL spectra
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Fig. 9 The photocatalytic activity of N-CDs/TNSs with the addition of
different scavengers.

Fig. 7 Photocatalytic degradation rate curves of RhB using N-CDs,
TNS, and N-CDs/TNS as photocatalysts under visible light.
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irradiation (400–780 nm), no RhB self-degradation or no
obvious concentration decrease was observed over N-CD cata-
lysts, and only 25% degradation was observed over TNS within
180 minutes, as shown in Fig. 7. Whereas, the N-CDs/TNS with
different N-CDs contents demonstrated higher photo-
degradation efficiency: 92% RhB degraded within 180 minutes
over (6 mL) N-CDs/TNS. Through careful observation, the RhB
degradation efficiency continuously increases with N-CDs
loading content increasing from 2 mL to 6 mL. Further
increasing N-CDs content, however, decreases catalytic activity.
On the basis of a simplied Langmuir–Hinshelwood model, the
linear relationship of ln(C/C0) versus time (see Fig. 8a) upon
visible light irradiation indicates that RhB degradation follows
pseudo rst order kinetics, and the apparent rate constant (k)
shown in Fig. 8b was calculated from the plot of ln(C/C0) vs.
time. The highest apparent rate constant, obtained for (6 mL) N-
CDs/TNS, is 1.282� 10�2 min�1, which shows a 9.29, 1.69, 2.29,
1.66 and 2.54-fold photocatalytic activity improvement over TNS
Fig. 8 (a) Kinetic linear fitting curves and (b) the apparent rate constant fo
under visible light irradiation.

3538 | RSC Adv., 2019, 9, 3532–3541
(k ¼ 0.00138 min�1), (2 mL) N-CDs/TNS (k ¼ 0.0076 min�1), (4
mL) N-CDs/TNS (k ¼ 0.0056 min�1), (8 mL) N-CDs/TNS (k ¼
0.00772 min�1) and (10 mL) N-CDs/TNS (k ¼ 0.00504 min�1),
respectively. The experiments show that a suitable loading
content of N-CDs on TNS is a key factor for improving the
photocatalytic activity of N-CDs/TNS nanocomposites. The
doping of N-CDs into the matrix of TNS endows the N-CDs/TNS
photocatalysts with several outstanding characteristics:
extended catalytic adaptability, enhanced adsorption of pollut-
ants, extended light absorption range into the visible region and
improved separation of photogenerated electron–hole pairs.

To investigate the catalytic mechanism, especially the
capture of the main active species that trigger the visible light
photodegradation, an additional examination was carried out
by adding specic radical trapping agents to the reactant before
light irradiation. It is well known that tert-butanol (TBA) is an
$OH scavenger, benzoquinone (BQ) is a scavenger for $O2

�

radicals, and EDTA–2Na and AgNO3 can trap holes and
r liquid-phase photocatalytic degradation of RhB over different samples

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10311a


Fig. 10 DMPO spin-trapping EPR spectra for (6 mL) N-CDs/TNS.
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electrons respectively. Under visible light irradiation, as shown
in Fig. 9a, RhB degradation was signicantly suppressed when
benzoquinone (BQ) or EDTA–2Na were added to the reaction
system. However, other radical scavengers had no inuence on
photoactivity. This indicated that the $O2

� radical and h+ were
the main active species during the photodegradation process.

An EPR spin-trapping study was conducted in order to verify
the presence of radicals and to identify radical species which
may be responsible for the degradation of RhB. The EPR spec-
trum of N-CDs/TNS dispersed in water under visible light irra-
diation is shown in Fig. 10a and the spectrum dispersed in
methanol is shown in Fig. 10b. No signal is present in Fig. 9a,
which means there is no DMPO–$OH adduct in solution.35 The
EPR spectrum monitored upon continuous irradiation of N-
CDs/TNS suspension dispersed in methanol (Fig. 10b) demon-
strates the formation of DMPO–$O2

� simultaneously with
a further four characteristic paramagnetic signals with an
intensity ratio of 1 : 1:1 : 1, which are typical of the DMPO
oxidation product 5,5-dimethyl-1-pyrrolidone-2-oxyl ($DMPO–X,
i.e. O2

�c/$OOH36). This experiment veries that $O2
� is the

active species that is produced during light irradiation and
which is responsible for the photodegradation of RhB, which is
consistent with the experimental trapping results shown in
Fig. 9.

Fig. 11a presents the cyclic voltammograms (CVs) of N-CDs.
It is clear that the electrochemical behavior is reversible, and
the reduction potential is approximately at �0.61 V, and
according to the equation ELUMO¼�e(ERED + 4.4), we can obtain
Fig. 11 CV curve of N-CDs and (b) the possible photocatalytic mechani

This journal is © The Royal Society of Chemistry 2019
the LUMO energy as�3.79 V, which is very close to that reported
in the literature.37 On the basis of the UV-vis DRS spectra of N-
CDs and ELUMO, we obtain EHOMO ¼ �6.81 V. Based on the
energy data and trapping detection results above, Z-scheme N-
CDs/TNS heterojunction structures were proposed to explain
the potential mechanisms of the visible light irradiation cata-
lytic activity (Fig. 11b). The visible light irradiation excited the
HOMO electron of N-CDs to the excited LUMO orbit. At the
same time, the anatase TNS can also absorb visible light due to
the weak absorption “tail” around a wavelength of 400 nm,
which excites the electrons in the VB of TNS to the CB of TNS.
The {001} and {101} facets of TNS can form a surface hetero-
junction and facilitate the electron preferentially jumping to
{101} facets. That is to say, both of the electrons on TNS and N-
CDs can be excited to yield electron–hole pairs under visible
light illumination. Photogenerated electrons from the LUMO of
N-CDs can substantially combine with the photogenerated
holes from the TNS accumulated on {001} facets and, as a result,
the electron and hole carriers are spatially separated: that is,
holes accumulate on N-CDs and electrons accumulate on {101}
facets of TNS. The interfacial Z-scheme combination also helps
the excited electrons accumulate on the {101} of TNS, prevent-
ing them from traveling back to the VB. Since no holes remain
in TNS, the hot electrons on the CB should have much longer
lifetimes, offering more probabilities to reduce the O2 adsorbed
on the {101} facets of TNS and the consequent RhB degradation.
On the other hand, the h+ remaining in the HOMO of the N-CDs
might be transferred to the surface of the photocatalysts,
attacking target organic compounds, or reacting with H2O to
form $OH. Thus, the Z-scheme structure could efficiently
separate the photoinduced electron–hole pairs, to obtain
enhanced photocatalytic performance for N-CDs/TNS.

Additional experiments were performed to evaluate the
stability and reusability of the N-CDs/TNS. As shown in Fig. 12,
the RhB photodegradation efficiency exhibits only a slight
decrease aer 10 successive cycles of experiment under iden-
tical conditions, indicating that our as-prepared N-CDs/TNS
photocatalysts have superior photocatalytic stability. This can
be attributed to a synergistic effect between the high intrinsic
sm of N-CDs/TNS under visible light irradiation.

RSC Adv., 2019, 9, 3532–3541 | 3539
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Fig. 12 The reusability performance of (6 mL) N-CDs/TNS for the
removal of RhB under visible light irradiation.
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single-crystal-like nature of the anatase phase of TNS, the
stability of the N-CDs, as well as the strong interaction between
the N-CDs and TNS.
4 Conclusions

In summary, the incorporation of N-CDs into anatase TNS,
denoted as N-CDs/TNS, was performed using a solvothermal
method to modify the photoresponse properties of TiO2 parti-
cles and improve their photocatalytic stability. Experiments
demonstrated that the exposed active {001} facets coupled with
the loaded N-CDs dramatically enhanced the visible light pho-
tocatalytic performance of TiO2, and the highest photocatalytic
activity was found to be 9.3 times that of pure TNS. SEM and
TEM conrmed the as-prepared TiO2 nanosheet structure and
that the dominant exposed face is the {001} facet, and the
loaded N-CDs are nearly spherical with an average size of about
3 nm. XPS results conrmed that the deposited N-CDs were
chemically integrated into TiO2 nanosheets. UV-vis DRS spec-
troscopy shows that with the dotting of N-CDs, the absorption
edge of N-CDs/TNS has been extended into the visible light
region. The structure of a Z-scheme heterojunction and the
{101} {001} facet surface heterojunction, the absorption edge
extension, the high charge separation, and the effective expo-
sure of highly reactive {001} facets are the main contributions to
the high photocatalytic activity. The prepared N-CDs/TNS cata-
lyst is expected to be applied to photocatalytic degradation,
photocatalytic water splitting, solar cells, sensors, etc. The
ndings of our work provide a new way to steadily improve
photocatalytic efficiency through the loading of stable N-CDs
onto a single-crystal-like TiO2 nanosheet.
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