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One-step synthesis of band-tunable N, S co-doped
commercial TiO,/graphene quantum dots
composites with enhanced photocatalytic activityy

Kai Shen,? Xin Xue,” Xiaoyi Wang,® Xiaoying Hu,® Hongwei Tian {2 *2
and Weitao Zheng & a°

N, S co-doped commercial TiO,/N, S-GQDs graphene quantum dots (NSTG) composites with band
tunability are synthesized via a facile solvothermal treatment in the presence of thiourea, which acts as
a precursor for the dopants. The as prepared nanocomposites are characterized via X-ray diffraction
(XRD), Raman spectroscopy (Raman), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Fourier transform-infrared spectroscopy
(FT-IR) and UV-vis diffuse reflectance spectroscopy (UV-vis DRS). The photocatalytic activity of NSTG is
evaluated through the degradation of methylene blue (MB) under visible light irradiation (A > 400 nm).
Compared with commercial TiO, (P25) and N, S co-doped TiO, (NST), the NSTG composites exhibit the
highest photodegradation efficiency. The apparent rate constant of NSTG is about 2.4 times and 50.7
times higher than that of NST and commercial TiO,, respectively. Furthermore, the band gaps of the
NSTG composites can be tuned by changing the molar ratio of citric acid (CA) : thiourea. Our work
demonstrates that this innovative synthetic approach could provide an effective approach for industrial
applications due to its low cost and scalability. Furthermore, the NSTG composites are a more promising
photocatalytic material than the well studied N doped TiO, for potential applications in environmental

rsc.li/rsc-advances protection.

1. Introduction

Semiconductor photocatalysis is currently a prime research area
because of its potential application in clean and renewable
energy as well as pollution abatement. In 1976, Fujishima et al.
first reported that TiO, could be used as an electrode to
decompose water under the condition of illumination.” This has
opened up the prospect of TiO, in the field of photocatalysis.
For over 40 years TiO, has been extensively studied and
commonly applied as a photocatalyst in environmental cleaning
and energy conversion because of its stability, oxidative power,
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nontoxicity, low cost, and efficiency for the degradation of
complex organic pollutants.>* However, photogenerated elec-
trons and holes recombine quickly due to the wide band gap of
TiO,. Furthermore, this material only functions under UV light
irradiation with a wavelength shorter than 387 nm, which
only covers 4% of the solar spectrum.® The efficient use of
sunlight has become an appealing challenge for photocatalyst
development.

Due to efficient visible-light absorption by band gap modu-
lation,® the promising and widely investigated systems are
compounded semiconductor” and doped TiO,, such as N doped
TiO, (N-TiO,), which show significant catalytic activity in
various reactions under visible light irradiation.>® Different
strategies have been used for the doping of TiO,. Asahi et al.
first reported that nitrogen doping could narrow the band gap
of TiO, and they synthesized N-TiO, via chemical treatments of
the bare oxide." Burda et al prepared N-TiO, via sol-gel
synthesis and reported enhanced visible light photocatalytic
activity."* Other methods have been used for incorporating N in
TiO,, such as ion implantation and magnetron sputtering.
Recently, NST has attracted much attention because of its
synergistic effect which allows its electronic structure to be
tuned and visible-light photocatalytic activity to be enhanced.™
Herrera et al. reported enhanced photocatalytic activity for an
NST which exhibited excellent catalytic activity under both
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visible and UV light irradiation.”® Xu and co-workers showed
a twist-like helix NST with visible-light response.** Zhang et al.
prepared N, S co-doped polymorphic TiO, which showed visible
light photocatalytic activity for microcystin-LR degradation.*
However, few studies have reported that the amount of dopant
can have an on the band gap.

Although the application of two-dimensional graphene is
unfortunately limited by its nature to easily aggregate and poor
dispersion, graphene was further converted into 0D graphene
quantum dots (GQDs) in 2007.**'” GQDs, which are only a few
nanometers in size, have been recognised as a new type of
quantum dots (QDs) with unique properties inherent from both
graphene and QDs." The characteristics of GQDs arises from
their graphitic structure and quantum nature.'>*° The strategies
for synthesizing GQDs with tunable properties can be divided
into two methods. One is the cutting approach in which gra-
phene assemblies are directly cut into GQDs, such as nano-
lithography technique,” hydrothermal and solvothermal
cutting of graphene® and electrochemical techniques.”® The
other is chemical synthesis by stepwise reactions of molecular
precursors,* for example CA pyrolysis. Several reports showed
promotion in the catalytic activity of GQDs, including the
catalysis of GQDs,*”® enhanced photocatalytic activity under
visible light,*® and higher degradation efficiency of a TiO,/GQDs
composite compared with pure TiO, under visible light for the
degradation of MB.”” As carbon materials for catalysis, consid-
erable efforts have been made to expand the diverse GQDs. For
example, doped GQDs have been shown as an attractive channel
to effectively tune intrinsic material properties since they
possess electronic and optical characteristics, and surface and
local chemical features. The N atom, which has similar atomic
size as carbon atoms, has been widely applied in the elemental
doping of carbon materials.”®*** Sim et al. prepared N doped
GQDs (N-GQDs) with electrocatalytic activity.*® Dai et al. re-
ported that N-GQDs/TiO, nanofibers present high photocur-
rents and excellent stability.*® Recently, some researchers
successfully synthesized co-doped GQDs, for example N, S co-
doped GQDs (N, S-GQDs),*> which reveal excellent catalytic
activity and exhibit a narrower band gap than N-GQDs and thus
absorption in the visible wavelength region.*®* However, co-
doped GQDs based composites as photocatalysts have rarely
been investigated for their degradation abilities for organic
pollutants. Compared with the heavy metal semiconductor
quantum dots used in photocatalysis, such as Cd*" and W**, N,
S-GQDs will not cause secondary pollution and also provide the
excellent properties of semiconductor quantum dots.

Herein, for the first time, we synthesize NSTG composites
with band tunability via a facile solvothermal treatment and
report their enhanced photocatalytic activity through the
degradation of MB. This synthetic method reduces the number
of preparation steps without utilizing either excessively harmful
reagents or unstable precursors and without generating
particularly toxic by-products. We use CA as a carbon source to
synthesize GQDs and thiourea as a precursor for the dopants.
Commercial Degussa P25 is used as a precursor for TiO,.
Furthermore, the NSTG composites show continuously tunable
band gaps by changing the molar ratio of CA : thiourea. The
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combination of NST and N, S-GQDs may improve charge sepa-
ration and stabilization. The NSTG composites can effectively
suppress electron-hole recombination, extend the range of
visible light, and improve the catalytic efficiency. Therefore, this
is an attractive and effective approach for industrial applica-
tions due to the significant reduction in economic cost and
scalability.

2. Experimental
2.1 Materials

P25 (20% rutile and 80% anatase) was purchased from Degussa.
CA and thiourea were supplied by Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Ethanol (C,H¢O) and dime-
thylformamide (DMF) were purchased from Beijing. Chemical
Works (Beijing, China). All materials were used as received
without further purification. Deionized (DI) water used in the
preparation of the composites was obtained from local sources.

2.2 Synthesis

2.2.1 Synthesis of NSTG composites. CA and thiourea with
different molar ratios of 1 : 0.5,1 : 1, and 1 : 3 were dissolved in
8 mL DMF and stirred to form a clear solution.** Then 100 mg
P25 was added to the solution and stirred to form a uniform
suspension. Next, the suspension was transferred into a Teflon-
lined stainless-steel autoclave. The solvothermal treatment was
performed at 180 °C for 8 h. The products were cooled to room
temperature and separated by centrifugation at 9000 rpm for
15 min after ethanol was added to the solution.

2.2.2 Synthesis of N, S-TiO, (NST). Thiourea was dissolved
in 8 mL DMF and stirred to form a clear solution without the
addition of CA. The rest of the steps were the same as that for
the synthesis of the NSTG composites.

2.2.3 Synthesis of N, S-GQDs. CA and thiourea at a molar
ratio of 1 : 3 were dissolved in 8 mL DMF and stirred to form
a clear solution. Without the addition of P25, the rest of the
steps were with the same as that for the synthesis of the NSTG
composites.

2.3 Characterization

The as-prepared samples were characterized via XRD (Bruker,
D8tools), SEM, (JOEL JSM-6700F), TEM, (JEM-2100F), Raman
spectroscopy (Renishaw-1000), with 532 nm Ar laser excitation
(a laser power of 7 mW), XPS, (Thermo ESCALAB 250 spec-
trometer), with a hemisphere detector (an energy resolution of
0.1 eV supplied by an Al Ko radiation source). UV-vis spectra
were recorded using a Shimadzo UV-1601 PC spectrometer. FT-
IR spectra were collected using a Biorad FTS-60A FTIR device
equipped with a diffuse reflectance unit. The visible light was
supplied by a 300 W Xe arc lamp (PLS-SXE 300, Beijing Perfect
Light Co., Ltd.).

2.4 Photocatalytic activity test

The photocatalytic activity of the samples was evaluated
through the degradation of MB in aqueous solution under
visible light from a 300 W Xe arc lamp with a UV-CUT filter to
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cut off light of wavelength <400 nm. 20 mg of sample was added
to 80 mL of MB solution (10 ppm). Prior to irradiation, the
photocatalysts were not subjected to any treatment and were
dispersed in MB solution under magnetic stirring in the dark
for 30 min to ensure the establishment of adsorption/
desorption equilibrium. Afterward, the solution was exposed
to visible light irradiation. After a specific time interval (1 h), 4
mL solution was sampled and subjected to centrifugation to
separate the catalyst. The MB concentration was monitored by
the absorbance value at the maximum peak using a UV-vis
scanning spectrophotometer.

3. Results and discussion

Fig. 1 shows the XRD patterns of P25, NST, NSTG(1 : 0.5),
NSTG(1 : 1), and NSTG(1 : 3). NSTG with different weight ratios
of thiourea and NST display a typical anatase phase with
diffraction peaks corresponding to the (101), (004), (200), (105),
(211), (204), (116), (220) and (215) crystal planes,® whereas the
rutile phase typically exhibits diffraction peaks corresponding
to the (110) and (101) planes. No diffraction peaks of carbon
species are observed in these composites when N, S-GQDs are
added to them, which is due to the small amount and weak
intensity of the GQDs. Furthermore, it is possible that the main
graphene peak is shielded by the peak of anatase TiO,. From the
inset XRD pattern, the (101) peak for NST shifts left to smaller
angles compared with P25, which is attributed to the increase in
crystal spacing. Furthermore, with an increase in thiourea the
(101) peaks for all the samples gradually broaden. The broad-
ening of the diffraction peaks is indicative of the small size of
the obtained nanoparticles. These results indicate that the
lattice structure of is distorted by the interaction with the
dopants.®® To clarify the effect of thiourea on the lattice struc-
ture of TiO,, the lattice parameters of TiO, were measured using
(101) and (200) in the anatase crystal planes using Bragg's
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Fig. 1 XRD patterns of P25, NST, NSTG(1:0.5), NSTG(l:1), and
NSTG(1 : 3). Inset XRD pattern shows the 23-29 degree region.
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equation and interplanar spacing formula. As shown in Table 1
(ESIY), it is clear that the lattice parameters of all the TiO,
samples remain almost unchanged along the a and b axes,
whereas the ¢ axis parameter changes due to the presence of
adventitious N and S. The lattice parameter increases, which
leads to an increase in the crystal plane spacing.’” However, it
can be seen that nitrogen and sulfur doping does not signifi-
cantly change the size of the particles and the crystal structure
of the samples.

The Raman shift peaks (Fig. S1, ESIf) at 144 cm ™' (E,), 398
em ' (Byg), 517 em ! (Ayy), and 638 cm ™ (E,) correspond to the
characteristic peaks of the anatase phase.*® The peak shift and
broadening of the Raman spectra were analyzed using the most
intense peak which was at 144 cm™" (E,). The peak position and
broadening of the Raman spectrum are mainly affected by the
size of the nanomaterial as well as defects and temperature.® As
seen in the inset of Fig. S1, the main anatase Raman band at
the peak position of about 144 cm™" was sharpened and blue-
shifted when nitrogen and sulfur were doped into the lattice
of TiO,. The blue shift is due to the decrease in the size of the
sample. According to previous reports, nitrogen easily replaces
oxygen and S°" easily replaces Ti*" in the lattice of TiO,.*
Furthermore, the ionic radius of N*~ is similar with that of O*~.
The ionic radius of $°" is less than that of Ti*".** Above all, the
size confinement effect is believed to be mainly responsible for
the Raman band shift. The results indicate that nitrogen and
sulfur were doped into the lattice of TiO, successfully.

Fig. 2A shows the SEM image of the NSTG composite, in
which the nanoparticles intertwine with each other to form
a porous spherical morphology due to the formation of TiO,
clusters. Due to the solvothermal reaction, the generated N, S-
GQDs and NST combine with each other because of intermo-
lecular forces. The N, S-GQDs are attached on the surface of
NST. However, due to the small particle size of the GQDs, a clear

A (200) —

A (105)—:
A (101) —>

A (004) —

s

Fig. 2 (A) SEM, (B) TEM and (C) high-resolution TEM images of the
NSTG(1:1) composite. (D) Corresponding selected area electron
diffraction pattern.
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observation using SEM could not be achieved. The TEM image
of the obtained NSTG displays its microstructure, as shown in
Fig. 2B. It consists of intergrown fundamental particles with
a rough and uneven surface. As estimated from the TEM image,
the average size of the nanoparticles is about 10 nm. It can be
seen that the TiO, nanoparticles occupy most of the available
surface area which provides a high loading of GQDs in the
composites. As shown in Fig. 2C, the HRTEM image shows the
lattice fringes of NSTG with an interplanar spacing of 0.35 nm
and 0.24 nm, which correspond to TiO, (101) and N, S-GQDs
(1120), respectively. The high-resolution TEM image (Fig. S2,
ESIY) reveals that the lattice spacing of 0.24 nm corresponds to
N, S-GQDs (1120), which demonstrates the existence of N, S-
GQDs. The selected area electron diffraction (SAED) pattern of
the NSTG composite shown in Fig. 2D clearly presents
concentric diffraction rings which match well with the (101),
(004), (200), and (105) planes of the anatase TiO, phase. The
high intense (101) feature highlights that the TiO, crystallites
are preferentially oriented along the (101) plane.

The bonding of nitrogen and sulfur in NST and NSTG was
examined by FT-IR measurements. Fig. 3 shows the FT-IR
spectra of the samples in the range of 4000 to 500 cm™ . The
strong absorption peak at about 3400 cm™ ' is an extension of
adsorbed water and the small peak at 1633 cm ™' is associated
with the C=O0 stretching vibrations of the COOH groups. The
strong intensity of the peaks at 3400 and 1633 em™" indicates
a high content of adsorbed water and hydroxyls in the sample.
Furthermore, the adsorbed water and hydroxyls would be
beneficial for the photocatalytic activity of the catalysts. The
greater the number of surface hydroxyl groups, the faster the
photocatalytic reaction.*” The FT-IR spectra show the main
bands at 500-700 cm™', which are attributed to the Ti-O
stretching and Ti-O-Ti stretching vibrations. The absorption
peaks presented in the spectra of NST and NSTG at about 1405
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=

s

=

S P25 \4
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Fig. 3 FT-IR spectra of the P25, NST, NSTG(1: 0.5), NSTG(1: 1) and
NSTG(1 : 3) samples.
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em ! are attributed to the adsorption of SO,>~ with bidentate
bonds. In the spectrum of NST, the absorption peaks at 1131
ecm~ ' and 1045 cm™ " are assigned to the Ti-O-S bond and Ti-S
bond, respectively. The weak band at 1410 cm ™" is ascribed to
the bonding vibration of NH*". Furthermore, the stretching
vibrations of C-N are detected at 1101 cm ™. The bands at 1715
and 1655 cm ' are attributed to the vibrational absorption
bond of C=0 in COOH and CONH, respectively. The stretching
vibration of N-H shows a broad absorption at 3000-3500 cm ™.
This indicates the presence of amino groups on the surface of
GQDs, which results in GQDs with good hydrophilic properties.
In the FT-IR spectra of the NSTG composites, the peak at about
2100 cm ™' is due to C=N which occurs during the synthesis of
N, S-GQDs and is evidence that the N, S-GQDs were synthesized
during the solvothermal treatment.

XPS analysis was performed in order to identify the chemical
state of the N and S elements in the samples. The high-
resolution N 1s XPS spectra of NST are shown in Fig. 4A. As
seen from the N 1s of NST, two peaks are found at around 399.7
and 401.1 eV. The main peak at 399.7 eV is attributed to the
presence of substitutional nitrogen as a characteristic of O-Ti-
N, which indicates that some of the lattice oxygen was
substituted by N atoms.** The peak at 401.1 eV can be assigned
to interstitial N-doping and/or the formation of Ti-O-N species.
Compared with the N 1s of NSTG in Fig. 4C, the O-Ti-N and
Ti-O-N species have slight deviation. This is mainly because N,
S-GQDs are combined with NST. The N 1s of NSTG shows two
extra peaks at 399.2 and 400.3 eV, which are attributed to the
pyrrolic N (C-N-C) and graphitic N or N-H bands, respectively.
All of the above results confirm that N is not only successfully
implanted in the structure but is also present in a chemically
bonded state. Fig. 4B shows the corresponding high-resolution
S 2p XPS spectra of NST. The S 2p XPS peaks centered at 168.7
and 169.6 eV for the NST sample could be attributed to S®*

S2p
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Intensity (a.u.)
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Intensity (a.u.)
Intensity (a.u.)

405 160 165 170 175

400
Binding Energy (eV) Binding Energy (eV)

Fig. 4 High-resolution N 1s XPS spectra of (A) NST and (C) NSTG(1 : 3)
and S 2p of (B) NST and (D) NSTG(1 : 3).
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species, which correspond to the S°* cation in the S=0 and S-O
bonds formed when some of the Ti*' in the TiO, lattice are
replaced by sulfur atoms. In the S 2p spectra of the NSTG
composite shown in Fig. 4D, the two clear peaks at 163.6 and
164.7 eV represent S 2p;/, and S 2p4, of thiophene, respectively.
The two other peaks at 168.3 and 169.6 eV correspond to S=0
in NST and N, S-GQDs, respectively, which shift negatively
because sulfur doping with GQDs and TiO, needs a higher
formation energy than single doping with TiO,.** However, it is
noted that there is no signal for anionic S species in the
composite because replacing O>~ with S*>~ requires a higher
formation energy. These results indirectly indicate that the
NSTG composites have been successfully synthesized via our
approach. The XPS spectral peaks for Ti 2p of NST and NSTG
(Fig. S3A, ESIt) at 459.1 and 464.8 eV are attributed to the
binding energies of the Ti 2p;/, and 2p4, electrons, respectively.
Fig. S3Bt displays the full XPS survey spectra of N, S-GQDs, NST
and NSTG. The prepared samples contain Ti, O, C, N and S with
the binding energies corresponding to Ti 2p, O 1s, C 1s, N 1s
and S 2p, respectively. The peaks at 169.2, 284.8, 400.1, 458.3
and 533.4 eV correspond to S 2p, C 1s, N 1s Ti 2p and O 1s,
respectively. This indicates that the as prepared GQDs and TiO,
are doped with N and S atoms.

As shown in Fig. 5A, the UV-vis spectrum of the as-prepared
N, S-GQDs reveals absorption bands located at 391, 464, 550 and
652 nm. The origin of these peaks is related to the electron
transition in the heteroatom-containing GQDs. The absorption
peak at 391 nm corresponds to the n — 7* transition of the
conjugated C=0 and C=N bonds.** The absorption peak at
464 nm is due to the n — 7* transition of the conjugated C=N
and C=S bonds, the absorption peak at 550 nm is attributed to
the n — 7* transition of the conjugated C=S bond and the
absorption peak at 652 nm is ascribed to the n — 7* transition
of the conjugated S=O0 bond.** It is obvious that the N, S-GQDs
have a wide absorption range for visible light. As shown in the
inset of Fig. 5A from left to right, the N, S-GQDs exhibit different
colors under 254, 302 and 365 nm visible light irradiation,
which is attributed to their conjugated structure, quantum size
effect, surface state, edge effect, carbon nuclear state and
molecular state. This indirectly indicates that N, S-GQDs were
synthesized in the solvothermal treatment.

The UV-vis absorption spectra of P25, NST and NSTG with
dopant ratios are shown in Fig. 5B. There is an obvious red shift
from 392 to 468 nm for the absorption edge with an increase in
the amount of thiourea. A remarkable red shift in the absorption
edge to the visible light region is observed for NST compared with
P25. This result indicates that the lattice distortion of TiO, is
responsible for the red-shift absorption band of NST. Moreover, it
demonstrates that doping can tune the band gap of TiO, to
reduce the energy required for photoactivation.** With the
increase in dopant concentration, an obvious red shift in the
absorption edge of NSTG can be observed in comparison to NST.
This indicates that the band gap of the NSTG composites is
narrower than NST. The remarkable red shift may be ascribed to
the synergetic effect between NST and N, S-GQDs. The band gap
energy of the samples could be calculated by applying the
Kubelka-Munk formula,” and the corresponding (ahv)"/? photon
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Fig. 5 (A) UV-vis absorption spectrum of N, S-GQDs and inset shows

images of the different colors of N, S-GQD. (B) UV-vis absorption
spectra of P25, NST, NSTG(1: 0.5), NSTG(1: 1), and NSTG(1: 3). The
inset is the estimated band gap from the Kubelka—Munk function.

energy is shown in the inset of Fig. 5B, where a, &, and v corre-
spond to the absorption coefficient, Planck's constant, and
frequency, respectively. It is obvious that the band gap of the
NSTG composites can be well tuned by changing the molar ratio
of CA:thiourea during the solvothermal synthesis. From the
calculations, the band gaps of P25, NST, NSTG(1:0.5),
NSTG(1 : 1), and NSTG(1 : 3) are estimated to be about 3.16, 2.93,
2.78,2.65 and 2.85 eV, according to the absorption edges at about
392,423, 446, 468 and 435 nm, respectively. The narrowing of the
band gap of NST is due to the contributions of both doping atoms
and oxygen vacancies in the lattice. The doping atoms induce
local states above the valence band edge and the oxygen vacan-
cies give rise to local states consisting of the 3d states of Ti**
below the conduction band edge.** Furthermore, the narrowing
of the band gap of NSTG could be chiefly attributed to the
synergetic absorption effect of combining with N, S-GQDs, which
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have a narrow band gap, and formation of chemical bonding
through co-doping with N and S.

XPS spectra not only give information on the binding energy
of a specific element but also the total density of states (DOS) of
the valence band (VB). More information about the VB of
samples can be obtained via VB XPS. The DOS of the VB is
presented in Fig. 6. P25 displays VB DOS in Fig. 6A, with the
edge of the maximum energy at about 3.04 eV. According to
Fig. 5B, the band gap of P25 is 3.16 eV. Thus, the conduction
band (CB) minimum should be present at about —0.12 eV by
calculation.”®* The DOS of the VB in NST, NSTG(1:0.5),
NSTG(1 : 1), and NSTG(1 : 3) with the edge of the maximum
energy are at about 2.80, 2.56, 2.41 and 2.66 eV, and their CB are
calculated to be about —0.13, —0.22, —0.24, and —0.19 eV,
respectively, as shown in Scheme 1. For NSTG, its VB maximum
energy blue-shifts compared with NST. From the DOS of the
valence bands (VBs) of these samples, the VBs really change due
to the doping. Combined with the results from the UV-vis
absorption spectra, which suggest a much narrowed band
gap, the CB of the NSTG composites substantially change. This
is evidence that the band gap of nanomaterial we synthesized is
indeed narrowed. The N, S-GQDs present the VB DOS with the
edge of the maximum energy at about —0.43 eV. It could
promote electronic transition and produce active oxygen (*02)
and hydroxyl ("OH) radicals. The band gap of graphene is 0.
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Fig. 6 VB XPS spectra of (A) P25, (B) NST, (C) NSTG(1:0.5), (D)
NSTG(1: 1), (E) NSTG(1 : 3), and (F) N, S-GQDs.
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Scheme 1 Schematic illustration of the DOS of P25, NST,
NSTG(1: 0.5), NSTG(1: 1), NSTG(1 : 3), and N, S-GQDs.

Thus, this is evidence that N, S-GQDs were generated during our
solvothermal method.

According to the photoluminescence (PL) emission spectra,
we can investigate the electronic structure, and optical and
photochemical properties of the active sites on the surface of
the catalysts to determine the lifetime of the electron-hole pairs
because the PL emission results from the recombination of free
charge carriers. The PL spectra for P25, NST and NSTG (Fig. S4,
ESI{) use the excitation light of 280 nm UV light. It is obvious
that the PL intensity of P25 is higher than NST, which indicates
that N and S doping can effectively inhibit excited electron and
hole recombination. There are two steps in the process of
electron and hole recombination: first, the hydroxyl groups of
TiO, are trapped by holes to form hydroxyl radicals which can
suppress electron-hole recombination due to the doping.*
Second, theoretical and experimental investigation indicates
that nitrogen and sulfur doping results in the easy formation of
oxygen vacancies. Thus, electrons are trapped by the oxygen
vacancies, whereas holes are trapped by the doped N and S
atoms, which decreases the PL intensity.’ The PL intensity of
NST is higher than NSTG, which indicates that the N, S-GQDs
are compounded with NST effectively. Thus, the NSTG
composites can extend their absorption response more than
NST, which increases the efficiency of electronic transition.
Finally, this successfully reduces the probability of electron-
hole recombination.

The photocatalytic activity of the prepared samples was
investigated via the degradation of MB under visible light (1 >
400 nm). The self-photodegradation of MB in the absence of
photocatalyst is negligible. The normalized temporal concen-
tration changes (C,/C,) of MO during the photodegradation are
proportional to the normalized maximum absorbance (A4,/A)
and derived from the changes in the absorption profile of the
dye at a given time interval.*

As shown in Fig. 7, almost no photocatalytic activity is
observed for the P25 catalyst under visible light irradiation
and only 8% of the MB diminished after 4 h. However, it can be

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (A) Photocatalytic activities and (B) linear fittings of the pseudo-
first order kinetics model for the degradation of methylene blue (MB)
under visible light (A > 400 nm) irradiation for the different catalysts:
P25, NST, NSTG(1: 0.5), NSTG(1 : 1) and NSTG(1 : 3).

seen that the NST prepared by solvothermal treatment exhibits
higher visible light photocatalytic activity than P25. The pho-
todegradation efficiency of NST which is about 85.5% is 14.2
times that of P25. Through compounding with N, S-GQDs, the
composites display significant improvements for the photo-
degradation of MB compared to P25 and NST. With the
increase in dopant content, the photocatalytic activity of NSTG
first increases and then decreases. When the molar ratio of
CA : thiourea is 1: 1, NSTG(1 : 1) exhibits the highest photo-
catalytic activity. The blue color of the MB solution fades
completely upon visible light irradiation. The photo-
degradation efficiency of NSTG(1 : 1) which is about 98.4% is
1.2 and 16.4 times that of NST and P25, respectively. The
photodegradation rate of MB generally follows a pseudo-first-
order kinetic process, which can be expressed by the equa-
tion In(C,/C,) = k x t, where k, Cy and C, are the apparent rate
constant, initial MB concentration and MB concentration after
a certain time, respectively.
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The calculated reaction rate constants of MB degradation
under visible light irradiation are 0.0220, 0.4724, 0.8177, 1.1145
and 0.6031 h™' for P25, NST, NSTG(1 : 0.5), NSTG(1 : 1) and
NSTG(1 : 3), respectively (as shown in Fig. 7B). The apparent
reaction rate constant of NSTG(1 : 1), which has the highest
activity, is 2.4 and 50.7 times higher than that of NST and P25,
respectively. As shown above, co-doping can reduce the band
gap of TiO, and increase absorption in the visible region, which
provide NSTG with efficient visible light photocatalytic activity.
The excellent degradation ability of NSTG is due to the broad
absorption band from N, S-GQDs starting from 300 to 750 nm.
This is also the reason why the NSTG composite exhibits
a higher photocatalytic performance in comparison to P25 and
NST. However, NSTG(1 : 3) with a higher nitrogen and sulfur
content exhibits lower activity because the higher nitrogen and
sulfur content results in the production of more oxygen
vacancies.” These oxygen vacancies populate the impurity
states and thus suppress the photocatalytic activity.>® The
synthesized NSTG(1 : 1) possesses the maximum photocatalytic
activity, which suggests that there is an optimum value for co-
doping.

The photodegradation efficiency can be expressed by the
equation R = (Cy — C,)/Cy x 100%, where C, and C, are the initial
MB concentration and MB concentration after a certain time,
respectively. According to the results, NSTG(1 : 1) possesses the
highest photocatalytic activity; thus, it was utilized repeatedly
four times to photodegradate MB in four hours. As shown in
Fig. 8, a 3% decrease in photodegradation efficiency was
observed after four consecutive runs under visible light irradia-
tion, which indicates the excellent photocatalytic stability of the
photocatalyst for the treatment of organic pollutants in waste-
water. The slight deactivation the catalyst upon recycling may be
a result of the accumulation of intermediates, such as carbon-
ates, formed during the degradation process.

The distribution curves of the VB and CB are exhibited in
Scheme 1. With an increase the amount of thiourea, the VBs of
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X
>
@
g
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Fig. 8 MB photodegradation activity measured with the recycled
catalysts (1-4 cycles, time = 4 h).
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the samples generally decrease first and then increase. There-
fore, the conduction bands (CBs) maintain a consistent
changing trend. This is due to the synergistic effect of co-doping
and N, S-GQDs with a VB at about —0.43 eV.>* Although GQDs
are not semiconductor, N, S-GQDs have the properties of
semiconductor due to the quantum effect and co-doping.*
Their VB is higher and more conducive to electronic transition,
thus more electrons and holes are produced. The possible
photocatalytic degradation mechanism of NSTG is illustrated in
Scheme 2. There are two possible pathways to generate active
species for MB degradation under visible light in NSTG. The
enhanced photocatalytic activity of NSTG is due to the syner-
gism between N, S-GQDs and NST. First, the large aromatic
structure of the GQDs creates high affinity for MB. In addition,
the large surface area of the GQDs also increases the adsorption
of MB. As a co-catalyst, the N, S-GQDs not only absorb visible
light efficiently but also act as a photosensitizer due to their
broad visible light absorption under visible light irradiation.
Thus, electrons in the VB of N, S-GQDs can be excited to the CB
and then electron-hole pairs are generated.*® The electrons
excited are injected into NST because the N, S-GQDs attach onto
the surface of NST. This process is accompanied by charge
separation. Second, due to the N and S co-doping, the signifi-
cant band broadening and red-shift in the UV-visible absorption
spectrum of NST suggests a band gap reduction compared with
that of P25. The co-doping of N and S into the crystal lattice of
TiO, alters the electronic band structure of TiO,. The electrons
of NST can be excited directly into the TiO, CB under visible
light irradiation. Then, electron-hole pairs are generated as
well. These charge separation processes in the two pathways
promote the formation of active oxygen (*O,) and hydroxyl ("OH)
radicals. MB is adsorbed on the surface of the catalyst and
oxidized indirectly through the hydroxyl radicals (‘OH) gener-
ated by the reaction of holes and the superoxide radicals ("O,)
produced by the photogenerated electrons.’” The "O, radical
plays an important role because of strong oxidation in the
degradation of MB. After a series of reactions, MB molecules are
finally degraded into CO, and H,O. The synergistic effects of
increasing visible light absorption and fast transferring of
charge carriers to the surfaces are responsible for the high
visible light photocatalytic activity of NSTG.

/\/‘\MG)

U7y

© B LN & o
N, S-GQDs
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S —
N, S-TiO, "

Visible Light

Scheme 2 Possible photocatalytic mechanism for NSTG under visible
light irradiation.
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4. Conclusions

In summary, we prepared NSTG composites with band
tunability via a one step facile solvothermal treatment process.
These composites simultaneously exhibit an extended photo-
response range, and enhanced charge separation and trans-
portation properties. Based on their superior material
properties, the NSTG composites demonstrate significant
advancements over P25 and NST for the photodegradation of
MB under visible light irradiation. The apparent rate constant
of NSTG(1 : 1) is 2.4 and 50.7 times higher than that of NST and
P25, respectively. The enhanced photocatalytic activity is due to
the synergistic effects between N, S-GQDs and NST, including
the optimal band gap and moderate CB position for NSTG,
efficient separation and transfer ability of the photogenerated
electron-hole pairs. This work not only indicates that NSTG is
highly suitable as a visible light driven photocatalyst for the
degradation of organic pollutants, but also provides an inno-
vative approach which is a green, facile and economical method
to synthesize co-doped TiO,/co-doped GQDs composites with
high photocatalytic activity for efficient solar energy utilization.
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