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ABSTRACT: A simple one-step calcination route was used to prepare Ti** Vs SHE

self-doped TiO,/g-C3N, heterojunctions by mixture of H,Ti;O, and
melamine. X-ray diffraction (XRD), transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HRTEM), X-
ray photoelectron spectroscopy (XPS), electron spin resonance (ESR)
spectroscopy, and UV—Vis diffuse reflectance spectroscopy (UV—vis DRS)
technologies were used to characterize the structure, crystallinity,
morphology, and chemical state of the as-prepared samples. The absorption
of the prepared Ti** self-doped TiO,/g-C;N, heterojunctions shifted to a
longer wavelength region in comparison with pristine TiO, and g-C;N,.
The photocatalytic activities of the heterojunctions were studied by
degrading methylene blue under a 30 W visible-light-emitting diode
irradiation source. The visible-light photocatalytic activities enhanced by the
prepared Ti*" self-doped TiO,/g-C;N, heterojunctions were observed and
proved to be better than that of pure TiO, and g-C;N,. The photocatalysis mechanism was investigated and discussed. The
intensive separation efficiency of photogenerated electron—hole in the prepared heterojunction was confirmed by
photoluminescence (PL) spectra. The removal rate constant reached 0.038 min™" for the 22.3 wt % Ti*" self-doped TiO,/g-
C;N, heterojunction, which was 26.76 and 7.6 times higher than that of pure TiO, and g-C3N,, respectively. The established
heterojunction between the interfaces of TiO, nanoparticles and g-C;N, nanosheets as well as introduced Ti*" led to the rapid
electron transfer rate and improved photoinduced electron—hole pair’s separation efficiency, resulting in the improved
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photocatalytic performance of the Ti** self-doped TiO,/g-C;N, heterojunctions.
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1. INTRODUCTION

Among the semiconducting materials, TiO, is one of the most
promising photocatalysts due to its excellent chemical
resistance and nontoxicity. However, TiO, has its own
drawbacks, especially the wide band gaps which lead to the
low visible-light utilization and the high recombination rate of
photoinduced holes and electrons. Therefore, the key factor in
manufacturing highly active TiO, photocatalyst is to find a way
to narrow the band gap and restrain the photoinduced
electron—hole pair recombination.' Both metal/nonmetal
doping and surface noble metal modification have been
adopted to change the physical properties and electronic
structures of TiO,.’ However, this type of conventional
impurities doping or heterogeneous modification elements
forms the impurity defect, which acts as the recombination
center of photoinduced carriers and reduces the thermal
stability, consequently leading to the lower photocatalytic
performance.
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Instead of adding impurities, recent work reported that the
local states will be formed at the bottom of the comduction
band (CB) of TiO, by only introducing Ti** or oxygen
vacancies (Oy) into the lattice. Hence, such Ti** self-doped
TiO, achieved its visible-light absorption performance while
eliminating the recombination effect from doped impurities.* In
addition, the electrical conductivity of TiO, can be increased
and the transfer of photogenerated carriers can be accelerated
through introduced Ti**.>

Another way to control the recombination of photoinduced
electrons and holes is to recombine two different semi-
conductors with an appropriate energy band into the
heterojunction structure. The heterojunctions can accelerate
the separation of electron and hole, prolong charge life, and
increase the efficiency of photocatalysis. Numbers of semi-
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conductors are able to form heterojunctions with TiO, and
improve the photocatalytic activity to certain degrees.®’
Recently, the graphitic C;N, (g-C3N,) has attracted consid-
erable attention, because it has narrow band gap (2.7 eV) and
can be irradiated by visible light to exhibit excellent
photocatalytic activity. '® Such g-C;N, can be prepared
through bulk reaction or polycondensation via the pyrolysis
of nitrogen-rich precursors, such as melamine, urea, cyanamide,
and dicyandiamide."' ~™"* However, the pure g-C;N, has higher
carrier recombination odds and a smaller surface area, leading
to lower photocatalytic activity.''> Compared with bulk g-
C;N,, the g-C;N, nanosheets have a larger surface area and
shorter transferring distance of photoinduced charge car-
riers'®"” but easily aggregate during one-step pyrolysis. In
order to obtain the satisfied nanostructures, it usually requires
either step-by-step heating or desquamating the bulk g-C;N, in
water through ultrasound for a long time."” ™" In addition,
many attempts have been implemented to improve the
quantum efficiency of g-C;N,, such as coupling g-C;N, with
other semiconductors to improve the separation rate of the
electron—hole pair. Various g-C;N,/semiconductor hetero-
junctions or composites photocatalysts, such as CdS,*® WO,,*'
Zn0,”>™** tungstate (Bi, WO, ZnWO,),*>*® and vanadate
(GdVO,, Ag;VO,, SmVO,),””~* have been prepared for the
photodegradation of pollutants.

The established heterostructure between g-C;N, and TiO, is
an effective way to improve the efficiency of charge separation
in the photocatalyst system of g-C;N,/TiO, composites.** >
During the photocatalytic reaction using an UV irradiation
source, the photoinduced holes jump from the valence band
(VB) of TiO, to that of g-C;N, while the electrons jump from
the CB of g-C3N, to that of TiO,. However, only random
electrons can be generated under visible-light irradiation
because of the wide band gap of TiO,, low electron transfer
rate from g-C;N, to TiO,, and therefore high recombination of
photoinduced carriers. In order to further improve the
photocatalytic efficiency of the g-C;N,/TiO, composite under
visible-light irradiation, N-, S-, or C-doped TiO,/C;N,
composites have been investigated.*>**

The photocatalytic performance of the composite photo-
catalysts can be affected by the mixing method. At present, the
main preparation methods for TiO,/g-C;N, composite
materials are ball milling followed by further calcination,
ultrasonic dispersion, and impregnation by using the prepared
g-C;N, and TiO, as precursors.>>*> However, the combination
of TiO, and g-C;N, is not strong enough due to these
mechanical mixing methods. In this study, a simple strategy was
established for hybridization of g-C;N, nanosheets with Ti*"
self-doped TiO, nanoparticles to improve the visible-light
photocatalytic activity. The Ti*" self-doped TiO,/g-C3N,
heterojunctions were prepared by one-step heating H,Ti;0,
nanotubes mixed with melamine. The strong bonding was
formed during the thermal formation of TiO, nanoparticles and
g-C;N, nanosheets. Meanwhile, Ti** and oxygen vacancy were
also formed. In addition, a low-energy consumption light-
emitting diode (LED) with high-energy conversion and low-
heat production was chose as a visible-light source. To the best
of our knowledge, there is no report on the preparation of T
self-doped TiO, nanoparticles coupled with g-C;N, nanosheets
by using a LED light source in a photocatalytic system. In this
paper, the structure, morphology, and optical property of the
samples are characterized by XRD, XPS, TEM, and UV—vis.
The formation mechanism is proposed according to those
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results. In addition, the photocatalysis activity is studied by
degrading methylene blue (MB) under LED irradiation. The
possible photocatalysis mechanism of Ti** self-doped TiO,/g-
C;N, heterojunctions is also discussed.

2. EXPERIMENTAL SECTION

2.1. Preparation of Photocatalysts. All chemicals, such as
melamine, NaOH, AgNO;, EDTA-Na, commercial TiO,, p-benzoqui-
none (BQ), ammonium oxalate (AQ), tert-butanol (TBA), and
terephthalic acid (TA), were reagent grade and obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) without
purification. Double-distilled water was used in the whole experimental
process.

The hydrothermal synthesis of titanate (H,Ti;0,) nanotubes was
according to the literature procedure.®® Typically, 1.5 g of TiO,
powder was added to 80 mL of 10 M NaOH aqueous solution
while stirring. Then the mixture was heated at 180 °C for 48 h in a
Teflon-lined autoclave. The obtained precipitates were washed with
0.1 M HCI solution and stirred overnight at room temperature. The
purified precipitates were rinsed with water several times followed by
centrifuging. The obtained powders were dried in a vacuum drying
chamber at 60 °C for 12 h.

The Ti** self-doped TiO,/g-C;N, heterojunctions were prepared by
one-step heating the mixture of the H,Ti;0, nanotubes and melamine.
In a typical procedure, 1 g of obtained H,Ti;O, nanotubes and
appropriate amounts of melamine were mixed in 100 mL of water
followed by an ultrasonic treatment for 30 min at normal temperature.
The mixture was stirred at room temperature for 4 h. The white solid
was obtained through centrifugation and dried at 60 °C. Then this
white precursor in an alumina crucible was annealed at 520 °C for 4 h
in a muflle furnace. The final products were collected for use without
further treatment. In order to study the role of g-C;N, content on the
photocatalytic activity of the Ti** self-doped TiO,/g-C;N, hetero-
junctions, samples with different amount of g-C;N, were prepared
under the same conditions. The products were named as TCN-x,
where the x refers to the weight ratio of melamine to H,Ti;O,
nanotubes. The color of the samples changed from grayish yellow to
light green-yellow dependent on C;N, contents.

For comparison, pure g-C3N, was synthesized from the traditional
pyrolysis method where melamine and pure TiO, were obtained from
the traditional hydrolysis method of TiCl,.

2.2. Characterization. Thermogravimetric (TGA) measurements
were performed in STA409PC Simultaneous Thermal Analysis. A 20
mg amount of sample was placed in an alumina crucible, and
corresponding TGA performances were recorded under linear heating
at a heating rate of 10 °C/min until temperature reaches 800 °C in an
open system. A Rigaku D/max-2500VPC model X-ray diffractometer
was used to characterize the crystalline phases of the final products by
using Ni-filtered Cu Ko radiation from 10° to 70° at a scanning rate of
0.02° s™'. A JEOL-2100 model microscope was used to observe the
morphologies of the products. A G Micro Tech ESCA 3000 model X-
ray photoelectron spectrometer was used to characterize the chemical
state of elements in the as-prepared samples at a pressure of >1 X 107°
Torr. The monochromatic is Al Kar with a photon energy of 1486.6
eV. Electron spin resonance (ESR) measurements were carried out
using a FA-200 spectrometer/X-bond. UV—vis diffuse reflection
spectra (DRS) were recorded on a Shimadzu UV-2550 UV—vis
spectrophotometer at normal temperature from 250 to 800 nm, in
which fine BaSO, was used as the reflectance standard. A PerkinElmer
LS S5 Fluorescence Spectrometer with pulsed xenon discharge lamps
was used to measure the photoluminescence (PL) spectra at room
temperature.

2.3. Photocatalytic Experiment. MB dyes were used as model
organic pollutants to evaluate the photocatalytic performances of the
as-prepared Ti*" self-doped TiO,/g-C;N, heterojunctions. A 30 W
LED light (Shandong Tianshi Optoelectronic Technology Co. Ltd,
China) was used as the light source. During the degradation process,
40 mg of sample was added to 80 mL of MB aqueous solution (20
mg/ L) in a customized quartz reactor. In order to reach the

DOI: 10.1021/am508505n
ACS Appl. Mater. Interfaces 2015, 7, 9023—9030


http://dx.doi.org/10.1021/am508505n

ACS Applied Materials & Interfaces

Research Article

adsorption/desorption equilibrium between MB and the sample, the
suspension was stirred in the dark for 30 min before photocatalytic
reaction. During photocatalytic reaction, about 3 mL of MB solution
was taken out and centrifuged to remove trace catalysts every 10 min.
A Shimadzu UV-2550 model UV—vis spectrophotometer was used to
measure the centrifuged solution absorbance from 200 to 800 nm. In
the process of the photocatalytic reaction, no oxygen was bubbled into
the reactor. For comparative purposes, the photocatalytic reactions
were carried out with pure TiO, g-C;N4 by using the same process.
The decoloration efficiency (DE) was calculated using eq 1

S0~ Gy too%

Co (1)
where C, and C; are the absorbance of the original solution and the
photodegraded solution after time ¢, respectively.

The active species capture experiments were employed to study the
photocatalysis mechanism. At the beginning, 10.0 mM TBA (*OH
quencher), EDTA-Na, (h* quencher), AgNO; (e~ quencher), and BQ
("0, quencher) were added to the MB aqueous solution.””*® Then
the remaining experimental processes were similar to that of
photocatalysis.

DE =

3. RESULTS AND DISCUSSION

3.1. Characterization of the Samples. In order to
confirm the g-C;N, contents and their thermostability in the
obtained composites, a TGA experiment was carried out in an
open system at different temperatures from room temperature
to 800 °C at a heating rate of 10 °C/min. Figure 1 shows the
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Figure 1. TGA curves for the pure g-C;N, and Ti** self-doped TiO,/
g-C;N, heterojunctions.

TG plots of different samples. From ambient temperature to
200 °C, little weight loss stages are observed. These weight
losses are attributed to the desorption of the physically
adsorbed and intercalated water. The main weight loss appears
at the range of 500—760 °C due to the combustion of g-C;N,.
The total weight loss is 100% for pure g-C;N,, which implies
that it decomposes completely when the temperature reaches
750 °C. The second weight loss stage indicates the weight
percent of g-C;N, in the heterojunctions. The amount of g-
C;N, in the photocatalysts was measured to be 93.6, 88.8, 77.7,
and 66.7 wt % for samples TCN-32, TCN-16, TCN-8, and
TCN-4, respectively. In addition, the initial weight loss
temperature for sample TCN-8 is lower than that of other
samples, which is because the amount of TiO, is higher and g-
C;N, can be catalytically oxidized by the coupled TiO,, even if
at a heat treatment temperature lower than 600 °C.>”*

The XRD patterns of the pure g-C;N, and the Ti** self-
doped TiO,/g-C3N, heterojunctions are shown in Figure 2.
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Figure 2. XRD patterns for the pure g-C;N, (a) and Ti** self-doped
TiO,/g-C3N, heterojunctions obtained at different melamine weight
ratio. (b) TCN-32, (c) TCN-16, (d) TCN-8, and (e) TCN-4.

Two peaks are found in the pure g-C;N,, while the strongest
one appeared at 27.38°, corresponding to an interlayer distance
of 0.326 nm, indexed for the (002) plane of g-C;N, (JCPDS,
87-1526)," and the small one at nearly 13.2° was indexed as
the (100) plane of g-C;N,.'* After in-situ chemical thermal
decomposition of the H,Ti;0; and melamine mixture, strong
diffraction peaks at 25.2°, 37.8°, 48.0°, 53.9°, 55.0°, and 62.4°
were observed, corresponding to (101), (004), (200), (105),
(211), and (204) crystal planes of anatase TiO, (JCPDS No.
21-1272), respectively. The relative diffraction intensity of g-
C;N, decreases gradually with increasing TiO, content.

TEM and HRTEM were used to observe the morphology of
the obtianed samples. The pure g-C;N, shows sheet-like
structure, but there is serious aggregation (Figure 3a). From the
decomposition of titanate, pure TiO, nanotubes are obtained
that are about 9 nm in diameter and 150—350 nm in length
(Figure 3b), which has no obvious difference from the H,Ti;O,
nanotubes after heat treatment at 520 °C for 4 h (inset, Figure
3b). Figure 3¢, 3d, and 3e shows that the heterojunctions of
samples TCN-33, TCN-16, and TCN-8 are different from the
pure TiO, or g-C;N,. In these TCN samples, the TiO,
nanoparticles are attached to the nanosheets surface of g-
C;N, to form the heterojunction structures. The quantity of the
TiO, nanoparticles increases with the decrease of the amount
of melamine. Under HRTEM, the TCN-8 sample (Figure 3f)
shows two different lattice fringes: one with d = 0.318 nm
matches the (002) crystal interplanar of g-C;N,; the other one
with d = 0.35 nm matches the (101) plane of anatase TiO,.
These results clearly prove that TiO, nanoparticles and g-C;N,
nanosheets are attached closely enough to form the
heterojunctions, allowing the spatially smooth transformation
of electron and hole between TiO, and g-C;N,. Moreover, no
nanotube structure was observed in the heterojunction samples,
indicating that the one-step thermal decomposition process of
melamine to g-C;N, affects the formation of TiO, dominantly,
as discussed further below.

Figure 4 gives the high-resolution XPS spectra of C 1s, N 1s,
O 1s, and Ti 2p in order to study the elemental valence state
and surface composition of the obtained Ti** self-doped TiO,/
g-C;N, heterojunctions. The fitting results from the exper-
imental data for N 1s, O 1s, and Ti 2p of TCN-8 are also given.
The peak at 284.7 eV is ascribed to surface adventitious carbon
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Figure 3. TEM and HRTEM images of (a) pure g-C;N,, (b) pure
TiO, (the inset is H,Ti;0; image), (c) TCN-32, (d) TCN-16, and (e,
f) TCN-8.
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Figure 4. High-resolution XPS spectra of (a) C 1s, (b) N Is, (c) O 1s,
and (d) Ti 2p for sample TCN-8.

in the formation of the C—C bond, whereas the other peak at
288.3 eV corresponds to the sp*>-bonded C in N=C—N of g-
C;N, (Figure 4a).>>* Three peaks at 398.5, 399.3, and 400.8
eV deconvoluted from the N 1s peak belong to the pyridinic-
like nitrogen (N—sp’C), C—N—H, and N—(C); bonding,
respectively (Figure 4b).*!
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Two peaks with binding energies of 529.8 and 531.7 eV are
observed in the high-resolution O 1s spectra (Figure 4c). The
primary peak at 529.8 eV is attributed to the Ti—O band in
TiO,, and the secondary one at 531.7 eV is attributed to the
surface —OH groups.** However, the peak of the oxygen in the
TiO, lattice shifts to lower energy due to the existence of
oxygen vacancy on the TiO, surface.* Such oxygen vacancy
defects on the surface are able to trap the hole, promote the
separation of electrons and holes, and thus reduce the
recombination of the carriers.*’ In addition, hydroxyl radicals,
*OH, with strong oxidation ability can be formed when the
—OH group and adsorbed water trap the holes, which are
capable of degrading the organic pollutants in water.* The
binding energies of Ti 2p;/, and Ti 2p, , of TCN-8 are located
at 4582 and 464.1 eV (Figure 4d), respectively, which are
lower than those of pure TiO, (459.4 and 464.7 eV*).

In the fitting result of Ti 2p;,, (Figure 4d), a major peak at
458.2 eV with a shoulder at 457.4 eV are ascribed to the 2p;,
and 2p, , core levels of Ti*". Two peaks of 464.1 and 463.4 eV
are assigned to the 2p;, and 2p, , core levels of Ti*". In order
to satisfy the requirement of charge equilibrium, the Ov should
be formed around Ti*'; thus, the self-doped T3 is formed in
TiO,.** As a defective state, Ti’* can suppress the
recombination of photoinduced electon—hole pairs and
promote charge separation.43

ESR of samples TCN-4, TCN-8, and pure TiO, was carried
out to investigate the uncoupled electrons and their interactions
with the surrounding atoms, as shown in Figure 5. Both TCN-4

— pure TiOz

— TCN4

— TCN-8
§=2.00

9=1.94

3200 3300

B (Gauss)

3000 3100 3400

Figure S. Electron spin resonance (ESR) spectra for samples TCN-4,
TCN-8, and p-TiO,.

and TCN-8 have a signal at about g = 1.94 corresponding to the
Ti** signal peak.* However, an electron trapped on an Oy, could
only give a signal at g = 2.003 theoretically. Thus, the presence
of surface Ti*" is approved.* The ESR results also confirmed
that Ti** not only existed in the lattice but also formed on the
sample surface.

UV—vis diffuse reflection spectra are given in Figure 6. For
comparison, the absorbance spectra of pure g-C;N, and TiO,
are also provided. The band gap of pure anatase TiO, is about
3.2 eV, so its absorption onset is located at about 388 nm, The
pure g-C;N, has a band gap of 2.71 eV, corresponding to the
absorption onset of 458 nm.® In comparison with pure TiO,
and g-C;N,, all heterojunction samples have stronger
absorption in the visible range accompanying a red shift in
the absorption edge, due to the synergistic effect between TiO,
and g-C;N, and the existence of Ti**.*® These results indicated
that the obtained heterojunctions could be stimulated by visible
light, leading to more electrons and holes obtained. Therefore,
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Figure 6. UV—vis spectra of pure g-C;N,, TiO,, and Ti** self-doped
TiO,/g-C3N, heterojunctions.

the heterojunctions should have favorable visible-light photo-
catalytic activity.

3.2. Formation Mechanism. After heat treatment, the
melamine and H,Ti;O, nanotube will convert to g-C;N, and
TiO, nanotube or nanowire, respectively.36 Since a one-step
heating method usually leads to g-C;N, aggregations, a step-by-
step heat treatment is necessary to prepare flaky g-C;N,."” In
addition, in order to break the H,Ti;O, nanotubes into small
TiO, nanoparticles, the heating temperature needs to be higher
than 600 °C.*” In this study, the H,Ti;O, nanotubes and
melamine are fully mixed as the raw material. After one-step
heat treatment at 520 °C, the heterojunction composed by Ti**
self-doped TiO, nanoparticles and g-C;N, sheets was obtained.
The possible formation mechanisms are shown in Figure 7. At

=== H,Ti,0, nanotube

w melamine

ultrasonic
stirring

g-C;N, nanoparticle

TiO, nanotube

® Ti3* self-doped TiO, nanoparticle g-C;N, sheet

Figure 7. Formation mechanism of Ti** self-doped TiO,/g-C;N,
heterojunctions.

the initial stage, the melamine was fully covered on the surface
of H,Ti;0, nanotubes due to the formation of a hydrogen
bond after ultrasonic treatment. Then it thermally decomposed
into g-C;N, and simultaneously released reducing gas such as
NH; during the one-step thermal treatment.*® At the same
time, H,Ti;O, was decomposed and converted to TiO,.
Because of the well-dispersed melamine on the surface of
H,Ti;0,, the aggregation was restrained and the g-C;N, sheets
were obtained. Besides the H,Ti;O, nanotube self-collapse
process, the reducing gas generated from the decomposition of
melamine also can help it break into nanoparticles. Meanwhile,
H,Ti;0, produced oxygen vacancies in such anoxic thermal
decomposition condition, resulting in Ti** self-doped TiO,.*’
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Consequently, both Ti*" and the oxygen vacancy defects can
enhance the electronic conductivity and expand the light
absorption range to the visible-light region.**’

3.3. Photocatalytic Activity. Figure 8a provides the
relationship between the wavelength and the intensity of the

100
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Figure 8. (a) Relation of the wavelength and intensity of the LED light
source. (b) Photodegradation of MB solutions by using pure g-C;N,,
TiO,, and Ti*" self-doped TiO,/g-C;N, heterojunctions as photo-
catalyst under LED light irradiation in neutral suspension. (c)
Variation in the normalized In(C,/C) of the MB concentration as a
function of irradiation time. (d) Recycling test of the sample TCN-8.

LED light source. It proves that the LED light source gives out
visible light completely with the maximum wavelength
coinciding with our samples. Figure 8b shows the photo-
degradation results of MB solutions with pure g-C;N,, TiO,, or
TCN-x. Under LED light illumination, all of the Ti** self-doped
Ti0,/g-C;N, heterojunctions samples have decent visible-light
activity. In particular, TCN-8 shows its highest photo-
degradation ability on MB molecules, which are completely
degraded within 80 min. In contrast, pure g-C;N, exhibits
limited activity, while pure TiO, shows relatively low visible-
light activity. In addition, the photocatalytic activity of TCN-8
is better than that of individual Ti** self-doped TiO,.*
Following the Langmuir—Hinshelwood model, the apparent
reaction rate constants of the organic pollutants photocatalytic
oxidation in aqueous suspensions can be obtained from eq 2*

In(Cy/C) = kyt )
where k

app 1S the pseudo-first-order rate constant, C, is the
initial concentration of MB, and C is the MB concentration at
reaction time t. From the linear time dependences of In(C,/C),
the first-order rate constant k,,, could be obtained. The greater
the reaction rate constant, the better the photocatalytic activity.
From Figure 8c, under LED irradiation, the sequence of the
MB degradation rate constants is as follows TCN-8 > TCN-4 >
TCN-16 > TCN-32 > pure g-C3N,; > pure TiO,. Moreover,
TCN-8 shows the highest value of first-order rate constant of
kop = 0.038 min~', which is about 26.76 and 7.6 times greater
than that of pure TiO, and g-C;N,, respectively. It should be
pointed out that since the photocatalytic reaction is a

heterogeneous reaction and thus influenced by many factors,
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the degree of deviating from the first-order kinetics increased
only for the samples with good photocatalytic properties.*’

The stability of a photocatalyst is crucial for its practical
application. Figure 8d shows the cyclic stability tests for sample
TCN-8 under the same conditions. Apparently, there is no
obvious decrease of its photocatalytic activity observed after 8
cycles, indicating that the strong combination of Ti** self-doped
TiO, nanoparticles with g-C;N, sheets successfully achieved
high stability.

3.4. Enhanced Visible-Light Photocatalytic Activity
Mechanism. The trapping, migration, and recombination of
the charge carriers can be explored from the photo-
luminescence (PL) emission spectra of pure g-C;N, and
TCN-x samples excited by 320 nm UV light (Figure 9). The

800
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600+ —— TCN-32
> TCN-16
8z —— TCN-8
8 4001 TCN-4

200 /N

0 -

440 480 520
Wavelength (nm)
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Figure 9. PL spectra of pure g-C;N, and TCN-x samples under 320
nm excitation.

higher the peak intensity, the easier recombination of the
photoinduced electrons and holes. For the pure g-C;N, sample,
the rapid recombination of the photoinduced electrons and
holes leads to its low photocatalytic activity. Thus, its PL
spectrum shows a strong emission from 400 to 550 nm at room
temperature.”® On the contrary, the quenching of PL intensity
for the Ti** self-doped TiO,/g-C;N, heterojunctions indicated
that the recombination of photoinduced electrons and holes of
g-C3N, can be suppressed by the presence of TiO,. Moreover,
the intensities decrease with the increased amount of TiO, until
the g-C;N, content drops to 66.7 wt %, which means that the
photoactivity will decrease if there is a further decrease of g-
C;N,.

In the photocatalytic process, the main oxidative species can
be detected by adding 10.0 mM TBA (*OH quencher), EDTA-
Na, (h* quencher), AgNO; (e~ quencher), and BQ (*O,”
quencher) into the photocatalytic reaction systems. This is
crucial for elucidating the photocatalytic mechanism. As shown
in Figure 10, different scavengers have different effects on the
degradation of MB over the TCN-8 heterojunction system. The
addition of *OH or h* quencher induces a small change in MB
photodegradation. However, the photocatalytic activity of the
TCN-8 heterojunction is greatly suppressed by addition of e~
or °0O,~ quencher. Thus, *O,~ is the most critical specie, ™ is
also important, and *OH and h* are the least crucial ones
during the MB photocatalytic process.

The above results confirmed that the synergistic effect of Ti**
self-doped TiO, and g-C;N, effectively improved the photo-
catalytic performance under LED light irradiation. It could be
ascribed to several aspects: (1) the appropriate proportion of
Ti** self-doped TiO, nanoparticles and g-C;N, sheets helped
form suitable TiO,/g-C;N, heterojunctions and sped up the
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Figure 10. Photodegradation efficiency of MB on sample TCN-8 by
adding the active species capture.

separation of charge carriers; (2) the existence of Ti** and Ov
accelerated the electron transfer rate and suppressed the
electron—hole pair recombination; (3) the g-C3;N, sheets
increased the contact surface with TiO, nanoparticles,
facilitated the transportation of reactants and products on
photocatalyst surfaces, and resulted in easier chemical reactions;
and (4) the g-C;N, sheets can also shorten the photoinduced
charger carrier transferring distance. The schematics of the
electrochemical potentials of Ti*" self-doped TiO, and g-C;N,
as well as the possible charge separation process of the
heterojunctions are illustrated in Figure 11.
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Figure 11. Schematic of the energy band of TiO, and g-C;N, as well
as charge migration and separation on Ti** self-doped TiO,/g-C;N,
heterojunctions caused by LED light irradiation.

According to the CB and VB edge potentials of g-C;N, and
TiO, (—1.12 and 1.57 eV, —0.29 and 2.91 eV, respectively),® in
the TiO,/g-C;N, heterojunctions, g-C;N, could easily absorb
the visible light because of its band gap (2.7 eV) . Once
irradiated under a LED light source, the electrons are able to
jump from the VB to the CB of g-C;N, and then transfer from
the CB of g-C;N, to that of TiO,. Such electron transition
between heterojunctions can reduce the recombination of
charge carriers and prolong the charge lifetime (Figure
11(1)).>%* In addition, the Ti** and Ov form a local state at
the bottom of the TiO, CB with visible-light response capacity.
Under visible-light irradiation, the electrons in the VB can jump
to the CB of TiO, (Figure 11(1)). Then these excited-state
electrons transfer to the TiO, nanoparticles surface to generate
the main active groups of superoxide anion radicals (*O,)
through reacting with dissolved oxygen (Figure 11(2)), which
further oxidize the MB. This is consistent with the test results
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of the main oxidative species (Figure 10). In addition, since the
VB edge potential of TiO, is more positive than that of g-C3N,,
the holes at the VB of TiO, can transfer to the VB of g-
C;N,(Figure 11(3)). Because the standard redox potential of
*OH/OH" is 1.99 V, the holes in C;N, VB cannot induce *OH
from hydroxide or H,O. However, the untransferred holes at
the VB of TiO, sheets could directly oxidize the organic
molecules (Figure 11(4)) and simultaneously react with H,0
to produce *OH radical (Figure 11(5)). Since most of the holes
in the VB of TiO, are transferred to the VB of C;N,, the
number of holes in the VB of TiO, are significantly reduced;
therefore, “OH and h* are the least crucial active species during
the MB photocatalytic process (Figure 10).

4. CONCLUSION

Ti** self-doped TiO, nanoparticles/g-C;N, nanosheets hetero-
junctions were synthesized through one-step calcination of the
H,Ti;0, nanotubes and melamine. Under this well-designed
synthetic condition, the aggregation of g-C;N, can be
restrained and the formation of Ti** is promoted. The Ti**
and Ov defects enhanced electronic conductivity and expanded
the light absorption range to the visible-light region. The
lifetime of electron—holes pairs was increased, and the
recombination of the photogenerated charge carriers was
reduced because of the heterojunctions at the interface between
TiO, nanoparticles and g-C;N, nanosheets. Such hetero-
junctions also efficiently reduced the recombination of
photoinduced electron—hole pairs and increased the lifetime
of charge carriers. Under visible LED light irradiation, the
photocatalytic activities of the Ti** self-doped TiO,/g-C;N,
heterojunctions were enhanced remarkably. This method
provides a pathway to prepare the Ti’* self-doped TiO,/g-
C;N, heterojunctions for environmental purification of organic
pollutants.
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