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Abstract: A novel N-doped K3TisNbO1,@TiO, (NTNT) core-shell heterojunction photocatalyst was
synthesized by firstly mixing titanium isopropoxide and K3 TisNbO14 nanobelt, and then calcinating
at 500 °C in air using urea as the nitrogen source. The samples were analyzed by X-ray diffraction
pattern (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
UV-Vis absorption spectroscopy and X-ray photoelectron spectroscopic (XPS) spectra. Anatase
TiO, nanoparticles were closely deposited on the surface of K3TisNbO;4 nanobelt to form a nanoscale
heterojunction structure favorable for the separation of photogenerated charge carriers. Meanwhile,
the nitrogen atoms were mainly doped in the crystal lattices of TiO,, resulting in the increased light
harvesting ability to visible light region. The photocatalytic performance was evaluated by the
degradation of methylene blue (MB) under visible light irradiation. The enhanced photocatalytic
activity of NTNT was ascribed to the combined effects of morphology engineering, N doping and
the formation of heterojunction. A possible photocatalytic mechanism was proposed based on the
experimental results.

Keywords: K53TisNbOj4 nanobelt; TiO;; core-shell structure; visible-light photodegradation

1. Introduction

Nowadays, two main problems of environmental pollution and energy shortage are major
challenges with the industrial development, and many organic pollutants will be generated, especially
leading to the serious water pollution problem [1,2]. Photocatalysis has been regarded as an efficient
approach to solve the above-mentioned problems as they are highly efficient and pollution-free [3-5].
Considering the comprehensive economic benefits, catalytic efficiency, and absence of secondary
pollution for this technique, many semiconductor photocatalysts have been widely applied for the
removal of produced waste water [6-8]. Among semiconductor photocatalysts, TiO, has been widely
investigated and commonly used in photocatalytic applications because of its excellent biological and
chemical ability, low cost, and nontoxicity [9-12]. However, the pure TiO; exhibits the drawbacks of
having a wide band gap value and high recombination rate of photogenerated charge carriers, which
will cause low quantum efficiency and thus limit its application [13-15]. Therefore, it is necessary to
carefully construct photocatalysts with a high efficiency so as to improve photocatalytic activity.
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As a typical layered compound, K3TisNbO14 nanobelts have been well investigated due to their
unique layered structure, nanobelt morphology, and electronic properties, in which the anisotropically
shaped nanobelts are favorable for the efficient transport of photogenerated electrons and holes,
resulting in the decreased recombination rate of photo-induced charge carriers [16]. However, layered
K3TisNbOq4 has a relatively large band gap value and thus is difficult to utilize visible light [16]. Thus,
it is of great significance to prepare visible-light-response K3 TisNbOj4-based photocatalysts with the
increased light harvesting ability and the high photocatalytic efficiency.

Up to now, our group has developed some synergistic methods such as doping, construction
of heterojunction, and morphology engineering, to improve the photocatalytic performance of
layered titanoniobate [17-20]. For example, a simple calcination method was used to synthesize
S-doped mesoporous HTiNbOs / TiO, nanocomposite. The excellent photocatalytic activity for the
degradation of rhodamine B (RhB) was attributed to synergistic effects of S doping, the formation
of heterojunction, the much larger specific surface area, and richer mesoporosity [19]. Inspired by
layered heterojunction, an ordered layered N-doped KTiNbOs/g-C3Ny4 heterojunction photocatalyst
was also constructed, in which such a layered heterojunction was favorable for the efficient separation
and transfer of photogenerated charge carriers, resulting in the enhanced visible-light photocatalytic
activity for the degradation of RhB and bisphenol A (BPA) [17]. Especially, constructing a hybrid
photocatalyst based on K3TisNbOj4 and other semiconductors is an effective approach to improving
the photocatalytic activity. The formed heterojunction structure between the two components could
achieve an interface and provide a pathway to separate the photogenerated electrons and holes [21].
Therefore, considering the advantages of synergistic effects, it is of great interest to construct a
novel K3TisNbOq4-based photocatalyst using the synergistic effects of doping, the construction of
heterojunction, and morphology engineering.

Here, we report a new visible-light-response N-doped TiO,@K3TisNbO14 (NTNT) core-shell
nanocomposite prepared by a facile one-step calcination route, showing a high photocatalytic activity.
The photocatalytic activity was tested by following the degradation of methylene blue (MB) under
visible light irradiation. This work discusses the synergistic effect of morphology engineering,
N doping and heterojunction on the contribution of photocatalytic activity. A possible mechanism was
proposed according to the experimental results.

2. Results and Discussion

2.1. XRD Analysis

The XRD patterns of the samples are shown in Figure 1. For as-prepared K3TisNbOj4, all the
observed diffraction peaks match well with the published data (JCPDF: No. 72-0908), indicating the
high crystallization of K3 TisNbOq4 [22]. After coupling with TiO,, both K3TisNbO;4 and anatase TiO;
phases (JCPDEF: No. 21-1272) exist in the resulted K3TisNbO14@TiO, (TNT) composite, indicating that
the crystal structure of K3TisNbOj4 can be well maintained after the deposition of TiO, on its surface.
However, the characteristic peaks of K3TisNbO14 in TNT composite are broaden in comparison with
pure K3TisNbO14, suggesting the decreased crystallization of TNT derived from the formation of TiO,
nanoparticles on the surface of K3TisNbO;4 nanobelts. After N doping, with the assistance of urea,
the resultant NTNT exhibits similar diffraction peaks to those of TNT. It indicates that the crystal
structure of TNT cannot be destroyed during N doping process. Meanwhile, for the sample NTNT, the
diffraction peak intensity is slightly decreased and the characteristic peaks are broaden in comparison
with TNT. It indicates that the addition of urea for N doping can affect the crystallization.
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Figure 1. XRD patterns of N-doped K3TisNbO14,@TiO, (NTNT), TNT, K3TisNbOy4, TiO,, and the
standard patterns of K3TisNbOy4 (JCPDEF: No. 72-0908) and TiO, (JCPDEF: No. 21-1272).

2.2. Morphology

Figure 2 shows SEM images of K3TisNbO14 and NTNT composite. As displayed in Figure 2a, the
as-obtained K3 TisNbO;4 nanobelts with a smooth surface can be clearly observed with a diameter of a
few hundred nanometers and the length of several micrometers. The main reason for the choice of
K3TisNbO14 nanobelts is due to the fact that the long anisotropically shaped nanobelts can provide a
pathway for the transport of photogenerated electrons throughout the longitudinal direction, leading to
the decreased recombination rate and promoting efficient separation rate of electron-hole pairs [17,23].
After combining K3TisNbO14 nanobelts with anatase TiO; and then N-doping, the surface of the
resulting NTNT (Figure 2b) is very rough related to pure K3TisNbOj4, which may be due to the fact
that the TiO, nanoparticles were randomly dispersed on the surface of the K3TisNbO14 to form a
TiO, /K3TisNbO14 heterojunction structure.

Figure 2. FE-SEM images of (a) K3TisNbO14 and (b) NTNT.

According to TEM image of NTNT (Figure 3a,d), the hierarchical core-shell structure can be
clearly visible, and the formed TiO; nanoparticles with a size of 18-20 nm are closely deposited
on the external surface of K3TisNbOj4 nanobelts, leading to the formation of TiO;/K3TisNbOq4
heterojunction structure [19]. Additionally, the enlarged HRTEM image of NTNT further confirmed
the formation of a hierarchical TiO,@K3TisNbO;4 core-shell structure. This formed TiO, /K3 TisNbO14
heterojunction is favorable for promoting the separation efficiency of photogenerated electron-hole
pairs at interfaces [24-26]. By enlarging HRTEM images of NTNT (Figure 3b,c), the well-resolved
interplanar spacing values are 0.35 nm and 0.28 nm of the external shell and the internal core,
respectively. In consideration of the crystallographic symmetry, the external shell is attributed to
the anatase TiO, nanoparticles with the exposed (101) plane and the internal core is assigned to the
presence of K3TisNbO14 with a (403) plane [22]. The exposed (101) planes in anatase TiO, nanoparticles
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can act as the possible electron reservoir so as to promote the charge separation based on the previous
literature [23,27].
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Figure 3. (a,d) TEM and HRTEM images of NTNT; (b,c) The enlarged HRTEM images of NTNT.

2.3. XPS Studies

The XPS spectra of NTNT were measured to examine the chemical states of the N, Ti and O
elements in NTNT. In the total spectrum (Figure 4a), the elements of C, N, Ti and O can be observed,
and the existence of the C 1s peak might derive from the examined instrument. As shown in Figure 4b,
two peaks at 398.7 and 399.6 eV can be observed in N 1s spectrum. The peak with a low binding energy
of 398.7 eV is substituted N in the form of O-Ti-N linkages, in which nitrogen atoms are bonded to
Ti atoms and replaced by lattice O atoms in the anatase TiO, [28,29]. The peak at 399.6 eV can be
attributed to some oxidized states, such as such as Ti-N-OeeeTi and Ti-O-NeeeTi linkages [30,31].
The binding energy of interstitial N is higher than that of substituted N due to the reduction of the
electron density on N resulted from the high electronegativity of O. Considering the unique core-shell
structure confirmed by HRTEM image, nitrogen atoms are mainly doped on the anatase TiO, shell as
the titanoniobate nanoblet core was fully covered with TiO, shell and N atoms are difficult doped into
the lattice of titanoniobate from the exterior to the interior.

In Figure 4c, there are two peaks at 457.8 eV and 463.8 eV in Ti 2p spectra of NTNT, and these
two peaks separately consisted with the orbits splitting of Ti 2p1/2 and Ti 2p3/2, further indicating
only the presence of Ti** [32,33]. By comparison, the chemical states of Ti 2p are similar for both
K3TisNbO14 and NTNT. The peak of NTNT (463.8 eV) is higher than that in the K3TisNbO4 (463.5 V).
These slight shifts are attributed to the presence of a strong interfacial interaction between TiO, and
K3TisNbOyy4 [24,34]. As displayed in Figure 4d, for the sample of pure K3TisNbO14, two fitting peaks
of 529.3 and 530.8 eV are ascribed to lattice oxygen in composite and oxynitride (or adsorbed water),
respectively. Moreover, a slight shift is also observed for O 1s spectra, further indicating the presence
of a strong interfacial interaction between TiO, and K3TisNbOj4.
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Figure 4. XPS spectra of NTNT: (a) Total spectra. (b) N1s spectra. (c) Ti 2p spectra. (d) O 1s spectra.
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The UV-Vis diffuse reflectance spectra of as-prepared samples were shown in Figure 5. For pure
K3TisNbOyy4, only an absorption band can be observed in the UV region due to the band-to-band
transition [19], and the band gap value is ~3.95 eV based on our previous work [22]. After hybridization
with TiO,, the resultant TNT exhibits an enhanced absorption in UV-light region, which is mainly
due to the formation of K3TisNbO4/TiO; heterojunction and possible quantum size effect [35].
The absorbance edge of TNT is shifted to about 390 nm. Based on previous literature [15], the band
gaps of NTNT, TNT, TiO,, and N-TiO, were calculated to be 2.81, 3.18, 3.20, and 2.90 eV from the onset
of the absorption edge, respectively.

Figure 5. UV-Vis diffuse reflectance spectra (DRS) of K3TisNbOj4, TNT, NTNT, TiO,, and N-TiO5.
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After N doping, the absorption in both UV and visible light region can be clearly visible for
the resulted NTNT, and the absorbance edge is further profoundly shifted to 475 nm related to the
sample of TNT, which also indicates that N TNT has a potential great visible light harvesting ability.
The N-TiO; is as a standard sample also confirmed the N-doping could enlarge the light response.

2.5. Photocatalytic Performance

As displayed in Figure 6, the characterized photocatalytic efficiency of samples was evaluated by
degrading MB under visible light irradiation [36,37]. The self-degradation of pure MB solution without
any catalyst can be ignored. For pure K3TisNbO14 and TiO,, only 30% and 20% of MB solution could be
respectively degraded under visible light irradiation within 50 min due to the self-photosensitization.
After hybridizing K3TisNbO14 with TiO,, the resultant TNT shows an enhanced photocatalytic activity
for the degradation of MB compared to pure K3TisNbO14, which is mainly attributed to the formation
of heterojunction structure between K3TisNbO14 and TiO,. Additionally, the N-TiO, shows a relatively
low photocatalytic activity, confirming that the just broaden light response region not the only reason
for the high photocatalytic activity. After further doping with nitrogen atoms, the sample of NTNT
shows a higher photocatalytic activity than that of TNT, indicating that N doping can improve the
light harvesting ability. Thus, the synergistic effects of morphology engineering, N doping and the
formation of heterojunction could greatly improve the photocatalytic activity efficiently.
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Figure 6. Visible light photocatalytic degradation rate of methylene blue (MB) solution for
different samples.

Five time reused experiment in Figure 7 were taken to examine the stability of catalyst in the
photocatalytic process. There is no obvious deactivation of the photocatalyst after reused experiment
for five times. It Indicates the NTNT still has a great photocatalytic activity and stability for the
degradation of MB under visible light irradiation.



Catalysts 2019, 9, 106 7 of 12

1.0

0.8 - ISt cycle 3"‘ cycle 4th cycle 5“’ cvele
Q:[).b -
U -
0.4
0.2

' : — T T [ T |

0 50 100 150 200 250

Irradiation time (min)
Figure 7. Cycling experiments of NTNT for MB degradation under visible light irradiation.

2.6. Photocatalytic Mechanism Discussion

In order to study the separation and migration rate of photoinduced electrons and holes, the
transient photocurrent responses (Figure 8) were measured for the samples of K3TisNbO14, TNT and
NTNT. A constant photocurrent can be formed when the photogenerated electrons and holes reaches
the equilibrium, while the decay of the photocurrent means the quick recombination of electrons and
holes [38,39]. It is obvious that the K3TisNbO14 shows the weakest visible light response due to the
original wide band gap of pure K3TisNbOy4. After combining with TiO,, the photocurrent intensity
of TNT is nearly 2 times than that of the K3 TisNbO14, which may be due to the promoted separation
of photogenerated charge carriers and accelerated transfer of the interfacial charge derived from the
formed heterojunction structure [40,41]. After further doping by N, the sample of NTNT shows the
higher photocurrent intensity than TNT. It indicates that both the formation of heterojunction and N
doping can effectively promote the separation of photogenerated charge carriers.

0.20

=

o

i
|

Photocurrent (,uA/cmz)
= =
= i
(7] (—]
I 1

0 20 40 60 80 100 120 140
Time (s)

Figure 8. Photocurrent responses of (a) NTNT, (b) TNT, and (c) K3TisNbO14.

The photoluminescence (PL) technique has been widely employed to investigate the migration,
transfer, and recombination process of photoinduced electrons and holes in semiconductors [42,43].
The high emission intensity indicates the fast recombination rate of electron-hole pairs. As displayed
in Figure 9, the broad peak at 643 nm of K3TisNbOj4 with the excitation wavelength of 320 nm
is attributed to the band gap recombination of electron-hole pairs. After hybridizing with TiO,,
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a drastically decreased PL intensity can be observed in TNT, indicating the formation of heterojunction
can effectively accelerate the separation of photogenerated electrons and holes. After N doping, the
PL intensity of NTNT is further decreased, indicating the synergistic effects of heterojunction and N
doping can profoundly accelerate the separation of photogenerated electrons and holes.
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Figure 9. PL spectra of NTNT, TNT, and K3TisNbO4.

Based on the above results, a possible photocatalytic mechanism for the degradation of MB is
proposed and schematically displayed in Figure 10. Under visible light irradiation, only NTNT can be
generated to produce electrons and holes, while pure K3 TisNbOj4 cannot due to the large band gap.
The photogenerated electrons are transferred from N 2p state to CB of anatase TiO,, while the formed
holes are also left in the N 2p state. As the energy potentials are different between K3 TisNbO14 and TiOy,
the photogenerated electrons are further transferred from CB of anatase TiO, to CB of K3TisNbO14,
leading to the efficient separation and transfer of photoinduced charge carriers. Furthermore, the
long anisotropically shaped nanobelts can provide a pathway for the transport of photogenerated
electrons throughout the longitudinal direction. The exposed (101) facets can act as in anatase TiO,
nanoparticles can act as the possible electron reservoir so as to promote the charge separation.

(a) . (b)
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Figure 10. A possible photocatalytic mechanism of the NTNT for the photodegradation of the
organic pollutants.

The photogenerated electrons in CB of K3TisNbOj4 can react with dissolved O, to generate O,°~,
and the formed holes in VB of anatase TiO; can react with OH™ groups or H,O molecules to produce
oOH radicals. The produced O,*~ and eOH are able to oxidize organic pollutant of MB owing to their
high oxidization ability.
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3. Materials and Methods

3.1. Preparation of N-doped K3TisNbO14@TiO, Nanocomposite

All the raw materials were used in this experimental without any further purification. Layered
K3TisNbOq4 was prepared by first fully grinding and then calcinating a mixture of K,COjz, TiO; and
Nb,Os (molar ratios: 3:10:1) at 1050 °C for 24 h with a heating rate of 5 °C/min.

2.0 g of as-prepared K3TisNbO14 was well dispersed in 50 mL ethanol with an ultrasonic treatment
for 30 min and then magnetic stirring for 4 h in the sealed beaker. After the well distribution
of the obtained suspension, 2 mL of titanium isopropoxide was added into the above suspension
dropwise and kept stirring in the air. After the total evaporation of the ethanol, 1.0 g of the obtained
precursor was milled with 2.0 g of urea and then heated at 500 °C for 5 h with a heating rate of
2 °C/min. The resulted yellow sample was washed with distilled water for several times. The resulted
N-doped K3TisNbO14@TiO; composite was denoted as NTNT. For comparison, undoped sample of
K3TisNbO14@TiO, (denoted as TNT) composite was also prepared according to the similar processes
of N-doped K3TisNbO14@TiO, without the addition of urea. N-doped TiO; (denoted as N-TiO,) was
also prepared similar to the above experimental processes without layered K;TisNbO14. Anatase
TiO, was prepared similar to the above experimental processes without layered K3TisNbO14 and the
addition of urea.

3.2. Characterization

Powder X-ray diffraction (XRD) patterns of the obtained samples were taken on a Philip-X'Pert
X-ray diffractometer (Philip, Amsterdam, Netherlands) with a Cu Kradiation (A = 1.5418 A), ata
scanning rate of 0.2 °/s in a range of 5~70°. Ultraviolet visible diffuse reflectance spectra were obtained
on a UV-Vis spectrophotometer (Shimadzu, UV-3600 plus, Kyoto, Japan) in a range of 200-800 nm.
The morphology was investigated by field-emission scanning electron microscopy (FE-SEM, Nano SEM
450) and transmission electron microscopy (HRTEM, JEOL JEM-2100F, Tokyo, Japan) with an accelerate
voltage of 200 kV. For HRTEM observation, the sample was well dispersed in ethanol with an ultrasonic
treatment and then dropped onto carbon-coated copper grids. The X-ray photoelectron spectroscopic
(XPS) analysis was carried out on an X-ray photoelectron spectrometer (Thermo Fisher Scientific,
K-Alpha, Waltham, MA, USA) equipped with a hemispherical electron analyzer (pass energy of 20 eV)
and an ALK (h= 1361 eV) X-ray source. The binding energies (BE) were referenced to the adventitious C
1s peak (284.8 eV) as an internal standard to consider charging effects. Photoluminescence (PL) spectra
were obtained on a F4500 (Hitachi, Tokyo, Japan) luminescence spectrometer at room temperature.

The time-photocurrent curve tested by a three-electrode system on CHI660D, Pt slice as a counter
electrode, calomel electrode as a reference electrode and the ITO work electrode with a Xe lamp (300 W)
as a light resource. The tests were taken in a PBS (0.1M disodium hydrogen phosphate and sodium
dihydrogen phosphate mixing aqueous solution, pH = 7) and turn on/off the light on an interval of
20 s. The preparation method of the working electrode is as follows: 2 cm x 2 cm ITO conductive glass
is cleaned by a certain proportion of hydrogen peroxide (1 mL, 30%), ammonium hydroxide (1 mL,
28%) and distilled water (50 mL) with a supersonic cleaning for 15 minutes, and then ITO is dried in an
air-blast drying box at 80 °C. The ITO conductive surface is sealed by Scotch tape to expose the square
with an area of 1 cm x 1 cm. After a 30 mg sample was added to 1 ml water solution for 30 minutes,
the suspension droplets were diluted and dried naturally on ITO surface. A working electrode can be
obtained tear the Scotch tape off and dry the ITO at 80 °C.

3.3. Photocatalytic Test

The photocatalytic activity was measured by degrading the methylene blue (MB, 2 x 102 g/L)
aqueous solution under visible light irradiation. Fifty milligrams of the catalyst was firstly added
into 100 mL of MB solution and stirred continuously for 1 h in darkness in order to acquire an
adsorption—-desorption equilibrium. The Xe-lamp (300 W) with a filter to make A > 420 nm was used
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as a visible light source. The overall photocatalytic test was carried under a circular water system to
remove the heating effect. At appropriate time intervals after irradiation, about 4 mL of suspension
was centrifuged and then measured by UV-Vis spectrum (ultraviolet-visible spectroscopy) to calculate
the degrading efficiency C;/Cy, where C; and Cy were the concentration at the time t and the initial
concentration respectively. To further study the photostability of the catalyst, we also took a cycling
experiment for five times with the same photocatalytic test processes above mentioned. After each
cycling, the catalyst was accumulated by a filter with a micro-pore diameter of 0.45 um. Then, the
acquired catalyst was washed with distilled water for further use.

4. Conclusions

In this work, a facile one-step calcination method was developed to synthesize a novel N-doped
K3TisNbO14@TiO, core-shell heterojunction photocatalyst, in which K3TisNbO14 nanobelts were firstly
mixed with titanium isopropoxid, and then calcinated at 500 °C in air using urea as the nitrogen
source for N doping treatment. The formed anatase TiO, nanoparticles were closely deposited on the
surface of K3TisNbO14 nanobelt to form a heterojunction structure between two components, which
was favorable for the transfer and separation of photogenerated charge carriers. In consideration of
the unique core-shell structure, nitrogen atoms were mainly incorporated into the crystal lattices of
TiO; shell, resulting in the increased light harvesting ability to visible light region. The photocatalytic
performance was evaluated by the degradation of methylene blue (MB) under visible light irradiation.
The resulted sample of NTNT showed the enhanced photocatalytic activity owing to the synergistic
effects of morphology engineering, N doping and the formation of heterojunction. A possible
photocatalytic mechanism was proposed based on the experimental results.
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