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ABSTRACT

N doped TiO, has been extensively studied for its enhanced absorption to visible light and improved photo-
catalytic performance, however, its deactivation resulted from the loss of N caused by the oxidation effect is still
a major obstacle in photocatalytic applications. In this work, N-TiO;@aTiO5 (N doped TiO, with amorphous TiO5
layer on the surface) was prepared with the assistance of carbonaceous microsphere (CMS). Its photocatalytic
activity in acetaldehyde degradation under visible light (A > 420 nm) reached 25% and kept stable after 6 h,
while N-TiO, began to deactivate after 80 min and completely lost its activity in the same conditions. Compared
with N-TiO,, almost no decrease in N content was observed in N-TiO,@aTiO5 due to the protective effect of TiO,
amorphous layer. The electron spin-resonance (ESR) spectroscopy was further used to measure the variation
tendency of N content with reaction time. The results reveal that TiO, amorphous layer effectively block the loss
of N and prevent the deactivation of catalysts. This work provides a new approach to improve the stability of N-

TiO; photocatalysts.

1. Introduction

Indoor air pollution has aroused people’s widespread concern mainly
because it causes serious health problems. Volatile organic compounds
(VOCs) are the main indoor pollutants emitted from furniture, indoor
decorations and so on [1-8]. Among various VOCs removal methods,
photocatalysis has been widely studied as an efficient and low-cost green
chemical technology, which can degrade organic pollutants under light
at the room temperature. TiO, is widely applied in photocatalytic
technologies due to its high chemical stability, non-toxicity and low cost
[9-15]. However, pure TiOy can only absorb the ultraviolet light
because of its wide band gap of 3.2 eV [16,17] and this limits its
application for indoor air purification.

Many modification methods have been reported to increase the light
absorption range of TiO,, such as doping modification, semiconductor
coupling, surface deposition modification and so on [18-21]. Among of
them, nitrogen doping is a common and effective method to broaden the
absorption range of TiOy [16,22-25]. N doped TiO2 has been proven to
be an effective photocatalyst for the photocatalytic oxidation (PCO) of
organic pollutant under visible light irradiation [26-28]. However, N-
TiO4 has an inherent problem that it is prone to lose its photocatalytic
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activity because of the loss of N. Dong et al. [29] found that pure N-TiOq
had an apparent decrease of photocatalytic activity for toluene degra-
dation after four recycles under visible light, which was caused by the
loss of N due to the oxidation of lattice-N by photogenerated holes. Villa
et al. [30] proved that the deactivation of N-TiO, was mainly due to the
leakage of N in the form of NHJ during hydrogen production process
under visible light irradiation.

To overcome this shortcoming, multiple modification methods have
been reported to improve the stability of N-TiO,. Chen et al. [31]
discovered that annealing N-TiO, at 400 °C could improve the stability
by stabilizing N atoms in the TiO, lattice. However, Dong et al. [29]
reported that the loss of lattice-nitrogen still existed in N-TiO, prepared
by partial oxidation of TiN powder at 400 °C for 2 h in the air. This
meant that calcination may not be applicable to improve the stability of
all N-TiO5 materials prepared by different methods. Recently, some re-
searchers used carbon materials to modify N-TiOg to improve its sta-
bility. Shao et al. [32] proved that C modified N-TiO, obtained with
chitosan as a natural nitrogen and carbon source had better stability
than N-TiO; in the cyclic photocatalytic degradation of Rh B. More
recently, Huang et al. [33] prepared porous two-dimensional layered
nitrogen-doped carbon-supported titanium dioxides (N-TiO,@C)
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derived from TigCy MXene, which remained good photocatalytic activity
for phenol degradation after 10 times cycle tests under visible light.
However, the reported work did not explain the mechanism of C-
modification for improving the stability of N-TiO; or inhibiting the loss
of N.

In this work, nitrogen doped TiO coated with TiO5 amorphous layer
(N-TiO2@aTiO3) was synthesized through hydrothermal process in the
presence with carbonaceous microsphere (CMS). Element quality con-
tent testing and electron spin-resonance (ESR) spectroscopy were both
used to detect the variation of N content with reaction time. Compared
to N-TiOg, N-TiO,@aTiO, showed highly improved stability in photo-
catalytic degradation of acetaldehyde under visible light. The possible
mechanism for the high stability of N was proposed. This work can
provide a new method to enhance the service life of N-TiO2 and promote
its application in photocatalytic degradation of organic pollutant.

2. Experimental section
2.1. Materials preparation

All the chemicals are commercially available and used as received
without any further purification. They are tetrabutyl titanate
(C16H3604Ti, AR, 98%, Sinapharm Chemical Reagent Co., Ltd, China),
nitric acid (HNOs, AR,65 ~ 68%, Sinapharm Chemical Reagent Co., Ltd,
China), urea (CH4N20, AR, 99.7%, Zhenxing No.1 Chemical Plant,
China), ethanol (CoHgO, AR, 99.7%, Zhenxing No.1 Chemical Plant,
China) and glucose (C¢H1206, AR, 97%, Sinapharm Chemical Reagent
Co., Ltd, China).

2.2. Preparation of the carbonaceous microsphere (CMS)

CMS was prepared via the polymerization emulsification of sucrose
according to literatures [34,35]. In a typical preparation process, 26 g
glucose was dissolved in 50 mL deionized water and sealed in a 100 mL
Teflon autoclave, followed by hydrothermal treatment for 6 h at 160 °C.
The obtained black powder was collected and washed twice with
deionized water and ethanol separately. The powder was then dried in a
drying oven at 70 °C for 2 h and stored in a desiccator.

2.3. Preparation of N-TiO2@aTiOz

The CMS assisted N-doped TiO, powder was synthesized via sol-gel
method. 6.6 g urea was dissolved into 100 mL 95% ethanol to obtain
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solution A. 0.3 g CMS was dispersed in 100 mL ethanol and mixed with
0.5 mL 65 ~ 68% nitric acid and 25 mL tetrabutyl titanate to get solution
B. Then solution A was dropwise added into solution B under vigorous
stirring and stored in a fume cupboard. The as-prepared gel was
dispersed into 250 mL DI water and sealed in Teflon autoclave and
hydrothermally treated at 180 °C for 6 h. The precipitate was cen-
trifugated and washed twice with deionized water and ethanol before
being dried at 80 °C. Finally, the black powder was calcined at 400 °C for
1 h and was named as N-TiO,@aTiO,. For comparison, pure TiO5 was
prepared by the same procedure without CMS and urea. Sample
TiO,@aTiO2 (TiO2 coated by TiO, amorphous layer) was prepared in
presence of CMS. N-doped TiO, (N-TiOy) was prepared with urea
without CMS. The process was shown in scheme 1.

2.4. Materials characterizations

The crystalline structure of the photocatalysts was investigated by X-
ray diffractometer (XRD; Ultima IV 2036E102, Rigaku Corporation,
Japan) with Cu Ka radiation at 50 Hz at the rate of 10°/min. The surface
morphology and microstructure of the materials was measured by a
field-emission scanning electron microscope (SEM; SU8220, Hitachi,
Japan) and a transmission electron microscope (TEM; JEM-2100F,
JEOL, Japan) with electron energy loss spectroscopy (EELS). Raman
spectroscopy was carried out on the DXR Raman Microscope (Thermo-
Fisher Scientific, USA) from 65 to 1000 cm'with a 532 nm excitation
wavelength. The specific surface area of the photocatalysts was analyzed
by Brunauer, Emmett and Teller (BET) nitrogen sorption surface area
measurements, using an analyzer (Micromeritics ASAP 3000 system,
Micromeritics, USA). X-ray photoelectron spectra (XPS) was obtained on
a spectrometer (Microlab 310F Scanning Auger Microprobe, VG SCI-
ENTIFIC LTD) with a constant pass energy of 50 eV by a monochromatic
Al-Ka (1486.6 eV) X-ray. The optical absorption properties of the pho-
tocatalysts were measured by a UV-Vis spectrophotometer (Lambda 950
UV/Vis spectrometer, Perkin Elmer, USA). The contents of nitrogen and
carbon elements were determined by a nitrogen-carbon detector (Multi
N/C® 3100, Analytik Jena AG, Germany). Electron spin-resonance
spectroscopy (ESR, JEOL-FA200, Japan) was used to probe the para-
magnetic nitrogen species in this work.

2.5. Radical detection

Hydroxyl radical (-OH) and superoxide radical (-Oz) were also
studied by ESR with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a

Scheme 1. The schematic diagram of the preparation process of N-TiO,@aTiO,
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capture agent. Generally, -OH and -O; were detected in water and
ethanol, respectively. 50 mg photocatalyst was dispersed in 10 mL water
or ethanol and subsequently ultrasonicated for 15 min to obtain solution
C. 4 pL. DMPO was added to a 1 mL sample cell containing 100 pL of
solution C, then the mixed solution was used to detect the radicals by an
electron spin-resonance spectroscope (ESR, JEOL-FA200, Japan).

2.6. Photoelectric performance test

Photo-current response of the as-prepared samples were measured
by a CHI660D electrochemical workstation [36]. 0.2 g photocatalyst
powder was added into 6 mL ethanol to prepare the paste by the wet
milling method. The paste was then spin-coated on FTO substrate with
the speed of 2000 r/min to gain the work electrode. The effective spin-
coating area was 1 cm x 1.5 cm. The light irradiation source was a 400
W Xe lamp with a 420 nm cut-off filter (A > 420 nm). In photocurrent
test, the photocatalyst/FTO as the work electrode along with a platinum
plate and an Ag/AgCl electrode as the counter and reference electrodes
was put into 1 mol/L NaCl to constitute a three-electrode system under
the “i-t curve” test mode on the electrochemical workstation.

2.7. Photocatalytic performance test

The photocatalytic performance of the sample was tested in a
continuous flow reactor system. The schematic diagram of this reactor
was showed in Fig. S1. 0.1 g photocatalyst was milled in ethanol and
then coated on a 7.5 cm x 15 cm glass pane. It was dried at 80 °C for 1 h
in the oven to remove ethanol. Then the glass pane was put into the
reaction chamber with a transparent quartz cover. 1000 ppm acetalde-
hyde with a flow rate of 10 mL/min was diluted with high purity air of
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the same flow rate to 500 ppm. The high purity air passed through the
humidifying tank to carry moisture which will participate in the pho-
tocatalytic reaction process. The acetaldehyde concentration was tested
directly by gas chromatography (GC7920, Beijing China Education Au-
Light Co., Ltd., China). The mixed gas containing 500 ppm acetaldehyde
passed through the photocatalyst at a flow speed of 20 mL/min and the
light was turned on after the adsorption equilibrium reached. 400 W Xe
lamp with a 420 nm cut-off filter was used as the visible light irradiation
source, which was placed 20 cm above the photocatalysts. The dark
adsorption process was taken place at room temperature (25 °C), while
the temperature of the sample surface would reach and stay at about
55 °C due to the irradiation of the xenon lamp in the photocatalytic
process.

Cp and C are the initial concentration and the real-time concentration
of acetaldehyde during the photocatalytic reaction, respectively. C/Cy
was used to evaluate acetaldehyde removal performance of photo-
catalysts under visible light.

3. Results and discussions

The SEM morphology images of TiO, TiO2@aTiO2, N-TiO2 and N-
TiO,@aTiO, were shown in Fig. 1a-d. TiO particles all agglomerated in
four samples. Particle size of TiO, ranged from 12 to 22 nm as show in
Fig. 1a and the boundary between particles was clear. Compared with
pure TiO,, particle size decreased to around 10 nm for the other three
samples. The SEM image of N-TiO,@aTiO; is rather blurry, and the
interface between particles are not clear. The samples were observed by
high-resolution transmission electron microscope (HRTEM) as shown in
Fig. 2. Fig. 2a- Fig. 2c were the HRTEM images of N-TiO; and Fig. 2d-
Fig. 2f were for N-TiO2@aTiO,. The lattice stripes traversed the entire

Fig. 1. SEM images of (a) TiO,, (b) TiO,@aTiO,, (c) N-TiO,, (d) N-TiO,@aTiO,,
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Fig. 2. HRTEM images of (a-c) N-TiO, and (d-f) N-TiO,@aTiO,

particle and was distinct at the edges of particles in N-TiO,. However,
the lattice fringe became fuzzy at the edges in N-TiO,@aTiO, and
obvious amorphous layer (as indicated by the red dotted line) could be
observed. XRD patterns are shown in Fig. 3. The half peak widths of
TiO,, TiO,@aTiOy, N-TiO, and N-TiO,@aTiO, were 0.605°, 0.786°,
0.757° and 0.784°, respectively. The larger half-peak width means the
smaller particle size according to Scherrer equation [37]. The crystals
structure in all four samples contained both anatase and brookite phase
corresponding to PDF#21-1272 and PDF#29-1360, respectively. The
above result showed that the introduction of urea and CMS had almost
no influence on the crystalline structure of TiOy but decreased the par-
ticle size obviously.

To further analyze the composition of the amorphous layer, the
content of nitrogen and carbon were measured and the mass percentage
for C and N were about 0.214 wt% and 0.155 wt% in N-TiO,@aTiO-,
respectively. The C mass percentage decayed from 5 wt% (the addition
amount) to 0.214 wt% after being calcinated. DXR Raman spectra of as-
prepared photocatalysts were measured in Fig. 4a. There were four
distinct characteristic peaks at 144 crn’l, 398 cm’l, 516 cm ™! and 638
cm™ !, which corresponded to the Eg, B1g, Ajg and Bog vibrational modes

Fig. 3. XRD patterns of (a) TiO,, (b) TiO,@aTiO», (c) N-TiO, and (d)
N-TiO,@aTiOs,

of anatase TiO,, respectively. No obvious Raman peaks of carbon at
1346 cm ! and 1560 cm ! [38] were observed in both of TiO,@aTiO»
and N-TiO,@aTiO, (Fig. S2), proving that the most CMS was removed
after calcination at 400 °C. N-TiO,@aTiO5 was further characterized by
EELS and TEM. As shown in Fig. 4b, one region with a diameter of about
200 nm (1 #) and single particle surface (2 #) were selected for EELS
analysis, typical element peaks of Ti and O appeared. Since no obvious C
peak at 283 eV were observed both in Fig. 4c and Fig. 4d, thin amor-
phous layer on the surface of N-TiO,@aTiO2 was TiO. It formed in
calcination process with presence of CMS, which inhibited the transition
of amorphous TiO, to anatase TiOs.

Fig. 5 presented Ti 2p and N 1 s XPS spectra of N-TiOo@aTiOs. The
peaks of Ti 2p1/2 and Ti 2p3/2 of N-TiO,@aTiO, were located at 464.3
eV and 458.7 eV in Fig. 5a, respectively, which were assigned to typical
TiO4 [39,40]. The N1s XPS spectrum of N-TiO,@aTiO, was showed in
Fig. 5b. The characteristic peak at about 400.3 eV was namely intersti-
tial N atoms, where N atoms bound to O lattice atoms to form Ti-O-N
[41-43]. The N 1 s peak at about 396.9 eV was generally correspond-
ing to N-Ti-N bonds resulting from the nitrogen atoms replacing O
lattice atoms in the TiO5 crystal lattice, which was named as substitu-
tional N atoms [44,45].

To evaluate the performance of as-prepared photocatalysts, photo-
catalytic degradation for acetaldehyde was performed in a continuous
flow reactor system under visible light (Fig. 6). Fig. 6a and Fig. 6b were
the adsorption equilibrium curves in dark and acetaldehyde degradation
curves under visible light, respectively. Acetaldehyde desorption
occurred in the initial stage of photocatalytic reaction due to the thermal
effect xenon lamp, which made C/Cy greater than 1 in the first 30-40
min. The photocatalytic degradation efficiency of pure TiO, reached
5.6% at about 80 min after turning on the light. However, it began to
deactivate afterwards and then was completely deactivated after 200
min. Subsequently, C/Cy value of TiO, was greater than 1. The reason
was the adsorbed acetaldehyde continued to desorb from the surface of
catalyst after the complete deactivation of TiO,. The photocatalytic
degradation efficiency of TiO,@aTiO is about 4% under visible light
irradiation and the performance maintained during photocatalysis. The
enhanced visible photocatalytic degradation properties of N-TiO5 and N-
TiO,@aTiO2 was observed as compared to TiO; and TiO,@aTiO,,
indicating the significant role of N doping. The photocatalytic degra-
dation rate of N-TiO, was faster than that of N-TiO,@aTiO- in the first
90 min after turning on the light. However, N-TiO2 began to deactivate
after 2 h and was completely deactivated in about 6 h, while N-
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Fig. 4. (a) Raman data of the as-prepared photocatalysts; (b) TEM image of N-TiO,@aTiO,; (c-d) EELS spectra for N-TiO,@aTiO, corresponding to the two regions

marked in (b).

Fig. 5. (a) Ti 2p and (b) N 1 s XPS spectra of N-TiO,@aTiO,

TiO,@aTiO, maintained good photocatalytic activity within 6 h with
photo degradation efficiency of 25%.

To further verify this finding about the stability of N-TiO,@aTiO»,
the acetaldehyde photocatalytic degradation tests of N-TiO, and N-
TiO,@aTiO4 were also performed without water (0% RH condition). N-
TiO, was completely deactivated after 250 min irradiation in the
absence of water as showed in Fig. S3. The deactivated rate became
much faster than that in the presence of water. N-TiO,@aTiOy main-
tained excellent photocatalytic stability as well under anhydrous
condition.

To better understand the result of photocatalytic degradation of
acetaldehyde, more experimental data would be provided as follows.

The specific surface area (SSA) of as-prepared photocatalysts was
calculated using the Brunauer-Emmett-Teller (BET) method. As listed in
Table 1, the SSA of TiO,, TiOo@aTiO-, N-TiO5 and N-TiO,@aTiO5 was
102.7 mz/g, 118.0 mz/g, 134.5 rnz/g and 142.4 mz/g, respectively. The
particle sizes of four samples calculated according to the half-peak width
and Scheler’s formula were also listed in Table 1. Obviously, CMS and
urea could both inhibit TiO, crystallite growth to further increase the
SSA. N-TiO,@aTiO2 had a largest SSA under the combined effects of
CMS and N doped.

In order to further test the adsorption behavior of acetaldehyde on
different photocatalysts, the temperature programmed desorption (TPD)
was detected. As shown in Fig. S4, all four samples showed two peaks at



G. Luetal

Chemical Engineering Journal 408 (2021) 127257

Fig. 6. (a) Dark adsorption curves of four samples; (b) Degradation of acetaldehyde on four samples under visible light.

Table 1

The particle sizes and specific surface area (SSA) of as-prepared photocatalysts.
Sample Particle sizes/ nm SSA/ m?/g
TiOy 13.3 102.7
TiO,@aTiO4 10.2 118.0
N-TiO, 10.6 134.5
N-TiO,@aTiO, 10.3 142.4

similar desorption temperature at about 270 °C and 500 °C, which
manifested that there were two adsorption modes between acetaldehyde
and the as-prepared photocatalysts. N-TiOo@aTiO2 showed the highest
intensity of the desorption peak at 500 °C, indicating it had higher
adsorption capacity of acetaldehyde, which can be ascribed to its larger
SSA among the four photocatalysts.

The light absorption spectra of photocatalysts in the wavelength
range of 250-800 nm was shown in Fig. 7a. Compared to pure TiOj, N-
TiO5 had a more absorption in the visible region from 400 nm to 500 nm,
which was consistent with the previous reported work [46]. Similarly,
N-TiO,@aTiO; also had a higher visible light absorption intensity than
N-TiO». Therefore, N doping and the introduction of the CMS could both
enhance the light absorption in the visible range. According to Kubelka
Munk, the bandgap values of TiO,, TiO@aTiO3, N-TiO, and N-
TiO,@aTiO4 were 2.90 eV, 2.80 eV, 2.85 eV and 2.77 eV, respectively
(see in Fig. S5). The band gap of pure TiO; is only 2.9 eV (less than 3.2
eV), which may be caused by the formation of brookite TiO,. The
bandgap of pure brookite TiOy was about 2.0 eV [47].

Photocurrent test was carried out to further study the effect of TiOy
amorphous on N-TiO,@aTiO; for the separation of photogenerated
electron-hole pairs. TiO;@aTiO5 had a slightly higher photocurrent than
TiO5 under visible light, which may be resulted from the fact that the

visible light absorption intensity of TiO,@aTiO2 was stronger than that
of pure TiO as shown in Fig. 7a. The photocurrent intensity of N-
TiOo@aTiO, decreased gradually and was completely lower than that of
N-TiO2 after the five cycle tests. The possible reason was that the
amorphous TiOy on the surface of N-TiO,@aTiO5 played the role as
defects and captured the photogenerated electron hole pairs, thus lead to
the decease on photocurrent [48]. In addition, the photocurrent of N-
TiO,@aTiO2 was higher than that of TiO,@aTiO2, manifesting that the
visible light response was mainly contributed by N doping. This result
was consistent with the photocatalytic degradation result (see in Fig. 6).

Although N-TiO3 had the higher photocurrent than N-TiO,@aTiOs, it
was easy to be deactivated in photocatalytic degradation of acetalde-
hyde. To further study the deactivation of N-TiO,, N element mass
percentage of N-TiOy and N-TiO,@aTiO, were measured before and
after the photocatalytic reaction (As shown in Table 2). The content of N
element decreased from 0.163 wt% to 0.062 wt% in N-TiO5, while only a
slight decrease of N mass from 0.155 wt% to 0.147 wt% was observed
for N-TiO,@aTiO,. Therefore, it was believed that the main reason for
the deactivation of N-TiO, was caused by the loss of N element in the
photocatalytic reaction.

In order to better investigate the process of N element loss in pho-
tocatalytic reaction, ESR tests were carried out at different

Table 2
N element mass percent of N-TiO, and N-TiO,@aTiO, was tested before and
after the photocatalytic reaction.

as-prepared after photodegradation

N-TiO,@aTiO,
N-TiO,

0.155 wt%
0.163 wt%

0.147 wt%
0.062 wt%

Fig. 7. (a) UV-Vis diffuse reflectance spectra of as-prepared photocatalysts; (b) Photocurrent test of the photocatalysts under visible light.
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photocatalytic reaction time. According to the literature [49], ESR
signal peaks with spin Hamiltonian parameters (g = 2.004, A = 3.26 mT
in Fig. 8a and g = 2.003, A = 3.24 mT in Fig. 8b) were ascribed to N
species in N-TiOy and N-TiO,@aTiOg, respectively. N atoms has two
types of localized energy states in N-doped TiO, material both on the
basis of experimental evidences [50,51] and rigorous quantum chemical
calculation [52,53]. The two localized energy states correspond to two
different N atoms bonding types, one is substitutional N atoms and
another is interstitial N atoms. The XPS results also provided evidences
for the existence of these two N species. The two N species cannot be
distinguished on the ESR signal because they are both paramagnetic. As
shown in Fig. 8a and 8b, in the first 2 h of photocatalytic reaction, the
peak intensity of N species decreased rapidly both in N-TiO3 and N-
TiOo@aTiO,. The interstitial N atoms bond with lattice O to form in-
terstitials species, which can be described a true n radical ion NO?.
NO?~ could get photogenerated electrons from photocatalyst under
visible light to form diamagnetic (ESR silent) species (NO37) [43]. This

Chemical Engineering Journal 408 (2021) 127257

may be the main reason for the rapid decline of ESR signal intensity of N
species. Remarkably, the ESR peak intensity of N-TiO2@aTiO; remained
unchanged from the 2nd hour to the 6th hour of the photocatalytic re-
action, while that of N-TiO, continued to decline (as shown in Fig. 8c-
Fig. 8f). This result indicated that the N loss in N-TiO5 was a continuous
process under visible light. According to the previous work [29,31], the
loss of lattice N was mainly due to its oxidization by photogenerated
holes, which was the possible reason for the continuous loss of N in N-
TiO; in this work. As for N-TiO,@aTiO,, defects in amorphous TiO,
captured the photogenerated electrons and holes and inhibited the
oxidation of lattice N by holes.

ESR was used to measure the intensity of -OH and-Oz as shown in
Fig. 9a and 9b. The four ESR signal peaks with the intensity ratio of
1:2:2:1 and six characteristic peaks corresponded to -OH and-O3,
respectively [54,55]. The signal intensity of -OH for N-TiO,@aTiO, and
N-TiO, were almost overlapped, while the signal intensity of -O3 for N-
TiO,@aTiO4 was higher than that of N-TiO,, This result indicated that

Fig. 8. ESR spectra of (a) N-TiO, and (b) N-TiO,@aTiO, at the different reaction time in photocatalytic degradation for acetaldehyde; c-d: ESR comparison results of
N-TiO, and N-TiO,@aTiO, after same reaction times (c: at O h; d: at 2nd hour; e: at 4th hour; d: 6th hour).
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Fig. 9. Radical analysis on N-TiO, and N-TiO,@aTiO, under visible light (a: DMPO-@OH; b: DMPO-@053).

N-TiO,@aTiO, absorbed more O, molecules, which could be ascribed to
the amorphous TiOg layer played a role on it.

Typically, the loss of lattice N occurred due to its being oxidized by
the photogenerated holes [29,31]. In the reaction process, O atoms
would replace lattice N to reconstruct TiO; crystal lattice. According to
photocurrent and ESR radical results, the possible mechanism for the
amorphous TiO inhibiting N loss in photocatalysis process was pro-
posed as shown in Scheme 2. First, the defects in amorphous TiO, were
prone to capture photogenerated electron hole pairs and the oxidation of
lattice N by holes was effectively inhibited. Secondly, the amorphous
TiO4 layer with oxygen vacancy defects was prone to adsorb oxygen-
containing molecules. Thus, Oz would be prevented from entering into
N-TiO; and the loss of N was prevented.

4. Conclusions

In summary, N doped TiO, with amorphous TiO; layer on the surface
(N-TiO,@aTiO3) has been successfully synthesized by introducing
carbonaceous microsphere (CMS). The photocatalytic activity of N-
TiO,@aTiO, reached 25% and still maintained active after 6 h acetal-
dehyde degradation under visible light (A > 420 nm), while N-TiO,
began to deactivate after 80 min and completely lost its activity in the
same conditions. The excellent photocatalytic stability of N-TiOy@aTiO4
was ascribed to the positive effect of the TiO amorphous layer, which
effectively inhibited the loss of doping N as evidenced by the N element
content test and ESR. The content of N element decreased from 0.155 wt
% to 0.147 wt% in N-TiO,@aTiO5, while a high decrease of N mass from
0.163 wt% to 0.062 wt% was observed for N-TiO;. The essential
mechanisms have been proposed that amorphous TiO5 could capture the
photogenerated electron hole pairs and adsorb Og, thus inhibiting the

Scheme 2. Mechanism diagram of inhibiting N loss by amorphous TiO,
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oxidation reaction of lattice nitrogen. This work provides a new way to
improve the stability of N-TiOy photocatalysts and promotes its long-
term application.
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