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Dual modification of TiNb2O7 with nitrogen dopant and 

oxygen vacancy for selective aerobic oxidation of 

benzylamine to imine under green light 

Zhuobin Yu,ab Eric R. Waclawik,c Zhijian Wang,a
 Xianmo Gu,*a Yong Yuan,d and Zhanfeng 

Zheng*a 

TiNb2O7 powder was prepared by a simple hydrothermal method and subsequent heat treatment. Vo-N-TiNb2O7 

was generated by NH3 and ethanol treatment. The NH3 treatment produced a new N 2p orbital band above the O 

2p valance band and oxygen vacancy levels were formed by the ethanol treatment. This modified the electronic 

band structure of TiNb2O7 and resulted in a narrower band gap.  The photocatytic performance of modified Vo-N-

TiNb2O7 towards selective aerobic oxidation reactions under green light (475-600nm, peaked at 525 nm) was 

measured. There was a high conversion of benzylamine (above 90%)  at 80 °C over 24 h and with selectivity for N-

benzylidenebenzylamine greater than 95% under green light.  Vo-N-TiNb2O7 was found to be an efficient photocatalyst 

that makes full use of visible-light. Selective aerobic oxidation of benzylamine to N-benzylidenebenzylamine takes 

place over the full visible range up to about 600 nm with high light absorption efficiency. A proposed mechanism 

for selective aerobic oxidation reactions by TiNb2O7 is put forward.  

1. Introduction 

The photocatalysis approach has practical advantages of 

economic efficiency, environmental-friendliness to drive 

chemical reactions in ambient conditions.1-2
 An ideal 

photocatalyst is the one that can efficiently utilize the solar 

spectrum to drive reactions. Because it is well-known that 45% 

of sunlight is visible light, many researchers have paid 

attention to designing novel materials with a strong visible 

light absorption, for instance, α-Fe2O3 nanocolumns and 

CuO/Cu2O nanorod through oblique angle deposition,3-4 WO3 

nanosheets with hydrothermal method.5 Efforts are also given 

to the modification of wide band gap photocatalysts (e.g. TiO2) 

to utilize visible light.6-7 Recently, selective aerobic oxidation of 

benzylamine to imine on metal oxides has gained attention, as 

it offers a promising route to imine production and the light 

response range has red-shift due to the formation of amine-

metal surface complex. Among these photocatalyst, several 

kinds of photocatalyst materials that function for aerobic 

oxidation of benzylamine to imines have recently been 

reported, including WO3,5 Nb2O5,
2,8-9, TiO2,10-12  BiVO4,13 

MnO2,14 and layered double hydroxides.15 Nb2O5 can catalyse 

the selective photo-oxidation of benzylamine under visible 

light irradiation up to ca. 460 nm. Considering that imines are 

important intermediates used to prepare biologically active 

nitrogen compounds, electrophilic intermediates and 

pharmaceuticals,16-17 the development of semiconductor 

photocatalysts for transformation of benzylamine to its 

corresponding imine under light radiation and in the presence 

of molecular oxygen is an effective green method that can 

make full use of the solar energy spectrum.   

TiNb2O7 has a monoclinic, layered structure and a band 

gap of ca. 3.2 eV, which has been recognized as a promising 

anode material for lithium-ion batteries (LIBs) due to the 

volume tolerance of the structure to accommodate Li ions.18-22 

In the TiNb2O7 structure (Fig. 1), TiO6 and NbO6 octahedra 

connect each other by sharing the vertex and Ti and Nb atoms 

occupy the same position in the lattice structure. The  

 

 
Fig. 1 (a) Crystal structure diagram and (b) band gap diagram of TiNb2O7, 
Nb2O5, TiO2: valence band (VB), conduction band (CB). 
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band is composed of Ti 3d/Nb 4d orbit and the valence band 

formed O 2p orbital.18 The location of valence band and 

conduction band of TiNb2O7 is slightly different compared to 

that of anatase TiO2 and Nb2O5.23-24 Considering the structure 

complicity and tolerance, the modification of layered TiNb2O7 

could be supposed to ensure essentially homogeneous doping 

which may induce band structure change and may be an ideal 

candidate for amine selective oxidation. 

In this study, TiNb2O7 nanoparticles were prepared by a 

simple hydrothermal method and a subsequent sintering 

process. The band structure of TiNb2O7 nanoparticles were 

then modified by combining NH3 treatment and ethanol 

treatment processes. The former process raised the edge of 

the valence band, while the latter lowered the edge of the 

conduction band. The net result was a narrower band gap that 

enhanced photocatalytic activity for the selective aerobic 

oxidation of benzylamine to N-benzylidenebenzylamine under 

green light. 

2. Experimental 

2.1 Sample preparation 

All chemicals were purchased from Sinopharm Chemical 

Reagent Co. Ltd and used without further purification. TiNb2O7 

was prepared by a hydrothermal process and a subsequent 

heat treatment. In a typical reaction, niobium oxalate 

[Nb(HC2O4)5, 1.35 g] and titanium oxysulfate (TiOSO4•xH2O, 

0.4 g) were added to aqueous KOH solution (0.1 M, 50 mL) and 

kept stirring for 1 h. This solution was then transferred to a 

PTFE-lined autoclave (100 mL in volume) and kept at 180 °C for 

24 h. After the hydrothermal processing, the white precipitate 

was separated by centrifugation, washed with deionized water, 

and dried in air at 80 °C for 12 h. The dried sample was 

calcined in air at 700 °C for 3 h with a heating rate of 5 °C/min 

(labelled as TiNb2O7). The TiNb2O7 sample was calcined in air at 

700 °C for another 3 h (labelled asTiNb2O7-6h). The TiNb2O7 

sample was further treated at 700 °C for 3 h under gaseous 

NH3 and at 500 °C for 5 min in air (labelled as N-TiNb2O7). 

TiNb2O7 and N-TiNb2O7 samples (0.50 g) were dispersed in 

ethanol (20 ml) and stirred for 4 h. The suspension was 

transferred to a quartz boat and placed in a furnace at 200 °C 

for 3 h under Ar atmosphere (labelled as Vo-TiNb2O7 and Vo-N-

TiNb2O7, respectively). The optimized calcination times for 

nitrogen doped TiNb2O7 in air and for TiNb2O7 in ethanol were 

based on the photocatalytic activity (Fig. S1-2†).  In the similar 

manner, Vo-N-TiO2 and Vo-N-Nb2O5 were prepared by combining 

NH3 treatment and ethanol treatment processes for TiO2 

(anatase) and Nb2O5 (orthorhombic), respectively. 

2.2 Characterization 

The X-Ray diffraction (XRD) patterns were record on a MiniFlex 

II diffractometer with Cu Kα radiation (λ = 1.5418 Å). The 

transmission electron microscopy (TEM) and energy-dispersive 

spectroscopy (EDS) were operated 200 kV (JEM-2100F). 

Nitrogen sorption isotherms were carried out through an 

automatic adsorption instrument (Micromeritics, TriStar II 

3020 analyser) operated at liquid nitrogen temperature (77 K). 

The UV-Vis diffuse reflectance (UV-Vis-DR) spectrometer 

(Shimadzu UV-3600) was used to obtain UV-Vis-DR spectra of 

solid samples. The X-ray photoelectron spectra (XPS) were 

performed using a Thermo ESCALAB 250 spectrometer with an 

Al Kα X-ray source (hν = 1486.6 eV). The binding energy was 

calibrated using the C1s peak at 284.6 eV. The 

photoluminescence (PL) spectra were carried out on a Hitachi 

F-7000 FL spectrophotometer. The transient photovoltage 

spectra (TPV) were carried out with a home-made instrument, 

which was based on the pulse laser (wavelength of 355 nm 

and pulse width of 5 ns) from a third-harmonic Nd: YAG laser 

(Polaris II, New Wave Research, Inc.). The surface photovoltage 

spectra (SPS) were carried out by self-assembled instrument, 

equipped with a lock-in amplifier (SR830) synchronized with a 

light chopper (SR540).  

2.3 Evaluation of photocatalytic activity 

The photocatalytic activity for selective amine oxidation 

reactions were evaluated at 80 °C in an oxygen atmosphere (1 

atm). Typically, the reaction system consisted of a catalyst (20 

mg), benzylamine (0.04 mmol), and acetonitrile (2 mL). The 

products were analyzed using a Shimadzu 2014C GC equipped 

with a WondaCap 5 column. The imine (N-

benzylidenebenzylamine) yield and output were calculated 

from the following equations: (1) Imine yield = Conversion rate 

of benzylamine × Selectivity to imine; (2) Imine output = 

Imine yield × 0.02 mmol (benzylamine molar amount). White 

and single coloured LED lights (100 W COB LED lamp) including 

purple LED (375-430 nm, peaked at 400 nm), blue LED (425-

510 nm, peaked at 455 nm), green LED (475-600 nm, peaked at 

525 nm), yellow LED (585-660 nm, peaked at 585 nm), and red 

LED (580-665 nm, peaked at 625 nm) were used and the 

output spectra were shown in Fig. S3†.  

3 Results and discussion 

3.1 Physicochemical properties of TiNb2O7 and modified 

TiNb2O7 samples 

TiNb2O7 powders have a white colour, which indicates 

that light absorption is not in the visible light range. However, 

the colour changed progressively to grey, yellow, and dark 

yellow after further modification of the TiNb2O7 with ethanol 

at 200 °C, under gaseous ammonia at 700 °C, and modification 

under gaseous ammonia at 700 °C followed by treatment with 

ethanol at 200 °C, respectively. The UV-Vis diffuse reflectance 

(UV-Vis-DR) spectra of the TiNb2O7 and modified TiNb2O7 

samples are shown in Fig. 2. It is found that there is a strong 

absorption band in the UV region for TiNb2O7 and Vo-TiNb2O7. 

The absorption edges of N-TiNb2O7 and Vo-N-TiNb2O7, the 

nitrogen doped samples, are about 540 and 570 nm, which is a 

significant red-shift compared to that of TiNb2O7 and Vo- 

TiNb2O7 . There is a two-step absorption edge for Vo-N-TiNb2O7,   

which should result from original structure band and the new  

band created by nitrogen doping, respectively.22,25 As for an 

indirect band gap semiconductor, the relationship between the  
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Fig. 2 (a) Photographs, (b) UV-Vis-DR spectra, (c) XRD patterns of TiNb2O7 
and modified TiNb2O7 samples (Vo-TiNb2O7, N-TiNb2O7, and Vo-N-TiNb2O7). 

 

absorption coefficient (α) and the optical band gap energy (Eg) 

near the band edge follows the formula: αhν=R(hν-Eg)2, where 

hν and R are the photon energy and a constant, respectively.22 

The calculated band gaps of TiNb2O7, Vo-TiNb2O7, N-

TiNb2O7,and Vo-N-TiNb2O7 are 3.10, 3.04, 2.30 and 2.18 eV, 

respectively (Table 1). These results indicate that ammonia 

treatment and ethanol treatment in TiNb2O7 is an effective 

method to narrow the band gap and induces visible light 

absorption. This is consistent with reported literatures that 

nitrogen doping in TiO2 is an effective method to narrow the  

 

Table 1 Physical properties of TiNb2O7 and modified TiNb2O7. 

Materials SBET 

(m
2
/g) 

Average pore 

size (nm) 

Band gap 

(eV) 

Crystallite 

size (nm)  

TiNb2O7 32.48 26.87 3.10 16.0 

Vo-TiNb2O7 31.14 26.95 3.04 16.1 

N-TiNb2O7 39.72 25.95 2.30 15.8 

Vo-N-TiNb2O7 34.05 25.20 2.18 15.2 

band gap.24,26 

Although TiNb2O7 and the modified TiNb2O7 samples 

exhibit very different light adsorption, they have the similar X-

Ray diffraction (XRD) patterns. The patterns can be indexed 

using a monoclinic system (space group C2/m, lattice 

parameters a = 17.686 Å, b = 3.801 Å, c = 11.890 Å), which 

matches well with the published data (ICDD PDF Card no. 39-

1407) and no other diffraction peaks from other phases such 

as TiO2, Nb2O5 and TiNb10O29 are observed. The characteristic 

diffraction peaks of Vo-TiNb2O7, N-TiNb2O7, and Vo-N-TiNb2O7 

are the same as that of TiNb2O7 except that the samples 

treated at 700 °C for extended time exhibit increased 

diffraction peak intensity. This indicates that the crystal 

structure of TiNb2O7 is well retained after ethanol treatment  

 

 
Fig. 3 TEM and HRTEM images of TiNb2O7 (a, e), Vo-TiNb2O7 (b, f), N-TiNb2O7 

(c, g), and Vo-N-TiNb2O7 (d, h). 
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and NH3 treatment. The crystallite sizes of TiNb2O7, Vo-TiNb2O7, 

N-TiNb2O7, and Vo-N-TiNb2O7 are 16.0, 16.0, 15.8 and 15.2 nm, 

respectively, calculated from the broadening of the (020) peak. 

It is found that there seems to be little change in terms of 

grain size. These materials have a similar specific surface area 

at 32.5, 31.1, 39.7 and 34.1 m²/g corresponding to TiNb2O7, Vo-

TiNb2O7, N-TiNb2O7, and Vo-N-TiNb2O7, respectively (Fig. S4†). 

The structure parameters of these samples are listed in Table 1. 

The transmission electron microscope (TEM) and high 

resolution TEM (HRTEM) images of TiNb2O7, and modified 

TiNb2O7 samples are shown in Fig. 3. It is found that the 

particles aggregate with single particle size less than 100 nm. 

There is no significant difference in morphology among 

TiNb2O7, Vo-TiNb2O7, N-TiNb2O7, and Vo-N-TiNb2O7 samples. 

Based on the high-resolution TEM images in Fig. 3, the lattice 

spacing is about 0.37 nm, 0.42 nm, corresponding to the (1�10) 

and (3�03) planes of TiNb2O7, respectively. It is found that there 

is no difference in the lattice spacing corresponding to the 

(1�10) and (3�03) planes of Vo-TiNb2O7, N-TiNb2O7, and Vo-N-

TiNb2O7. This is consistent with XRD results, which further 

confirms that there is no obvious change in the crystal 

structure of TiNb2O7 after ethanol or NH3 treatment. 

The survey and high resolution X-ray photoelectron 

spectra (XPS) of TiNb2O7 and modified TiNb2O7 samples are 

shown in Fig. 4. The characteristic peaks of Nb 3d3/2 and Nb 

3d5/2 for TiNb2O7 at approximately 210.0 and 207.0 eV are in 

accordance with Nb5+ band.27 The characteristic peaks of Ti 

2p1/2 and Ti 2p3/2 for TiNb2O7 at approximately 464.0 eV and 

458.1 eV can be indexed to Ti4+ band.27 The N 1s at 396 eV can 

be attributed to N-Ti.28-29 The amount of N in N-TiNb2O7 and 

Vo-N-TiNb2O7 is 1.99 wt% and 0.91 wt%, respectively. The 

results indicate N has been incorporated in the structure in N-

TiNb2O7 and Vo-N-TiNb2O7 samples. The O 1s peak of TiNb2O7, 
consists of three characteristic peaks at about 529.5, 531.6, 

and 533.0 eV, which attributes to O-M (M=Ti or Nb) bond, O2− 

in the oxygen deficient regions, and loosely bound oxygen on 

the surface, respectively.30-31 It is found that the intensity of O 

1s at 531.6 eV is enhanced while the intensity of O 1s at 529.5 

eV decreases when TiNb2O7 or N-TiNb2O7 is treated by ethanol 

to form Vo-TiNb2O7 and Vo-N-TiNb2O7, which indicates that 

oxygen vacancy levels can be increased by ethanol 

treatment.30 For N-TiNb2O7 sample, the O 1s band at 529.5 eV 

is very high compared with the bands at 531.6 and 533.0 eV, 

this may due to that the longer heat treatment at 700 °C 

induces better crystallinity. A control experiment was devised 

for the TiNb2O7 precursor which was treated in air for 6 h 

instead of 3 h. This sample exhibited a similar O 1s band to N-

TiNb2O7 and the XRD pattern indicated it had better for Vo-N-

TiNb2O7 crystallinity also (Fig. S5†). In addition, according to 

EDS analysis, the O/Ti ratio decreased from 6.68 for TiNb2O7 to 

4.45 for Vo-N-TiNb2O7 providing evidence for the formation of 

O vacancy. Therefore, it was concluded that ethanol treatment 

is an effective method to create surface oxygen vacancies. 

The density of states (DOS) of the valence band of 

TiNb2O7 and the modified samples was measured by valence 

band XPS spectroscopy (Fig. 5a). There is an obvious difference  

 

 

Fig. 4 XPS spectra of TiNb2O7, Vo-TiNb2O7, N-TiNb2O7, and Vo-N-TiNb2O7. 
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Fig. 5 (a) Valance-band XPS spectra, (b) SPS spectra in oxygen atmosphere 

and (c) schematic diagram of the DOS of Vo-TiNb2O7, N-TiNb2O7, and Vo-N-

TiNb2O7. 

 

in the valance band maximum energy among TiNb2O7 and 

modified TiNb2O7 samples, which is 0.8 eV and 0.21 eV more 

negative for N-TiNb2O7, and Vo-N-TiNb2O7 than TiNb2O7, 

respectively, furthermore, the valence band of Vo-TiNb2O7 is 

the same as that of TiNb2O7.32 Combing the results of UV-Vis-

DR spectra and the valance band XPS spectra, the schematic 

diagram of the DOS of TiNb2O7 and the modified samples is 

drawn (Fig. 5c). The NH3 treatment of TiNb2O7 generates a new 

N 2p orbital above the O 2p valance band.18 The ethanol 

treatment brings about the formation of oxygen vacancy, with 

an energy level just below the conduction band. The 

combination of these two treatments thus narrows the band 

gap and may create catalyst for working under long 

wavelength visible light. The difference of values in valence 

band position between N-TiNb2O7 and Vo-N-TiNb2O7 and in the 

conduction band between Vo-TiNb2O7 and Vo-N-TiNb2O7 were 

attributed to the high content of nitrogen and of oxygen 

vacancies therefore.19,28,33 The photoluminescence (PL) spectra 

of TiNb2O7 and Vo-N-TiNb2O7  is shown in Fig. S6†, the 

luminescence peak centred at 540 nm resulted from TiO6 units 

while the luminescence centred at 630 nm may be attributed 

to defects such as oxygen deficiency or cation vacancies.34-35  

 

 

Fig. 6 The conversion, imine (N-benzylidenebenzylamine) selectivity, and 

yield (mmol/mmolcatalyst) over TiNb2O7 and modified TiNb2O7 photocatalysts 

(a), TiO2, Nb2O5 and modified samples (b). Reaction conditions: catalyst (20 

mg), benzylamine (0.04 mmol), acetonitrile (2 mL), green LED (100 

mW/cm2), 80 °C, 12 h. 
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The PL intensity of Vo-N-TiNb2O7 is much weaker than TiNb2O7, 

which indicates charge separation is enhanced and is an 

advantage that can improve photocatalytic activity.36 

3.2 Photocatalytic activity for selective aerobic oxidation of 

benzylamine to imine over TiNb2O7 and modified TiNb2O7 

samples under green light 

It is noted that TiNb2O7 and modified TiNb2O7 

photocatalysts exhibit high selectivity towards N-

benzylidenebenzylamine during the aerobic oxidation of 

benzylamine under green light (475-600 nm, peaked at 525 nm, 

Fig. 6). Vo-N-TiNb2O7 exhibits the highest activity (with N-

benzylidenebenzylamine yield benzylamine under green light 

(475-600 nm, peaked at 525 nm, Fig. 6). Vo-N-TiNb2O7 exhibits 

the highest activity (with N-benzylidenebenzylamine yield of 

450 mmol/molcatalyst), much higher than TiNb2O7 (37 

mmol/molcatalyst), Vo-TiNb2O7 (162 mmol/molcatalyst) and N-

TiNb2O7 (255 mmol/molcatalyst) in terms of N-

benzylidenebenzylamine yield. The high activity of Vo-N-

TiNb2O7 indicates that the combination of ethanol treatment 

and NH3 treatment on TiNb2O7 effectively improves the N-

benzylidenebenzylamine yield by increasing the light 

absorption efficiency (by utilizing more green light). 

Furthermore, the N-benzylidenebenzylamine yield of Vo-N-TiO2 

is 83 mmol/molcatalyst with low selectivity (55%) while the N-

benzylidenebenzylamine yield of Vo-N-Nb2O5 is 172 

mmol/molcatalyst with high selectivity (95%). At the same time, it 

is clearly observed that the benzylamine conversion and N- 

benzylidenebenzylamine yield increase in the order of Vo-N-

TiO2 >TiO2 and Vo-N-Nb2O5>Nb2O5, respectively. The low N-

benzylidenebenzylamine selectivity for TiO2 should attribute to 

its lower selectivity for partial oxidation products.2 Therefore, 

the results indicate that Vo-N-TiNb2O7 has better catalytic 

performance than Vo-N-TiO2 and Vo-N-Nb2O5 in terms of yield 

and selectivity for  selective aerobic oxidation of benzylamine 

to imine under green light. The reason should result from the 

uniformly distributed nitrogen dopant and oxygen vacancy in 

 

 

Fig. 7 Benzylamine conversion, N-benzylidenebenzylamine selectivity and 

yield of Vo-N-TiNb2O7 photocatalyst under single-coloured LED lights. 

Reaction conditions: catalyst (20 mg), benzylamine (0.04 mmol), 

acetonitrile (2 mL), light intensity (100 mW/cm2), 80 °C, 12 h.  

the whole TiNb2O7 particles while only within a subsurface region in 

TiO2 and Nb2O5 particles thanks to their difference in structure.24 

Vo-N-TiNb2O7 exhibits good catalytic activity and high Vo-N-

TiNb2O7 exhibits good catalytic activity and high selectivity 

under white and single coloured (purple, blue and green) LED 

illumination, while benzylamine conversion rate dramatically 

decreases when performed under either yellow or red LED 

light (Fig. 7). The conversion rate of benzylamine over Vo-N- 

 

 
Fig. 8 (a) Light intensity (80 °C, 12 h), (b) time profile (80 °C, 100 mW/cm2) 
and (c) temperature influence (6 h, 100 mW/cm2) on selective oxidation of 
benzylamine over Vo-N-TiNb2O7 photocatalyst under green light. 
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TiNb2O7 is 98%, 98%, 88% and 68% under white, purple, blue 

and green light, respectively. The selectivity for the oxidation 

of benzylamine to N-benzylidenebenzylamine over Vo-N- 

TiNb2O7 is 98% (green LED) while the selectivity is 91% (white 

LED), 82% (purple LED), 90% (blue LED). The conversion rate of 

benzylamine over Vo-N-TiNb2O7 is 8% and 6% under yellow and 

red light, respectively. Control experiment shows that the 

conversion rate of benzylamine is negligible over Vo-N-TiNb2O7 

in the absence of light, which confirms that the oxidation of 

benzylamine over Vo-N-TiNb2O7 is a light-driven reaction. 

Therefore, given that Vo-N-TiNb2O7 has the outstanding 

catalytic performance, ideal selectivity (98%), and, moderate 

yield of N-benzylidenebenzylamine (68%, 12 h, green LED) of 

the materials investigated, the photocatalytic performance of 

Vo-N-TiNb2O7 under green light was studied in detail. 

The photocatalytic activities of Vo-N-TiNb2O7 under green 

light with different intensity are shown in Fig. 8a. It was found 

that the conversion of benzylamine increases with the 

increasing intensity of light as expected. The conversion of 

benzylamine increases from 18.4% to 68.1% when the 

intensity varies from 30 to 100 mW/cm2. Meanwhile, it is 

observed that the selectivity toward product N-

benzylidenebenzylamine is above 95% in all cases. The 

conversion rate of benzylamine increases gradually when the 

reaction time is prolonged (Fig. 8b) and the reaction profile 

exhibits a pseudo first-order reaction feature. The conversion 

of benzylamine reaches to approximately 94.5% with high 

selectivity (> 95%) when the reaction time is 24 h. It is found 

that there is a small quantity of benzaldehyde in the products, 

which indicates benzaldehyde is an intermediate product. The 

generation of benzaldehyde intermediate is similar to the 

situation when TiO2 or Nb2O5 are used as photocatalyst for 

benzylamine oxidation under visible light.2,11 As shown in Fig. 

8c, the conversion rate increases gradually when the reaction 

temperature is increased from 30 to 80 °C and benzylamine is 

converted to N-benzylidenebenzylamine with a very high 

selectivity (> 95%) regardless of the reaction temperature. The 

Vo-N-TiNb2O7 photocatalyst can be readily recovered by 

filtration for reuse. Over time, conversion decreases slightly 

from 94.5% to 91.6%, while high selectivity is maintained after 

four successive cycles (Fig. S7†). Various kinds of amine 

derivatives including with –CH3 group (electron donation 

groups, –Cl group (electron withdrawing group), 

phenylethylamine, and n-propylamine are carried out for 

aerobic oxidation over Vo-N-TiNb2O7 under green light and the 

photocatalytic activity is listed in Table S1. It is found that their 

corresponding imines are the main products and the 

substituents on the benzene ring have only a weak influence 

on the activity.10 

3.3 Proposed photocatalytic mechanism 

It is well known that the alignment of the CB or VB band 

edge position of a semiconductor with the redox potential of a 

reaction determine whether a photocatalytic reaction can 

proceed. If the CB edge is more negative and the VB edge is 

more positive than the redox potentials of a reaction, it would 

have potential to drive the photocatalytic reaction.4 From 

consideration of the redox potential, the one-electron 

oxidation potential of benzylamine is -5.17 eV (vs. vacuum 

energy level, 0.67 V vs. NHE).37 The onset of the valence band 

of Vo-N-TiNb2O7 is -7.43 eV vs (vs. vacuum energy level), 

calculated from theoretical band edge and the valence band 

XPS result. Therefore, the redox potential difference is enough 

to oxidize benzylamine. Efficient excitation of electrons and 

holes could induce the reaction. To explain the mechanism, 

there are two questions that should be clarified: (1) Which 

structure absorbs green light? (2) What is the role of nitrogen 

doping and oxygen vacancy in the photocatalytic reaction?  

The interaction between Vo-N-TiNb2O7 and benzylamine 

has been investigated. The UV-Vis-DR spectra (Fig. S8†) show 

that that adsorption of benzylamine on solids causes a red-

shift of the absorption band. For Vo-N-TiNb2O7, the differential 

spectrum before and after benzylamine adsorption exhibits a 

broad absorption band central at 530 nm (red shifted 0.25 eV). 

Because benzylamine does not absorb light in the region of λ > 

300 nm,2 the new absorption can be attributed to the 

formation of a surface complex analogous to that observed on 

large band gap metal oxides such as Nb2O5 and TiO2 during 

selective aerobic oxidation of benzylamine to imine.8 The 

surface complex can participate in a direct electron transfer 

from a donor level consisting of a N 2p orbital derived from 

adsorbed amine species to the conduction band of Vo-N-

TiNb2O7. The transient photovoltage (TPV) spectra of Vo-N-

TiNb2O7 before and after benzylamine adsorption were carried 

out under 532 nm light irradiation (green light, Fig. S9†). A 

stronger negative signal for Vo-N-TiNb2O7 after benzylamine 

adsorption is observed which indicates that the formation of 

surface amine complex can effectively separate   

photoelectrons and holes, and the photo-generated electrons 

are accumulated at the surface. It is reported that nitrogen 

doping can also narrow the band gap. However, the narrow 

band gap due to the formation of surface complex or N doping 

cannot guarantee a good activity (The nitrogen doped sample, 

N-TiNb2O7 with a narrow bang gap at 2.3 eV, does not exhibit 

very high activity compared to Vo-N-TiNb2O7). The abundant 

oxygen vacancy sites produced at the surface due to ethanol 

treatment (confirmed by XPS and PL results) should also be 

taken into consideration. At these oxygen vacancy sites, 

conduction band electrons of Vo-N-TiNb2O7 are trapped and 

can interact with dissolved O2, generating oxygen free radicals 

(O2
•
⁻) that can transform benzylamine to N-

benzylidenebenzylamine rapidly. The surface photovoltage 

spectra (SPS) of TiNb2O7 and modified TiNb2O7 samples are 

shown in Fig. 5b. It is found that Vo-N-TiNb2O7 exhibits the 

strongest photovoltaic response signal in oxygen atmosphere 

compared to TiNb2O7, Vo-TiNb2O7, and N-TiNb2O7. The 

photovoltaic response edges of Vo-N-TiNb2O7 is about 570 nm, 

which approximately agrees with corresponding absorption 

edges in UV-Vis-DR spectra and should attribute to the band-

to-band transition.38 The above phenomenon should arise as 

more photo-generated electrons are captured by O2 (electron 

capture) and the photo-generated holes result in stronger 

surface photovoltage signal.38 The results indicate that the 

photo-generated electrons and holes for Vo-N-TiNb2O7 readily  
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Fig. 9 (a) Schematic diagram of Vo-N-TiNb2O7 and (b) Proposed mechanism 

for selective aerobic oxidation of benzylamine to imine over Vo-N-TiNb2O7 

under green light (M = Ti or Nb). 

 

separate, which means electrons are free to interact with O2 

and generate oxygen free radicals (O2
•
⁻) easily. 

The other advantage afforded by high levels of surface 

oxygen vacancy in Vo-N-TiNb2O7 is their ability to trap 

electrons and thus minimise photo-generated e−-h+ 

recombination. Photo-generated electrons transfer to the 

catalyst surface and improve the photocatalytic performance 

for selective aerobic oxidation of benzylamine.28,39 When 

compared to the photocatalytic performance of Vo-TiNb2O7, it 

is clear that more electrons could be excited due to the 

nitrogen doping. Therefore, Vo-N-TiNb2O7 exhibits a better 

activity than Vo-TiNb2O7. Based on the above analysis and the 

previous literature, a catalytic mechanism for selective aerobic 

oxidation of benzylamine to N-benzylidenebenzylamine over 

Vo-N-TiNb2O7 photocatalyst under green light is proposed (Fig. 

9). Firstly, benzylamine is adsorbed on the surface of Vo-N-

TiNb2O7, forming a surface complex (Step 1). Secondly, Vo-N-

TiNb2O7 has a narrower band gap by generation of a N 2p band 

nearly above the O 2p valance band through the processes of 

N-doping and through amine species adsorption. Oxygen 

vacancies can interact with O2 to generate (O2
•
⁻), and the 

photo-generated hole can abstract H+ from N of benzylamine 

while the photo-generated electron would move to the 

conduction band of Vo-N-TiNb2O7 (Step 2). The nitrogen-

centred radical of compound A would transform into a more 

stable carbon-centred radical of compound B by means of 

transferring intramolecular hydrogen.8 Thirdly, compound B 

converts to compound C via a transfer step (Step 3). Fourthly, 

C-N bond and O-O bond (Compound C) would break to form 

benzaldehyde and three-member-ring structure containing M-

O-N bond (M = Ti or Nb). The intermediate benzaldehyde 

reacts spontaneously with unreacted benzylamine to from 

imine (Step 4). Finally, the catalyst surface regenerates for 

another reaction cycle by desorption of the NH2–OH molecule 

(Step 5).  

4. Conclusions 

In summary, TiNb2O7 has been prepared by a simple 

hydrothermal method and subsequent heat treatment. 

Surface modified TiNb2O7, treated by NH3 and ethanol 

treatment, has more outstanding photocatalytic performance 

for the selective aerobic oxidation of benzylamine to N-

benzylidenebenzylamine under green light. It is proposed that 

the ethanol treatment brings about the formation of surface 

oxygen vacancies while N-doping should generate a N 2p level 

nearly above the O 2p valance band, which results in a 

narrower band gap and prevents photo-generated e−-h+ 

exciton recombination. Therefore, it is found that photo-

generated electrons transfer to the catalyst surface and 

improve the photocatalytic performance for selective aerobic 

oxidation of benzylamine. The yield of N-

benzylidenebenzylamine over Vo-N-TiNb2O7 photocatalyst 

reaches approximately 450 mmol/molcatalyst under green light 

(12 h, 80 °C), which has much better photocatalytic 

performance than TiO2 and Nb2O5 in terms of yield and 

selectivity of N-benzylidenebenzylamine under green light. Vo-

N-TiNb2O7 is one of few photocatalysts that can function for 

aerobic oxidation of benzylamine to N-

benzylidenebenzylamine with good conversion and high 

selectivity under green light. The results indicates that Vo-N-

TiNb2O7 is an efficient photocatalyst to make full use of visible-

light because it takes place even under visible irradiation up to 

about 600 nm that selective aerobic oxidation of benzylamine 

to N-benzylidenebenzylamine.  
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