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between amorphous and
crystalline niobium oxide with enhanced
photoactivity for selective aerobic oxidation of
benzylamine to imine under visible light†

Yantao Zhang,ab Linjuan Pei,b Zhanfeng Zheng,*b Yong Yuan,c Tengfeng Xie,d

Juan Yang,e Shuai Chen,b Junwen Wang,*a Eric R. Waclawikf and Huaiyong Zhuf

The formation of heterojunctions between two crystals with different band gap structures, acting as a

tunnel for the unidirectional transfer of photogenerated charges, is an efficient strategy to enhance the

photocatalytic performance of semiconductor photocatalysts. Considering that surface complex

photocatalysts also exhibit charge separation and recombination processes, the heterojunctions may

also promote the visible-light-response photoactivity of any surface complex catalysts by influencing the

transfer of photogenerated electrons. Herein, Nb2O5 microfibers, with a high surface area of interfaces

between an amorphous phase and a crystalline phase, were designed and synthesised by the calcination

of hydrogen-form niobate while controlling the crystallisation. The photoactivity of these microfibres

towards selective aerobic oxidation reactions was investigated. As predicted, the Nb2O5 microfibres

containing heterojunctions exhibited the highest photoactivity. This could be due to the band gap

difference between the amorphous phase and the crystalline phase that allows electron transfer

unidirectionally, which decreased the recombination rate and improved the efficiency.
1 Introduction

Imines are important intermediates for the synthesis of ne
chemicals and pharmaceuticals.1 Recently, green processes
using light andmolecular oxygen to drive the direct oxidation of
amines to imines have attracted great attention. Many mate-
rials, including metal oxides (e.g. TiO2,2,3 Nb2O5,4,5 BiVO4

6,
hydrotalcite7) and plasmonic metals (e.g. Au–Pd8 and Ag9), have
shown high activity and good selectivity for amine to imine
conversion. Specically, the oxidation of amine on Nb2O5, a
wide band gap semiconductor (�3.2 eV), has shown activity
under visible light illumination up to 450 nm which is much
narrower than its band gap adsorption at 390 nm.4,10–12 It is
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reported that the red-shi of the light absorption on Nb2O5 is
attributed to the formation of a surface complex between the
Nb2O5 surface and adsorbed amine by forming Nb-amide
species.4 The surface complex can potentially adsorb light and
inject an electron from the N localised on the amide nitrogen
into the conduction band of Nb2O5 under light illumination
using longer wavelengths, which is the so-called ligand-to-metal
charge transfer (LMCT) mechanism. Amine itself behaves as a
light sensitizer and reactant, and the photocatalyst surface self-
regenerates aer a reaction cycle. This phenomenon is also
observed in TiO2 (band gap �3.2 eV) and surface adsorbates
that can absorb visible light and initiate reactions.13–16 These
ndings are important because the visible region of the solar
spectrum is more abundant than the UV region, which account
for 43% and 4% of the solar energy incident on the surface of
the earth.17 In general, shiing the light absorption of wide
band gap semiconductors (e.g. TiO2) to the visible range is
difficult. Oen, lattice doping with metal and non-metal
elements is applied for this purpose; however, the loss of the
dopant element during recycling is a big concern.18–20 Herein,
the formation of a surface complex may provide an option to
achieve high photoactivity in the visible light range.

In a semiconductor photocatalytic system, the phase junc-
tion between two semiconductors acts as an efficient electron
and hole separator. It hinders the recombination process and
improves the photoactivity.21–27 The effect of a surface complex
J. Mater. Chem. A
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in conjunction with the heterojunction may yield a photo-
catalyst with high activity by suppressing recombination on the
catalyst surface. To form a heterojunction, there needs to be a
band gap match between the two phases. In a previous report,
we prepared niobate bres by a hydrothermal method and
found that the cations in the structure are exchangeable with
other cations.28 Therefore, exchange with H+ cations and
deliberate control of the calcination temperature can release
water from the structure and develop a route to prepare Nb2O5

with phase junction structures and thus tune the photocatalytic
activity. This procedure is comparable to the phase trans-
formation that occurs during calcination of protonated
titanate.24

In the present study, in order to study the structural inu-
ence on the photoactivity, niobium oxide (Nb2O5) microbres
were prepared by the calcination of hydrogen-form niobate
(H-niobate) at temperatures ranging from 400 to 600 �C to serve
as photocatalysts for the selective oxidation of benzylamine to
the corresponding imine. It was found that the sample obtained
aer being calcined at 500 �C generates a mixed phase of
amorphous and crystalline Nb2O5. This form of Nb2O5 micro-
bres exhibited much higher activity than the pure amorphous
phase and crystalline phase and all demonstrated high selec-
tivity to imine.
2 Experimental
2.1 Catalyst preparation

All chemicals were from Sinopharm Chemical Reagent Co. Ltd
unless otherwise stated. Hydrogen-form niobate (H-niobate)
microbres were prepared by an alkaline hydrothermal treat-
ment of Nb2O5 powders and a subsequent ion exchange
process. In a typical synthesis, 1.0 g of Nb2O5 (AR, Aladdin) was
dispersed in a 60 mL aqueous solution of 10 M NaOH and
stirred continuously for 4 h. The obtained mixture was auto-
claved at 140 �C for 6 h to yield sodium niobate solids. The white
precipitate was recovered by centrifugation and subsequently
washed with deionised water to remove adsorbed NaOH
(designated as NN). Aerwards, the collected solids were
washed with an aqueous solution of 0.1 M HCl to exchange the
Na+ in the structure with H+. This was followed by washing with
deionised water again and then solid recovery using centrifu-
gation. The sample was dried in air at 100 �C for 12 h
(H-niobate, designated as HN). To prepare niobium oxide
microbres, H-niobate was calcined at 400, 500, and 600 �C for
3 h (designated as HN-400, HN-500, and HN-600, respectively).
2.2 Characterisation

The transmission electron microscopy (TEM) studies on the
samples were carried out on a JEM-2100F microscope operating
at 200 kV. The sample powder was dispersed in ethanol by
sonication; drops of the suspension were applied onto a copper
micro-grid-supported transparent carbon foil and dried in air.
The scanning electron microscopy (SEM) images were obtained
for the morphology study using a JSM-7001F instrument. X-Ray
diffraction (XRD) patterns were recorded on a MiniFlex II
J. Mater. Chem. A
diffractometer with Cu-Ka radiation (l ¼ 1.5418 Å) and oper-
ating in a 2q range of 10–63� at a scanning rate of 4� min�1.
Fourier transform infrared spectroscopy (FTIR) was performed
using a Nicolet Magna-IR 550-II spectrometer with KBr pellets.
Nitrogen sorption isotherms were measured by a volumetric
method on an automatic adsorption instrument (Micro-
meritics, TriStar II 3020 analyser) at liquid nitrogen tempera-
ture (77 K). The specic surface area was calculated by the
Brunauer–Emmett–Teller (BET) method from the data in a P/P0
range between 0.05 and 0.2. To investigate the light absorption
and emission behaviour of the samples, the UV-Vis diffuse
reectance (UV-Vis-DR) spectra of the samples were measured
on a Shimadzu UV-3600 spectrometer. Thermogravimetric/
differential thermal (TG/DTA) analysis was carried out on a
Rigaku TG in air with a heating rate of 10 �C min�1. Raman
spectra were measured on a Horiba LabRAM HR800 spec-
trometer equipped with a 514 nm argon laser. The electron spin
resonance (ESR) spectra were measured using a JEOL JES-RE2X
electron spin resonance spectrometer, conducted at room
temperature with the addition of 5,5-dimethyl-1-pyrroline
N-oxide (DMPO, BePharm). X-ray photoelectron spectroscopy
(XPS) was carried out on a Thermo ESCALAB 250 spectrometer
at room temperature by using an Al Ka X-ray source (hn ¼
1486.6 eV). The C 1s peak at 284.6 eV was used as a reference for
the calibration of the binding energy scale. Transient photo-
voltage technique (TPV) characterisation was conducted in air
atmosphere and at room temperature on a home-made instru-
ment. The sample was excited with a laser radiation pulse
(wavelength of 355 nm and pulse width of 5 ns) from a third-
harmonic Nd:YAG laser (Polaris II, New Wave Research, Inc.).
The TPV signal was registered by using a 500 MHz digital
phosphor oscilloscope (TDS 5054, Tektronix).
2.3 Evaluation of photocatalytic activity

Typically, the photocatalytic selective amine oxidation reactions
were carried out at 60 �C in an oxygen atmosphere for 10 h. The
reaction system consisted of a catalyst (50 mg) and benzylamine
(0.2 mmol) in acetonitrile (5 mL). The incident light source was
a 100 W COB white LED. The liquid products were analysed
using a Shimadzu 2014C GC with a WondaCap 5 column. The
single coloured LEDs (blue and green) were also used as irra-
diation sources to investigate the inuence of light wavelength
on the photocatalytic activity (output spectra shown in Fig. S1†).
3 Results and discussion
3.1 Physicochemical properties of Nb2O5 microbres

The X-ray diffraction (XRD) patterns of the as-obtained sodium
niobate (labelled as NN), H-niobate (labelled as HN) and
niobium oxide microbres (H-niobate calcined between 400
and 600 �C, labelled as HN-400, HN-500, and HN-600) are
shown in Fig. 1a. Sodium niobate, a hydrated Na2Nb2O6 phase,
can be indexed using a space group C2/c with parameters a ¼
1.705 nm, b ¼ 5.029 nm, c ¼ 1.654 nm and b ¼ 113.9�, which is
consistent with the previous report.28–31 H-niobate and HN-400
exhibited similar patterns which are obviously in the
This journal is © The Royal Society of Chemistry 2015
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amorphous state. This could be due to the disordering of the
crystal structure during the proton exchange process. According
to the Hard–So Acid–Base (HSAB) theory, hard acids bind
strongly to hard bases and so acids bind strongly to so
bases.32,33 H+ and Na+ cations are both hard acids and bind
tightly with H2O, the hard base, in the interlayer of metal oxides.
Hydrated H+ and Na+ have radii of 0.28 and 0.358 nm,34

regardless of the fact that H+ and Na+ cations have small radii of
�0.018 and 0.102 nm.35,36 Hydrated H+ is a smaller cation and
thus possesses higher priority in the ion exchange compared to
hydrated Na+. Meanwhile, hydrated H+ should have a stronger
interaction with the layer compared to hydrated Na+ due to the
small size and may cause the collapse of the layer structure. The
periodic crystal structure is destroyed and the amorphous
structure of the HN is attained. For HN-500, broad diffraction
peaks attributed to the amorphous phase and weak diffraction
peaks (001), (100), and (101) attributed to hexagonal phase
Nb2O5 were observed (matched to PDF Card no. 28-0317). For
HN-600, all the characteristic diffraction peaks of hexagonal
Nb2O5 were well-developed which indicates a better crystal-
linity. The thermogravimetric/differential thermal analysis
(TG/DTA) curves for the H-niobate powders are presented in
Fig. 1b. Most of the H2O evolved from the structure at T <
350 �C, which yielded an �8% mass loss. Only an �1% mass
loss was observed in the range between 350 and 600 �C, which
means that a niobium oxide product formed. The only endo-
thermic peak at 540 �C in the DTA curve should be attributed to
the phase crystallisation from the amorphous phase to crystal-
line phase.37 The H-niobate and niobium oxide microbres
exhibited slightly different UV-Vis absorption, as is shown in the
UV-Vis spectra (Fig. 1c). As for a direct band gap semiconductor,
Fig. 1 (a) XRD patterns, (b) TGA-DTA curves, (c) UV-Vis spectra, (d)
Raman spectra and (e) valence-band XPS spectra of the microfibres. (f)
Schematic diagram of the DOS of the amorphous and crystalline
Nb2O5.

This journal is © The Royal Society of Chemistry 2015
the relationship between the absorption coefficient (a) and the
optical band gap energy (Eg) near the band edge follows the
formula: ahn ¼ A(hn � Eg)

1/2, where hn and A are the photon
energy and a constant, respectively.38,39 The band gap energy of
Nb2O5 can be obtained by extrapolating the linear part of the
plots to the photon energy axis. The calculated band gaps are
3.43, 3.27, 3.14 and 3.07 eV for H-niobate, HN-400, HN-500, and
HN-600, respectively. This difference could be due to the
quantum size effect.40,41 They absorb UV light, reect visible
light and thus exhibit white colour. The Raman spectra of the
microbres, shown in Fig. 1d, also prove that the microbres
have a different crystal structure. The spectrum of HN-600
exhibits Raman bands at 692, 314, 230 and 141 cm�1, which is
similar to the previous reports.28,42 The major band at 692 cm�1

is the characteristic band for the structure consisting of NbO6

octahedra-sharing corners.43 The Raman spectrum of HN-500 is
similar to that of HN-600, but with a much weaker intensity due
to the different crystallinity. The spectrum of HN-400 exhibited
a broad peak at 656 cm�1, which is a big shi of the 692 cm�1

band for HN-600. This is indicative of the distorted crystal
structure in HN-400.43 Valence band X-ray photoelectron spec-
troscopy (VB-XPS) is routinely used to measure the valence band
edge position of a semiconductor.44 From the VB XPS spectra of
HN-400 and HN-600 (Fig. 1e), the edges of the maximum energy
are the same. The UV-Vis spectra of HN-400 and HN-600
revealed that the band gap difference between them is about
0.2 eV. Therefore, the minimum energy of the conduction band
edge of HN-600 should be lower about 0.2 eV than that of
HN-400 (Fig. 1f).

The scanning electron microscopy (SEM) images of the
samples are shown in Fig. 2. As can be seen, the H-niobate
sample exhibits a brous morphology with the mean diameter
distribution from 0.5 to 2 mm. Upon heating from 400 to 600 �C,
the long bres were slightly broken into shorter bres. HN-400
is in an amorphous phase and it gradually transformed into a
crystalline phase as shown by TEM analysis (Fig. S2†). Interfaces
between the crystalline phase and amorphous phase are clearly
Fig. 2 SEM images of H-niobate and Nb2O5 microfibres. The scale
bars are all 1 mm.

J. Mater. Chem. A
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Fig. 3 TEM (a), SAED (inset of a) and HRTEM (b) patterns of a HN-500
microfibre.
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seen in HN-500 (Fig. 3). The fringes of (0001), (10�11) and (�1011)
planes attributed to hexagonal Nb2O5 are indexed to the
HRTEM images of HN-500. It is noted that the HN-600 is a
single crystal microbre as shown by TEM observation.
3.2 Photocatalytic performances of Nb2O5 microbres

The photocatalytic performances of H-niobate and niobium
oxide microbres for the selective oxidation of benzylamine are
shown in Fig. 4. No conversion was observed in any of the
reactions in the absence of light irradiation or O2, which
conrms that the oxidation of benzylamine is a light-driven and
dioxygen oxidation reaction. These photocatalysts exhibited
very high selectivity (>95%) for the oxidation of benzylamine to
the corresponding imine. When the same amounts of catalysts
were added, the conversion rate of HN-500 was the highest at
90% (60 �C, 10 h) among the catalysts investigated whose
conversion rates were 58% (H-niobate), 80% (HN-400), and 65%
(HN-600) and the selectivity was all above 95%. These micro-
bres had a similar specic surface area at 5.5, 6.7, 5.8, and
5.3 m2 g�1 for HN, HN-400, HN-500, and HN-600, respectively.
Aer the specic area of the samples was normalised (using the
surface area sample HN-500), HN-500 still exhibited the highest
conversion rate at 90%, while HN, HN-40 and HN-600 exhibited
a similar rate at 63%, 70%, and 72%, respectively (Fig. S3†). The
Fig. 4 Performances of H-niobate and Nb2O5 microfibers for the
selective oxidation of benzylamine under visible light. Reaction
conditions: catalyst (50 mg), benzylamine (0.2 mmol), acetonitrile (5
mL), O2 (1 atm), 60 �C, 10 h, light intensity (0.6 W cm�2, white LED). No
product was observed in the absence of light.

J. Mater. Chem. A
difference between the three catalysts lies in the phase content:
HN-400 and HN-600 are in a pure amorphous phase and crys-
talline Nb2O5 phase, respectively, while HN-500 is in a mixed
phase with heterojunctions between the two. In the catalytic
cycle, an electron is transferred to the conduction band of
Nb2O5; meanwhile, a hole forms on the surface complex. If the
electron is not transferred to an electron acceptor, it recom-
bines with the surface complex to make a null cycle.14 Therefore,
the heterojunction may suppress the hindered recombination
process and give a high activity analogous to the recombination
process in a semiconductor. It is noted that the recombination
process only takes place on the surface, while it happens both in
the bulk and on the surface in a semiconductor system.

HN-500 exhibited good recyclability and there is little
difference in both relative activity and selectivity aer 5
successive cycles (Fig. 5a). The photocatalyst before and aer
the catalytic reactions was characterised using various tech-
niques including XRD and UV-Vis spectroscopy (Fig. 5b and c).
It was found that there is no obvious structure change aer the
reaction according to the XRD patterns of the sample aer 1
cycle, 3 cycles and 5 cycles. Aer the reaction, the surface of HN-
500 was adsorbed with reactants and caused a red-shi in the
UV-Vis absorption, and the absorption in the visible range is
almost the same for the three reused samples. The vibrations
dNH2

from benzylamine were observed (Fig. S4†), and this may
indicate that benzylamine is non-dissociatively adsorbed on the
oxide surfaces. Niobium oxide does not absorb light of wave-
lengths larger than 404 nm (the crystalline phase HN-600 has a
band gap of 3.07 eV, Fig. 5c). A white-light LED with a wave-
length range from 410 nm to 750 nm was used. Therefore, it is
reasonable to attribute the activity to the ligand-to-metal charge
transfer (LMCT) mechanism. This behaviour has been reported
previously by Lang et al. who found that anatase TiO2 could
catalyse benzylamine oxidation under visible light illumina-
tion.2,3 It is believed that the absorbed benzylamine acts as a
photosensitiser under visible light illumination, one electron
Fig. 5 Recyclability and stability of HN-500 in the benzylamine
oxidation reaction. (a) Conversion and selectivity in five successive
cycles. (b) XRD patterns and (c) UV-Vis spectra of HN-500 after 1, 3 and
5 reaction cycles. Each cycle was conducted at 80 �C for 8 h.

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 TPV of HN-400, HN-500 and HN-600 before and after (sample
name with suffix “-BA”) benzylamine adsorption.

Fig. 7 The reaction profiles in the selective oxidation of benzylamine
over HN-500microfibres at different temperatures (40, 60 and 80 �C).
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transfers to a single Ti site, and thus the oxidation reaction
occurs.

The transient photovoltage (TPV) techniques can provide
direct information about the separation and transfer of photo-
generated charge carriers in a semiconductor. To understand
the transfer properties of the photogenerated electrons, the TPV
spectra of the niobium oxide bers were performed under
355 nm light irradiation and the spectra are shown in Fig. 6. The
negative response of photovoltage implies that photogenerated
electrons accumulated at the surface of the sample and a
positive response indicates that photogenerated holes accu-
mulated at the surface.45,46 As shown in Fig. 6, the TPV response
of HN-400 is negative at the initial period upon light irradiation
and it begins to increase and nally a positive TPV response is
obtained. This means that photogenerated electrons rstly
accumulated at the surface and then photogenerated holes
accumulated at the surface. The TPV response of HN-600 is
negative, indicating that photogenerated electrons accumulate
at the surface of crystalline Nb2O5. While for HN-500, the mixed
phase sample, a much stronger negative signal was observed
compared to the amorphous and crystalline sample (HN-400
and HN-600), which indicates that the heterojunction helps to
improve the charge separation.

As for the sample aer benzylamine adsorption (sample
name with the suffix “-BA”), HN-500-BA, with the heterojunction
structure, exhibits a stronger positive response compared to
HN-600-BA and HN-400-BA. This means that photogenerated
holes accumulated at the surface for the benzylamine adsorbed
sample, which is consistent with the LMCT mechanism. The
separated electron and hole pair originated from the surface
complex is dominant compared to the pair formed due to the
Nb2O5 bandgap excitation. The TPV response conrms the
result that the photogenerated charges have a better separation
performance in the sample with the heterojunction structure.

3.3 Photocatalytic mechanism of Nb2O5 with
heterojunctions

The reaction kinetic data obtained at various temperatures (40,
60 and 80 �C) for the oxidation of benzylamine using HN-500
under visible light irradiation are presented in Fig. 7. It exhibits
a typical zero-order kinetic reaction character. The reaction rate
This journal is © The Royal Society of Chemistry 2015
increased gradually when the reaction temperature was
increased from 40 to 80 �C. Generally, the recombination rate in
a semiconductor photocatalyst increases with temperature,
leading to a reduction in the reaction rate.47,48 The result
observed here further conrms that the complex-route works
following a different mechanism. The apparent reaction rate
constants (k) of the oxidation of benzylamine on Nb2O5 micro-
bres at 40, 60 and 80 �C under visible light irradiation are 3.0�
10�3 mol L�1 s�1, 3.9 � 10�3 mol L�1 s�1 and 5.1 � 10�3 mol
L�1 s�1, calculated from the slope by plotting the curve of
conversion vs. the reaction time. Benzylamine was converted to
N-benzylbenzaldimine with a very high selectivity (>95%)
regardless of the reaction temperature. Benzaldehyde was also
detected in the product during the reaction which may indicate
that benzaldehyde is the intermediate product and converts to
imine through a condensation reaction with another benzyl-
amine molecule.3 The estimated apparent activation energy (Ea)
for the oxidation of benzylamine using HN-500 is 12.2 kJ mol�1,
calculated from the slope of the curve by plotting the reaction
rate against 1/T. It was reported that the apparent activation
energy for the selective oxidation of benzylamine to N-benzyl-
benzaldimine on the Au–Pd@ZrO2 catalyst in the dark and
under visible light irradiation was 131.5 and 118.4 kJ mol�1,
respectively.8 Therefore, the photocatalytic reaction for the
oxidation of benzamine on Nb2O5 microbres has smaller
activation energy and can proceed readily. The reaction rate
increase with the increasing temperature may indicate that the
reaction is a dynamics controlled process, which is due to the
increased collision frequency of molecules. In the photo-
catalytic reports, researchers seldom study the temperature
effect.49–51 However, both light and heat can speed up the
reaction rate and it is important to note that the reaction rate
can be greatly improved with a slight increase in the reaction
temperature.

The change of either the wavelength or the intensity of the
incident light affects the photocatalytic activity of HN-500
(Fig. 8). A higher conversion rate was observed under irradiation
of higher intensity. To understand the mechanism, we also
studied the dependence of the conversion rate on the irradia-
tion wavelength. Two coloured LED lights [blue (425–510 nm,
peaked at 459 nm), green (475–600 nm, peaked at 525 nm), with
J. Mater. Chem. A
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Fig. 8 Light intensity influence of selective oxidation of benzylamine
using HN-500 microfibres conducted at 80 �C for 8 h. Conversion of
benzylamine ( ), selectivity to imine ( ) and benzaldehyde ( ).
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output spectra shown in Fig. S1†] were used for the wavelength
experiments. It was found that HN-500 was active under blue
light but did not exhibit any photoactivity under green light.
Given that HN-500 has a bandgap of �3.2 eV, the irradiation
with wavelength l > 425 nm cannot initiate the photocatalytic
reaction. Therefore, the catalyst active site under irradiation
should be another photocatalytic component – the surface
complex. To conrm the radical component formed during
reaction, DMPO was introduced into the photocatalytic system
and the ESR signal of DMPO-OO(H) was clearly seen (partially
decomposed to DMPO-OH, Fig. S5†), which indicates the pres-
ence of O2c

� radicals.52

To understand the substituent inuence on the reaction, the
catalytic oxidation was conducted on derivative compounds
with electron donation groups (–CH3 and CH3O–) and with the
electron withdrawing group (–Cl). The results are summarised
in Table 1. The substituents on the benzene ring appear to have
only a slight inuence on the reaction rate and a minor inu-
ence on the product selectivity. When a straight chain amine-
Table 1 The influence of substituents on the benzene ring on the
reaction rate and selectivity (80 �C, 8 h)a

Reactant Product Conv. (%) Sel. (%)

99.98 93.15

99.61 91.97

96.12 97.43

93.59 89.85

— quant. —

84.26 80.50

a Conv. ¼ conversion, sel. ¼ selection, quant. ¼ quantitative.

J. Mater. Chem. A
butylamine was used, no imine production was observed in our
study. These studies demonstrate that the presence of the
benzene ring is important to realise the high conversion during
amine oxidation. It is reported that N or C radicals are gener-
ated during the reaction process. Therefore, the benzene ring
may play an important role in stabilising the adjacent C
radical.2,5 It is expected that the intermediate product should
also be benzaldehyde when an aromatic amine, with more than
one C between the benzene ring and the –NH2 group was used.
As expected, when phenethylamine was selected for selective
oxidation and the production was found to be 1-phenyl-N-(2-
phenylethyl)methanimine which is clearly a condensation
product of benzaldehyde and phenethylamine.

Based on the above analysis and the previous reports,2,3,53,54

we tentatively propose a mechanism for this reaction, as sche-
matically shown in Fig. 9. When the surface complex is irradi-
ated under light, the photogenerated electron injects to the
conduction band of Nb2O5, while the hole is le on the surface
complex. The hole cannot transfer and the electron can transfer
Fig. 9 Schematic illustration of (a) the heterojunction structure and (b)
the proposed benzylamine oxidation mechanism of niobium oxide
photocatalysts.

This journal is © The Royal Society of Chemistry 2015
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between the two phase. Due to the existence of the hetero-
junction, the net result is that electrons transfer to the crystal-
line phase with the narrower band gap, which suppresses the
recombination process. In a reaction cycle, rstly, the reactant
benzylamine is adsorbed on the surface of Nb2O5 bres to form
a surface charge transfer complex. Secondly, holes and elec-
trons would be generated on the surface charge transfer
complex under light illumination. The photogenerated hole
induces H+ abstraction from the N of benzylamine and the
photogenerated electron transfers to the conduction band of
Nb2O5, resulting in the activation of molecular O2 to O2c

�. The
nitrogen-centred radical would rearrange via intramolecular H-
abstraction to form a more stable carbon-centred radical.55,56

Thirdly, O2c
� adsorbed on the surface of catalysts forms an

intermediate possessing a ve-member-ring structure with the
carbon radical and Nb5+ with the termination of the radicals.
Fourthly, the cleavage of the C–N bond of benzylamine and the
O–O bond of oxygen occurs to form benzaldehyde and a Nb
bonded three-member-ring structure. The produced benzalde-
hyde then further follows a condensation reaction with
unreacted benzylamine to yield imine. Finally, the photo-
catalytic cycle are completed by the regeneration of Nb5+ sites
on the surface of Nb2O5 bres through desorption of the NH2–

OH molecule.
Herein, the Nb2O5–amine surface complex structure is

signicant towards a green synthesis of imine: (1) it can induce
a red-shi of the light absorption and improve the light
absorption efficiency; (2) it is a self-regeneration process and
the active sites can always be “fresh” with the progress of the
catalytic reaction; (3) it results in high product selectivity. This
process is different from a semiconductor photocatalytic
process where the selectivity is very difficult to control due to the
high oxidation potential of OHc radicals in aqueous photo-
catalytic systems.2,18,57–60

4 Conclusions

In summary, the amorphous and crystallite phases of Nb2O5

microbres were prepared by the facile calcination of hydrogen
niobate at deliberately controlled temperatures ranging from
400 to 600 �C. The Nb2O5 microbres calcined at 500 �C con-
tained heterojunctions between the amorphous phase and the
crystallised phase produced during the crystallisation process.
It has been found that the surface complexes were formed aer
amine adsorption on Nb2O5, resulting in visible-light photo-
catalytic activity and enabling direct electron transfer to the
conduction band. The catalyst was self-regenerated with the
progress of the reaction and exhibited good stability. The het-
erojunctions effectively improved the photogenerated electron
and hole separation efficiency and presented a high conversion
rate and product selectivity for the selective oxidation of ben-
zylamine to imine under visible light irradiation.
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