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A major reduction in energy consumption and the costs of catalysts will be required in future chem-
ical manufacturing processes. To reach this goal, the transitional metal oxides (TMOs) as photo-
catalysts under solar energy have been widely studied. Nb2O5, as a promising photocatalyst, has
attracted increasing attention owing to their unique properties. However, the intrinsic large bandgap
of Nb2O5 hinder its potential applications in a variety of fields. Herein, we report an effective and
simple strategy to synthesize black mesoporous Nb2O5−x nanorods (BMNb) with abundant oxy-
gen vacancies. The formation of oxygen vacancy reduces the bandgap of Nb2O5 which extend the
photoresponse from the ultraviolet to the visible and infrared light regions. In addition, The meso-
porous structure of BMNb lead to a higher surface area than the as-prepared Nb2O5 precursor
(36.24 m2/g cf 8.69 m2/g). Benefitting from coordinated regulation of structure and composition,
the BMNb exhibits better photocatalytic performance than Nb2O5 in aerobic oxidative coupling of
amines to imines under visible light irradiation at room temperature. The yield of BMNb for ben-
zylamine oxidation increases by 63% over the Nb2O5. This work could open new perspectives to
design TMOs with enhanced photocatalytic properties.
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1. INTRODUCTION
Transition metal oxides (such as TiO2, ZnO, or Nb2O5�
have been widely explored in various fields due to their
their stability, abundance, accessibility, and environmen-
tal friendliness [1–3]. Nb2O5 as a typical n-type tran-
sition metal oxide semiconductor has been found to be
potent in a range of applications, including acid cataly-
sis, microelectronics, field emission displays, gas sensing,
and electrochromics [4–8]. However, the intrinsic large
bandgap of Nb2O5 (about 3.2 eV) restricts its potential
applications in a variety of fields [9, 10]. Some stud-
ies reported that the introduction of oxygen vacancy in
Nb2O5 could enhance light absorption in both the visi-
ble and near-infrared regions and facilitate charge sepa-
ration and migration [11–13]. Nevertheless, the design of
porous structure is usually ignored in previous Nb2O5−x,
which vastly decreases the surface areas [14]. In fact,
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increasing the surface area is a potent approach to improve
the catalytic efficiency [15–19]. Thus, it is necessary to
develop an effective method to synthesize black meso-
porous Nb2O5−x nanorods (BMNb) with enhaced photo-
catalytic performance.
As a classic organic reaction, aerobic coupling has been

investigated deeply by many researchers [20, 21]. The
reaction from amine to imine is significant industrially
since the latter have a range of applications as inter-
mediates in the chemical synthesis of biologically active
and medicinal organic compounds [20]. Recently, the
Zhang group employed the porous single-crystalline CdS
nanosheets as efficient photocatalysts for aerobic oxida-
tive coupling of amines to imines [22]. In addition, the
Tanaka group used Nb2O5 as a photocatalyst for selec-
tive oxidation of benzylamine under visible light irradia-
tion [23]. However, the Nb2O5 does not absorb the visible
light. Thus, the search for transition metal oxide catalysts
with efficient photocatalytic aerobic oxidative coupling of
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amines to imines performance, especially under visible
light irradiation, is rather desirable.
Herein we demonstrate an effective and simple strat-

egy to synthesize black mesoporous Nb2O5−x nanorods
(BMNb) with abundant oxygen vacancies. The formation
of oxygen vacancy reduces the bandgap of Nb2O5 which
extend the photoresponse from the ultraviolet to the visi-
ble and infrared light regions. In addition, The mesoporous
structure of BMNb lead to a higher surface area than the
as-prepared Nb2O5 precursor (36.24 m2/g cf 8.69 m2/g).
Benefitting from synergy effect of structure and composi-
tion, the BMNb exhibits better photocatalytic performance
than Nb2O5 in aerobic oxidative coupling of amines to
imines under visible light irradiation at room temperature.
The yield of BMNb for benzylamine oxidation increases
by 63% over the Nb2O5.

2. EXPERIMENTAL DETAILS
The black mesoporous Nb2O5−x nanorods (BMNb) was
synthesized as follows:
First, 0.26 g of Nb powder (99.8%) was dissolved in

40 mL of 10 M NaOH under stirring for 10 min. The
resultant solution was transferred to a 50 mL Teflon-lined
stainless steel autoclave and heated at 130 �C for 18 h.
The solid products were recovered by vacuum filtration
and rinsed with deionized water. This resulted in sodium
niobate nanorods. These were next suspended in 100 mL
of 2 M HCl for 24 h under stirring at room temperature
to yield niobic acid rods. The protonated products were
rinsed with deionized water repeatedly until the super-
natant had a neutral pH before being dried at 80 �C
overnight. The white Nb2O5 nanorods (WNb) were sub-
sequently obtained after annealing at 700 �C in air for
3 h. To prepare mesoporous Nb2O5 nanorods (MNb), the
WNb material was annealed at 700 �C for 3 h under a
flow of ammonia in a tube furnace. The ammonia flow
replaced with air for 2 h before the temperature was
reduced to 550 �C. Finally, black mesoporous Nb2O5−x

nanorods (BMNb) were obtained after annealing at 900 �C
under a flow of 3% H2/Ar. For comparison purposes, two
control samples were also prepared. The first was gener-
ated by annealing WNb in air at 900 �C. Second, black
Nb2O5−x nanorods (BNb) were obtained by H2 reduction
of WNb nanorods under a flow of 3% H2/Ar at 900

�C.
X-ray diffraction (XRD) patterns were collected on a

Rigaku UItima III instrument over the 2� range between 3
and 70� at 10� min−1. A Nicolet 380 instrument was used
to obtain Fourier transform infrared (FTIR) spectra from
400–4000 cm−1. Scanning electron microscopy (SEM) was
conducted on a Zeiss Supra 55 microscope, while trans-
mission electron microscopy (TEM) was undertaken with
the aid of a JEOL JEM-2010 h-TEM (accelerating volt-
age: 200 kV). An ESCALAB 250 spectrometer (Thermo
Scientific) equipped with a monochromatic 150 W Al K�

source was employed for X-ray photoelectron spec-
troscopy (XPS). The passing energy was 30 eV, and
charge was compensated by low energy electrons. Bind-
ing energies are reported relative to the C 1s line
at 284.8 eV. Diffuse reflectance ultraviolet and visible
(DRUV-vis) spectroscopy was performed with a Tsushima
UV-3600 UV-vis spectrometer over the wavelength range
200 to 1500 nm. Fine BaSO4 powder was utilized as a
standard material. Photoluminescence (PL) measurements
were conducted using a CanyECLIPSe spectrophotome-
ter (Varian). Nitrogen adsorption–desorption data were
obtained with the aid of a Conta AS-1C-VP analyzer.
All products were out-gassed at 373 K for 6 h, and
the Brunauer–Emmett–Teller (BET) approach based on
adsorption isotherms was employed to calculate the spe-
cific surface areas.
A double-neck flask (25 mL) was utilized to conduct

photocatalytic reactions. An O2 flow of 10 mL/min was
established, and a 300 W xenon lamp (Beijing ChangTuo
Ltd.) with a cut-off filter (� > 420 nm) used as the light
source. The distance between the light source and the cen-
ter of the reaction solution was approximately 10 cm. The
solution temperature was maintained at 30 �C. The ini-
tial benzylamine concentration and volume of acetonitrile
(solvent) were 5 mmol and 10 mL, respectively. Before
switching on the lamp, 100 mg of catalyst was added
to this solution, and the resultant suspension stirred for
30 min in the dark to reach thermodynamic equilibrium.
Quantitative analysis of the reaction products was per-
formed on a GC-MS (Agilent 7890B-5977A, equipped
with a DB-5MS capillary column). The reusability of the
photocatalyst was determined using the same method but
with repeated 5 h run times. After each experimental
run, the photocatalyst was recovered using a centrifuge,
washed with ethanol, and reused for the oxidation of fresh
reactants.
The role played by hydroxyl radicals, superoxide radi-

cal species, and photogenerated holes in this photocatalytic
system was determined in scavenging experiments. These
were performed with the addition of 2 mL of isopropanol
(IPA), 1 mM benzoquinone (BQ) or 1 mM ethylenedi-
aminetetraacetic acid (EDTA). For all scavenging exper-
iments, 100 mg of BMNb was added into 10 mL of a
5 mmol benzylamine in acetonitrile. Before switching on
the lamp, the suspension was stirred for 30 min in the
dark. Quantitative analysis of the reaction products was
performed on a GC-MS (Agilent 7890B-5977A, equipped
with a DB-5MS capillary column).

3. RESULTS AND DISCUSSION
XRD patterns of the various Nb2O5 materials are shown
in Figure 1(a). The Bragg reflections of the white Nb2O5

nanorods (WNb) and mesoporous Nb2O5 nanorods (MNb)
are consistent with the orthorhombic cell of Nb2O5

(T-Nb2O5, JCPDS No. 30-0873). However, after either an
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Figure 1. (a) XRD patterns of (A) white Nb2O5 (WNb), (B) white mesoporous Nb2O5 (MNb), (C) white mesoporous Nb2O5 obtained at 900 �C in
air, and (D) black mesoporous Nb2O5−x obtained at 900 �C under H2 (BMNb). (b) Raman spectra of (A) WNb, (B) BMNb.

air or H2 annealing treatment at 900 �C, the XRD pat-
terns are distinctly different and correspond to a mono-
clinic structure (Nb2O5, JCPDS No. 37-1468). While the
XRD patterns of the black mesoporous Nb2O5−x nanorods
(BMNb) and mesoporous Nb2O5 obtained at 900 �C in air
are identical, a dramatic color change from white to black
is observed after treatment under H2. Overall, it is clear
that BMNb has been synthesized successfully [24].

Raman spectroscopy was used to further investigate
the structural changes occurring to the nanorods after H2

treatment (Fig. 1(b)). Raman bands can be seen at 200–
300 cm−1 for both the WNb and BMNb nanorods, but
there is a distinct shift in position which is symptomatic of
deformation modes and bridging of Nb–O–Nb bonds [25].
The broad band at around 700 cm−1 in the spectrum of the
pristine WNb material fits well with the principal Nb–O
stretching mode. In the case of the BMNb nanorods, the
Nb–O stretching vibration has been broadened and moved
to 620 cm−1. These changes confirm that the original sym-
metry of the Nb2O5 lattice is reduced, as a result of the
disordered surface introduced by the hydrogen annealing
treatment [26].

The morphologies of pristine WNb and BMNb were
studied by SEM and TEM (see Fig. 2). The samples com-
prise nanorods which are relatively uniform in terms of
their sizes and aspect ratios. Both WNb (Figs. 2(a and
b)) and BMNb (Figs. 2(c and d)) have similar morpholo-
gies, demonstrating that H2 annealing does not change the
morphology of the materials. Figure 2(e) depicts TEM
images of the BMNb structures, and reveals that the rods
are of around 100–150 nm in width with porous struc-
tures. The pores are around 10 nm diameter, and are dis-
tributed evenly through the nanorods. In contrast, the WNb
nanorods have uniform solid structures (Fig. 2(f)). These
observations are confirmed by BET analysis, which gives
a surface area of 36.24 m2/g for BMNb; this is threefold
larger than the equivalent value for the WNb (8.69 m2/g).

The composition and the surface electronic states of the
materials were quantified by XPS analysis. Figure 3(a)
gives the survey spectra of WNb and BMNb. All the peaks

correspond to Nb, O and C, suggesting that there are no
impurities in either material. In Figure 3(b), the detailed
Nb 3d spectra are presented. The WNb sample has two
obvious peaks (at 209.9 eV and 207.1 eV). These cor-
respond to the 3d5/2 and 3d3/2 states of Nb5+, with the
positions agreeing well with the literature [27, 28]. In the
spectrum of the BMNb sample, the 3d5/2 and 3d3/2 peaks
have broadened, and are located at slightly lower values
than the equivalent peaks of WNb. The difference in bind-
ing energies can be attributed to the existence of Nb4+

(207.6 eV) in the BMNb [29].
Previous studies have demonstrated that XPS can be a

useful tool to indicate the existence of oxygen vacancies
in transition metal oxides [30–32], and O 1s core level
XPS spectra are presented in Figures 3(c)–(d). The O 1s

Figure 2. SEM images of the WNb (a, b) and BMNb nanorods (c, d),
together with representative TEM images of the BMNb samples (e) and
WNb samples (f).
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Figure 3. XPS spectra showing (a) a survey of WNb and BMNb, (b) the Nb 3d region, and the O 1s regions for (c) WNb and (d) BMNb.
In (c) and (d), black lines correspond to the experimental spectra, and red lines the combined fit from all the O environments (O1: blue line; O2: cyan
line; O3: magenta line).

spectrum of WNb in Figure 3(c) shows two typical peaks
at O1 (530.2 eV) and O3 (532.1 eV). The O1 and
O3 peaks can be ascribed to oxygen atoms bonded to
metal and hydroxyl species of the surface-adsorbed water
molecules [33, 34]. However, except the O1 and O3
peaks, there is O2 (531.1 eV) peak in O 1s spectrum
of BMNb which is corresponding to oxygen defect sites
with low oxygen coordination [35, 36]. Thus, these results
further confirmed that oxygen vacancies are introduced
into WMNb.

Figure 4. (a) Plots of (�hv)2 versus the energy of absorbed light for the WNb and BMNb nanorods (inset: Diffuse reflectance absorbance spectra).
(b) Photoluminescence spectra of WNb (A) and BMNb (B) (inset: A photograph of the two samples).

UV-visible diffuse reflectance spectroscopy (Fig. 4(a))
was used to examine the influence of oxygen vacancies
on the bandgap energy of BMNb. The Kubelka-Munk
equation was employed to calculate the bandgap of these
materials (Fig. 4(a)) [37]. The optical absorption coeffi-
cient (�� is expected to vary with the photon energy (hv)
in accordance with the relationship transition process. For
a directly allowed transition, n = 2 [38]. The bandgap of
WNb is approximately 3.09 eV, and its absorption edge
is at ca. 400 nm. Compared to WNb, the absorption for
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BMNb shows a red shift, which represent a narrower
bandgap (2.72 eV). It can be attributed to the formation
of oxygen vacancies induced by H2 annealing. The simi-
lar phenomenon has been reported in the studies of black
TiO2 [34]. Thus, the BMNb extends the photoresponse
from UV light to the visible and near-infrared light regions
due to the existence of oxygen vacancy.

Photoluminescence (PL) spectroscopy proves valuable
insight on the behavior of semiconductors in terms of the
efficiency of charge carrier trapping and recombination
rate of electron–hole pairs. In general, PL emission arises
from the recombination of free charge carriers, and the PL
spectra of nanostructured materials are determined by the
transfer of photo-induced electrons and holes [39]. The PL
spectra of both the WNb and BMNb samples contain obvi-
ous exciton signals (see Fig. 4(b)), with both curves having
similar shapes. No additional signals arise from the BMNb
sample, but the intensity of PL emission has decreased and
there is significant broadening. These observations arise
because the emission bands in the sample mainly arise
from the green band, which is correlated with the presence
of oxygen vacancies [39]. The reduced excitonic intensi-
ties seen with BMNb demonstrate that the separation of
photo-induced electrons and holes can be improved by the
introduction of oxygen vacancies in BMNb (cf. WNb),
and that the recombination of photogenerated electrons and

Figure 5. (a) The photocatalytic performance of WNb, BNb and BMNb in the oxidation of benzylamine to N -benzylidene benzylamine. (b) Apparent
quantum efficiency (AQE) of BMNb under different wavelength light irradiation. (c) The results of a reactive species trapping experiment performed
with BMNb under visible light. (d) The results of repeat cycling run in the photocatalytic oxidation of benzylamine over BMNb under visible light
irradiation. All data are shown as mean±S.D. from three independent experiments.

holes is suppressed in BMNb [40, 41]. Electrons and holes
recombine much more easily in WNb, as is clear from its
greater relative PL emission intensity.
To understand the relationship between the presence of

oxygen site defects and the photocatalytic activity of the
materials, a comparative time dependent study of the abil-
ity of WNb, BNb (black Nb2O5−x nanorods) and BMNb to
oxidize benzylamine to N -benzylidene benzylamine under
visible light (� > 420 nm) was performed. As shown
in Figure 5(a), BMNb exhibits a more potent photocat-
alytic performance over 10 h than the other materials,
with of N -benzylidene benzylamine obtained. This is an
improvement of about 63% compared to WNb, and a
27% improvement over BNb. WNb still has some activ-
ity because, although it does not absorb visible light,
direct electron excitation from a donor level associated
with adsorbed amine does permit some oxidation [42, 43].
It is however very clear that after the introduce of oxy-
gen vacancies in BMNb, the N -benzylidene benzylamine
yield was greatly improved. To explore the effect of dif-
ferent parameters in the catalytic performance, we have
conducted a series of control experiments. Firstly, we take
the effect of crystal structure and oxygen vacancy into
consideration. Because that the crystal structure varies
with the introduction of oxygen vacancy, so we dis-
cuss their effect in catalytic performance together. So we
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compare the catalytic performance of BNb and WNb nor-
malised to surface area. The BNb (246.09 �mol/m2, after
10 h) displayed better catalytic performance than WNb
(198.10 �mol/m2, after 10 h) normalised to surface area.
So it can be concluded that the introduction of oxygen
vacancy can improve the photocatalytic performance. Then
is the effect of mesoporous structure. In this part, we com-
pare the catalytic performance of BNb and BMNb as they
have the same crystal structure and all have the presence of
oxygen vacancy. BMNb (280.61 �mol, after 10 h) showed
better catalytic performance than BNb (221.48 �mol, after
10 h). So it can be concluded that the mesoporous structure
can also improve the photocatalytic performance.
To determine a photoexcited reaction, especially in

a visible-light system, quantum efficiency is an essen-
tial factor. Herein, we calculate the apparent quantum
efficiency (AQE) of the BMNb nanorods by measuring
N -benzylidene benzylamine production amount at various
wavelength of visible light under the same photoreaction
conditions. As shown in Figure 5(b), the AQE was in
agreement with the photoabsorption of BMNb nanorods.
Under the above conditions, it can be found that the AQE
was 0.11% at 550 nm.
To obtain further insight into the mechanism of the pho-

tocatalytic oxidative coupling, three additional experiments
were performed (Fig. 5(c)). Three different scavenger
species were explored: isopropanol (IPA, a scavenger for
hydroxyl radicals), benzoquinone (BQ, for superoxide rad-
ical species), and ethylenediaminetetraacetic acid (EDTA,
for photogenerated holes) were added to the catalytic
experiment. The addition of BQ had a profound influence
on the process, significantly lowering the yield of imine.
This shows that the presence of superoxide radical species
has a highly positive influence on the catalytic process.
Similarly, the addition of EDTA also had a negative effect
on the yield of the catalytic process, in agreement with
previous results and confirming that holes generated are
also of importance [42, 43]. However, there is no visible
change in the yield with the addition of IPA, demonstrating

Figure 6. The proposed mechanism underlying the BMNb-catalyzed aerobic oxidative coupling of benzylamine to imines under visible-light
irradiation.

that �OH radicals do not play a major role in the catalytic
process.
Based on the above results, a mechanism for the oxi-

dation of primary amines to imines in the presence of
BMNb can be proposed (Fig. 6). The introduction of oxy-
gen vacancies in BMNb narrowed the band gap and made
the absorption edge shifted into the visible light and near-
infrared region, thus improving its performance under vis-
ible light irradiation. When BMNb is exposed to light, O2

molecules accept an additional electron generated by semi-
conductor photoexcitation. This results in the presence of
O�−

2 radicals. Simultaneously, the primary amine is trans-
ferred to a cationic radical intermediate through loss of an
electron. The holes (h+� in the semiconductor will capture
the latter. The cationic intermediate can then lose both a
proton and neighboring hydrogen atom to the superoxide
radical anion (O�−

2 ), which generates Ph–CH= NH.
It is well known that there are two different oxidation-

dehydrogenation routes for oxidizing primary amines,
which both involve the formation of a R–CH= NH inter-
mediate [44]. In the first route, a second molecule of
the primary amine attacks this intermediate to generate a
second intermediate Ph–CH2–NH–CH(NH2�–Ph. This will
then convert to an aminal, which will lose NH3 via the
hole-assisted elimination of an amine species, thus yield-
ing the coupled imine product RCH = NCH2R. In the
second route, an aldehyde RCH = O will be generated
through reaction between the initially formed imine and
trace amounts of H2O, but this will soon react with a sec-
ond molecule of the amine to give the imine product. In
the Nb2O5-photocatalyzed reaction system described here,
no benzaldehyde was detected by GC. Therefore, it is more
likely that The BMNb-catalyzed amine oxidation took the
first route.
The recyclability of photocatalysts is crucial for indus-

trial applications. A recycling experiment was hence con-
ducted for the oxidation of benzylamine using BMNb
(reaction time: 5 h). After three cycles, the BMNb pho-
tocatalyst still has good stability and recyclability, as
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demonstrated by the data in Figure 5(d). It is hence clear
that BMNb is a promising photocatalyst for the aerobic
oxidative coupling of amines under sunlight, especially
since it maintains a high level of activity after recycling.

4. CONCLUSION
In conclusion, we report in this work a facile synthe-
sis route to obtain mesoporous black Nb2O5−x (BMNb)
nanorods. The formation of oxygen vacancy reduces the
bandgap of Nb2O5 which extend the photoresponse from
the ultraviolet to the visible and infrared light regions.
In addition, The mesoporous structure of BMNb lead to
a higher surface area than the as-prepared Nb2O5 pre-
cursor (36.24 m2/g cf 8.69 m2/g). Benefitting from syn-
ergy effect of oxygen vacancy and porous structure, the
BMNb displays a promising application in aerobic oxida-
tive coupling of benzylamine to N -benzylidene benzy-
lamine, where BMNb gave a yield 63% greater than solid
defect-free Nb2O5 nanorods of similar size.
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