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Efficient photocatalytic oxidative deamination of
imine and amine to aldehyde over nitrogen-doped
KTi3NbO9 under purple light†

Zhuobin Yu, ab Xianmo Gu, *ac Ruiyi Wang, ac Jie Wang, ac Jian Zhao,d

LinJuan Pei ac and Zhanfeng Zheng *ac

KTi3NbO9 nanoparticles were fabricated via a simple hydrothermal method with a post-calcination

treatment. The nitrogen doping (N-KTi3NbO9) leads to a narrow band gap, which in turn facilitates

efficiently catalysis of imine deamination under purple light that matches its absorption spectra.

Furthermore, N-KTi3NbO9 exhibits excellent performance in the tandem reaction of photocatalytic imine

formation and deamination from various amines. The conversion of benzylamine was up to 100% with

>85% benzaldehyde selectivity.

1 Introduction

The oxidative deamination reactions are widely applied for
the generation of diverse reactive intermediates in organic
syntheses.1 For example, the deamination of aromatic amines
is an important method for the conversion of imino groups to
aldehydes or ketones, which are critical intermediates in the
synthesis of amino acids, adenine, guanine, cytosine, and
their derivatives, as shown in Scheme 1.2,3 At present, the
deamination of aromatic amines is mainly achieved via an
indirect pathway involving aryl diazonium salt intermediates
(Sandmeyer reaction or Meerwein reaction), which requires
harsh experimental conditions.4,5 Therefore, the selective
transformation of aromatic amines under mild conditions
has attracted considerable attention.6,7 The utilization of solar
energy to drive this chemical transformation is a promising
approach in the context of green and sustainable chemistry.8

Numerous catalysts, such as TiO2 and Nb2O5, have been
explored during the past few years for such a photocatalytic
chemical transformation. These works mainly focus on the
oxidative coupling of amines.9–13 There are few reports on
photocatalytic amine deamination, a tandem reaction of
amine oxidative coupling, and deamination of imines. KTi3-

NbO9, shown in Fig. S1,† is considered as a promising
photocatalyst due to its unique tunnel structure.14–16

Moreover, nitrogen-doped KTi3NbO9 (N-KTi3NbO9) showed
significantly improved optical properties (electronic
structure), endowing it with advantageous electrical
conductivity and thermal stability.17,18 In this study, KTi3-
NbO9 nanoparticles were obtained via a hydrothermal
method, followed by post-calcination. N-KTi3NbO9

photocatalysts were then fabricated by annealing KTi3NbO9

under ammonia gas (NH3). The doped catalyst showed
excellent performance in photocatalytic imine deamination
and the tandem reaction of amine oxidative coupling and
imine deamination under purple light irradiation. We also
found that the high conversion of amines with high
deamination efficiency was achieved when the light source
matched with the light absorption properties of N-KTi3NbO9.

2 Experimental
2.1 Photocatalysts preparation

All chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd., and used without further purification.
KTi3NbO9 (abbreviated as KTNO) was prepared via a
hydrothermal process with post-sintering. Briefly, niobium
oxalate [Nb(HC2O4)5, 1.61 g] and titanium oxysulfate
(TiOSO4·xH2O, 1.72 g) were added to an aqueous KOH
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solution (1 m, 50 mL), and the mixture was stirred 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 process, the white precipitate was separated
via centrifugation, washed with deionized water, and dried
in air for 12 h at 80 °C, respectively. The final KTNO
nanoparticles were obtained by calcining the dried
precipitate for 2 h at 900 °C under air atmosphere.
Similarly, N-KTi3NbO9 (abbreviated as N-KTNO)
nanoparticles were obtained by calcining the dried
precipitate for 2 h at 900 °C under an NH3 atmosphere,
followed by treatment in air at 500 °C. The optimized
calcination time for N-KTNO in air was determined by the
photocatalytic activity (Fig. S2†). For comparison, g-C3N4

was prepared according to literature.19

2.2 Characterization

X-ray diffraction (XRD) patterns were acquired using a
MiniFlex II diffractometer employing Cu Kα radiation (λ =
1.5418 Å). A 2100F transmission electron microscope
operated at 200 kV was used, with an attachment for energy-
dispersive spectroscopy (EDS). Nitrogen sorption isotherms
were recorded on an automatic adsorption instrument
(Micromeritics, TriStar II 3020 analyzer), operating at the
liquid nitrogen temperature (77 K). UV-vis diffuse-reflectance
(UV-vis-DR) spectra were recorded on a Shimadzu UV-3600
spectrophotometer. X-ray photoelectron spectra (XPS) were
recorded on a Thermo ESCALAB 250 spectrometer, employing
an Al Kα X-ray source (hν = 1486.6 eV). Binding energies were
calibrated with respect to the C1s peak at 284.6 eV.
Photoluminescence (PL) spectra were recorded on a Hitachi
F-7000 FL spectrophotometer. The photoelectrochemical
measurements were studied on an electrochemical station
(CHI660E, Chenhua, China). The electron paramagnetic
resonance (EPR) spectra were recorded using a Bruker
EMXPLUS10/12 EPR electron paramagnetic resonance
spectrometer.

2.3 Photocatalytic activity test

Typically, the photocatalytic activity for selective amine or
imine oxidation was conducted under the irradiation of a
100 W COB LED lamp at 80 °C in an air-tight flask sealed
with 1 atm of O2 (flushed with 0.35 mL s−1 of O2 flow for 1
min prior to use). The reaction mixture consists of
benzylamine (0.08 mmol) or N-benzylidenebenzylamine
(0.04 mmol), photocatalyst (20 mg), and acetonitrile (2 mL)
as the solvent. The obtained product was analyzed via GC
(Shimadzu 2014C GC; WondaCap 5 column) and GC-MS
(Bruker SCION SQ 456). The output spectra of various
colored LEDs, namely a purple LED (375–430 nm, maximum
at 400 nm), a blue LED (425–510 nm, maximum at 455
nm), green LED (475–600 nm, maximum at 525 nm), are
presented in Fig. S3.†

3 Results and discussions
3.1 Physicochemical properties of KTNO and N-KTNO

The powder XRD patterns of the prepared KTNO and
N-KTNO are presented in Fig. 1a, and are in agreement with
those of orthorhombic KTi3NbO9 (space group C2/m, lattice
parameters a = 6.392 Å, b = 3.785 Å, c = 14.865 Å) (JCPDS No.
17-0312). Notably, the XRD pattern of KTNO is similar to that
of N-KTNO, which demonstrates that nitrogen doping does
not change lattice nor phase structure. Fig. 1b shows TEM
images and HR-TEM analysis of the prepared KTNO and
N-KTNO. The mean diameter of the KTNO nanoparticles is
80 nm. Lattice distance was 0.32 and 0.30 nm, corresponding
to the (200) and (112) planes of KTi3NbO9. Similar mean
particle diameter and lattice distance were also observed for
N-KTNO. The specific surface areas for KTNO and N-KTNO
are small at 2.08 and 6.20 m2 g−1, respectively (Fig. S4†).

Fig. 1 (a) XRD patterns of KTNO and N-KTNO, (b) TEM images and
HRTEM analysis of KTNO (b-1 and b-2), and N-KTNO (b-3 and b-4).
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The XPS spectra of KTNO and N-KTNO are shown in Fig.
S5.† K 2p3/2 and K 2p1/2 peaks at 292.2 and 294.8 eV can be
assigned to K+ in the titanate.20 Ti 2p3/2 and Ti 2p1/2 peaks at
458.0 and 464.0 eV are ascribed to Ti4+, and Nb 3d5/2 and Nb
3d3/2 peaks at 206.3 and 209.0 eV can be ascribed to
Nb5+.21,22 O 1s peaks at 529.5 and 532.0 eV are attributed to
O–M and O–H species, respectively.23 The K 2p, Ti 2p, Nb 3d,
and O 1s peaks of N-KTNO are the same as KTNO.
Additionally, characteristic N 1s peaks are observed at 395.7
and 399.7 eV for N–M (M = Ti or Nb) or molecularly
chemisorbed nitrogen,24,25 which indicates that N is doped
into KTNO successfully. The N content in N-KTNO was
estimated to be 0.84 at%.

The colour of KTNO changes from white to greyish-green
after N-doping (Fig. 2a), resulting in extended absorption in
the visible-light range.26 The extended absorption is
confirmed by the UV-vis-DR spectra in Fig. 2a. The
absorption edge of KTNO was approx. at 430 nm, while it
obviously red-shifted to approx. 500 nm after N-doping.
Based on the UV-vis-DR spectra and Eg = 1240/λ (λ, the cut-off
wavelength), the band gap Eg of KTNO and N-KTNO

photocatalysts are 2.88 and 2.45 eV, respectively.22 In Fig. 2b,
both KTNO and N-KTNO are n-type semiconductors, and the
flat band potentials (namely Fermi energy level, Ef) are 0.43
eV (KTNO) and 0.47 eV (N-KTNO) vs. Ag/AgCl, which are
respectively 0.17 eV and 0.13 eV vs. RHE for KTNO and
N-KTNO according to literature.27,28 Moreover, as shown in
Fig. 2c, the relative potential of the valance band (VB) vs. the
Fermi energy level was 1.39 eV for KTNO and 0.96 eV for N-
KTNO, respectively. Consequently, we plotted their band
alignment in Fig. 2d. The change in the bandgap structure
was caused by a new N 2p orbital formed above the O 2p VB
after N-doping.29 Fig. S6† shows the PL spectra of KTNO and
N-KTNO. The peaks at 540 and 630 nm are ascribed to TiO6

units and the defect-related energy, respectively.30,31

Compared with KTNO, the PL intensity of N-KTNO decreased
significantly. In Fig. S7(a),† it can be observed that the
photocurrent response of N-KTNO is remarkedly improved.
Furthermore, in Fig. S7(b),† it is apparently found that the
arc radius of N-KTNO is obviously smaller than that of KTNO,
indicating that N-KTNO can efficiently promote the
transportation of photo-generated charge carriers at the

Fig. 2 (a) Electronic photographs and UV-vis-DR spectra, (b) Mott–Schottky curves, (c) valence-band XPS spectra and (d) the schematic diagram
of the DOS of KTNO and N-KTNO.
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material surface/interface. Consequently, in combination
with the above results, this implies that N-doping enhances
the charge separation and photocatalytic performance of
KTNO.

3.2 Photocatalytic activity for imine
(N-benzylidenebenzylamine) deamination over N-KTNO
under purple light

The photocatalytic performances of N-KTNO for imine
deamination (selective aerobic oxidation of
N-benzylidenebenzylamine) (Scheme 2) under white and
single-colored (purple, blue, and green) LED illumination are
shown in Fig. 3a. The activity does not change much when
the catalyst amount is more than 20 mg (Fig. S8†). Therefore,
20 mg of catalyst was applied in this study to eliminate the
surface area difference. The conversion rate of imine was
respectively 25.1% and 18.8% with a high benzaldehyde
selectivity (87.0% and 93.1%) for white and blue light,
whereas it decreases to 3.5% under green light. Under purple
light irradiation, the conversion rate exceeds 95% with >80%
selectivity for benzaldehyde, accompanied by a trace of
PhCHNH, as identified by GC-MS (Fig. S9†). Then, the
time-course of imine conversion and benzaldehyde generated
under purple light irradiation was studied, as given in
Fig. 3b. The imine conversion rate increases linearly from
35.2% to 97.0% with a high benzaldehyde selectivity as
prolonging the reaction time. The rest of the products
contained benzamide (3.8%), N-formylbenzylamine (6.8%)
and other impurities with trace amounts.

For comparison, traditional photocatalysts P25 and g-C3N4

were also utilized in N-benzylidenebenzylamine deamination
under purple light irradiation. In Fig. 3c, N-KTNO, P25 and g-
C3N4 showed excellent imine conversion, superior to KTNO.
However, the benzaldehyde selectivity for P25 and g-C3N4 was
much lower than that for N-KTNO. The benzaldehyde yield was
in the order of N-KTNO > P25 > g-C3N4 > KTNO. These results
demonstrated that N-KTNO exhibits excellent performance in
photocatalytic imine deamination.32 The stability of the
N-KTNO photocatalyst for imine deamination is presented in
Fig. S10,† where N-KTNO seems to be a highly efficient and
robust photocatalyst for the described process in terms of the
conversion rate of imine and the selectivity for benzaldehyde.

3.3 Proposed photocatalytic imine
(N-benzylidenebenzylamine) deamination mechanism

The mechanism of the photocatalytic imine deamination
under purple light was investigated. The absorption edge of N-KTNO before and after N-benzylidenebenzylamine

adsorption was located at 500 and 530 nm, respectively. The
absorption difference also led to the formation of a new band
centered at 410 (Fig. S11†). These results imply that a new
surface complex is probably formed between the adsorbed
N-benzylidenebenzylamine and N-KTNO. The absorption
band of this surface complex matches well with the light
spectrum of purple LED lights (inset, Fig. 4). Moreover, as
stated above, the highest photocatalytic activity was achieved

Scheme 2 The reaction formula for imine deamination (selective
aerobic oxidation imine).

Fig. 3 (a) Imine conversion, benzaldehyde selectivity under white and
single-colored LED lights, (b) the time profile for
N-benzylidenebenzylamine deamination under purple light, (c) imine
conversion and benzaldehyde selectivity over different samples under
purple light. Light intensity 200 mW cm−2, 80 °C, 12 h.
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for the purple light. Thus, we proposed that the surface
complex could absorb light and participate in a direct
electron transfer from a donor level, which consists of N 2p
orbitals from both the adsorbed amine species and CB of
N-KTNO (Fig. 4a). A plausible mechanism is shown in
Fig. 4b.

In step 1, the surface complex (amide species) was formed
between the N-benzylidenebenzylamine reactant and N-KTNO
photocatalyst. Under purple light irradiation, the surface
complex absorbs light and initiate the reaction by generating
holes and electrons (Fig. 4a). Photo-generated electrons could
be captured by O2 forming O2

−. The resulting radicals will
react with the amide species to produce compound A. In step
2, the deamination product benzaldehyde and PhCHNH
intermediate were obtained by the C–N bond cleavage of
compound A. The PhCHNH intermediate adsorb on the
surface of N-KTNO (compound B). In step 3, the adsorbed
PhCHNH intermediate is attacked by H2O forming another
benzaldehyde product via compound C. The final step would

be the NH3 desorption from the catalyst surface. Then, the
active sites return to the original state for another reaction
cycle.

3.4 Photocatalytic activity for the tandem reaction of imine
formation and deamination over N-KTNO under purple light

As mentioned in the introduction, great efforts have been
made towards the development of photocatalysts for the
oxidative coupling of amines to imines, such as Nb2O5 (ref.
13, 33 and 34) and TiO2.

35,36 If the same process could be
driven by N-KTNO, it is possible to photocatalyze the selective
one-pot oxidation of primary amines to aldehydes via imine
intermediates, thereby succeeding in the photocatalytic
tandem reaction of imine formation and imine deamination
under mild conditions.7 As shown in Fig. 5, the conversion
rate of benzylamine to corresponding imine (>85%
selectivity) increases as the reaction time prolongs to 5 h. A
trace amount of benzaldehyde was detected as an
intermediate during the formation of the imine, which is
consistent with previous reports.33,35–38 After 5 h, the
selectivity for benzaldehyde products rapidly increases,
accompanied by a dramatic decrease of imine selectivity. The
final benzaldehyde product selectivity was up to 90% with
100% benzylamine conversion. These results indicate that
the tandem reaction of benzylamine oxidative coupling and
imine deamination could be successfully driven by N-KTNO
in one-pot photocatalytic reactions.

Photocatalytic of the tandem reaction of benzylamine
oxidative coupling and imine deamination over various
photocatalysts are summarized in Table S1.† The conversion
of benzylamine over N-KTNO far exceeds KTNO, which can
be attributed to two aspects: (1) the narrow bandgap of
N-KTNO (Fig. 2), which efficiently improve light utilization,
and (2) abundant oxygen vacancies, which facilitate the
adsorption of water (Scheme 2) and the formation of

Fig. 4 (a) Schematic of adsorbed N-benzylidenebenzylamine and
N-KTNO photocatalyst; (inset) the light spectrum of purple LED lights and
surface complex; (b) proposed mechanism for imine deamination (selective
aerobic oxidation of N-benzylidenebenzylamine to benzaldehyde) over the
N-KTNO photocatalyst under purple light irradiation.

Fig. 5 The time profile for the tandem reaction of benzylamine
deamination. Reaction conditions: N-KTNO catalyst (20 mg),
benzylamine (0.08 mmol), acetonitrile (2 mL), purple light 200 mW
cm−2, 80 °C.
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benzaldehyde.39 The analysis for the number of oxygen
vacancies is provided in Fig. S12.† Moreover, the yield of the
benzaldehyde product over N-KTNO (1210 mmol molcatalyst

−1)
is also much higher than those over TiO2 (197 mmol
molcatalyst

−1) and Nb2O5 (430 mmol molcatalyst
−1). In addition,

N-KTNO achieves a much higher catalytic activity than other
thermal catalysts reported in terms of benzaldehyde yield,
reaction time and temperature (Table S2†).7,39,40

To further demonstrate the extensive application of
N-KTNO in this tandem reaction, various amines were
examined (Table S3†). The high conversion of different
amines with high efficiency of imines deamination to
aldehyde products is achieved (Table S3,† entries 1–5). The
results in Table S3† also confirm that aldehyde formation is
via the deamination of corresponding imine intermediates.
However, the photocatalytic activity is low when utilizing
phenylethylamine as a reactant (Table S2,† entry 6). These
results imply that the presence of an N-benzyl group plays a
crucial role in imine deamination, which may be responsible
for stabilizing the adjacent –C.35

4 Conclusions

In summary, N-KTi3NbO9 nanoparticles are obtained via a
simple hydrothermal method, followed by a post-calcination
treatment. The N-KTi3NbO9 photocatalyst was fabricated by
annealing KTNO under NH3 and air atmosphere in sequence.
N-KTi3NbO9 achieves excellent photocatalytic activity in imine
deamination under the light matched with its absorption
properties. Moreover, N-KTi3NbO9 shows outstanding
photocatalytic performance for the selective aerobic oxidation
of amines to aldehydes via imine intermediates, and this may
give crucial insights for the mechanism investigation in amines
oxidative coupling reactions. In this study, the tandem reaction
of imine formation and deamination, or the transformation
from aromatic amine to aromatic imine, and then to aromatic
aldehyde under mild conditions in one-pot was successfully
achieved. We believe that this synthetic strategy is practicable
and can be extended to diverse photocatalytic reactions.
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