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Photocatalytic oxidation of amines to high value-added imines is crucial but challenging. The adsorption

ability to reactant molecules and the charge separation ability are important factors affecting the

reactivity. Different facets of monoclinic BiVO4 (m-BiVO4) have varied electronic structures, leading to

differences in the adsorption ability and charge separation ability. Thus, tailoring the exposed facets is

a promising strategy to optimize the reactivity. Herein, the density functional theory (DFT) calculations

demonstrate that for m-BiVO4, both the benzylamine (BnNH2) adsorption ability and charge separation

ability of {101} facets were stronger than those of {110} facets. These results motivate us to synthesize

m-BiVO4 quadrangular nanoprisms (Q-BiVO4) with highly exposed {101} facets through a colloidal two-

phase method. Q-BiVO4 exhibits highly enhanced charge separation efficiency and excellent

photocatalytic performance for oxidizing BnNH2 to N-benzylidenebenzylamine (N-BB). More

impressively, the efficient charge transfer between Q-BiVO4 and BnNH2 was directly confirmed via

single-particle spectroscopy in situ. This work provides direct evidence to deeply understand the

interaction between Q-BiVO4 and the reactant molecules and provides insights for rational design of

photocatalysts with specific exposed facets for selective oxidation of amines.
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Introduction

Imines are important versatile intermediates widely used in the
elds of pharmaceutical synthesis, agriculture, and the chem-
ical industry.1–3 The conventional synthesis of imines usually
involves the condensation of amines and carbonyl compounds,
which requires oxidants, corrosive chemicals, and heating
conditions.4,5 However, traditional oxidants are harmful to the
environment and uneconomical.6–8 Moreover, the extremely
high reactivity of aldehydes makes it difficult to control the
reaction.9 Therefore, more environmentally friendly and milder
approaches are highly desired for the synthesis of imines. On
the one hand, a catalytic system using molecular oxygen as an
oxidant instead of traditional chemical oxidants is an ideal way
in view of green chemistry.1–3 On the other hand, in recent years,
the photocatalytic organic transformation as a promising
approach has attracted growing interest, and can effectively
convert solar energy into chemical energy. A great number of
photocatalysts have been investigated for the oxidation of
amines to imines such as Nb2O5,2 CuWO4,10 g-C3N4,11 Au/TiO2,12

and BiOX (X ¼ Cl, Br).13,14 However, some of the catalysts
respond only to ultraviolet light and still have the problems of
low product yield and selectivity.

Monoclinic BiVO4, as a visible-light-responsive catalyst, has
received widespread attention due to its non-toxicity, low price
and suitable band gap.15–17 However, the rapid recombination
J. Mater. Chem. A, 2022, 10, 19699–19709 | 19699
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of photogenerated electron–hole pairs and weak surface
adsorption ability in m-BiVO4 still restrict the photocatalytic
performance.18–20 Various strategies such as semi-conductor
coupling,18 element doping,21 and cocatalyst deposition22 have
been employed to improve the photocatalytic performance.
Nonetheless, the photocatalytic performance of pristine m-
BiVO4 is still not impressive. In this regard, there is a great
need to develop effective strategies to enhance the reactivity of
m-BiVO4. As is well known, the photocatalytic performance of
materials depends not only on their crystal structure, but also
on the morphology and exposed facets. More recently, an
increasing exploration has been conducted on the facet engi-
neering of m-BiVO4.15,23–26 Studies have shown that due to the
distinct atomic arrangements and congurations, different
facets of m-BiVO4 have varied electronic structures, which
leads to different properties of crystal facets in the ability to
adsorb/desorb reactive molecules and the carrier separation
ability in the photocatalytic process.15,27,28 Therefore, a rational
design and well-controlled synthesis of m-BiVO4 with specic
exposed facets and inquiring how the morphologies and
crystal facets affect the adsorption of reactive molecules and
the charge separation are of great signicance and urgently
desired.

Herein, based on density functional theory (DFT) calcula-
tions, we theoretically demonstrated that {101} facets of m-
BiVO4 not only possessed stronger benzylamine (BnNH2)
adsorption ability but also had better carrier separation ability
than the common {110} facets. The reason why the {110} facets
were chosen for comparison was that the typical low-index {110}
facets are hole-accumulated surfaces24 and can participate in
the photocatalytic BnNH2 oxidation reaction. Our DFT calcula-
tions revealed that the greater overlap degree between the
interacting orbitals and the lighter effective masses of photo-
generated electrons and holes of {101} facets than those of {110}
facets made {101} facets more active for charge transfer.
Moreover, the charge transfer mode of Bi–O–Bi between (010)
and (101) facets is much easier than that of Bi–O–V between
(010) and (110) facets, endowing the former with stronger
charge transfer ability.

Inspired by these results, monoclinic BiVO4 quadrangular
nanoprisms (Q-BiVO4) with highly exposed {101} facets were
successfully synthesized using a precisely controlled colloidal
two-phase method. Q-BiVO4 exhibited a superior photocatalytic
activity for BnNH2 oxidation with a conversion efficiency of
98.3%, about 2.03 fold higher than that of conventional deca-
hedron BiVO4 (D-BiVO4) with highly exposed {110} facets. The
photocurrent density of Q-BiVO4 was 0.511 mA cm�2 at 1.23
VRHE, about 16.5 times higher than that of D-BiVO4. More
importantly, the interaction between Q-BiVO4, acetonitrile
(ACN) and BnNH2 was tracked by using single-particle spectra in
situ, revealing the efficient charge transfer between Q-BiVO4 and
BnNH2, and ACN only acted as a solvent. This work provides
direct evidence for charge transfer between Q-BiVO4 and the
reactant molecules via single-particle PL measurement and
offers an avenue to design efficient photocatalysts for organic
transformations.
19700 | J. Mater. Chem. A, 2022, 10, 19699–19709
Experimental
Materials

1-Octadecene (ODE, 90%), oleylamine (OLA, 80–90%), oleic acid
(OA), benzylamine (99.0%), acetonitrile (99.0%, GC) and 1,4-
benzoquinone (BQ, 99%) were purchased from Aladdin Indus-
trial Corporation, China. Bismuth nitrate pentahydrate
(Bi(NO3)3$5H2O, 99.0%), ammonium metavanadate (NH4VO3,
99%), HNO3 aqueous solution (65–68%), ammonium hydroxide
(NH3$H2O, 25%), n-hexane, ethanol (99.5%), carbon tetrachlo-
ride (CCl4, 99.5%) and ammonium oxalate (AO) were purchased
from the Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Nano-BiVO4 was purchased from the Energy Chemical
Reagent Co., Ltd (Shanghai, China). All of the reagents were
used as received without further purication.

Preparation of Q-BiVO4

Q-BiVO4 was synthesized by a convenient colloidal two-phase
method. Typically, 1.0 mmol of Bi(NO3)3$5H2O, 2 mL of OLA, 2
mL of OA and 20 mL of ODE were added in a three-neck ask.
Before heating, the system was degassed by purging N2 for 30
min. Then the ask was heated to 170 �C under vigorous
stirring and an N2 atmosphere until Bi(NO3)3 was completely
dissolved. Finally, a transparent solution was obtained. In
another vessel, 2.0 mmol NH4VO3 was dissolved in a mixture
of 4 mL HNO3 and 20 mL H2O. Then, the NH4VO3 solution was
slowly injected into the above ask containing dissolved
Bi(NO3)3 as the temperature dropped from 170 �C to 100 �C
(about 25 min). The reaction system was stirred and reuxed at
100 �C for 30 min under an N2 atmosphere and terminated by
removing the heating source, followed by natural cooling. A
mixture of n-hexane and ethanol was then added into the
products. Aer the solution was stratied, the underlying
aqueous solution was discarded and the remaining organic
solution was centrifuged at 12 000 rpm for 3 min to discard the
unreacted precursors. The resulting product was subsequently
washed with hexane and ethanol and then centrifuged (12 000
rpm, 3 min) three times in total. Finally, the precipitates were
freeze-dried for 12 hours.

Characterization

The morphology and structure of the samples were investigated
by using a eld emission scanning electron microscope
(FESEM, Hitachi S-4800), transmission electron microscope
(TEM, JEM-2100F) and high-resolution transmission electron
microscope (HRTEM, JEM-2100F). The X-ray powder diffraction
(XRD) patterns of the samples were measured on a Bruker AXS
D8 diffractometer with Cu Ka radiation. Diffuse reectance
spectroscopy (DRS) of the samples was perfomed using a UV-
2600 Shimadzu UV-vis spectrophotometer. X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo Fisher Scien-
tic Escalab 250 spectrometer equipped with an Al Ka excitation
source (1486.6 eV), and the binding energies were corrected by
using the C 1s peak (284.8 eV). Raman spectra were detected by
using an in situ confocal Raman spectrometer (LabRAM HR
Evolution). The Brunauer–Emmett–Teller (BET) surface area
This journal is © The Royal Society of Chemistry 2022
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and pore-size distribution of the samples were measured by
using a Micromeritics ASAP Kubo X1000 analyzer at liquid
nitrogen temperature.

Photocatalytic experimental details

The photocatalytic oxidation of benzylamine to imine was
carried out in a quartz reaction vessel. For each experiment, 10
mg of photocatalysts and 0.1 mmol of benzylamine were mixed
in 5 mL of acetonitrile to form a suspension. Prior to light
irradiation, the suspension was ultrasonically dispersed for 2
min and purged with O2 for 30 min. The reaction temperature
was maintained at 25 �C. The photocatalytic reactions were
carried out under irradiation with a 300 W Xenon lamp (CEL-
HXF300) with a 420 nm cut-off lter for 4 h. The light intensity
was 0.4 W cm�2 during the photocatalytic BnNH2 oxidation
process. Aer the photocatalytic reaction, the photocatalysts
were separated by centrifugation at 12 000 rpm for 3 min. The
liquid products were analyzed by using a gas chromatograph-
mass spectrometer (GC-MS-QP2010, SH-Rtx-Wax column)
equipped with a ame ionization detector (FID). In the cycling
stability tests, the photocatalysts aer the photocatalytic reac-
tion were centrifuged (12 000 rpm, 3 min), washed with aceto-
nitrile and ethanol more than 3 times, and then dried in
a vacuum at 60 �C for 12 h for the next test. To identify the active
intermediates during the photocatalytic process, radical scav-
enging experiments were carried out by adding different radical
scavengers. 1,4-Benzoquinone (BQ), ammonium oxalate (AO)
and carbon tetrachloride (CCl4) were employed to scavenge
superoxide radicals (cO2

�), holes (h+) and electrons (e�),
respectively. The photocatalytic experiments in the presence of
scavengers were carried out under identical conditions, except
for adding 20 mM scavengers. The role of O2 in the reaction was
evaluated by replacing O2 with argon ow. The conversion
efficiency of benzylamine and selectivity of imine products were
calculated using the following equations:

Conversion ð%Þ ¼ C0 � Ct

C0

� 100%

Selectively ð%Þ ¼ Cp

C0 � Ct

� 100%

where C0 is the initial concentration of benzylamine, and Ct and
Cp are the concentrations of benzylamine and imine measured
aer the photocatalytic reaction for a specic time, respectively.

The turnover frequency (TOF) value was calculated from the
following equation:

TOF ¼ np

ncatal � t

where np is the molar amount of imine produced, ncatal is the
molar amount of catalyst, and t is the reaction time (h).

Single-particle PL measurements

Before the single-particle PL measurements, the quartz cover
glasses were cleaned by sonication in nitric acid solution for 30
min, followed by repeated washing with deionized water 3
This journal is © The Royal Society of Chemistry 2022
times. The samples were dispersed in Milli-Q ultrapure water
and sonicated for 10 min. And then the well-dispersed aqueous
suspensions of BiVO4 were spin-coated on the clean quartz
cover glasses. The single-particle PL images and spectrum of
individual samples were obtained via a scanning confocal
microscope system (PicoQuant, MicroTime 200) coupled with
an Olympus IX73 inverted uorescence microscope. The
samples spin-coated on the clean quartz cover glasses were
excited through an oil-immersion objective lens (Olympus,
UplanSApochromat, 100�, 1.4 NA) with a 405 nm continuous
wave (CW) laser controlled by using a PDL-800B driver (Pico-
Quant). For the decay prole, the emission of the sample was
collected by using the same objective and detected by using
a single photon avalanche photodiode (Micro Photon Devices,
PDM 50 CT) through a dichroic beam splitter (Chroma, 405rdc)
and long-pass lter (Chroma, HQ430CP). The data collected
using the PicoHarp 300 TCSPC module (PicoQuant) were stored
in the time-tagged time-resolved mode, recording every detec-
ted photon with its individual timing. All of the experimental
data were achieved at room temperature.

Results and discussion

Previous studies have mostly focused on the m-BiVO4 crystals
with highly exposed low-index {010} and {110} facets.23–26,29

Studies revealed that there are obvious differences in the carrier
separation ability, the ability to adsorb reactive molecules and
the surface reactivity between {010} and {110} facets,24,28 which
are closely related to the photocatalytic performance. These
interesting phenomena inspired us to investigate the physico-
chemical properties of the low-index {101} facets based on DFT
calculations. The {010} facets are the electron-accumulated
surface, while {110} facets are the hole-accumulated surface and
are favorable for photocatalytic BnNH2 oxidation, thus the {110}
facets were chosen as the control group. As shown in Fig. S1,† Bi
atoms are four or ve-coordinated on the (101) and (110)
surfaces. Generally, m-BiVO4 is constructed from a VO4 tetra-
hedron and BiO8 dodecahedron, connected by sharing an apex
oxygen atom.30 Therefore, there are uncoordinated Bi atoms
exposed on these facets, which can serve as reactive sites. In
order to explore the explicit interaction between BnNH2 mole-
cules and the specic exposed facets of m-BiVO4, the relaxed
stable structures and the corresponding adsorption energies are
calculated (Fig. 1a and b). Obviously, the N atom exhibits
a negative potential relative to other groups in BnNH2, which
may lie in the lone pair electrons of unequal sp3 hybrid
orbitals.31,32 As a consequence, BnNH2 molecules with a nega-
tively charged N site may more easily adsorb on the surface Bi
sites of m-BiVO4 through the strong electrostatic interaction.
The BnNH2 adsorption energy on the (101) facet (�0.65 eV) is
much lower than that on the (110) facet (�0.54 eV), indicating
that {101} facets possess stronger BnNH2 adsorption ability
than {110} facets, which is favorable for the subsequent BnNH2

oxidation process.
Since the charge transfer and separation ability of the

exposed facets also have an effect on the photocatalytic
performance, further exploration was performed from the
J. Mater. Chem. A, 2022, 10, 19699–19709 | 19701
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Fig. 1 Relaxed adsorption configurations of molecular BnNH2

adsorbed on the (a) (101) and (b) (110) surfaces of m-BiVO4, and the
corresponding adsorption energies. The red, purple, blue, green,
brown, and gray balls represent oxygen, bismuth, and vanadium from
BiVO4, and nitrogen, carbon and hydrogen from BnNH2, respectively.
(c) The TDOS and the corresponding PDOSs of Bi 6s, O 2p, and V 3d for
(010), (110), and (101) facets of m-BiVO4. (d) The effective masses of
electrons and holes of (101) and (110) facets for m-BiVO4.
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perspective of electronic properties. Generally, the density of
states (DOS) and energy band structure are deemed as impor-
tant parameters to describe the charge transfer ability. As
shown in Fig. S2,† the valence band maximum (VBM) of bulk
BiVO4 is predominantly composed of O 2p and Bi 6s states,
while the conduction band minimum (CBM) is mainly formed
by V 3d states, which is consistent with previous reports.33 The
theoretically calculated value of the band gap is smaller than
the experimental value (2.4 eV), which can be ascribed to the
well-known shortcomings of the GGA functional.34 Although the
values are underestimated, the relative trend and regularity of
these values are reliable.35 As shown in Fig. 1c, the DOS of the
(110) facet is more localized than that of the (101) facet. Theo-
retically, the increase of the overlap degree between the inter-
acting orbitals is conducive to increasing the mobility of
photogenerated carriers and promoting the separation of
charges.36 The more localized DOS indicates less overlap
between interacting orbitals, implying less possibility of charge
transfer and separation.28 Therefore, the charge separation
ability of {101} facets may be better than that of {110} facets.
Moreover, according to Fig. 1c and the frontier orbital theory,
the Bi 6s orbital plays the major role in the (010) and (101)
facets, and the V 3d orbital plays the major role in the (110)
facet. Thus, the charge transfer mode between (010) and (101)
facets may be Bi–O–Bi, while the charge transfer mode between
(010) and (110) facets may be Bi–O–V. There is hybridization
between Bi 6s and O 2p orbitals (Fig. S2†), and the charge
19702 | J. Mater. Chem. A, 2022, 10, 19699–19709
transfer between Bi and Bi is homogeneous, which makes the
charge transfer in Bi–O–Bi much easier than that in Bi–O–V.
Therefore, the charge transfer ability between {010} and {101}
facets is stronger than that between {010} and {110} facets.
Furthermore, because the dri velocity of carriers is inversely
proportional to the effective mass, a lower effective mass
implies more efficient charge transfer, and it is reasonable to
use the effective mass to evaluate the separation ability of
photogenerated electrons and holes.37 The effective mass of
electrons ðm*

eÞ and holes ðm*
hÞ of (101) and (110) facets was

calculated from the curvatures of the band structures (Fig. S3†).
As shown in Fig. 1d, the m*

e and m*
h of the (101) facet were

slightly smaller than those of the (110) facet. Thus, the (101)
facet has a higher charge transfer ability than the (110) facet and
is more likely to reach the surface reaction sites, thereby
enhancing the photocatalytic activity.

The DFT results presented above revealed that for m-BiVO4,
the {101} facets had stronger BnNH2 adsorption ability and
charge separation ability than {110} facets, stimulating us to
synthesize m-BiVO4 with highly exposed {101} facets.

As widely recognized, the exposed facets largely depend on the
nucleation and growth behaviors along different directions
during crystal growth. The colloidal synthesis method is
a promising strategy, which can precisely control the size and
morphology of the materials in a cost-effective and easily scaled
up way.38 Notably, reverse micelles are favorable for the synthesis
of nanoparticles because they can solubilize relatively large
amounts of water and the internal water core is in the nanometer
range and can be controlled.39 In addition, micelles can be
deformed and change into different shapes, making it possible to
synthesize crystals with different shapes.39 Thus, a precisely
controlled colloidal two-phase method was used to synthesize Q-
BiVO4 with highly exposed {101} facets, using oleic acid (OA) and
oleylamine (OLA) as surfactants, which can form micelles in the
reaction system. The reaction device used to synthesize Q-BiVO4

is shown in Fig. S4.† The formation mechanism andmorphology
evolution of the formation process at different stages of Q-BiVO4

are schematically depicted in Fig. 2. Bi3+ could be dissolved in the
octadecene (ODE) solvent in the presence of OA and OLA. When
the V5+ precursor was introduced into the reaction system, water-
in-oil (W/O) reverse micelles could be quickly obtained. Since the
solubility of Bi3+ in the water phase is higher than that in oil, it
can be smoothly transferred to the inner aqueous cores of the
reverse micelles. Thus, Bi3+ and V5+ could react rapidly to form
small BiVO4 nanoparticles as seeds (Fig. S5a†). Then the reverse
micelles dissociated, and the surfactants selectively adsorbed on
the surface of BiVO4 nano-seeds, forming surfactant-BiVO4 nano-
seed complexes. Subsequently, the complexes self-assembled
into fusiform BiVO4 nanocrystals (Fig. S5b†). However, due to the
mutual repulsion of the hydrophobic tails of the surfactants, the
other surfactant–BiVO4 nano-seed complex tended to align in the
opposite direction. Meanwhile, the hydrophobic effect of the
surfactant tails drove the complexes to reassemble into an
ordered structure, thereby exposing different crystal facets and
forming the quadrangular nanoprisms (Fig. S5c and d).† Thus,
the formation of Q-BiVO4 follows a “reverse micelle formation,
ion transfer, seed formation, self-assembly and reassembly”
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Schematic illustration of the formation of monoclinic Q-BiVO4 prepared through a colloidal two-phase method: reverse micelle
formation, ion transfer, seed formation, self-assembly and reassembly.
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process. The formation of reverse micelles and the selective
adsorption, mutual repulsion, and the hydrophobic effect of
surfactants provide the driving forces for the formation of
Q-BiVO4.

The morphology of Q-BiVO4 was characterized by using
a eld emission scanning electron microscope (FESEM) and
Fig. 3 (a) FESEM image of Q-BiVO4. (b–d) TEM and HRTEM images o
rectangle region in d). (f) The schematic illustration of Q-BiVO4. (g and h

This journal is © The Royal Society of Chemistry 2022
transmission electron microscope (TEM). As shown in Fig. 3a,
b and S6,† the as-prepared Q-BiVO4 has a quadrangular nano-
prism shape with an average length of 200 nm, width of 100 nm
and thickness of 100 nm. The detailed structures of Q-BiVO4

were further investigated by high-resolution transmission
electron microscopy (HRTEM). As shown in Fig. 3c and d, the
f Q-BiVO4. (e) The corresponding SAED pattern of Q-BiVO4 (the red
) FESEM images of D-BiVO4. (i) The schematic illustration of D-BiVO4.

J. Mater. Chem. A, 2022, 10, 19699–19709 | 19703
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lattice fringes with lattice spacing of 0.292 nm and 0.308 nm are
consistent with the (040) and (121) facets of m-BiVO4, respec-
tively. HRTEM images (Fig. 3c and d) exhibit a uniform grid of
stripes, suggesting that Q-BiVO4 has a well-crystallized struc-
ture. The clear diffraction spot with good alignment of the
selected area electron diffraction (SAED) pattern indicates the
single crystal structure of Q-BiVO4 (Fig. 3e). The surface angle of
58.2� is consistent with the theoretical value of the angle
between (020) and (121) facets of the monoclinic structure. The
angle of 31.8� corresponds to the ideal angle between (101) and
(121) facets of the monoclinic structure. The angle between
(020) and (101) facets is 90�, which gives a direct proof that the
as-prepared Q-BiVO4 is regular quadrangular nanoprisms.
Accordingly, other facets can be subsequently dened, as shown
in Fig. 3f. Therefore, two different types of crystal facets, {010}
and {101}, can be identied in Q-BiVO4. The elemental mapping
image of Q-BiVO4 (Fig. S7†) indicates that Bi, V, and O are all
uniformly distributed throughout the entire Q-BiVO4. In order
to explore the inuence of {101} and {110} facets of m-BiVO4 on
the photocatalytic performance, conventional D-BiVO4 was
introduced as the control group. D-BiVO4 was synthesized by
a conventional hydrothermal method according to previous
literature with some modications.24,40 FESEM micrographs
(Fig. 3g and h) show that D-BiVO4 has a decahedral morphology
with the top and bottom at surfaces dened as {010} facets,
and the isosceles trapezoidal sides dened as {110} facets,
respectively (Fig. 3i).24,41 The X-ray power diffraction (XRD)
pattern and Raman spectra further demonstrate the pure
monoclinic phase of Q-BiVO4 and D-BiVO4 (JCPDS le no. 14-
0688) (Fig. S8†). The chemical states of Q-BiVO4 and D-BiVO4

have been determined by X-ray photoelectron spectroscopy
(XPS) (Fig. S9 and S10†).

The effect of {101} and {110} facets of the BiVO4 samples on
the photocatalytic activity was evaluated by the BnNH2 oxida-
tion experiment, which was carried out under visible light
irradiation (l > 420 nm) for 4 hours in ACN solution. Fig. 4a
shows the reaction scheme for photocatalytic oxidation of
BnNH2 to N-benzylidenebenzylamine (N-BB) on BiVO4 samples.
As shown in Fig. 4b, no N-BB was detected in the absence of
light irradiation or catalyst, indicating that the observed activ-
ities were truly from photocatalysis. In addition, according to
Fig. S11,† the conversion efficiencies of the thermal reaction
were signicantly lower than those under light irradiation,
conrming that it is light irradiation rather than the thermal
process that drives the BnNH2 oxidation reaction. As shown in
Fig. 4b, D-BiVO4 only exhibited a conversion efficiency of 48.5%
with a selectivity of 95%. However, Q-BiVO4 displayed
a conversion efficiency of 98.3% with a selectivity of 98.7%,
which was greatly enhanced under the identical conditions. The
BnNH2 conversion efficiency on Q-BiVO4 was 2.03 fold higher
than that on D-BiVO4. Additionally, neither the conversion
efficiency nor the selectivity on Q-BiVO4 was found to be
signicantly decreased aer ve cycles (Fig. 4c). Besides, there
were no obvious changes in the SEM images, XRD pattern and
Raman spectra of Q-BiVO4 aer the cycling experiments
(Fig. S12†). These results conrmed the excellent stability of Q-
BiVO4. More impressively, as shown in Fig. 4d, e and S13,† the
19704 | J. Mater. Chem. A, 2022, 10, 19699–19709
detailed kinetic experiments for photocatalytic BnNH2 oxida-
tion exhibited that benzaldehyde was a reaction intermediate,
which can immediately condense with BnNH2 to generate N-BB.
However, if the light irradiation time goes beyond the time
required to reach 100% yield, the N-BB product will be over-
oxidized to benzaldehyde, thus, the photocatalytic BnNH2

oxidation reaction cannot reach 100% yield.
To further verify that it is the exposed crystal facets rather

than the particle size or the specic surface area that are the key
factor leading to differences in the photocatalytic performance
of Q-BiVO4 and D-BiVO4, well-crystallized nano-BiVO4 without
the crystal facet orientation but with a similar size to Q-BiVO4,
was introduced for comparison. As shown in Fig. S14 and S15,†
the monoclinic nano-BiVO4 was irregular in shape and was an
aggregate composed of 100–200 nm BiVO4 nanoparticles. The
chemical states of nano-BiVO4 have been characterized by XPS
(Fig. S16†). Notably, the BnNH2 conversion efficiency of Q-BiVO4

(98.3%) was 4.45 fold higher than that of nano-BiVO4 (22.1%)
(Fig. 4b and S17†). Additionally, the turnover frequency (TOF) of
Q-BiVO4 (0.786 h�1) was much higher than that of nano-BiVO4

(0.177 h�1), D-BiVO4 (0.373 h�1), and some other catalysts that
have been previously reported (Table S1†). Moreover, the Bru-
nauer–Emmett–Teller (BET) specic surface areas and pore
sizes of Q-BiVO4 and nano-BiVO4 were determined by using N2

adsorption–desorption isotherms (Fig. S18 and Table S2†).
Although nano-BiVO4 has larger specic surface area than Q-
BiVO4, the photocatalytic activity was much lower than that of
Q-BiVO4. Therefore, the effect of the specic surface area was
excluded. According to the Raman spectra (Fig. S19†), compared
with nano-BiVO4, the peak at about 830 cm�1 for Q-BiVO4 shis
to a higher frequency, corresponding to a shorter bond length.36

A shorter V–O bond length means greater distortion of the
VO4

3� tetrahedron, leading to greater overlap between the Bi 6s
and O 2p orbitals, which increases the mobility of holes and
promotes the separation of photogenerated electron–hole pairs.
Besides, the distortion of the VO4

3� tetrahedron can induce
a local internal electric eld, which is favorable for the separa-
tion of photogenerated carries. Therefore, the differences in the
crystal structures of Q-BiVO4 and nano-BiVO4 lead to differences
in their morphologies and exposed crystal facets, and thus
cause differences in reactivity.

Furthermore, to exclude the inuence of oxygen vacancies
(VO), the low-temperature electron spin resonance (ESR) spectra
were obtained (Fig. 4f). The BiVO4 samples exhibited the ESR
signals at g ¼ 2.001, which can be assigned to VO.42,43 However,
there is little difference in the ESR signal intensity of the BiVO4

samples, indicating that the difference in photocatalytic
performance of the BiVO4 samples is not caused by VO.

Notably, to deeply understand the mechanism of photo-
catalytic BnNH2 oxidation, the active species trapping experi-
ments were carried out. 1,4-Benzoquinone (BQ), ammonium
oxalate (AO) and carbon tetrachloride (CCl4) were used as
scavengers for superoxide radicals (cO2

�), holes (h+) and elec-
trons (e�), respectively.44–47 The N-BB production in the pres-
ence of BQ, CCl4 and AO is dramatically decreased (Fig. 4g),
suggesting that cO2

�, e� and h+ all play important roles in the
photocatalytic process. As O2 plays a crucial role in the
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Reaction scheme for photocatalytic BnNH2 oxidation. (b) Photocatalytic BnNH2 oxidation under different conditions. (c) The stability
and recyclability of Q-BiVO4. (d) The complete GC-MS-FID traces for photocatalytic BnNH2 oxidation on Q-BiVO4 after light irradiation for
different times. (e) The GC-MS-FID traces for photocatalytic N-BB oxidation on Q-BiVO4 after light irradiation for 0 h and 4 h. Reaction
conditions: 10 mg Q-BiVO4, 5 mL 13.8 mM N-BB in ACN, 300 W Xenon lamp (l > 420 nm), O2 (1 atm). (f) Low-temperature ESR spectra of Q-
BiVO4, nano-BiVO4 and D-BiVO4, respectively. (g) The photocatalytic performance of Q-BiVO4 in the presence of different radical scavengers.
(h) The effect of different oxygen concentrations on photocatalytic performance using Q-BiVO4 as the catalyst. ESR spectra of (i) DMPO-cO2

�

and (j) TEMPO-h+ adducts for Q-BiVO4 in the dark and under light irradiation.
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photocatalytic process, three experiments were carried out to
investigate the effect of oxygen concentration on photocatalytic
activity. As shown in Fig. 4h, Q-BiVO4 in an O2 atmosphere
exhibits the highest conversion efficiency, while the conversion
efficiency gradually decreases as the oxygen concentration
decreases, indicating that the conversion efficiency of BnNH2 is
greatly dependent on the oxygen concentration. In order to
further conrm the generation of these active species in the
photocatalytic system, ESR tests were performed. DMPO and
TEMPO were used as the spin-trapping agents to identify cO2

�

and h+, respectively.47–50 Six characteristic peaks of DMPO-cO2
�

adducts were observed in the Q-BiVO4 methanol suspension
under visible light irradiation, but only extremely weak signals
were detected in the dark (Fig. 4i). Besides, the intensity of these
characteristic peaks was signicantly enhanced as the light
irradiation time increased. These results conrmed the gener-
ation of cO2

�. In addition, h+ was also detected. The signal
intensity of TEMPO-h+ adducts was very strong in the dark
(Fig. 4j). However, the intensity of these characteristic peaks
gradually decreased with increasing illumination time,
This journal is © The Royal Society of Chemistry 2022
conrming the generation of h+. The ESR results agreed well
with the scavenging experiments (Fig. 4g).

The light-absorption ability of the catalyst is one of the main
factors affecting the photocatalytic performance. UV-vis diffuse
reectance spectroscopy (DRS) was employed to characterize
the band gaps and light-absorption capability of the BiVO4

samples (Fig. 5a). Q-BiVO4, nano-BiVO4 and D-BiVO4 exhibited
the inherent absorption with an absorption edge at about 498
nm, 486 nm and 515 nm, respectively. According to the
Kubelka–Munk function,51 the band gap energies (Eg) of the
BiVO4 samples were calculated (Fig. S20†). To investigate the
band structures of the samples, VB-XPS spectra were recorded
(Fig. 5b). The VB-XPS of Q-BiVO4, nano-BiVO4 and D-BiVO4 were
1.60 eV, 1.62 eV and 1.83 eV, respectively, denoting the distance
between the Fermi level and valence band edge (VB). By
combining the at-band potential calculated from the Mott–
Schottky plots (Fig. S21†), the valence band and conduction
band were calculated. Correspondingly, the band structures of
the BiVO4 samples can be determined (Fig. 5c). The potential of
the conduction band in BiVO4 samples is more negative than
J. Mater. Chem. A, 2022, 10, 19699–19709 | 19705
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Fig. 5 (a) DRS spectra, (b) VB-XPS spectra, and (c) the band structures of Q-BiVO4, nano-BiVO4 and D-BiVO4, respectively. (d) LSV curves of Q-
BiVO4, nano-BiVO4 and D-BiVO4 in the dark and under light irradiation. (e) Transient photocurrent responses of the BiVO4 samples (all the
photoelectrochemical measurements were performed by spin-coating the BiVO4 samples on FTO glass substrates as the working electrode).
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the standard redox potential of O2/cO2
� (�0.33 eV vs. NHE47), so

electrons in the conduction band can react with O2 to produce
cO2

�. Meanwhile, the potential of the valence band in BiVO4

samples is more positive than the standard redox potential of
[BnNH2]c

+/BnNH2 (0.86 V vs. NHE in ACN10), so holes in the
valence band can oxidize BnNH2. Thus, the BiVO4 samples can
induce the generation of h+ and cO2

� radicals simultaneously,
which is consistent with the active species trapping experiments
and ESR results (Fig. 4).

To verify that the specic exposed facets have a great inu-
ence on the charge separation ability, photoelectrochemical
measurements were carried out. The BiVO4 samples were spin-
coated on clean FTO glass substrates to be used as the working
electrodes. As shown in Fig. 5d, Q-BiVO4 exhibits a higher
current density than nano-BiVO4 and D-BiVO4 under light
irradiation. Q-BiVO4 yields a photocurrent density of 0.511 mA
cm�2 at 1.23 VRHE, which is comparable to that of BiVO4

samples directly grown on FTO glass substrates, and is about
30.1 and 16.5 times higher than that of nano-BiVO4 (0.017 mA
cm�2) and D-BiVO4 (0.031 mA cm�2), respectively. Fig. 5e shows
a comparison of the transient photocurrent response of the
BiVO4 samples. Conspicuously, a sharp increase of the response
current over Q-BiVO4 can be observed, implying the efficient
separation of photogenerated electron–hole pairs on Q-BiVO4.
Therefore, Q-BiVO4 with highly exposed {101} facets possesses
excellent charge separation ability, thus, the exposed {101}
facets play a crucial role in charge separation.

To further understand the effect of the exposed facets on
carrier separation, it is necessary to monitor the charge transfer
between Q-BiVO4 and the reactant molecules. However, it is
challenging to monitor the charge transfer during the BnNH2

oxidation. Single-particle spectroscopy is a powerful tool to
19706 | J. Mater. Chem. A, 2022, 10, 19699–19709
investigate the generation, transfer and recombination mech-
anism of carriers at the single nanoparticle level.52–54 Notably,
when charge transfer occurs, the photoluminescence (PL)
intensity and lifetime will change correspondingly. Thus, the
single-particle PL measurement is an ideal approach to reect
the interaction between Q-BiVO4 and the reactant molecules
during the photocatalytic process in situ. The confocal micro-
scope system congured with a special sample cell was used
(Fig. S22†). The well-dispersed Q-BiVO4 was spin-coated on the
clean quartz cover glasses and then the corresponding reactants
were gently added to the cell. As shown in Fig. 6a and b, the PL
intensity signicantly decreased aer adding ACN and BnNH2

to the cell. Since the size of the laser spot in single-particle
spectroscopy is larger than that of Q-BiVO4, only the shape of
the laser spot can be detected in the PL images, resulting in the
morphology of Q-BiVO4 measured in the PL images being
inconsistent with the SEM and TEM images. Fig. 6c shows the
representative PL spectra of an individual BiVO4 NR at the
position numbered “1”. The broad PL spectra appeared in the
480–800 nm range with the center at about 650 nm, which can
be ascribed to the recombination of electrons and holes trapped
at the crystalline defects.40 Compared with exposure to air, the
PL intensity and peak position of the single BiVO4 NR had no
apparent change when ACN was dripped into the cell, while the
PL intensity drastically decreased aer introducing BnNH2 into
the system. Similar results were also obtained from other
particles numbered “2” and “3” on the same quartz cover glass
for Q-BiVO4 (Fig. S23†). These results indicate that there is
almost no charge transfer between Q-BiVO4 and ACN, and ACN
only acts as a solvent, but there is efficient charge transfer
between Q-BiVO4 and BnNH2 which suppresses the radiative
charge recombination in Q-BiVO4. Additionally, the PL lifetime
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 PL images of Q-BiVO4 dispersed on quartz cover glass (a)
before adding ACN and BnNH2 to the cell, and (b) after adding ACN
and BnNH2 to the cell. (c) PL intensity spectra and (d) PL decay profiles
of individual Q-BiVO4 as numbered “1” in (a and b). (e) The PL
quenching efficiency (%) of Q-BiVO4 and nano-BiVO4 after dripping
ACN and BnNH2 into the cell (they were calculated from the average
value of the quenching efficiencies at the measuring points).

Fig. 7 Schematic illustration of the proposed feasible reaction
mechanism for photocatalytic BnNH2 oxidation to N-BB on Q-BiVO4.
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of a single BiVO4 NR exposed to air is 1.71 ns, while it becomes
2.69 ns aer adding ACN and BnNH2 to the cell (Fig. 6d), further
conrming the efficient charge transfer between Q-BiVO4 and
BnNH2. Moreover, to further conrm the importance of the
specic exposed facets in carrier separation, the single-particle
PL spectra of irregular nano-BiVO4 were measured. Aer adding
ACN and BnNH2 to the cell, the PL intensity of nano-BiVO4

decreased slightly (Fig. S24†). When ACN and BnNH2 were
dripped into the system, the PL intensity of nano-BiVO4 was
quenched by about 39.7%, which was much lower than the PL
quenching efficiency of Q-BiVO4 (66.7%) (Fig. 6e), indicating
that the carriers were more efficiently separated in Q-BiVO4 and
there are more photogenerated holes reacting with BnNH2 in Q-
BiVO4 to give a higher conversion efficiency for photocatalytic
BnNH2 oxidation than in nano-BiVO4, corresponding to the
photocatalytic BnNH2 oxidation performance (Fig. S17†). The
thickness of D-BiVO4 is in the micron level, and it is difficult for
laser focusing, which may result in inaccurate test results, thus
the single-particle PL spectra of D-BiVO4 were not measured.

Based on the above results and analysis, a plausible mecha-
nism was proposed for the photocatalytic BnNH2 oxidation on Q-
BiVO4 as illustrated in Fig. 7. BnNH2 molecules can be well
adsorbed on the surface of Q-BiVO4 to form a surface complex (I).
Under visible light irradiation, Q-BiVO4 is excited to generate
electron–hole pairs. The adsorbed BnNH2 molecules are oxidized
by photogenerated holes in the valence band to produce ben-
zylamine cation-radical (II). Oxygen molecules react with photo-
generated electrons in the conduction band to produce
superoxide radicals (cO2

�), and then the intermediate II reacts
with cO2

� to form the phenylmethanimine intermediate (III) and
H2O2.12,55 The formation of H2O2 during the photocatalytic
This journal is © The Royal Society of Chemistry 2022
process was conrmed by iodometry (Fig. S25†). The interme-
diate III will be hydrolyzed by trace amounts of water generated
during the reaction and subsequently convert to benzaldehyde,
which can further condense with BnNH2 to generate the desired
N-BB (Fig. S13b†).2 The intermediate III may also couple with
another BnNH2 molecule to form the corresponding N-BB.12

Conclusions

In summary, the preparation of monoclinic Q-BiVO4 with highly
exposed {101} facets was realized by a precisely-controlled
colloidal two-phase method. The as-prepared Q-BiVO4 exhibited
superior photocatalytic activity with a BnNH2 conversion effi-
ciency of 98.3%, about 2.03 fold higher than that of D-BiVO4.
The photocurrent density of Q-BiVO4 was 0.511 mA cm�2 at 1.23
VRHE, about 16.5 times higher than that of D-BiVO4. DFT
calculations and the experimental results demonstrate that the
excellent activity of Q-BiVO4 comes from several synergetic
effects. First, the strong BnNH2 adsorption ability of {101} facets
promotes the subsequent BnNH2 oxidation process. Moreover,
a greater overlap degree between the interacting orbitals, the
lighter effective masses of photogenerated electrons and holes
of {101} facets, and the Bi–O–Bi charge transfer mode between
{101} and {010} facets contribute to the signicantly enhanced
charge separation efficiency. More importantly, the interaction
between Q-BiVO4, ACN and BnNH2 was explored in situ by using
the single-particle PL spectra, indicating that ACN only acts as
a solvent and there is efficient charge transfer between Q-BiVO4

and BnNH2. This work provides a deep understanding of the
interaction between Q-BiVO4 and the reactant molecules, and
offers guidance to design efficient and morphology-tailored
photocatalysts for organic transformations.
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