
Nanoscale

PAPER

Cite this: Nanoscale, 2020, 12, 21869

Received 9th July 2020,
Accepted 1st October 2020

DOI: 10.1039/d0nr05128d

rsc.li/nanoscale

Visible light-driven oxidative coupling of
dibenzylamine and substituted anilines with a
2D WSe2 nanomesh material†
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A novel 2D WSe2 nanomesh material was synthesized with a 3D SBA-15 mesoporous material via a nano-

casting strategy. The formation of the 2D sheet-like nanomesh structure of WSe2 inside a 3D confined

pore space is mainly attributed to the synergistic effect arising from the crystal self-limitation growth

caused by the layered crystal structure of the WSe2 material and to the space-limitation effect coming

from the unique pore structure of the SBA-15 template. The 2D WSe2 nanomesh material possesses

extremely high exposure of crystal layer edges, making it an excellent photocatalyst. It shows good visible

light-driven photocatalytic performance in oxidative coupling of dibenzylamine and 2-amino/hydroxy/

mercaptoanilines to prepare a group of heterocyclic compounds, including benzimidazoles, benzox-

azoles and benzothiazoles with oxygen as the sole oxidant. A gram-scale experiment was also carried out

to exhibit the scope of this method.

Introduction

Photocatalytic organic syntheses, especially those driven by
visible-light, have attracted wide research interest from both
academic and industrial communities, because they are
usually much greener compared to conventional organic
chemical synthesis processes both in chemistry and energy.1–7

From the beginning, dyes and ligands containing precious
metal ions have been used as photocatalysts.8–11 However, the
stability of dyes and ligands limited their long-term operation,
and the inclusion of precious metals such as ruthenium also
restricted their practical applications. Recently, inorganic
semiconductors were used as more promising photocatalysts.
They avoided the use of precious metals and possessed much
higher stability compared to organic dyes.12–15 In addition,
they were more easier to separate from the reaction system
after operation and more convenient to reuse. However, the
most widely used inorganic semiconductor photocatalysts,
TiO2, can only utilize UV light. Also, the strong oxidizing capa-
bility of TiO2 made it unsuitable for organic synthesis because
it can further oxidize most organic species to CO2.

Among the typical inorganic photocatalysts, transition
metal dichalcogenide (TMD) materials, such as MoS2, MoSe2
and WS2, are very suitable for photocatalytic organic syntheses.
The narrow band gaps make them utilize visible light or even
part of the near-infrared light as the energy source, which is
the major part of the solar spectrum.16 Their moderate valence
and conduction band positions provide gentle reduction and
oxidation capabilities.16 In addition, the band structures of
some TMD materials, such as WSe2, are quite special. In these
materials, transition electrons mainly come from the d-orbital
electrons of metal elements rather than from the valence elec-
trons of chalcogenide elements, which greatly improves the
photo-corrosion resistance by decreasing the possibility of self-
oxidation of chalcogenide elements.17 In 2018, Song et al. syn-
thesized ultrathin WSe2 nanosheets as visible light-driven
photocatalysts, which showed excellent catalytic activity for the
aerobic oxidation of amines to imines under an air atmo-
sphere.18 In 2016, Kim et al. prepared monolayer WS2
nanosheets via a modified liquid exfoliation method, and they
exhibited excellent photocatalytic activities in the oxidative
reaction of amines.19 Most of these studies focused on simple
molecules, but research studies on the synthesis of complex
heterocyclic compounds via photocatalytic oxidative coupling
processes are still rarely reported.

TMD materials possess catalytic activity in various reac-
tions, such as the oxidative reaction,19 hydrogenation reac-
tion,20 and hydrogen evolution reaction (HER).21 In most of
these catalytic applications, the crystal layer edge sites of
TMDs, rather than their basal plane sites, have been identified
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as catalytically active sites by both DFT calculations and experi-
ments.22 For example, in 2007, Chorkendorff et al. proved that
when monolayer MoS2 nanosheets were used as catalysts for
the hydrogen evolution reaction, catalytically active sites did
exist only at the edge of the lattice layer of MoS2, and the
atoms in the basal planes were inert, which was consistent
with the theoretical prediction.23 Very recently, Ma et al. devel-
oped MoS2 catalysts of sublimation-induced sulfur vacancies
as hydrogenation catalysts for the one-pot reductive amination
of nitro compounds with aldehydes to synthesize secondary
amines.20 The experimental results and DFT calculations both
showed that S vacancies on the crystal layer edges were the
active sites. Therefore, it has been widely accepted that an
increase in the exposure rate of crystal layer edges on a TMD
catalyst can greatly improve the reactivity in these catalytic pro-
cesses. However, the large-scale synthesis of TMDs with high
exposure of crystal edges is still a great challenge because of
the strong crystal growth trend of reducing high energy crystal
layer edges during catalyst fabrication.

Based on our previous work,24,25 we reported here a novel
and large-scale synthesis of a 2D WSe2 nanomesh with
arranged nanoholes by using a 3D mesoporous silica
SBA-15 material as the hard template via a nanocasting strat-
egy.26 The high density nanoholes endow the WSe2 nanomesh
with extremely high exposure of crystal layer edges. In
addition, with the appropriate band structure, it shows a
stable and efficient photocatalytic property in the oxidative
coupling of dibenzylamine and 2-amino/hydroxy/mercaptoani-
lines with oxygen as the oxidant and water as the sole solvent
to prepare benzimidazoles, benzoxazoles and benzothiazoles,
which have various activities such as anticancer, anti-
inflammatory, antianxietic, antibiotic, antidepressant, antitu-
mor and antiparkinsonian activities.27–29 This new photo-
catalyst provides a much greener synthesis method for these
products because it does not use organic solvents or toxic
oxidants as in conventional thermochemical methods, which
usually require harsh dehydrating conditions or oxidative
cross-couplings.30–32

Results and discussion
Characterization of SBA-15

In this work, mesoporous silica SBA-15 was fabricated by fol-
lowing the conventional hydrothermal method in the first
step, and it was used as a hard template for the synthesis of a
WSe2 nanomesh via a nanocasting strategy in the second step.
The small-angle XRD pattern (Fig. 1a) of the SBA-15 template
exhibits five well-resolved diffraction peaks at 2θ = 0.89, 1.53,
1.74, 2.32 and 2.66° in the 2 theta range of 0.5 to 5.0°, which
can be indexed to the (100), (110), (200), (300), and (220) diffr-
actions, respectively, which are characteristic of mesoporous
silica materials with highly ordered two-dimensional p6mm
hexagonal symmetry.33 The cell parameter (a) of the mesos-
tructure can be estimated from the d100 value according to the
equation a = 2 × d100/√3, which is 11.4 nm in this case.34 The

wide angle XRD pattern (Fig. 1b) of the mesoporous silica
SBA-15 material exhibits only a weak and broad diffraction
peak at a 2θ value of approximately 22°, because the silica pre-
pared by the sol–gel process is always in an amorphous state
as reported in the literature.

The SBA-15 template material exhibits a good regular hexag-
onal array of uniform channels as revealed by its TEM and
SEM images (Fig. S1a and S1b†), which confirms the highly
ordered mesoporous structure of the SBA-15 template, agree-
ing with the XRD analysis results.35 The SEM images reveal
that the mesoporous silica SBA-15 material consists of rope-
like building blocks with a relatively uniform size of 1.10 to
1.33 µm, which are fused into a wheat-like macrostructure as
in the literature.35

The N2 adsorption–desorption isotherms of SBA-15
(Fig. S1c†) exhibit type IV isotherms with a H1 hysteresis loop
related to the capillary condensation step, characteristic of
mesoporous materials with highly uniform pore size distri-
butions.36 The specific surface area and the mean pore size
(Fig. S1d†) are calculated to be 550 m2 g−1 and 7.7 nm, respect-
ively, by using the Brunauer–Emmett–Teller (BET) and the
Barrett–Joyner–Halenda (BJH) methods. The pore wall thick-
ness of SBA-15 is 3.7 nm, which is obtained by subtracting the
mean pore size from the cell parameter a. The pore volume of
SBA-15 is estimated to be 1.21 cm3 g−1, which is slightly larger
than that of the conventional SBA-15 because the hydro-
thermal temperature in this work (120 °C) is higher than that
in most literature studies (100 °C).

Fig. 1 (a) Small-angle XRD pattern of SBA-15; (b) wide angle XRD
pattern of the WSe2 nanomesh and SBA-15.
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Characterization of the WSe2 nanomesh

The metal tungsten precursor, ammonium metatungstate
(AMT), was filled inside the pore space of the SBA-15 template
after dissolving in water. It was then converted to WSe2 by
hydrogen selenide (H2Se) at 700 °C inside a tube furnace. H2Se
was in situ formed inside the tube furnace by the reaction
between selenium powder and a continuous hydrogen gas flow
at high temperature. After the reaction, the hard template
SBA-15 was removed by NaOH aqueous solution.

The wide angle XRD pattern (Fig. 1b) of the WSe2 nano-
mesh exhibits clear diffraction peaks at 13.6, 31.4, 37.8, 41.7,
47.4, 55.9, 57.8, 65.8, 69.5, and 72.1°, which can be indexed to
the (002), (100), (103), (006), (105), (110), (112), (200), (203),
and (116) planes of the hexagonal phase of 2H-WSe2 (JCPDS
card 38-1388). No diffraction peaks from metal tungsten, tung-
sten oxides, or selenium are observed in the final product,
indicating that all the tungsten precursor is converted to
2H-WSe2 and no selenium is left in the product. Before the
reaction, an excess amount of selenium was mixed with the
SBA-15 and tungsten precursor to ensure a full conversion of
AMT. During the high temperature treatment, a part of sel-
enium powder was consumed by reacting with the tungsten
precursor to form WSe2, and the others escape from the reac-
tion zone in the form of H2Se under the assistance of a con-
tinuous hydrogen gas flow. Therefore, no selenium was left in
the container after the reaction, although Se powder was
heavily overdosed in the beginning. In another word, in the
final stage of the heat treatment, the WSe2 product had been
treated in a pure hydrogen gas flow at high temperature after
all residue selenium was removed from the reaction zone.

The STEM, the SEM and the TEM images (Fig. 2a, b and c)
all clearly reveal that the WSe2 product possesses a 2D plane
morphology with a nanomesh structure, i.e. a two-dimensional
plane with arranged nanoholes. The nanoholes are in the form
of strips with randomly distributed partition rods. From
another point of view, the nanomesh structure can also be
described as a parallel WSe2 strip array with equal intervals,
and the strips are connected to other strips next to them with
short WSe2 rods, to form a 2D nanomesh structure. The width
of the WSe2 strips is very close to 7.7 nm, which corresponds
with the pore diameter of the SBA-15 hard template, while the
length of the strips ranges from 100 nm to more than 800 nm.
The interval between the strips is always approximately
3.7 nm, which corresponds with the wall thickness of the
SBA-15 hard template. The EDS elemental mappings (Fig. 2f)
indicate that the distributions of W and Se are homogeneous,
and there are no other impurities.

In the HRTEM image (Fig. 2d), the well-resolved lattice
fringes confirm that the WSe2 are well crystallized. The image
also indicates that the c-axis of the WSe2 crystal is perpendicu-
lar to the nanomesh plane. The selective area electron diffrac-
tion (SAED) pattern (Fig. 2e) of a single nanomesh plane
shows a hexagonal patterned spot array, indicating that the
nanomesh is composed of a single crystal WSe2 and the c-axis
of the crystal is perpendicular to the nanomesh plane, which

agrees with the results revealed by HRTEM observation. The
spots are slightly dispersed because the single crystal nano-
mesh is full of nanosized holes, which brings plenty of crystal
defects in the single crystal nanomesh and produced more
active sites. This unique structure characteristic means that all
the edges of the holes are composed of the crystal layer edges
of the WSe2 material. The thickness of the nanomesh is
approximately 7 nm, almost the same as the width of the WSe2
strips in the nanomesh, which means almost half of the
surface of the nanomesh is composed of crystal layer edges
and the other half is composed of the basal plane of the WSe2
crystal. This is an extremely high exposure rate of the active
sites for TMDs.

The N2 adsorption–desorption isotherms (Fig. S2†) of the
WSe2 nanomesh exhibit no capillary condensation steps,
agreeing with the fact that the nanomesh does not have any
uniform deep mesopore. The specific surface area is evaluated
to be 9.7 m2 g−1 for the WSe2 nanomesh, via the BET method.
The chemical composition and valence states of the products
are investigated by XPS analysis (Fig. 3a). The W 4f spectrum
contains two main peaks at 32.4 eV and 34.5 eV, which are in
agreement with W 4f7/2 and W 4f5/2 of WSe2, suggesting the

Fig. 2 (a) STEM image of the WSe2 nanomesh; (b) SEM image of the
WSe2 nanomesh; (c) TEM image of the WSe2 nanomesh; (d) HRTEM
image of the WSe2 nanomesh; (e) SAED pattern of the WSe2 nanomesh;
(f ) EDS elemental mappings of W and Se.
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presence of W4+ in the product.37 A weaker and broader peak
at 38.1 eV is also detected, which can be ascribed to the W
4f3/2 peak. The absence of any peak between 35 and 37 eV indi-
cates that there is no W6+ species, further confirming the com-
plete conversion of the AMT precursor to the WSe2 product.
The Se 3d spectrum (Fig. 3b) exhibits two peaks at 54.6 eV and
55.4 eV, which are assigned to Se 3d5/2 and Se 3d3/2 of the Se(II)
state, respectively.38 It further illustrates that the product is
pure WSe2.

The AFM image and the corresponding height profile of the
WSe2 nanomesh are described in Fig. 4a and b. The edge
height is around 0.7 nm, which is consistent with the height
of monolayer WSe2,

39 indicating that a part of monolayer WSe2
exists in the obtained WSe2 nanomesh. To investigate the
optical absorption properties, the UV-Vis absorption spectra of
the WSe2 nanomesh is depicted in Fig. 4c. There is a broad
absorption spectrum in the wavelength range of 200 to
800 nm, containing four clear absorption peaks at around 241,
334, 556, and 761 nm. The maximum absorption wavelength is
about 334 nm. The band gap of monolayer WSe2 could be
obtained according to the Tauc formula: (αhν)2 = C(hν − Eg),
where α, hν, C and Eg are the absorption coefficient, photo-
energy, a constant and the band gap, respectively.40 Based on
the extrapolation of the linear part of the curve of (αhν)2 versus
hν indicated in Fig. 4d, the band gap Eg of the WSe2 nanomesh
has been deduced to be 2.30 eV. Photoluminescence excitation
spectra (Fig. 4e) of the WSe2 nanomesh describe a maximum
excitation wavelength at around 372 nm, a maximum emission

Fig. 3 XPS patterns of the WSe2 nanomesh: (a) W 4f and (b) Se 3d.

Fig. 4 (a) AFM image of the WSe2 nanomesh; (b) height profile of WSe2 measured along the white line in (a); (c) UV-Vis absorption spectra of the
WSe2 nanomesh; (d) Tauc plot of (αhν)2 versus hν of the WSe2 nanomesh; (e) photoluminescence excitation spectra of the WSe2 nanomesh.
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wavelength at around 442 nm, and a shoulder peak at around
416 nm.

The main pore channel system of the SBA-15 template can
be described as a hexagonally arranged 1D cylindrical pore
channel array (Fig. 5a). These pore channels possess the same
diameter with the same distance between them, i.e. the wall
thickness of the mesoporous silica framework is uniform,
which can be calculated from the XRD result with the nitrogen
sorption analysis result as described above. Besides the main
pore channel system, there are plenty of nanosized secondary
holes existing in the silica wall, which connected these 1D
cylindrical pore channels to form a 3D pore space system.41,42

In some special case, the secondary holes can be intentionally
eliminated. If such an SBA-15 material is used as the hard tem-
plate, the replica synthesized by the nanocasting strategy will
be isolated nanorods (Fig. 5a).43 However, for most general
SBA-15 materials, plenty of these secondary holes exist in their
wall, and the final replica fabricated from them possess an
orderly arranged nanowire array structure, with short nanorods
(replicated from secondary nanoholes) to support the main
nanowire array (replicated from the main cylindrical pore
channels) (Fig. 5b).44,45 Hundreds of papers have been pub-
lished on the fabrication of these types of replica materials
from SBA-15 via the nanocasting strategy.

However, in our case, the WSe2 replica fabricated from a
typical SBA-15 template possess a 2D nanomesh structure
(Fig. 5c) and have never been reported before. The nanomesh
can be described as a 2D parallel strip array with equal inter-
vals, and the strips are connected to other strips next to them
with short WSe2 rods. The widths of the WSe2 strips are all
very close to 7.7 nm, which corresponds with the pore dia-
meter of the SBA-15 hard template. The interval between the
strips is always approximately 3.7 nm, which corresponds with
the wall thickness of the SBA-15 hard template. Based on these

structure characteristics, we can conclude that each piece of
the single crystal WSe2 nanomesh is replicated from one row
of the cylindrical pores (Fig. 5c). The WSe2 strips come from
the main pore channels and the short connections between
the strips come from the secondary pore in the silica wall of
the SBA-15 template.

The formation of such a 2D nanomesh structure inside a
3D mesoporous silica template is mainly attributed to the
natural anisotropy growth trend of TMD materials, which
prefers to form a sheet-like crystal morphology to reduce its
surface energy.46 Recently, it has been reported that WSe2 and
MoSe2 nanomeshes with orderly arranged nanoholes can be
fabricated from the mesoporous silica KIT-6 template, in
which the TMD crystal always tends to grow along the 110
direction of the 3D pore space of the KIT-6 template.26 The
nanomesh fabricated from KIT-6 is also composed of a single
crystal of WSe2 and MoSe2 with their c-axis perpendicular to
the nanomesh planes, the same as in this work. It was believed
that the unique characteristic of the main pore space of KIT-6
is a key parameter for the formation of the nanomesh struc-
ture. The nanomesh solely replicated the structure of the main
pore channel of the KIT-6 template along the 110 direction.
The secondary pore in the silica wall of KIT-6 does not play
any role in this case. Because a continuous 2D space plane can
be provided by KIT-6 only in the 110 direction for the growth
of the 2D TMD crystal. In this work, we found that SBA-15 can
also lead to the formation of the nanomesh structure.
However, in this case, the secondary pore in the silica wall of
SBA-15 plays a very important role. The main pore channel
together with the secondary pore in the silica wall provides a
2D space plane for the growth of the 2D WSe2 crystal. Without
the secondary pore, the replica should be isolated 1D WSe2
nanostrips. This result demonstrates that if a nanoporous tem-
plate can provide a 2D plane pore space, the TMD nanomesh
structure can be synthesized due to the extremely strong trend
of forming the 2D crystal morphology for TMD type materials.

Photocatalytic properties

Heterocyclic compounds with nitrogen-containing rings, such
as benzimidazole, benzoxazole and benzothiazole (Scheme 1),
play important roles in many fields, because the presence of
heteroatoms endows them with plenty of special
functionalities.27–29 A large group of their derivatives have
been demonstrated to have various kinds of biological activi-
ties, leading to many clinical applications, especially in tar-
geted therapy of cancer molecules.47–49 Conventionally, the for-
mation of these nitrogen-containing products is achieved by

Scheme 1 Representative drugs containing benzimidazole, benzox-
azole and benzothiazole skeletons.

Fig. 5 Three types of replica materials from the SBA-15 template by the
nanocasting strategy: (a) isolated nanorods structure; (b) orderly
arranged nanowire array structure with short nanorods; (c) 2D nano-
mesh structure.
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high temperature cyclization of 2-aminoaniline and formic
acid, in which a large amount of NaOH aqueous solution is
needed to adjust the pH of the solution. The high energy con-
sumption and pollution of these traditional synthesis pro-
cesses are considered to be serious problems to achieve a more
ideal green chemistry.

In this work, a more environment-friendly synthesis
approach was developed by using the WSe2 nanomesh as a
reusable heterogeneous photocatalyst and water as the solvent.
Dibenzylamine and 2-amino/hydroxy/mercaptoanilines were
used as raw materials to prepare benzimidazoles, benzoxazoles
and benzothiazoles via a simple visible light-driven photocata-
lysis process. For example, 2-phenylbenzimidazole was syn-
thesized by adding 0.1 mmol of dibenzylamine and 0.2 mmol
of 2-aminoaniline into 0.5 mL of water with WSe2 being dis-
persed in the reaction mixture as the photocatalyst at a setting
temperature (60–100 °C). The reaction was exposed to a simu-
lated sunlight irradiation provided using a 500 W Xe lamp
with O2 as the gas atmosphere for the photocatalytic synthesis
of the target products.

When the reaction was carried out at 60 °C under the simu-
lated sunlight with O2 as the gas atmosphere, the yield of
2-phenylbenzimidazole reached 48%, 61%, 72% and 74%,
after 6 h, 8 h, 10 h and 12 h, respectively (Table 1, entries 1–4).
By slightly increasing the reaction temperature to 80 °C, the
yield could be significantly increased to 99%. Further increas-

ing the reaction temperature to 100 °C, the synthesis could
also be efficiently achieved with high yield, 98% (Table 1,
entries 5 and 6).

In the control tests, only a trace amount of 2-phenylbenz-
imidazole was detected in the absence of either the WSe2
nanomesh or light (Table 1, entries 7 and 8). These results
indicated that at least one step of this cross-coupling reaction
was a photocatalytic process. In other control tests (Table 1,
entry 9), the results revealed that if the oxygen gas was
replaced by nitrogen gas, only a trace amount of 2-phenyl-
benzimidazole was detected, indicating that oxygen partici-
pates in the process as the oxidant.

The yield of the target product was decreased to 75% when
acetonitrile was used as the solvent (Table 1, entry 10). If aceto-
nitrile was dried with P2O5 to remove all residue water, the
yield would have dramatically decreased to near zero (Table 1,
entry 11), the same as the results when n-hexane, or ethanol,
or DMF was used (Table 1, entries 12–14). This result demon-
strated that water was not only the optimized solvent in this
process but also the presence of even small amount of water
was necessary.

Moreover, when the reaction temperature was cooled to
room temperature (Table 1, entry 15), the yield reached 56%.
Compared with the dark conditions (Table 1, entry 8), it
showed that the reaction was driven by light, and heat could
promote the reaction. If the photocatalyst was replaced by the
non-porous WSe2 particles, the yield was only 52% (Table 1,
entry 16). This result indicated that the nanomesh structure
could improve the photocatalytic activity of WSe2. 1,4-
Benzoquinone was a typical free radical scavenger. When it
was added to the reaction system, the reaction hardly hap-
pened, indicating that there were free radicals in the reaction
(Table 1, entry 17).

According to the above results, the optimized reaction time,
temperature and solvent were set to 10 h, 80 °C and pure
water. The scope of this cross-coupling reaction was then
investigated by employing various anilines with the dibenzyl-
amine group as the reactant (Table 2). Firstly, the compatibility
of 2-aminoanilines with different substituent groups on the
benzene ring in the present transformation was investigated.
To our great joy, both electron-withdrawing and electron-
donating groups including methyl, bromo, chloro and fluoro
groups were well compatible in this transformation under the
optimal reaction conditions, whether the substituent groups
substituted at the ortho position, meta position or para posi-
tion. Consequently, the corresponding target products could
all be synthesized with high yields (Table 2, entries 1–8).

When 2-aminoanilines were replaced by 2-hydroxy/mercapto-
anilines, products with benzoxazole and benzothiazole skel-
etons could also be successfully synthesized with high yield by
this photocatalytic process at 100 °C (Table 2, entries 9–12),
indicating that it was a general method. In both of these two
cases, our results demonstrated that the electron-withdrawing
substituent groups and electron-donating substituent groups
did not affect the reaction, as in the synthesis of products with
benzimidazole skeletons (Table 2, entries 1–8). Furthermore, a

Table 1 Optimization of the conditions for the synthesis of
2-phenylbenzimidazole

Entrya Time (h) Temp. (°C) Solvent Yield (%)

1 6 60 H2O 48
2 8 60 H2O 61
3 10 60 H2O 72
4 12 60 H2O 74
5 10 80 H2O 99
6 10 100 H2O 98
7b 10 80 H2O Trace
8c 10 80 H2O Trace
9d 10 80 H2O Trace
10 10 80 Acetonitrile 75
11e 10 80 Acetonitrile Trace
12 10 80 n-Hexane Trace
13 10 80 Ethanol Trace
14 10 80 DMF Trace
15 10 25 H2O 56
16 f 10 80 H2O 52
17g 10 80 H2O Trace

a Reaction conditions: Substrate 1 (0.1 mmol), substrate 2 (0.12 mmol),
catalyst (WSe2 nanomesh, 10 mg), solvent (0.5 mL), light (500 W Xe
lamp), O2 (atmosphere). The yields were determined by high perform-
ance liquid chromatography (HPLC). b The reaction without photo-
catalyst. c The environment was dark. d The gas atmosphere was N2.
e The acetonitrile was treated by P2O5 before use to remove all water.
f The photocatalyst was the non-porous WSe2 particles. g 1,4-
Benzoquinone (0.2 mmol) was added to the reaction system.
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gram-scale synthesis of 2-phenyl-1H-benzo[d]imidazole (2a)
was carried out and resulted in good yield (95%, 1.84 g), exhi-
biting the value of this method (Table 2, entry 13). Then, N,N-
bis(4-methoxybenzyl)amine was used as the substrate to react
with 2-amino/hydroxy/mercaptoanilines, and the corres-
ponding products also had high yield (Table 2, entries 14–16).
These results demonstrated that this photocatalytic process
possesses good functional group tolerance and proved to be a
practical method for the synthesis of benzimidazole, benzox-
azole and benzothiazole products with high yields in water.

After the WSe2 nanomesh material was used in the photo-
catalytic reaction for 10 h as the catalyst, it could be easily sep-
arated and recovered by filtration, which was a great advantage
of the heterogeneous catalyst. No tungsten or selenium was
detected in the target product. After the WSe2 nanomesh was
washed with ethanol and distilled water, it could be directly
reused in the subsequent cycles. Our results showed that the
WSe2 nanomesh possesses high stability and it could be
reused at least for five cycles with negligible activity fading
(Fig. 6). It was also found that more than 10 g of the product
could be produced in one batch synthesis in a small tube
furnace (inner diameter: 30 mm) without any noticeable differ-
ence in both material characterization and photocatalytic
performance.

Photocatalytic mechanism

Based on the experimental results and literature, a possible
reaction mechanism for the synthesis of benzimidazoles, benz-
oxazoles and benzothiazoles was proposed as shown in Fig. 7.
As reported in many literature studies, WSe2 is a narrow band-
gap semiconductor that can efficiently absorb visible light.18,50

In the first step, the electron–hole pairs are generated in the
WSe2 nanomesh under visible light irradiation as in most
photocatalytic processes. The electron converts O2 to super-
oxide O2

•− radical through electron transfer, while dibenzyl-
amine is oxidized to form a dibenzylammonium cation radical
by the holes. Both of these two reactions have been reported in
the literature by using other semiconductors as photocata-
lysts.51 Then, the dibenzylammonium cation radical is con-
verted to N-benzylidenebenzylamine by reacting with the
superoxide O2

•− radical, and some hydrogen peroxide is simul-
taneously formed in this step52 and further used as an oxidant
in the next aromatization reaction. N-Benzylidenebenzylamine
then reacted with H2O to form benzaldehyde and benzyl-
amine, which is a well investigated reversible hydrolysis
reaction.51,53 This hydrolysis reaction makes water an optimal
solvent in this work. Afterwards, benzylamine is converted to
N-benzylidenebenzylamine through the reported visible light

Table 2 Oxidative coupling of various nitrogen-containing rings using
a WSe2 nanomesh

Entrya X R1 R2 R3 R4 Yield (%)

1 NH (2a) H H H H 99
2 NH (2b) CH3 H H H 96
3 NH (2c) H CH3 H H 99
4 NH (2d) H CH3 CH3 H 95
5 NH (2e) Cl H H H 99
6 NH (2f) H Br H H 99
7 NH (2g) H F F H 99
8 NH (2h) H Cl Cl H 99
9b O (2i) H H H H 99
10b O (2j) H H CH3 H 99
11b S (2k) H H H H 99
12b S (2l) H Cl H H 95
13c NH (2a′) H H H H 95d

14 NH (2m) H H H OCH3 95
15b O (2n) H H H OCH3 92
16b S (2o) H H H OCH3 91

a Reaction conditions: Substrate 1 (0.1 mmol), substrate 2 (0.12 mmol),
catalyst (WSe2 nanomesh, 10 mg), H2O (0.5 mL), light (500 W Xe
lamp), O2 (atmosphere), 80 °C, 10 h. The product was separated by
column chromatography. The yields were determined by high perform-
ance liquid chromatography (HPLC). All products were determined by
nuclear magnetic resonance. b The reaction temperature was 100 °C.
cGram-scale reaction conditions: dibenzylamine (10.0 mmol, 1.97 g),
2-aminoaniline (12.0 mmol, 1.30 g), WSe2 (nanomesh, 0.5 g), H2O
(50 mL), light (500 W Xe lamp), O2 (atmosphere), 80 °C, 10 h. d The iso-
lated yield of the product was obtained by recrystallization using
ethanol/H2O solution.

Fig. 6 Reusability of the photocatalyst WSe2 nanomesh under the stan-
dard conditions.

Fig. 7 Proposed mechanism of photocatalytic reaction for preparing
the nitrogen-containing ring system in the presence of the WSe2
nanomesh.
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irradiation oxidation (I)18 and the formed benzaldehyde
further reacts with 2-amino/hydroxy/mercaptoanilines to
produce the corresponding imine intermediate, which further
undergoes intramolecular cycloaddition and subsequent oxi-
dation with hydrogen peroxide (or oxygen) to get the corres-
ponding nitrogen-containing ring products.

It has been reported that WSe2 can be used as the photo-
catalyst to synthesize N-benzylidenebenzylamine from benzyl-
amine under similar photocatalysis conditions (Scheme 2a).18

We have adopted the WSe2 nanomesh fabricated in this work
as the photocatalyst to repeat their results. It shows that
N-benzylidenebenzylamine can be successfully synthesized
from benzylamine with the help of oxygen gas and visible light
irradiation in water. Since N-benzylidenebenzylamine is a key
intermediate in our case (Fig. 7), it suggests that maybe we can
use benzylamine as the raw material directly to fabricate benzi-
midazoles, benzoxazoles and benzothiazoles. However, when
we added 2-aminoaniline into the system with benzylamine,
no benzimidazole product was detected (Scheme 2c). It can be
explained as follows: the hydrolysis reaction of
N-benzylidenebenzylamine to form benzaldehyde and benzyl-
amine is a slow and reversible reaction.53 Under the same con-
ditions, the verification experiments were carried out. After
N-benzylidenebenzylamine was hydrolyzed as the substrate,
benzaldehyde could be detected by HPLC. What’s more,
2-phenylbenzimidazole could be detected by HPLC if benz-
aldehyde reacted with 2-aminoaniline.

When benzylamine is used as the raw material,
N-benzylidenebenzylamine would be generated via the photo-
catalysis reaction with the help of the WSe2 semiconductor, as
reported in the literature and in our own experiment. However,
the hydrolysis of N-benzylidenebenzylamine is severely sup-
pressed in this case because of the extremely high concen-
tration of benzylamine in the reaction system, which is one of
the products of this hydrolysis reaction. In another word,
N-benzylidenebenzylamine is very stable in water when plenty
of benzylamine is present in the system. Therefore, the for-
mation of benzaldehyde is almost impossible when a large
amount of benzylamine is used as the raw material
(Scheme 2b and c). In our case, dibenzylamine was used as the
raw material, which does not affect the hydrolysis of the inter-
mediate N-benzylidenebenzylamine. Thereafter, the key inter-
mediate benzaldehyde can be continuously produced by the
hydrolysis of N-benzylidenebenzylamine, thus driving the next

several reaction steps to form the final target products.
Actually, in our case, most of the benzylamine produced in the
hydrolysis reaction was consumed to form
N-benzylidenebenzylamine via the photocatalytic process as
described in Scheme 2a.18 This additional recycling mecha-
nism increases the atom economy of this process and
decreases the amount of the benzylamine byproduct, and
therefore it further promotes the hydrolysis of
N-benzylidenebenzylamine to continuously generate benz-
aldehyde, leading to a smooth reaction.

Conclusions

In conclusion, a novel and large-scale synthesis of a 2D WSe2
nanomesh with orderly arranged nanoholes by using a 3D
mesoporous silica template via the nanocasting strategy has
been reported. The formation of a 2D sheet-like WSe2 nano-
mesh structure inside a 3D confined pore space should be
attributed to the synergistic effect arising from the crystal self-
limitation growth that is caused by their layered crystal struc-
tures and to the space-limitation effect coming from the
unique pore structure of the SBA-15 template. The obtained
2D WSe2 nanomesh, which possessed a well-defined structure
and high exposure of active sites, showed excellent catalytic
performance for oxidative coupling of dibenzylamine with
2-amino/hydroxy/mercaptoanilines. The reaction conditions
were mild, such as using water as the solvent and light energy
as driving energy, which conformed to the concept of green
chemistry. Meanwhile, the WSe2 nanomesh exhibited the great
properties of stability and cyclic performance. The above
results all proclaim that the WSe2 nanomesh is a type of
efficient heterogeneous photocatalyst.

Experimental
Synthesis of SBA-15

The mesoporous silica template SBA-15 was synthesized fol-
lowing the conventional method reported in the literature.54

6 g of poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (average Mn ∼ 5800) (Pluronic® P-123)
and 30 mL of 12 M HCl were added into 195 g of water. The
mixture was then allowed to stand for 12 h for the complete
dissolving. To the above solution, 12.48 g of tetraethyl ortho-
silicate (TEOS, 28.4% SiO2) was added quickly and stirred
(rotation rate = 140 rpm) constantly for next 24 h at 38 °C. The
white precipitation gradually appeared after approximately
15 min. The mixture was then transferred to a hydrothermal
reactor lined with polytetrafluoroethylene (PTFE) for hydro-
thermal treatment at 120 °C for 24 h. After the mixture was
cooled to RT, it was filtered, washed thoroughly with ethanol,
and dried for 5 h at 60 °C. The surfactant Pluronic® P-123 was
then removed from the as-made sample by calcination in a
muffle furnace in air for 4 h at 550 °C with a heating ramp of
1.5 °C min−1.

Scheme 2 Photocatalysis reaction of: (a) benzylamine only; (b) ben-
zylamine and 2-aminoaniline; (c) benzylamine and 2-aminoaniline.
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Synthesis of the 2D WSe2 nanomesh

1 g of SBA-15 was dispersed in 50 mL of cyclohexane under
stirring for 1 h, followed by the addition of 1 mL of 20 wt%
ammonium metatungstate (AMT) aqueous solution. The
mixture was stirred (rotation rate = 500 rpm) constantly for
next 3 h at RT. Then, the white powder was filtered, washed
with cyclohexane once, and vacuum dried thoroughly for 8 h
at 50 °C. During this process, AMT was loaded inside the pore
space of the mesoporous silica template SBA-15 as an inter-
mediate, denoted as AMT@SBA-15.

Then, 1 g of AMT@SBA-15 was adequately mixed with 1 g of
selenium powder, and the mixture was then loaded in a quartz
boat, which was then placed in the middle of a quartz tube
with a diameter of 3.5 cm. The quartz tube was purged with a
hydrogen gas flow of 200 mL min−1 for 30 min. The tube
furnace was preheated to 700 °C. Then, the quartz tube with
the mixture inside was directly put into the preheated tube
furnace for 2 h at 700 °C with a continuous hydrogen gas flow
(flow rate = 200 mL min−1) for reaction. After the reaction, the
tube furnace was cooled to RT and the black powder was
formed and the as-made product was collected from the
quartz boat. The mesoporous silica template SBA-15 was then
removed thoroughly by reacting with 100 mL of 10 wt% NaOH
aqueous solution for 2 h at RT. The black powder was washed
with pure water three times, then washed with ethanol, centri-
fuged, and dried for 5 h at 60 °C.

Photocatalysis tests

0.1 mmol of substrate 1 and 0.2 mmol of substrate 2 were added
into 0.5 mL of solvent. The catalyst was then immersed in the
reaction mixture with magnetic stirring for a few hours under
heating conditions. Subsequently, the reaction was exposed to
the dark environment or the simulated sunlight irradiation pro-
vided by a 500 W Xe lamp with a 420 nm cutoff filter as the
visible light source in a N2 or O2 atmosphere. Finally, all products
were determined by nuclear magnetic resonance.
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