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ABSTRACT: Urchinlike W-V-O microspheres have been successfully synthesized
for the first time by a one-pot hydrothermal approach. The as-synthesized W-V-O
material was characterized by several techniques such as XRD, SEM, TEM, FTIR,
EDS, BET, and Raman spectroscopy. The characterization results have revealed that
the W-V-O microspheres consist of numerous one-dimensional nanobelts radially
grown from the center. The typical nanobelts display rectangular cross sections with
lengths of several micrometers, widths of about S0 nm, and thicknesses of
approximately 10—20 nm. Vanadium oxides are dispersed highly either on the
external surface or inside the channel surface of the hexagonal WOj; structure. In
addition, the as-obtained urchin-like W-V-O material was explored as a catalyst for
the ammoxidation of 2,4- and 2,6-dichlorotoluene to the corresponding nitriles. The
catalytic results have indicated that the W-V-O nanostructures show excellent
performance with yields of 2,4- and 2,6-dichlorobenzonitrile respectively reaching up
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to 77.3 and 75.1%, which are the highest among the previously reported catalysts with
two components. The formation process of the urchinlike W-V-O microspheres was simply investigated.

B INTRODUCTION

Recently, highly ordered superstructures with specific
morphologies assembled by low-dimensional nanostructures
have attracted great interest due to their outstanding physical,
chemical, and structural properties.l’2 The high interest lies in
the synthesis of urchin-like nanostructures such as urchin-like
Co;0, with remarkable electrochemical properties,” urchin-
like NiCo,0, with fast photocurrent response,* urchin-like
MnWO, with good magnetic properties," and urchin-like WO,
with excellent gas sensing properties.

Ammoxidation is an industrially important reaction with
respect to the product nitriles widely used as organic
mtermedlates to prepare great numbers of important
chemicals.”” Ammoxidation is partial oxidation with selective
insertion of nitrogen into a methyl or aldehyde group.’
Vanadium oxides as active components have been widely
applied in various oxidation and ammoxidation reactions of
aromatics.”™"® In the reaction course, it is believed that
vanadium undergoes redox cycles where V** species with V=
O bonds are severely reduced to V** via insertion of lattice
oxygen into an oxygen-containing intermediate through a
Mars—van Krevelen mechanism, and then such reduced
vanadium species are reoxidized by surface-adsorbed oxygen,
recovering to the original catalyst structure.” In the past few
decades, a large number of mechanistic studies on the
aforementioned reactions have suggested bifunctional catalysis:
namely, acid sites given by cocatalysts and redox sites
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originating from vanadium oxides.'* In this context,
tungsten—vanadium binary oxide (W-V-O) catalysts have
attracted considerable interest due to the fact that oxides of
tungsten are well-known acidic cocatalysts of vanadium-based
catalysts."”> Considering the properties of material closely
related to the architectures, it is fascinating and significant to
fabricate urchin-like W-V-O composite nanostructures and to
further investigate their catalytic properties.

In this paper, we have successfully fabricated urchin-like W-
V-O architectures for the first time using V,0;, ammonium
tungstate hydrate and oxalic acid as the starting materials via a
one-pot hydrothermal synthesis method. The -catalytic
behaviors of the prepared urchin-like W-V-O material were
tested in the direct ammoxidation of 2,4- and 2,6-
dichlorotoluene (DCT) to the corresponding dichlorobenzo-
nitrles (DCBNs). DCBNs are valuable intermediates for the
industrial production of a series of pesticides and many
agricultural chemicals such as chlorfluazuron, flufenoxuron,
and flucycloxuron.'®™"® In addition, DCBNs are used to
prepare a kind of special engineering plastic with high heat-
resistant properties. . However, it is noted that the catalyzed
ammoxidation of DCT to DCBN in high yield is a very difficult
and challenging process, due to the two bulky chlorine atoms
causing difficult accessibility to the methyl group.'® In this
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context, the development of effective catalysts for the
ammoxidation of DCT to DCBN is highly desirable. For
comparison, a W-V-O catalyst was also prepared by a solid-
state reaction. In the Results and Discussion, the achieved
performance in terms of yield is compared with those of
previously reported catalysts with two components.

B EXPERIMENTAL SECTION

Synthesis of W-V-O Nanostructures. All reagents used in the
experiments were of analytical grade and were used without any
further purification. In a typical procedure, 0.03 mol of commercial
V,05 powder, 0.005 mol of (NH,),,W;0,4, and 0.27 mol of
H,C,0,-2H,0 were dispersed into 400 mL of redistilled water with
magnetic stirring. The mixture was heated to 80 °C for about 2 h to
obtain a homogeneous solution. The V/W stoichiometric molar ratio
is 1/1. Then, the above solution was transferred into a 500 mL
stainless steel autoclave, which was sealed and maintained at 260 °C
for 24 h and then cooled to room temperature naturally. The products
were filtered off, washed with distilled water and absolute ethanol
several times to remove any possible residue, and dried in the oven at
70 °C for 12 h. In addition, another of the above mixed solution was
slowly evaporated to dryness on a hot plate with stirring at 80 °C. The
obtained solid was further dried at 110 °C for 8 h in an oven and
calcined in air at 400 °C for 24 h (denoted as SSR-W-V-O).

Characterization. Powder X-ray diffraction (XRD) pattern of the
samples was performed on a D8 X-ray diffractometer equipment with
Cu Ka radiation, 4 = 1.54060 A. The morphology of the products was
observed by scanning electron microscopy (SEM, Quanta 200) and
transmission electron microscopy (TEM, JEM-2100). The chemical
composition of the samples was confirmed by the means of an energy
dispersive X-ray spectrometer (EDS) attached to the scanning
electron microscope (SEM, Quanta 200). The FTIR pattern of the
solid sample was measured using the KBr pellet technique from 4000
to 400 cm™" with a resolution of 4 cm™'. Raman spectra were carried
out by a Renishaw RM-1000 confocal Raman microspectrometer
equipped with an excitation laser wavelength of 514.5 nm. The
specific surface area was examined by the Brunauer—Emmett—Teller
(BET) N, gas adsorption method at 77 K and carried out on JW-BK
equipment. Pore size distributions were calculated by the Barrett—
Joyner—Halenda (BJH) formula from the adsorption branch.

Catalytic Reaction. Ammoxidation runs were carried out in a 30
mm inside diameter quartz tube fixed-bed reactor. In a typical
experiment, S g of catalyst was loaded, and then DCT was introduced
by a micropump, vaporized, and mixed in a preheated vessel with
NH; and air measured using a gas flow meter. The tests were carried
out under certain conditions (temperature, space velocity (GHSV),
and molar ratio of air or NH; to DCT). The product stream was
collected every 1/2 h after attaining steady-state conditions and then
analyzed off-line by a gas chromatograph (Lunanruihong, China;
column SE-30) equipped with an FID module. The reaction
equations of the ammoxidation of 2,4-, and 2,6-DCT to give the
corresponding DCBNS are shown in Scheme 1. Note that the samples
after use in ammoxidation reactions qwew cooled to ambient
temperature under a stream of N,.

Scheme 1. Ammoxidation of 2,4- and 2,6-DCT to the
Corresponding DCBNs on W-V-O Catalyst
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Bl RESULTS AND DISCUSSION

The crystal structure and phase composition of the as-obtained
W-V-O composite nanostructures were characterized by using
XRD, as shown in Figure 1. It can be seen that the sample

200

201

The prepared W-V-O

3]
S
=3

220

<
<+

— Relative Intensity (a.u.) -

] ‘\m:; JCPDS, 33-1387
1 1N nllll. l‘l L .le 1

10 20 30 40 50 60 70 80
—20—>

Figure 1. XRD patterns of the as-obtained W-V-O composite.

showed a structure related to the hexagonal WO, (JCPDS: 33-
1387) with the main reflections at 26 = 13.97, 22.75, 28.19,
36.61, 49.99, and 55.55°."*'” No peaks of any other phases
were detected. These results suggest that the vanadium oxides
are amorphous and are highly deposited either on the external
surface or inside the channel surface of the hexagonal WO,
structure.”

Figure 2 shows the SEM micrographs of the W-V-O product
with different magnifications. The low-magnification SEM
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Figure 2. SEM images of the as-obtained W-V-O composite.

image exhibits a panorama composed of abundant agglom-
erated microspheres with different sizes. The diameter of
microspheres can reach 12 ym or even multiples of 12 pm. It
can be clearly seen from the high-magnification SEM image
that the microspheres consist of numerous one-dimensional
nanobelts radially grown from the center, which appear like
urchins. The TEM image (Figure 3a) shows that the typical

Figure 3. TEM images of the as-obtained W-V-O composite. The
inset gives the SAED pattern.
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nanobelts have rectangular cross sections with lengths of
several micrometers, widths of about 50 nm, and thicknesses of
approximately 10—20 nm. The HRTEM image (Figure 3b)
ascertains that it presents distinctly visual lattice fringes with an
interplanar spacing of 0.315 nm, which matches well with the
[200] crystal planes of hexagonal WO;. The SAED profile (top
right corner in Figure 3a) proves that the W-V-O product is
monocrystalline in structure. The typical EDS spectrum
(Figure 4) corroborates that the nanobelts consist of only O,

Figure 4. EDS spectrum of the urchin-like W-V-O nanostructures.

V, and W elements. In addition, the molar ratio of 1.6 for V to
W atoms calculated from the EDS spectrum reveals the
enrichment of vanadium in the surface region. These above
results indicate the existence of amorphous VO, species which
are deposited either on the external surface or inside the
channel surface of the hexagonal WOj; structure, in good
accord with the XRD results.

Figure S shows the FTIR spectrum of the as-obtained W-V-
O composite nanostructures as well as that of V,0g. The FTIR
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Figure 5. FTIR spectra of (a) the urchin-like W-V-O nanostructures
and (b) V,0s.

spectrum of V,0; was examined for the purpose of
comparison. The absorption band at 1625 cm™ is the
characteristic bending vibration of absorbed molecular water,
while the band at 1401 cm™ is assigned to C—H stretching
caused by residual impurities.”' The appearances of bands at
about 1016, 825, and 577 cm™, assigned to the stretching
vibrations of V=0 and asymmetric and symmetric stretching
vibrations of V—O-V, indicate the presence of the V,O;
phase.”

Raman spectroscopy was employed to provide further
evidence of the structure of the W-V-O composite, as shown

in Figure 6. The main band located at around 807 cm™" with a
small shoulder at 684 cm™" is related to the two different types
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Figure 6. Raman spectrum of the urchin-like W-V-O nanostructures.

of bridging oxygens of O—W—O0 vibrations in the hexagonal
WO, structure.””** The presence of a band at 988 cm™
suggests the existence of V=0 stretches in monomeric and
. 25,26

polymeric V,0O; phases.

The porous structure of the urchin-like W-V-O architecture
was investigated by using the N, adsorption—desorption
method. As shown in Figure 7, a typical nitrogen isotherm
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Figure 7. N, adsorption and desorption isotherms and pore size
distribution curve (inset) of the urchin-like W-V-O nanostructures.

with type-H; desorption hysteresis loop is observed, indicating
the mesoporous structure of the material. The pore size
distribution calculated using the Barrett—Joyner—Halenda
(BJH) method shows a peak centered at around 3.6 nm
(inset in Figure 7), while the average pore diameter is
approximately 12.88 nm. The BET surface area of the material
is 5.2 m* g_l.

To investigate the formation process of the urchin-like W-V-
O microspheres, a series of time-dependent experiments were
carried out. Figure 8 shows the corresponding SEM images of
the samples produced at different time periods. At the early
stage (3 h), the sample was composed of solid spheres with
fairly large variability in particle sizes (Figure 8a). When the
reaction time was extended to 6 h, it can be clearly seen that
numerous small nanobulks with a very high density grew on
the surface of the spheres (Figure 8b). When the reaction time
was prolonged further to 12 h, inhomogeneous urchin-like
microspheres assembled by nanobelts became the predominant
microspheres (Figure 8c). After the reaction was prolonged to
24 h, urchin-like microspheres were formed (Figure 2). On the
basis of the above experimental results, two steps, ie.,
nucleation and subsequent growth, were proposed to explain
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Figure 8. SEM images of the products prepared at 260 °C for different reaction times: (a) 3 h; (b) 6 h; (c) 12 h.

the growth of urchin-like W-V-O nanostructures. The whole
process can be expressed as depicted in Figure 9. In terms of

WO; nucleation

Figure 9. Schematic illustrations of the possible formation processes
of the urchin-like W-V-O nanostructures.

the first step, initiall WO; nuclei were formed. Then the
secondary nucleation of oxides of tungsten and vanadium
occurred preferentially at the surface defect sites of the initial
WO; nuclei and grew along the [200] direction.” Such a
mechanism seems to be a common phenomenon during the
crystal growth process and is observed for several material
systems, such as carbonates, silicates, tungstates, and so on.*

The catalytic results obtained in the ammoxidation of 2,6-
DCT on W-V-O catalysts are shown in Figure 10. It can be
seen that the urchin-like W-V-O catalyst displays much better
catalytic performance in comparison to SSR-W-V-O catalyst
under identical conditions. The best yield of 2,6-DCBN
obtained on urchins reached up to 75.1% with a conversion of
88.2%, while the SSR-W-V-O sample exhibited a maximum
2,6-DCBN yield of 63.1% at a conversion of 83.2%. In
addition, the ammoxidation of 2,4-DCT was also investigated.
Table 1 shows the results obtained on W-V-O catalysts under
optimum conditions. The maximum 2,4-DCBN yield achieved
on the urchin-like W-V-O catalyst was up to 77.3% which was
much higher than that of the sample prepared by the solid-
state reaction (ca. 67.6%), indicating a prominent improve-
ment in the catalytic performance.

Table 2 summarizes the results of the ammoxidation of 2,4-
and 2,6-DCT in the literature and in this work. It can be

Table 1. Ammoxidation of 2,4-DCT on the W-V-O
Catalysts”

catalyst conversion (%) yield (%) selectivity (%)
urchins 90.0 77.3 85.9
SSR-W-V-O 85.7 67.6 78.9

“Conditions: 2,4-DCT:air:NH; molar ratio 1:25:9; T = 390 °C;
GHSV =369 h™".

obviously observed from Table 2 that the yields of 2,4- and 2,6-
DCBN obtained on urchin-like W-V-O in our work are the
highest among the previously reported catalysts with two
components. For the supported catalysts in the literature,
VPO/ALO; exhibited a higher yield of 2,6-DCBN in
comparison to the VPO/SiO, catalysts due to Al,O; showing
better acidic properties than SiO,. For unsupported V-Cr-O,
VPO, and (NH,),[(VO);(P,0,),] catalysts, the similar
observation can be found that the order of catalytic behavior
of these catalysts was consistent with the acidic order of the
cocatalysts. These results have indicated that the catalytic
performance of vanadium-based catalysts greatly depends on
the acidic properties of the cocatalyst. Mechanistic studies of
ammoxidation on vanadium-based oxides have suggested that
VO, species as redox sites catalyze partial oxidation of
alkylaromatics to aldehyde intermediates; meanwhile, the
acid sites in close proximity to the redox sites (VO,) adsorb
NH; and insert the nitrogen species into the intermediate.”’
The two processes are respectively responsible for the active
and selective properties of catalysts in ammoxidation. For the
prepared urchin-like W-V-O catalyst, WO; shows medium to
stron§ acid strength containing the Brensted and/or Lewis
acid'? in favor of the formation of acid sites, leading to
improvement in the efficiency of nitrogen insertion.”” In
addition, WOj also acts as a support to facilitate the dispersion
of vanadium oxides, increasing the number of redox sites. The
enrichment of dispersed amorphous VO, species in the surface
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Figure 10. Conversion (a) and yield (b) behavior of W-V-O catalysts in the ammoxidation of 2,6-DCT (2,6-DCT:air:NH; molar ratio 1:20:9,

GHSV = 315 h™L
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Table 2. Comparison of the Results of the Ammoxidation of 2,4- and 2,6-DCT in the Literature

substrate catalyst

2,4-DCT VPO/SiO, 97
2,6-DCT (NH,),[(VO)3(P,0,),] 50
2,6-DCT VPO/ALO, 99
2,6-DCT bulk VPO 92
2,6-DCT VPO/SiO, 87
2,6-DCT VPO/SiO, 90
2,6-DCT V-Cr-O 78
2,4-DCT urchins 90
2,6-DCT urchins 88

conversion (%)

yield (%) selectivity (%) ref
70 72 29
18 36 30
71 72 31
SS 60 33
57 66 32
57 63 33
70 90 34
77 86 this work
75 85 this work

region of the urchin-like W-V-O catalyst contributes to
enhancing the partial oxidation of DCT to a dichlorobenzal-
dehyde intermediate.”® As a consequence, the prepared urchin-
like W-V-O catalyst exhibits excellent catalytic properties.

B CONCLUSION

In conclusion, nanobelt-built urchin-like W-V-O composite
microspheres have been successfully prepared by a one-pot
hydrothermal method using V,0;, ammonium tungstate
hydrate, and oxalic acid as the starting materials. The as-
prepared material consists of numerous one-dimensional
nanobelts radially grown from the center with lengths of
several micrometers, widths of about 50 nm, and thicknesses of
approximately 10—20 nm. Vanadium oxides are dispersed
highly either on the external surface or inside the channel
surface of the hexagonal WOj structure. In the ammoxidation
reactions of 2,4- and 2,6-dichlorotoluene, the W-V-O material
shows excellent performance with yields of 2,4- and 2,6-
dichlorobenzonitrile respectively reaching up to 77.3 and
75.1% due to the novel nanostructures.
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