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Monomeric active species are very interesting in heterogeneous catalysis. In this work, we proposed a
method to prepare VO,—~NbO,@C catalysts, which involve the one-pot hydrothermal synthesis of inorganic/
organic hybrid materials containing V/Nb followed by thermal treatment under a reducing atmosphere. The
prepared catalysts were characterized using different techniques, such as high-angle annular dark-field
scanning transmission electron microscopy and X-ray absorption fine structure spectroscopy. It was shown
that monomeric VO, species were dispersed homogeneously in the catalysts. The VO,-NbO,@C catalysts
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displayed high performance in the aerobic oxidative dehydrogenation of N-heterocycles to aromatic hetero-
cycles. It was demonstrated that the selectivity of reaction over the catalyst with a very small amount of V
(0.07 wt%) was much higher than that over the NbO,@C, and the catalyst also exhibited excellent stability
in the reaction. The detailed study indicated that monomeric VO, species were the most effective for pro-
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Introduction

Vanadium metal is very attractive in catalysts because it is an
earth-abundant metallic element and has a low toxicity com-
pared to most other heavy metals. Vanadium-based catalysts
have been widely used in chemical, petroleum and environ-
mental industries, such as industrial production of H,SO,,"
maleic anhydride® and phthalic anhydride,® and selective cat-
alytic reduction (SCR) of harmful NO,.*® Vanadium-based
catalysts, such as vanadium silicate zeolites® and divanadium-
substituted phospho-tungstate,” have been reported in the
catalytic hydroxylation of arenes to phenols. Moreover, sup-
ported vanadium oxides catalysts have also been used in the
catalytic dehydrogenation of light alkanes.® The catalytic per-
formances of supported vanadium oxide catalysts are closely
correlated with the dispersion state of active sites, in which the
reported vanadium species exist as monomeric VO, species,
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polymeric surface VO, sites or V,05 nanoparticles.’ It has been
reported that the isolated VO, species exhibited higher catalytic
activity and selectivity in the catalytic dehydrogenation of
propane compared with their oligomerized counterparts.'
Conventional methods like impregnation and anchoring always
result in a broad variety of V0, species. However, other catalyst
synthesis methods, such as flame spray pyrolysis'* and atomic
layer deposition,'* were restricted by the complicated procedures
and high cost of volatile molecular metal precursors. Hence,
developing highly dispersed vanadium-based catalysts using a
feasible procedure is highly desirable for their applications.

During the last decade, much attention has been paid to the
study of single-atom catalysts (SAC), which exhibit distinctive
performance and achieve the highest utilization efficiency of
metal atoms.'® Recently, Farha and co-workers reported the
synthesis of a single-atom-based organo-vanadium species
incorporated in MOFs, which could catalyse the selective oxida-
tion of alcohol.'* However, the poor thermal stability of MOF
materials hinders their application. Owing to the high surface
free energy of SAC," the atomic dispersed metal sites are
generally stabilized by the N atoms with an empty orbital on the
surface of nitrogen doped carbon materials,'® or defects of metal
oxides,”” metal sulfides,'"® metal nitrides'® and metal-organic
frameworks (MOFs).>

The catalytic dehydrogenation of N-heterocycles is referred
to as an important route of synthesis of the corresponding
aromatic heterocycles, which are common intermediates in
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Scheme 1 The schematic illustration of the preparation procedure for
VO,-NbO,@C materials.

pharmaceutical and biological molecules.?* Several supported
metal catalysts, such as Rh,** Co,*® Fe** or Ni** catalysts, have
been reported in the non-oxidative dehydrogenation of
N-heterocycles. Although homogeneous oxovanadium (V) cat-
alysts have been applied in the oxidative dehydrogenation of
N-heterocycles,?® heterogeneous catalysts are preferred owing
to their heterogeneity and easy separation from the reaction
mixture. Although V,05 has been used to catalyse the dehydro-
aromatization, the catalyst dosage was greater than the stoi-
chiometric value.>” Niobium-based catalytic materials have
been used in several selective oxidations and acid-catalysed
reactions.”® Although supported V,05/Nb,O; catalysts have
been reported in the oxidative dehydrogenation of ethane and
propane,”**” mononuclear vanadium catalysts have not been reported
previously for the oxidative dehydrogenation of N-heterocycles.

Herein, we developed a novel method for the fabrication of
VO,~-NbO,@C catalysts, in which monomeric VO, species were
dispersed uniformly in the catalytic materials. Owing to the
excellent coordination ability of tartaric acid, the natural car-
boxylic acid was used to control the dispersion of the vanadium
species, which is different from the conventional methods used
for vanadium-based catalysts. In this route, the inorganic/organic
hybrid materials containing V/Nb were initially prepared via the
one-pot hydrothermal synthesis. Then the materials were made to
undergo thermal treatment under a reducing atmosphere to
obtain VO,-NbO,@C-T catalysts, in which T represents the tem-
perature of heat-treatment. It was found that the catalyst was very
efficient and stable for catalyzing the oxidative dehydrogenation of
N-heterocycles (Scheme 1).

Experimental
Materials

Niobium pentaoxide (99.9%), trisodium tetraoxovanadate dodecahy-
drate (Na;VO,-12H,0, 99%), HF (>40.0%), ammonium hydroxide
(25-28%), L-(+)tartaric acid (99.5%), N,N-dimethylformamide (DMF,
AR), methanol (AR), dimethyl sulfoxide (DMSO, AR), dioxane (AR),
t+BuOH (AR), and CH3;CN (AR) were purchased from Sinopharm
Chemical Reagent. Benzonitrile (AR), chlorobenzene (AR) and 1,3,5-
trimethylbenzene (AR) were provided by Acros. Terephthalic
acid (99%), 1,2,3,4-tetrahydroquinoline (99%), 7-nitro-1,2,3,4-
tetra-hydroquinoline (98%), 6-methyl-1,2,3,4-tetrahydro-quinoline
(98%), 6-bromo-1,2,3,4-tetrahydro-quinoline (98%), indoline
(99%), 6-nitroindoline (98%), 1,2,3,4-tetrahydro-isoquinoline (98%),
and 1,2,3,4-tetrahydro-quinoxaline (98%) were obtained from
Alfa Aesar.
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Catalyst preparation

Preparation of niobium tartrate. The niobium tartrate solution
was prepared from niobium oxide, as reported by P. Pramanik.*'
Niobium oxide (5.31 g) was dissolved in hydrofluoric acid (40%,
18 mL) in a plastic bottle. After being stirred at 80 °C overnight,
the residual solids were filtered. The resulting niobium-fluoride
complex solution was precipitated by the addition of an aqueous
solution of dilute ammonia (ammonia solution:H,O = 1:2 (v/v),
80 mL). The obtained white precipitate of Nb,O5-nH,O was filtered
and washed with 5% ammonia solution to remove fluoride ions.
Finally, the solid was added into the aqueous tartaric acid solution
(320 mL, 0.25 mol L™"). After stirring for a few minutes, aqueous
niobium tartrate solution was obtained.

Preparation of organic-inorganic hybrid material containing
niobium. A certain amount of niobium tartrate solution (20 mL)
was mixed with terephthalic acid (1.038 g) and DMF (30 mL).

Terephthalic acid was used as a ligand for preparing the
organic-inorganic hybrid material, analogous to the metal-organic
frameworks. DMF was used to enhance the solubility of terephtha-
lic acid in the aqueous solution. After sonication for 1.0 h, the clear
solution was transferred into hydrothermal reaction vessels. After
solvothermal treatment at 220 °C for 8 h, the hybrid material was
obtained. In order to remove residual terephthalic acid, the
obtained white powder was made to undergo Soxhlet extraction
with MeOH and was washed with DMF. After being dried overnight
at 383 K under vacuum, NbO,@C was obtained by thermal
treatment at 800 °C under H,/Ar (H,: 10%, v/v).

Preparation of vanadium-based catalysts. The vanadium-
based materials were synthesized using a similar solvothermal
method. A certain amount of Naz;VO,-12H,0 (50 mg) was added
to the above-mentioned niobium tartrate solution (20 mL). The
solution was mixed with terephthalic acid (1.038 g) and DMF
(30 mL). Terephthalic acid was used as a ligand for preparing
the organic-inorganic hybrid material. DMF was used to enhance
the solubility of terephthalic acid in the aqueous solution. After
ultrasonically dissolving the ligand, the mixed solution was made
to undergo solvothermal treatment at 220 °C for 8 hours. The
obtained solid was treated by Soxhlet extraction with MeOH to
remove redundant ligand, and was dried in a vacuum oven at
383 K overnight. The single-atom vanadium-based catalysts were
obtained via thermal treatment under H,/Ar (H,: 10%, v/v), which
was performed at certain temperatures (600, 700 and 800 °C) for
1.5 h (2 °C min~"). The catalysts were denoted as VO,-NbO,@C-T
(T = 600, 700, 800, and 900), in which T represents the thermal-
treatment temperature.

Catalytic reaction

Oxidative dehydrogenation of N-heterocycles was performed in
a 12 mL stainless autoclave equipped with a pressure gauge, a
magnetic stirrer, and an electric temperature controller. The
catalyst (50.0 mg), the solvent (2.0 mL) and N-containing
compounds (0.5 mmol) were introduced into the reactor. The
sealed autoclave was flushed with O, three times, and pressur-
ized with O, to 0.5 MPa. After the designated temperature was
reached, the reaction mixture was stirred at a rate of 800 rpm to
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start the reaction. At the end of the reaction, the autoclave was
cooled to ambient temperature in water and slowly depressur-
ized. Conversion and product composition were analyzed by GC
and GC-MS. Chlorobenzene was used as the internal standard.
GC was performed on a GC-2014 (SHIMADZU) equipped with a
high-temperature capillary column (MXT-1, 30 m, 0.25 mm I.D.)
and an FID detector. GC-MS was performed on a GCT Premier/
Waters instrument equipped with a capillary column (DB-5MS/
J&W Scientific, 30 m, 0.25 mm 1.D.). For NMR analysis, the crude
reaction mixture was washed with H,O several times to remove
DMSO and the aqueous phase was extracted with CH,Cl,. After
drying with Na,SO, and evaporating under vacuum, the crude
products were purified by column chromatography [hexane/ethyl
acetate] to get the corresponding product yields.

Catalyst characterization

XRD patterns were obtained on a Rigaku D/Max-2500 X-ray
diffractometer using Cu Ko radiation. The elemental analysis
was performed using a PerkinElmer Optima 2000 OV induc-
tively coupled plasma-optical emission spectroscope (ICP-OES).
Transmission electron microscopy (TEM) was performed on a
JEOL 2010 TEM equipped with an attachment for local energy
dispersion analysis (EDX). The accelerating voltage was 200 kV,
and the spot size was 1 nm. X-Ray photoelectron spectra (XPS)
were recorded on a Thermo Scientific ESCA Lab 250 Xi using
200 W mono-chromated Al Ko radiation (1486.6 eV). The
binding energies were referenced to the C 1s line at 284.8 eV
from adventitious carbon. Nitrogen adsorption-desorption
analysis was carried out at 77 K on a NOVA 2200e adsorption
analyser. Before the adsorption analysis, the samples were
degassed under vacuum at 300 °C in the port of the adsorption
analyser. "H NMR and "*C NMR spectra were recorded using a
Bruker Ultra-Shield 400 MHz spectrometer (‘H = 400 MHz),
with CDCIl; as the solvent unless otherwise indicated.
Tetramethyl-silane (TMS) was used as an internal standard.
Raman spectra were recorded on a LabRAM HR Raman micro-
scope equipped with a 532 nm laser source and a 100x objective
lens. The sample powders were sandwiched between two glass
slides before the test.

The X-ray absorption spectra (XAS) including the X-ray
absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) of the samples at the V
K-edge were collected at the 1W1B station in the Beijing
Synchrotron Radiation Facility (BSRF), China. The electron
storage ring of BSRF was operated at 23 keV. The spectra were
recorded in the solid-state detectors for the V K-edge by using
an Si(311) double-crystal monochromator, respectively. The
Athena software package was used to analyse the data. Theore-
tical XANES spectra were calculated by using the FEFF8.2 code.

Results and discussion

Firstly, the niobium-based inorganic/organic hybrid materials
were synthesized using a facile hydrothermal process using
niobium tartrate, Na;VO, and terephthalic acid with DMF as
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NbO,@C-800 material (d).

solvent. After Soxhlet extraction with MeOH to remove residual
terephthalic acid, the hybrid materials were subjected to high
temperature under a H,/Ar (H,: 10%, v/v) atmosphere, and the
obtained VO,-NbO,@C material had a rod-like morphology
(Fig. 1a—c). In the absence of Naz;VO,, similar nanorod-structured
materials (simplified as NbOg@C) were also synthesized (Fig. 1d
and Fig. S1, ESIY). The excessive tartrates provided the coordina-
tion environments for complexing the vanadium and niobium
precursors during the hydrothermal procedure. Owing to the
excellent coordination ability of tartaric acid, this natural carboxylic
acid was helpful for uniform dispersion of VO, and NbO,, species in
the hybrid materials.

The Raman spectra of VO,-NbO,@C showed only two bands
corresponding to the G (1580 cm™") and D (1360 cm ') bands,
which are the characteristic peaks of carbon materials,** but no
peak derived from VO, species was detected (Fig. S2, ESIT). The
carbonaceous species, derived from the carbonization of the
residual terephthalic acid and tartrate, acted as a support for
monomeric VO, species and NbO,, oxides. Besides, they also
provided good porosity of the catalysts. ICP analysis revealed
that the content of V in VO,~-NbO,@C-800 was 0.07 wt%. As
shown in the high-resolution TEM images (Fig. 2b and c), the
lattice space of the VO,-NbO,@C-800 nanorods is 0.342 nm,
corresponding to the [400] planes of NbO,.>* Before thermal
treatment, both NbO,@C and VO,-NbO,@C showed a pseudo-
hexagonal Nb,Os phase (JCPDS no. 28-0317) (Fig. S3, ESIY).
After thermal-treatment at 600 °C under a reducing atmosphere,
both NbO, and Nb,O; phases were detected in VO,-NbO,@C
(Fig. 2B). Further increasing the temperature resulted in transi-
tion from the Nb,Os phase to the tetragonal NbO, phase, which
was confirmed by XRD analysis. However, no crystal phases
related to vanadium species were detected by X-ray diffraction
analysis (Fig. S4, ESIt), which indicated that either no crystal
vanadium oxide phase was formed in the VO,-NbO,@C catalysts
or the amount of vanadium oxides was too low to be detected
using the XRD method. Moreover, high-angle annular dark-field
scan TEM (HAADF-STEM) images and corresponding elemental
mapping of VO,-NbO,@C-800 showed the homogeneous
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Fig. 2 The characterization of the VO,-NbO,@C catalyst: (A) TEM images
of VO,~NbO,@C-800: (a) low-resolution TEM images; (b) and (c) high-
resolution TEM images; (d) EDS mapping; (B) PXRD patterns of NbO,@C
and VO,-NbO,@C undergoing thermal treatment at different tempera-
tures; (C) XPS curve-fitting of the V 2ps,, photoelectronic peak of VO,—
NbO,@C catalysts after thermal treatment at different temperatures.

distribution of V, Nb, O and C elements throughout the materials
(Fig. 2A).

X-Ray photoelectron spectroscopy (XPS) was performed to
characterize the surface compositions of catalytic materials.
The high-resolution of the V 2p;/, spectra can be deconvoluted
into three peaks located at 517.6 eV, 516.1 eV and 514.7 eV
(Fig. 2C), which can be assigned to the V>, V** and V** species,
respectively.>* The V 2p;, spectra also demonstrate that the
main composition of VO,~-NbO,@C was the V** species. The Nb
3d spectra showed three peaks at the binding energies of 207.4
eV (3ds),), 206.8 eV (3ds),) and 205.8 eV (3ds),) (Fig. S5, ESIT),
which can be ascribed to Nb>", Nb*" and Nb*" species,
respectively.’® Although the content of low valence Nb species
increased with the thermal-treatment temperature, the Nb>*
species existed as the main component in these materials
(Table S1, ESIf). From N, adsorption-desorption isotherms
(Fig. S6, ESIt), the BET surface area of the VO,-NbO,@C-800
was found to be 59.9 m* g~ ', and the BJH average pore diameter
was centred at 3.9 nm.

The chemical oxidation state and local coordinate structures
of the V species in the VO,-NbO,@C were further studied by
X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopy at the V K-edge.
As shown in the XANES spectra (Fig. 3a), VO,~NbO,@C-600
showed a strong pre-edge peak comparable to that of VO,, which
can be assigned to the so-called 1s-3d transition originated
mainly from the mixing of 2p orbitals of the oxygen anions with
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Fig. 3 (a) V K-edge XANES spectra (the inset shows a magnified view of
the pre-edge peaks) and (b) Fourier transformed V K-edge EXAFS spectra
of the VO,~NbO,@C catalysts and the reference compounds; (c) the plot
of the relative edge position to Ey (5465 eV) vs. the formal vanadium
oxidation state, with the measurements for the VO,—NbO,@C samples
indicated on the calibration curve.

3d orbitals of the vanadium atoms.*® After thermal treatment at
higher temperatures, the intensity of the pre-edge peak
decreased, and the binding energy at adsorption edge shifted
to lower energy (Fig. 3a and Fig. S7, ESIt). These results indicate
that the vanadium species was reduced to lower valence under
high temperature treatment.”” The position of the white line
peak of VO,~NbO,@C was close to that of VO,, indicating that
the average valence state of V in the hybrid was approximately
V**. Moreover, the position of the white line peak of these
catalysts shifted to low energy with increasing thermal-
treatment temperature (Fig. S7, ESIt), suggesting that the
valence state of V species decreased in this procedure. From
the FT-EXAFS spectra (Fig. 3b), the peak located at around 1.6 A
was ascribed to the first V-0 coordination shell.*® Furthermore,
the scattering peak due to the presence of the neighbouring V
atoms (V-O-V) in the as-synthesized VO,-NbO,@C was hardly
detected compared with V,05 or VO0,.*° These results demonstrate
that the vanadium species in the VO,-NbO,@C catalysts existed in
the isolated monomeric VO, state with tetrahedral coordination.

The catalytic performance of the VO,-NbO,@C was evalu-
ated in the dehydrogenation of 1,2,3,4-tetrahydroquinoline.
The commercial vanadium oxides showed low catalytic selec-
tivity in this reaction (Table 1, entries 1 and 2). The nanorod-
like niobium-based catalyst NbO,@C gave 56.0% yield of quino-
line. Compared with the NbO,@C catalysts, incorporation of
the vanadium species improved catalytic selectivity effectively,
indicating a synergistic effect between vanadium oxide and nio-
bium oxide. It is well known that the reducibility of vanadium in
the redox mechanism is stronger than niobium.’® The catalytic
performance of the VO,-NbO,@C catalyst was significantly influ-
enced by the thermal-treatment temperature. VO,~-NbO,@C-600
showed medium catalytic selectivity of the product. Quinoline

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Table 1 Catalytic performance of various materials in the dehydrogena-
tion of 1,2,3,4-tetrahydroquinoline®
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Table 2 Dehydrogenation of N-heterocycles catalyzed by VO,-
NbO,@cC?

Entry” Catalysts Conv.” (%) Sel.® (%)

Ent. Substrates Products Yield® (%)

V,0s5 99 59.3
VO, 99 60.7
NbO,@C-800 99 56.0
VO,~NbO,@C-600 99 61.0
VO,-NbO,@C-700 99 79.2

0,-NbO,@C-800 99 92.5

AU R W N

“ Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.5 mmol), catalyst
(50 mg), DMSO (1.5 mL), H,0 (0.5 mL), O, (0.5 MPa), 120 °C/16 h. ? The
yields were obtained by GC using chlorobenzene as the internal
standard. © The other product was quinolinone.

yields increased with increasing thermal-treatment temperature
(Table 1, enties 4-6). VO,-NbO,@C-800 achieved the highest
catalytic performance with 92.5% yield of quinoline at full con-
version of the substrate. As shown in Fig. 3c, the formal vanadium
oxidation states deduced from the calibration curve decreased
with increasing thermal-treatment temperature.*' The increased
proportion of low valent V species (Fig. 3c) may be the main
reason for the improved selectivity of the catalyst treated at higher
temperature. A small amount of quinolinone was detected owing
to the over-oxidation reaction.* It has been reported that the vV**
species in the mesoporous vanadia-titania nanoparticle (VIN)
catalysts played a crucial role in the oxidative dehydrogenation
of ethyl lactate to ethyl pyruvate.*®

Reaction conditions were further optimized using VO,-
NbO,@C-800, and the results are listed in the Tables S2 and
S3 (ESIY). Solvents play a crucial role in this reaction. Organic
solvents with weak polarity or moderate polarity, such as 1,3,5-
trimethylbenzene, benzotrifluoride and dioxane, gave poor
results. When polar solvents were used, quinoline was obtained
in medium or good yield. These results could be related to the
improved adsorption of the nonpolar reactant in the presence
of polar solvents. The DMSO/H,0 (v/v: 3/1) mixed solvent gave
the best results. Furthermore, the scope of the reaction was
explored under the optimized reaction conditions (Table 2). Tetra-
hydroquinoline derivatives bearing electron-donating groups
(Table 2, entry 2) or electron-withdrawing groups (Table 2, entries
3 and 4) were catalytically transformed into the corresponding
aromatic heterocycles in good to excellent yields. Apart from the
tetrahydroquinoline derivatives, oxidative dehydrogenation of
1,2,3,4-tetrahydro-isoquinoline (Table 2, entry 5) and 1,2,3,4-
tetrahydro-quinoxaline (Table 2, entry 8) also gave a high yield
of the corresponding products. A moderate yield of indole was
obtained in the case of indoline (Table 2, entry 6). While hetero-
cycles were substituted with one strong electron withdrawing
group like the NO, group, the desired yield of products could
be obtained by increasing the oxygen pressure (Table 2, entries 3
and 7). These results indicate that electron-deficient aromatic
rings retard adsorption or coordination of the substrates with
the VO,~-NbO,@C catalyst. It has been reported that electron-
deficient groups usually impair the electron density of the
aromatic ring which may lead to more difficult coordination of
the substrates with the catalyst.* The yield of the reaction catalyzed

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

@ﬁ @@

87.3

/
\O—Z+
10-Z+

78.8

w
Zg\ /;

61.9

74.2

Zg\ /; g ;

89.8

N\
=z

10 62.1

O
=
O
=~

(@]
NG

S
H
N

. OO
N

H

|
(@]
\
+Z=
ZT

86.4

N
N
L)
/
N

¢ Reaction conditions: N-heterocycles (0.5 mmol), catalyst (50 mg),
DMSO (1.5 mL), H,O (0. 5 mL), O, (0.5 MPa), 120 °C/16 h. ? Yields are
for the isolated product. ¢ O, (1.0 MPa).

AN

by our V-based catalyst was among the highest reported in the
literature (listed in the Table S4, ESIt), although the content of V in
the catalyst was very low (0.07%), indicating that the monomeric
VO, species were very efficient for promoting the reaction.

The recyclability of the VO,~-NbO,@C catalyst was further
investigated in the oxidative dehydrogenation of 1,2,3,4-tetra-
hydroquinoline. The used catalyst was recovered from the
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Fig. 4 Recyclability of VO,—NbO,@C in the oxidative dehydrogenation of
1,2,3,4-tetrahydroquinoline.
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reaction mixture via simple centrifugation and reused in the
next cycle after rinsing with DMSO. As shown in Fig. 4, the
catalytic performance did not change notably after reusing four
times, indicating an excellent catalytic stability of the catalyst.
As shown in the XRD analysis of the reused VO,-NbO,@C
catalyst (Fig. S8, ESIt), there is no significant change in the
crystal phase structure of the reused catalyst compared with the
fresh one. Moreover, the chemical composition of the catalyst,
detected by XPS analysis, did not change obviously after reusing
four times (Fig. S9, ESIt). Therefore, the VO,-NbO,@C catalyst
displayed good recyclability in the reaction.

Conclusions

In summary, the VO,~-NbO,@C catalytic materials, in which the
monomeric VO, species were dispersed uniformly in the cata-
lysts, was synthesized using a one-pot hydrothermal synthesis
of the V/Nb inorganic/organic hybrid materials using the vana-
dium precursor, niobium tartrate and terephthalic acid followed
by thermal treatment under a reducing atmosphere. The VO,~
NbO,@C catalyst displayed excellent performance in the oxida-
tive dehydrogenation of N-heterocycles. The monomeric VO,
species and the NbO, in the composite catalytic materials
showed a synergistic effect for promoting the reaction. The
catalyst also exhibited good catalytic stability. We believe that
the method used to prepare catalysts with monomeric VO,
species can also be used to design other effective catalysts.
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