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ABSTRACT: Selective oxidation of C−H bonds under mild
conditions is one of the most important and challenging issues in
utilization of energy-related molecules. Molybdenum oxide
nanostructures containing Mo5+ species are effective for these
reactions, but the accurate identification of the structure of active
Mo5+ species and the catalytic mechanism remain unclear. Herein,
unsaturated penta-coordinated Mo5c

5+ with a high fraction in
MoOx fabricated by the hydrothermal method were identified as
the active sites for low-temperature oxidation of dimethyl ether
(DME) by the deep correlation of characterizations, density
functional theory calculations, and activity results, giving a methyl
formate selectivity of 96.3% and DME conversion of 12.5% at
unreported 110 °C. Low-temperature electron spin resonance
(ESR) and quasi in situ X-ray photoelectron spectra (XPS) with the designed experiments confirm that the Mo5c

5+ species can be
formed in situ. Molybdenum located at the pentachronic site is preferable to significantly promote the oxidation of the C−H bond in
CH3O* at lower temperatures.
KEYWORDS: low-temperature oxidation, activation of C−H bond, unsaturated penta-coordinated Mo5c

5+, dimethyl ether

■ INTRODUCTION
Selective oxidation catalysis is one of the most significant and
challenging topics in chemistry. The selective oxidation of
alkanes, alkenes, alcohols, etc. enables the manufacture of
various high-value-added chemicals.1−3 Despite the relative
ease of C−H activation/oxidation in alcohols/ethers compared
with alkanes, the oriented oxidation conversion of alcohols/
ethers including C−H and C−O bonds to oxygenated
compounds is a remarkable research direction, which has
been paid increasing attention. However, it is not as easy to
realize the targeted C−H bond breaking of alcohols/ethers
under mild conditions as thought. Especially for compounds
such as methanol, dimethyl ether (DME), etc., if not well
controlled, competitive side reactions4 or excessive oxidation
(generating COx) are easy to occur due to the relatively high
stability of the C−H bond in these molecules, which makes the
reaction difficult to achieve the oriented synthesis of key
intermediate species or products.5 In this way, designing the
highly efficient catalysts, revealing the mechanism for the
activation and oxidation of the C−H bond and realizing the
highly selective synthesis of targeted products under mild
conditions, becomes quite necessary and important but more
challenging.6,7

Molybdenum-based catalysts are frequently utilized to
activate C−H bonds to achieve oxidation or dehydrogenation

of reactants at low temperatures due to the abundant
coordination of oxygen and variable valence. As indicated by
literature,8,9 the state of Mo species on the catalyst surface
depends on its dispersion and the surface properties of the
support for the activation of C−H bonds. Handzlik and Sautet
predicted with density functional theory (DFT) calculations
that only in strict dehydrated conditions, Mo2O8 and Mo2O10
dioxo species probably present on the minority (100) surface
of γ-alumina are the potential precursor of the most active sites
for alkene metathesis; however, a deeper revelation for catalysis
mechanism was not mentioned.10 Wang et al. disclosed that
the partly reduced species (Mo5+) and the terminal oxygen
atoms of Mo�O bonds actually act as active sites for the
conversion of benzyl alcohols despite the oxygen-coordinated
MoO6 octahedrons being present on the surface.11 Factually,
the mono-oxo and dioxo structures for molybdenum oxides
can be modulated by temperature, gas-phase composition, and
loading,12 and also an appropriate arrangement of the
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molybdenum species interacting with the silica support
significantly increases the epoxidation reactivity of propylene.13

Based on robust ability of Mo-based catalysts for activation
and bond breaking of C−H bond, their catalytic behaviors of
the selective oxidation of methanol/DME to formaldehyde,
methyl formate (MF), methylal, poly(oxymethylene) dimethyl
ethers, 1,2-dimethoxyethane, etc. at low temperatures were
evaluated,2,14−16 and the oxidation of C−H bond in CH3O*
intermediate was regarded as the rate-determining step.9 Liu et
al. discovered that the oligomeric MoOx species loaded on
SnO2 are more capable of oxidizing DME to formaldehyde
than those loaded on ZrO2 and Al2O3, mainly owing to the
reduced activation energy of C−H bond oxidation to HCHO
over MoOx-SnO2.

9 The profound investigations for MoOx-
SnO2 catalysts demonstrated that the presence of Mo−O bond
of 1.94 Å benefits the formation of MF from DME oxidation
(160 °C),17 and also a minor amount of Mo5+ is closely related
with the improved performance.18 The above demonstrated
well the enormous potential of metal oxide catalysts such as
Mo in the oxidative dehydrogenation of oxygen-containing
compounds. Despite so numerous efforts that have been made
in the investigation of Mo-based catalysts, up to now, the
precise coordination environments of Mo5+ atomic species in
MoOx have not been thoroughly understood. Thus, there are
still vague interpretations of the confirmation of active sites
and the origin of catalytic behavior in the redox cycle for low-
temperature oxidation.

Herein, highly efficient H−Mo1Sn2 catalysts with abundant
surface Mo5+ species were constructed by the hydrothermal
method. The H−Mo1Sn2-O2-500 catalyst exhibited remark-
able low-temperature performance for DME oxidation, with
MF selectivity up to 96.3% at 110 °C, 50 °C lower than the
one reported previously. Combining the techniques of low-
temperature electron spin resonance (ESR), (quasi in situ) X-
ray photoelectron spectra (XPS), (in situ) X-ray absorption
fine structure (XAFS), aberration-corrected high-angle annular

dark-field scanning transmission electron microscopy (AC
HAADF-STEM), temperature-programmed surface reaction
(TPSR), etc., and density functional theory calculations with
catalytic performance of the catalysts, we clearly identified that
the metastable Mo5c

5+ species turned out to be “real” active
sites, which are able to activate the C−O bond of DME and
significantly promote the oxidation of C−H bond in CH3O*
intermediate at lower temperatures. Moreover, the Mo5c

5+

active species were found to be formed in situ during the
reaction through designing experiments. Based on 18O2 isotope
tracing experiments, a low-temperature reaction mechanism for
DME oxidation to MF was proposed.

■ RESULTS AND DISCUSSION

Structure of Catalysts

The H−Mo1Sn2 catalyst (the molar ratio of Mo and Sn is 1:2)
and the compared catalysts (C−Mo1Sn2, I−Mo1Sn2, and M-
Mo1Sn2, prepared by coprecipitation, impregnation, and
mechanical mixing, respectively, see the Methods in Support-
ing Information) were fabricated and characterized. X-ray
diffraction (XRD) patterns (Figure 1a) show that the
broadened characteristic diffraction peaks of tetragonal SnO2
crystalline (PDF#41−1445) were observed on H−Mo1Sn2
and C−Mo1Sn2, whereas no characteristic diffraction peaks
were assigned to MoO3 crystalline (PDF#35−0609), indicat-
ing that molybdenum species are highly dispersed over the two
catalysts. Raman shifts (Figure 1b) of 890 and 977 cm−1

observed on H−Mo1Sn2 and C−Mo1Sn2 are significantly
different from those of the MoO3 standard crystal (994 cm−1:
terminal Mo�O stretching vibration; 819 cm−1: Mo−O−Mo
bridged vibration) and I−Mo1Sn2 and M-Mo1Sn2. Such shifts
of the former two catalysts further demonstrate the disruption
of MoO3 crystallographic structure and the formation of
amorphous MoOx species on H−Mo1Sn2 and C−Mo1Sn2
due to the stronger interaction between molybdenum oxide

Figure 1. (a) XRD patterns and (b) Raman spectra of Mo1Sn2 catalysts prepared by different methods. (c) TEM image, (d) AC HAADF-STEM
image, (e) STEM image, and (f) corresponding EDX mapping for Mo (red) and Sn (green) of the H−Mo1Sn2 catalyst.
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and tin oxide.17,19,20 These results are further confirmed from
TEM and HAADF-STEM images, where amorphous MoOx

species without well-defined crystalline shapes are homoge-
neously dispersed on SnO2 with the predominance of (110)
crystal plane (Figure 1c) and the disordered Mo atomic species

(the scattered dark spots) are surrounded by SnO2 nano-
particles (the orderly bright spots assigned to Sn domain,
Figure 1d), also indicated by energy-dispersive X-ray spectros-
copy (EDX) mapping (Figure 1e,f) results. Carefully
comparing H−Mo1Sn2 and C−Mo1Sn2, the latter (Figure

Figure 2. Evaluation data of the selective oxidation of DME over the Mo1Sn2 catalysts at (a) 150 and (b) 110 °C (reaction conditions:
atmospheric pressure, n(DME)/n(O2) = 1:1, GHSV = 1800 h−1).

Figure 3. Characterization of the Mo1Sn2 catalysts. (a) Mo 3d XPS spectra. (b) HREELS spectra. (c) Low-temperature ESR spectra. (d)
Experiment XANES spectra at the Mo K-edge. (e) k3-Weighted (k)-function of the FT-EXAFS spectra. The solid lines represent experimental data,
and the dotted lines indicate fitting results of the range from 1 to 3 Å. (f) Wavelet transform analysis of the Mo K-edge data: MoO3 and H−
Mo1Sn2. (g) Model configuration of the Mo9Ox cluster supported on the SnO2 (110) surface. (h) Structure of Mo5+ species: Mo4c

5+, Mo5c
5+, and

Mo6c
5+.
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S1a) showed severe aggregation of the particles. In the case of
I−Mo1Sn2 (Figure S1b) and M-Mo1Sn2 (Figure S1c), both
MoO3 and SnO2 crystals are distinctly observed with an
uneven particle size distribution. The textual properties of the
prepared catalysts (Figure S2 and Table S1) also suggest that
the H−Mo1Sn2 catalyst has the largest specific surface area
(∼118.33 m2·g−1) and the characteristics of a mesoporous
structure (∼3.45 nm) compared with others. The above
observation certainly demonstrates that the hydrothermal
method is quite effective in preparing a high-dispersion Mo−
Sn catalyst as well as enhancing a good integrative effect.
Catalyst Performance

The activities of Mo1Sn2 catalysts were evaluated at different
temperatures (Figure 2 and Table S2) for DME selective
oxidation. The H−Mo1Sn2 catalyst exhibits an obviously
enhanced catalytic performance at 150 °C (Figure 2a), wherein
the selectivity of MF reaches 77.6% with a higher DME
conversion of 22.0%. A similar MF selectivity is obtained over
C−Mo1Sn2, whereas the DME conversion is only 13.6%. In
addition, I−Mo1Sn2 with crystalline MoO3 exhibits a lower
catalytic activity and MF selectivity than H−Mo1Sn2 and C−
Mo1Sn2 with amorphous MoOx. Different from the above
catalysts, MF is hardly formed on the M-Mo1Sn2 catalyst.

Considering that low-temperature operation assists the
structural stability of Mo1Sn2 catalysts and the increase of
the MF selectivity, we further tested the prepared catalysts at a
lower temperature (Figure 2b). Notably, the H−Mo1Sn2
catalyst is still workable at 110 °C, obtaining the DME
conversion of 11.7% and MF selectivity rising to 85.8%,
without the formation of COx. Such a low temperature has not
been reported, wherein previously high activity was obtained at
150−160 °C.17,18,21 In contrast, other catalysts show obviously
decreased activity, and the MF selectivity and DME conversion
are below 60.0 and 5.0%, respectively. The better activity and
MF selectivity obtained on H−Mo1Sn2 over a wide temper-
ature range indicate that the MoOx active structures formed on
H−Mo1Sn2 facilitate the dissociation of the C−O bond in
DME and the oxidation of the C−H bond in CH3O*
intermediates, especially at low temperatures. In contrast, the
poor activity of I−Mo1Sn2 and M-Mo1Sn2 illustrates that it is
difficult for crystalline MoO3 to break C−O bonds at low
temperatures, thus hindering the subsequent selective
oxidation of C−H bonds. The difference in catalytic
performance suggests that the highly active sites arise from
MoOx structures, which are remarkably more active than
MoO3.
Identification of the Low-Temperature Active Sites

Differences in the electronic nature between MoOx-SnO2 and
MoO3−SnO2 catalysts were identified by XPS measurement.
The results indicate that the oxidation state of Sn for all
catalysts is Sn4+ (Figure S3a),22 while the binding energy of
Mo 3d is significantly altered. The deconvoluted peaks of Mo
3d spectra (Figure 3a and Table S3) centered at 233.0 (±0.1)
and 231.9 (±0.1) eV are assigned to Mo6+ 3d5/2 and Mo5+

3d5/2, respectively.23,24 It suggests that Mo6+ and Mo5+ species
coexist on the H−Mo1Sn2, C−Mo1Sn2, and I−Mo1Sn2
catalysts. Conversely, no signal for Mo5+ was detected on the
M-Mo1Sn2 catalyst. The Mo5+/(Mo6+ + Mo5+) ratio of H−
Mo1Sn2 reaches 8.4%, much higher than those of the C−
Mo1Sn2 (4.5%) and I−Mo1Sn2 catalysts (4.0%). The
difference in Mo5+ content demonstrates that Mo5+ species
are more readily available on the oligomeric MoOx than the

crystalline MoO3. Furthermore, the fundamental origin of the
differences in the Mo element valence states of the H−
Mo1Sn2 and C−Mo1Sn2 catalysts was further revealed by the
high-resolution electron energy loss spectra (HREELS, Figure
3b). Ionization loss peaks for Mo-M4,5 and Mo-M2,3 appeared
in the high energy-loss region, which is associated with the
incident electron beams losing larger amounts of energy after
inelastic scattering with Mo atoms.25−27 During the inelastic
scattering, the inner core electrons of Mo atoms were excited
and transitioned to the M4,5 and M2,3 outer shells to become
valence electrons. Compared with the C−Mo1Sn2 catalyst, the
H−Mo1Sn2 catalyst shows relatively higher intensity of Mo-
M4,5 and Mo-M2,3, indicating that the Mo atoms in this catalyst
are prone to become active via internal electron excitation,
promising a different valence distribution of Mo via electron
transfer.

The essential structural diversities of Mo5+ species were
further identified by employing a low-temperature ESR (−173
°C). Three different signals (Figure 3c) with g values of 1.91,
1.92, and 1.94 are assigned to tetracoordinate (Mo4c

5+),
hexacoordinate (Mo6c

5+), and pentacoordinate (Mo5c
5+),

respectively.28−31 Notably, the coordination environments of
Mo5+ species in the H−Mo1Sn2 and C−Mo1Sn2 catalysts are
fundamentally different, although both of them possess an
oligomeric MoOx structure. Mo5+ species over H−Mo1Sn2 is
dominantly present in the pentacoordinate Mo5c

5+ with a much
higher signal intensity than that over C−Mo1Sn2 with three
homogeneously distributed coordinated Mo5+ species. The low
intensity of the signals of Mo5+ species in the I−Mo1Sn2
catalyst suggests that the impregnation method is disadvanta-
geous to generating Mo5+ species. The extremely weak
interaction between Mo and Sn on the M-Mo1Sn2 catalyst
is unable to affect the valence of the Mo species. Additionally, a
strong signal at g = 2.01, assigned to the oxygen vacancy
(Ov),32,33 is observed over H−Mo1Sn2, which is closely
related to the unsaturated Mo5+ species.

We then clarified the coordination environments of
molybdenum species through X-ray absorption fine structure
(XAFS) measurements.34 The normalized Mo K-edge X-ray
absorption near-edge structure (XANES) (Figure 3d) shows
that the absorption edge for the Mo component in the
Mo1Sn2 catalysts is close to that in the MoO3 crystalline, while
the intensities of the pre-edge peaks (19,990−20,000 eV) and
the white-line peaks (around 20012 eV) of H−Mo1Sn2 and
C−Mo1Sn2 are somewhat lower than that of MoO3. The
decrease in the intensity of pre-edge peaks is attributed to the
distortion or destruction of the crystal structure while the
reduction of white-line peak intensity is assigned to the partial
reduction of Mo6+ species35 for these two catalysts, consistent
with the XPS results. Fourier-transformed extended X-ray
absorption fine structure (FT-EXAFS) analysis was further
performed to reveal the local environment of Mo atoms in
these Mo1Sn2 catalysts (Figure 3e and Table S4). With the
assistance of wavelet transform analysis (WTA) (Figures 3f
and S4), the peaks at ∼1.77 and 2.04 Å in the H−Mo1Sn2
catalyst are assigned to the Mo�O and Mo−O bonds,26,36,37

wherein the fitting results of the corresponding FT-EXAFS
spectra (range: 1−3 Å) show that the coordination number
(CN) of O atoms in the first and second shells of Mo atoms
for H−Mo1Sn2 are ∼2.0 and 2.4, respectively, much lower
than those of MoO3 reference and other Mo1Sn2 catalysts.
From Table S4, MoO3 shows five Mo−O bonds originated
from the linkage between the Mo atom and the O atoms
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located at two layers. However, there are only two Mo−O
bonds observed on H−Mo1Sn2 (∼1.77 and 2.04 Å) and C−
Mo1Sn2 (∼1.75 and 1.92 Å), indicating that new MoOx
species formed, probably arising from the severe distortion of
MoO3 and/or absorbance of the array of Mo and O atoms
similar to the MoO3 crystallographic structure. This is
indicated by no observation of the Mo−O bond of ∼2.32 Å,
which represents the Mo−O−Mo linkages originating from the
interaction of the Mo and O atoms located at the different
layers. The array of Mo−O bonds in I−Mo1Sn2 and M-
Mo1Sn2 is similar to the standard MoO3 crystal, probably
owing to the maintenance of the MoO3 phase as demonstrated
by the XRD result. In conjunction with the unsaturated
coordination of Mo atoms and the unique character of the
Mo−O bonds identified by XAFS, the formation of Mo5c

5+

(Figure 3h) can be attributed to the distortion of the
octahedral MoO6 structure and departure of one of the
terminal O atoms. Additionally, the signal at a longer radial
distance (3−4 Å) in the FT-EXAFS and WTA spectra for H−
Mo1Sn2 shows an extra peak, which is assigned to the
scattering path of Mo−O−Sn.18,35 By adopting ab initio
molecular dynamics (AIMD) simulations and DFT calcu-
lations, we further studied the influence of SnO2 on the
configurations of Mo oxides, and the result is shown in Figure
S5. The calculation started from a Mo9Ox oxide cluster loaded
on the SnO2 (110) surface. This model catalyst was
constructed based on the observation of TEM where SnO2
exposed the (110) surfaces. As expected, after adsorption, the
Mo atoms interacted with the O atoms exposed on the surface
of SnO2 (110) (Figure 3g), forming Mo−O−Sn bonds (Figure
S5a,b and Table S5). Owing to the interaction, the
configurations of molybdenum oxide change from crystalline
geometry to a highly dispersed amorphous structure on the

surface of SnO2 (110) (Figure S5c), which is in agreement
with the observation of XRD and HAADF-STEM. Moreover,
the results of Bader charge analysis (Figure S5d) illustrate that
the charge distribution of Mo atoms in the Mo9Ox cluster is
between 2.21 and 2.30 |e|, much lower than that of saturated
MoO6 structure (a model structure to represent MoO3
crystalline catalyst, Table S10) where the charge is about
2.35 |e|. The decreased Bader charge of Mo confirms that
electron transfer occurred between tin oxide and molybdenum
oxide of the MoOx cluster catalysts. The combination of
theoretical calculations and characterization results clearly
demonstrates the unique interactions between Mo and Sn
species because the structures and electronic properties of the
molybdenum oxide can be modulated by tin oxide.

To further investigate the evolution of Mo5+ species during
the oxidation reaction of DME, quasi in situ XPS (after reacting
for 1 h in an XPS cell under real conditions, the catalyst was
quickly cooled and transferred to the vacuum chamber) and
low-temperature ESR (measured immediately after the
reaction) measurements were performed. The unchanged
binding energy of Sn 3d (Figure S6) demonstrates that the
oxidability of the catalysts highly depends on the metastable
Mon+ species. Figure 4a shows that the Mo oxidation state is a
combination of Mo5+ and Mo6+, with no signals for Mo4+ or
other lower valence states. The quantified results (Table S6)
show that the proportion of Mo5+ in the H−Mo1Sn2 increases
from 8.4% (fresh) to 19.0% after the reaction. The variation of
the content of Mo5+ and Mo6+ species explains that the redox
cycle may take place between Mo6+ and Mo5+ at 110 °C.
Noteworthy, the increased Mo5+ is evidenced to be primarily
Mo5c

5+, based on the substantially enhanced intensity of the
Mo5c

5+ peak in the ESR signals of the fresh and used H−

Figure 4. (a) Quasi in situ XPS Mo 3d spectra of the H−Mo1Sn2 catalyst recorded under reaction conditions (110 °C, n(DME)/n(O2) = 1:1). (b)
Low-temperature ESR spectra of the fresh and used H−Mo1Sn2−500 catalysts. (c) Experiment in situ XANES spectra at the Mo K-edge of the H−
Mo1Sn2 catalyst recorded under reaction conditions (RT: room temperature; 300 °C O2: activation at 300 °C under an O2 atmosphere; 110 °C
O2: decrease to reaction temperature 110 °C under an O2 atmosphere; 110 °C O2 + DME: reaction at 110 °C with O2 and DME). (d) k3-weighted
(k)-function of the in situ FT-EXAFS spectra. The solid lines are experimental data and the dotted lines are fitting results of the range from 1 to 3 Å.
(e) Wavelet transform analysis of Mo K-edge data: the H−Mo1Sn2 catalyst under different procedures.
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Mo1Sn2−500 catalysts (Figure 4b). Therefore, it suggests that
the Mo5c

5+ species play a crucial role in the redox cycles.
In situ XAFS was used to explore the dynamic evolution of

the coordination environment of Mo active sites by recording
instantaneously during the activation and reaction stages under
the corresponding atmospheres. The slight movement toward
high energy of the absorption edge of the Mo K-edge (Figure
4c) is observed after heating with O2 and/or O2 + DME,
originating from the electron transfer from Mo to O atoms,
inducing the activation of the O2 molecules. During the
reaction, nevertheless, the slight migration of the absorption
edge indicates that the change of the average oxidation state of
Mo is not apparent. The wavelet transform analysis (Figure 4e)
and FT-EXAFS (Figure 4d and Table S7) fitting results reveal
the variations of the local environment of Mo atoms (joint
contribution of Mo5+ and Mo6+) at each stage. During the

activation process (300 °C O2), the distances of Mo−O bonds
in the H−Mo1Sn2 catalyst are mainly ∼1.67, 1.72, and 1.95 Å,
and the coordination numbers of the O atoms are ∼1.5, 1.6,
and 2.5, respectively. Compared with the fitting results of static
H−Mo1Sn2 (measured at room temperature without O2), the
shortening of Mo−O bonds and the increased coordination
number (the total CN is about 5.6) can be assigned to
enhanced Mo−O interaction resulting from the electron
transfer from Mo to O and the activated oxygen atom of the
O2 molecule coordinated to the Mo center. As the temperature
decreased to 110 °C, a Mo−O bond of ∼2.29 Å (CN: ∼ 1.2)
appeared, which might be ascribed to the coordinated active
oxygen atom transformed from the activated O2, indicating the
strong ability of unsaturated Mo species to activate and
dissociate O2 at such a low temperature. After introducing O2
and DME at 110 °C, the radial distances of Mo−O bonds vary

Figure 5. (a) DME-TPSR-MS spectra of the Mo1Sn2 catalysts prepared by different methods, recorded under a DME flow (test conditions: DME,
30 mL·min−1, 50−400 °C). (b) DME-TPSR-MS spectra of the H−Mo1Sn2 catalyst with different pretreatments by switching Ar and O2 (detailed
pretreatment procedures are shown in the section of Experimental Methods in SI). (c) Low-temperature ESR spectra and (d) evaluation data of
H−Mo1Sn2-Air-500 and H−Mo1Sn2-O2-500. (e) Evaluation data and (f) low-temperature ESR spectra of the H−Mo1Sn2-O2-300 catalyst at
different reaction times.
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toward relatively lower distances as the coordination number
of oxygen atoms changes in a narrow range (the total CN is
about 4.9). Such variations demonstrate the successful
absorption/activation of DME molecules on Mo active sites.
Besides, the changes in the intensity of Mo−Sn in the wavelet
transform spectra (Figure 4e) illustrate the participation of the
Mo−O−Sn structure, which is important to the formation of
MF. Since Mo5c

5+ species are considered to be majorly
contributing to the low-temperature oxidation of DME, the
investigation of the coordinated oxygen bonded to Mo5c

5+

should be of great concern. Herein, DME temperature-
programmed surface reaction mass spectrometry experiments
were conducted (Figures 5a and S7). For H−Mo1Sn2, the
lower initial formation temperature (Ti = 145 °C) and higher
intensity of MF suggest that the abundant active Mo5c

5+

species are more responsive to low-temperature oxidation
than other catalysts. Herein, the reasons for a higher Ti than
reaction temperature (110 °C) include less catalyst dose,
absence of O2, rapid heating rate, and lagging of the mass
spectrometry scanning signal. The Mars-van Krevelen mech-
anism37 illustrates that the participation of active lattice
oxygen, which was derived from MoOx active structures, is
predominant in the oxidation reaction under oxygen-free
conditions. Following the depletion of active lattice oxygen
indicated by the absence of MF generation, regeneration
experiments of active sites (Figure 5b) were carried out. The
results indicate that the MoOx active species can be
regenerated by the supplementation of active lattice oxygen
after oxygen supplementation in the high-temperature treat-
ment step (Regeneration 1). MF is reproduced and enhanced
after the subsequent treatment with O2 (Regeneration 2). This
strongly demonstrates the reproducibility of active MoOx
species and the facilitation of chemisorbed oxygen, which is
formed and stored on the oxygen vacancies of Mo5c

5+, in line
with the decreased ESR signal of Ov in Figure 3c. The DME-
TPSR-MS demonstrates the high stability and powerful
regeneration ability of the Mo5c

5+ active sites of H−Mo1Sn2.
It meanwhile suggests that the introduction of O2 is beneficial
to improve the low-temperature oxidation performance.

Based on the findings of the important effect of oxygen, we
prepared an H−Mo1Sn2-O2-500 catalyst calcined under O2.
The low-temperature ESR spectra (Figure 5c) show that the
Mo5+ species in H−Mo1Sn2-O2-500 are mainly in the form of

metastable pentacoordinate Mo5c
5+. Notably, compared with

H−Mo1Sn2-Air-500 (H−Mo1Sn2), a dramatic performance
enhancement of the H−Mo1Sn2-O2-500 catalyst was achieved
for low-temperature oxidation of DME with the MF selectivity
of 96.3% at 110 °C (Figure 5d and Table S8). Such results
further support that the unsaturated-coordinate Mo5c

5+ species
are the main active sites for the low-temperature oxidation of
DME and the treatment with O2 indeed increases the low-
temperature performance of H−Mo1Sn2, which is entirely
consistent with the results of the DME-TPSR-MS experiments.

We then designed experiments and prepared another
catalyst calcined with O2 at 300 °C (denoted as H−
Mo1Sn2-O2-300) to investigate the evolution of active
Mo5c

5+ species in the reaction. Evaluation results (Figure 5e
and Table S9) show that H−Mo1Sn2-O2-300 has no activity in
the initial stage (0.75 h). However, as time on stream increases
to 1.25 h, the catalytic performance was presented with the
DME conversion of 5.2% and MF selectivity of 80.0%. A
modest increase in the catalyst activity and product selectivity
was observed after reacting for 5.25 h. Low-temperature ESR
spectra (Figure 5f) show that three types of coordinated Mo5+

species are observed on the fresh H−Mo1Sn2-O2-300 catalyst,
whereas the primary one is Mo6c

5+, different from those of the
fresh H−Mo1Sn2-O2-500 and H−Mo1Sn2-Air-500 catalysts.
As the reaction progresses, the coordination structure of Mo5+

significantly changes. With the increase of the exposure time of
the catalyst in the reaction atmosphere, more Mo5c

5+ species
are formed. Moreover, correlating the catalyst activity with the
ESR signal of Mo5c

5+, it was found that the content of Mo5c
5+

and the catalyst activity increased simultaneously with the
advancing reaction duration. Such synchronous variation
demonstrates that Mo5c

5+ species are really active sites and
can be in situ formed during the low-temperature oxidation of
DME.
DFT Calculation of Reaction Path of DME Oxidation to MF
on the MoO5 and MoO4 Model Catalyst Surfaces

DFT calculations were performed to gain more insight into the
origin of the enhanced activities of the MoOx-SnO2 catalyst. A
model catalyst MoOx/SnO2(110) was constructed (Figure
S10),38,39 wherein Mo atoms located at the different
coordination environment and Sn atoms located on the
surface of SnO2(110) were presented after a full structure
optimization. The adsorption of DME and the formation of

Figure 6. Potential energy surface of DME dissociation and MF formation on the MoOx/SnO2(110) model catalyst, where x denotes 4 or 5 to
represent the Mo atoms located at the tetra-coordinated and penta-coordinated sites.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00479
JACS Au 2023, 3, 3141−3154

3147

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00479/suppl_file/au3c00479_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00479/suppl_file/au3c00479_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00479/suppl_file/au3c00479_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00479/suppl_file/au3c00479_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00479/suppl_file/au3c00479_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00479?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00479?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00479?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00479?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


HCHO and MF were fully investigated on the optimized
MoOx/SnO2(110) system. At the beginning of the inves-
tigation, the adsorption of DME was fully studied on the
surface of both the MoOx cluster and the SnO2 surface. As
shown in Figure 6, the adsorption of DME is preferable on the
Sn atom than on the MoOx cluster, owing to the deformation
of the MoOx polyhedron. Thereafter, DME dissociated into
CH3O* and CH3* between the Sn and Mo clusters. The
MoO5 cluster is preferable to this reaction compared with the
MoO4 cluster owing to the lower reaction barrier and reaction
energy (1.83 and −0.30 eV for MoO5 vs 2.75 and 0.52 eV for
MoO4). After that, CH3* bonds with O atoms located at the
terminal of the MoOx cluster to form a new CH3O* group.
The formation of HCHO through CH3O* on both MoO5 and
MoO4 clusters is investigated subsequently. The results
showed that the formation of HCHO on the MoO5 cluster
is more energy preferable than on the MoO4 cluster (the
reaction barriers on the two structures are 2.86 eV for MoO5
and 4.49 eV for MoO4). Through investigation on the
coupling between HCHO and CH3O*, it is noted that
H2COOCH3* is fairly easy to form on the surface of Sn
located on the SnO2(110) support, whereas the combination
between HCHO and CH3O* is not to occur owing to the long
distance between the two Mo atoms located on the MoOx
cluster. The above results indicate that a coordination-
unsaturated surface Sn atom is the active site for the formation
of H2COOCH3*. Our calculated results are in accordance with
the other researchers, who found that the formation of MF is
very easy on SnO2. The final step for MF formation is started
from H2COOCH3*, which takes place on the interface
between the SnO2(110) and MoOx clusters, where the H
atom was attracted by the nearby O located on the MoOx
cluster. From Figure 6, the calculated reaction barriers for MF
formation are 1.47 eV for MoO5 and 2.28 eV for MoO4,
respectively. Compared with the elementary reaction of DME
dissociation and CH3O* + HCHO condensation, the higher

activation energy of CH3O* oxidation (both on MoO5 and on
MoO4) indicated that the oxidation of CH3O* to HCHO* is
the rate-determining step of DME oxidation to MF, in line
with established understanding.9 Based on the results of DFT
calculations, the lower activation energy for the C−O bond
activation in DME and the lower reaction energy for C−H
bond oxidation in CH3O* on the MoO5 cluster sufficiently
illustrate that penta-coordinated MoO5 species are “real”
active sites for low-temperature oxidation of DME.

Additionally, AIMD simulation was performed to study the
structure evaluation of MoOx in the presence of an O2
atmosphere starting from the most stable configurations of
molybdenum oxides located on the SnO2(110) surface. The
simulation starts from a presorption configuration of the O2
molecule located at the center of a ring surrounded by four
tetra-coordinated molybdenum oxides, which was obtained
from a geometry optimization. After structure optimization, an
enlarged distance between O and O in the presented O2
molecule increased from 1.128 to 1.493 Å (Figure S11b,c),
indicating that O2 was activated by the tetra-coordinated
molybdenum oxide clusters. Owing to the activation of O2, the
tetra-coordinated molybdenum oxide clusters were oxidized to
the penta-coordinated structure. During AIMD simulation, as
the system evolves at the reaction temperature, the distance
between O atoms in the presented O2 increased gradually and
the penta-coordinated Mo oxide clusters kept their structure
during 2.5 ps simulation (Figure S11d,e) (from 1.128 Å in O2
to 1.541 Å on the cluster), indicating the participation of O2 in
the formation of penta-coordinated molybdenum oxide
species. During 5.0 ps AIMD simulation (Figure S11f,g), the
distance between these two O atoms falls in the range of 1.493
to 1.557 Å, i.e., from 1.493 Å at 1.0 ps, 1.541 Å at 2.5 ps to
1.557 Å at 5.0 ps, respectively. The O2 adsorption and AIMD
simulation results indicate that the O2 molecule is activated
during the reaction, which facilitates the activation of DME
and the formation of HCHO. Furthermore, owing to the

Figure 7. Mass spectra of 18O2−IR-MS characterization of the Mo1Sn2 catalysts recorded at (a) 140 °C and (b) 200 °C (test conditions: 10%
DME/Ar, 20 mL·min−1, 18O2 20 mL, and 140 and 200 °C).
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activation of O2, the distance between O (in O2) and Mo
changes from 2.1 to 2.3 Å, which falls in the range of Mo−O
bond as shown in MoO3 accompanied by the configuration
change of tetra-coordinated molybdenum oxides to penta-
coordinated molybdenum oxides. Such calculation results are
in line with the observation of in situ XAFS, wherein the
variation of Mo−O bond corresponds to the transformation of
Mo−O bonds from 2.04 Å of H−Mo1Sn2-RT (initial state) to
2.29 Å of H−Mo1Sn2−110 °C + O2. Moreover, the trend of
configuration change of MoOx after absorbing oxygen is
consistent with TPSR, further confirming that the chemically
adsorbed oxygen can transform into active lattice oxygen for
the regeneration of low-temperature oxidation sites.
Reaction Mechanism of Low-Temperature Oxidation of
DME

Despite the fact that the mechanism of high-temperature
selective oxidation of DME to MF has been studied, it is still
controversial,40−42 and especially the low-temperature mech-
anism is even less clear. Herein, we designed 18O2 isotope
tracing tests (18O2−IR-MS) to reveal the low-temperature
reaction mechanism by monitoring the migration of oxygen
species in the DME oxidation reaction (Figure 7).
HC16O18OCH3 (m/z = 62) and HC18O18OCH3 (m/z = 64)
are detected, respectively. In those curves, extremely weak
peaks are considered to signal fluctuations caused by the
pulsing 18O2. The mass spectra (Figure S12) of the H−
Mo1Sn2 catalyst under different temperatures (from 110 to
200 °C) show that the first appearances of the signals at m/z =
62 and m/z = 64 are at 140 and 200 °C, respectively. Such

temperatures are very close to the initial temperature of MF
formation (145 °C) and the temperature of the highest yield
(196 °C) in the DME-TPSR-MS. Comparing the curves
recorded at 140 °C (Figure 7a), HC16O18OCH3 is detected
only on the H−Mo1Sn2 catalyst. However, when tested at 200
°C (Figure 7b), the signal for HC16O18OCH3 is enhanced for
the H−Mo1Sn2 catalyst and becomes observable for the C−
Mo1Sn2 catalyst, albeit at a lower intensity. Notably,
HC18O18OCH3 only formed on the H−Mo1Sn2 catalyst at
200 °C. The present 18O2−IR-MS experiments clearly
demonstrate that the differences in HC16O18OCH3 production
over the different catalysts are related to variations in the active
species, wherein the H−Mo1Sn2 catalyst featured with
metastable Mo5c

5+ is more appropriate for the low-temperature
reaction. The discrepancies between HC16O18OCH3 and
HC18O18OCH3 on H−Mo1Sn2 suggest that two different
reaction pathways may exist at high temperatures.

The corresponding in situ DRIFT spectra of DME
adsorption (Figure 8a,b) showed significant variations among
these Mo1Sn2 catalysts. Besides the vibrational peaks, they are
attributed to DMEgas/ads. (2800−3000 cm−1: C−H stretching
vibrations in CH3* and CH2*; 1400−1500 cm−1: C−H
bending vibrations in CH3* and CH2*; 1000−1200 cm−1: C−
O, C−O−C stretching vibrations), and several infrared
vibration peaks at 1300−1750 cm−1 appeared only on H−
Mo1Sn2 and C−Mo1Sn2, especially on the former; the peaks
are still visible at 140 °C, demonstrating its robust low-
temperature activation capabilities. The observation of a
special peak at 1735 cm−1 on H−Mo1Sn2 (Figure 8a),

Figure 8. In situ DRIFT spectra of 18O2−IR-MS characterization of the Mo1Sn2 catalysts. (a, b) The final spectra of DME adsorption at 140 and
200 °C. (c, d) The final spectra of DME + 18O2 desorption at 140 and 200 °C.
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which is assigned to the C�O stretching vibration of the
adsorbed HCHO,43,44 signifies that oxidative dehydrogenation
of CH3O* species (from DME dissociation) has taken place.
This phenomenon not only demonstrates that the Mo5c

5+

active sites on H−Mo1Sn2 possess the advanced low-
temperature oxidation ability but also implies that the breaking
of the C−H bond in CH3O* species into HCHO is quite a
pivotal step for the MF formation. From Figure 8c,d, it is
observed that a series of peaks emerged and were accompanied
by obvious discrepancies after the desorption of DME at 140
and 200 °C. Herein, the broad peaks at 3251−3261 cm−1 are
assigned to the vibration of hydroxyl groups, which might have
originated from the adsorbed CH3OH; the peaks at 2937 and
2831 cm−1 are attributed to the C−H stretching vibrations in
CH3O*; the broad peak at around 1711−1717 cm−1 is
ascribed to the C�O stretching vibration of the adsorbed
HCOOCH3;45 the sharp peak at 1623 cm−1 is assigned to the
vibration of hydroxyl groups in the adsorbed H2O molecules;45

the peaks at 1545, 1371−1381, and 1348 cm−1 are assigned to
the monodentate formate species;46 the peaks at 1160−1189
and 1056 cm−1 are attributed to the linear and bridged
adsorbed methoxy groups, which adsorb on Mo and/or Sn
atoms.44,46,47 Comparing the adsorption and desorption of
DME on H−Mo1Sn2 at 140 °C (Figure 8a,c), the
disappearance of C�O vibration of HCHO and the
appearance of C�O vibration of HCOOCH3 indicate that
the formation of MF is closely related with HCHO. In contrast
to C−Mo1Sn2 (Figure 8c), the smaller peaks of linear
adsorbed CH3O* on H−Mo1Sn2 suggest that CH3O* species
have been consumed during MF formation. Combined with
the MS signal of HC16O18OCH3 (140 °C) in Figure 7a, we
propose that the low-temperature oxidation of DME to MF
depends on the intermediate reaction of HCH18O (from the
oxidation of CH3* bonded with MoOx containing the 18O
atom) and 16OCH3* (Sn−16OCH3* formed from the
dissociation of DME). Such a reaction route is similar to the
aldol condensation mechanism of the selective oxidation of
CH3OH, which has been revealed on Au and Cu nano-
particles.48,49 In the case of DME desorption on H−Mo1Sn2
at 200 °C (Figure 8d), the coexistence of C�O vibrations of
HCHO (1743 cm−1) and HCOOCH3 (1717 cm−1) indicates
the enhanced oxidation of CH3O*, which can be derived from
both Mo−18OCH3* and Sn−16OCH3* intermediates,50

according to the reduction of linear adsorbed methoxy groups

and the vanishing of bridged adsorbed methoxy groups. For
the HC16O18OCH3 and HC18O18OCH3 observed on MS
spectra at high temperatures, the formation of the former
follows the aldol condensation mechanism, while the formation
of the latter might rely on the Tishchenko reaction of HCH18O
(dimerization).51 Such varied phenomena apparently demon-
strate that the selective oxidation of DME to MF adheres to
different catalytic mechanisms at low and high temperatures,
respectively. The key to the superior performance of H−
Mo1Sn2 at low temperatures is the targeted selective oxidation
of the C−H bond of CH3O* to formaldehyde by the
unsaturated penta-coordinated Mo5c

5+ active sites.
In combination with the above DFT calculations and 18O2

isotope experiments, we, here, proposed a possible reaction
mechanism for the low-temperature oxidation of DME to MF
on a pentacoordinate MoO5 active site (as shown in Scheme
1). During the reaction, DME preferentially adsorbs on an
unsaturated Sn site nearing the MoOx species. With the
assistance of the MoO5 structure, the C−O bond in DME is
easily activated and broken into CH3O* and CH3* groups,
forming Sn-OCH3 and MoO4-OCH3 (MoO5-CH3). Then, the
C−H bond of MoO4-OCH3 is oxidized via α-H elimination to
form the key intermediate HCHO, which is the rate-
determining step of this reaction. Subsequently, the HCHO
migrates to the SnO2 surface and is coupled with Sn-OCH3 to
form the H2COOCH3* intermediate via hemiacetal reac-
tion,53,54 which finally transforms to the target product
HCOOCH3 after the dehydrogenation. After that, the MoO5
active structure is reformed by the remediation of reactive
oxygen species, derived from O2.

■ CONCLUSIONS
The key role and the coordination environment of Mo5+

species were comprehensively revealed at the atomic level.
We confirmed that unsaturated penta-coordinated Mo5c

5+

species in the H−Mo1Sn2 catalyst prepared through the
hydrothermal method were the main active sites responsible
for DME highly selective oxidation to MF at 110 °C. The
combination of various characterizations (low-temperature
ESR, (quasi in situ) XPS, (in situ) XAFS, AC HAADF, etc.),
theoretical calculations, and activity results demonstrated that
the presence of metastable square-pyramidal Mo5c

5+ species is
the essential reason for the low-temperature oxidation, which
substantially reduces the reaction energy of DME dissociation

Scheme 1. Low-Temperature Oxidation Route of DME to MF over MoO5/SnO2
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and is more favorable for the oxidation of the C−H bond in
CH3O* to HCHO. Besides, in situ formed Mo5c

5+ active
species are found through the designed experiments. From the
18O2 isotopic experiments, a low-temperature mechanism of
the hemiacetal reaction of CH3O* and HCHO for DME
oxidation to MF over the MoO5 active sites was proposed.

This work broadens and deepens our understanding of the
coordination environments of Mo5+ species in MoOx-based
catalysts and their crucial role in the oxidation reaction under
mild conditions. This provides a new strategy for the design of
highly efficient catalysts for low-temperature oxidation of
energy-related molecules in the future.

■ EXPERIMENTAL SECTION

Materials
(NH4)6MoO7O24·4H2O (>99%) was purchased from Tianjin
Guangfu Technology Development Co., Ltd. SnCl4·5H2O (>99%)
was purchased from Aladdin Industrial Corporation. All chemicals
were purchased and used without further purification.
Catalyst Preparation Methodology
The representative molybdenum−tin composite oxide catalyst (H−
Mo1Sn2, a molar ratio of Mo/Sn = 1:2) was synthesized via the
hydrothermal method using (NH4)6MoO7O24·4H2O and SnCl4·
5H2O as the precursors of Mo and Sn. Simply, well-weighted
SnCl 4 ·5H 2 O was added into the solut ion containing
(NH4)6MoO7O24·4H2O at 60 °C. After rigorous stirring for 1 h,
the suspension was transferred into a PTFE-lined stainless-steel
autoclave and hydrothermally treated for 24 h. After that, the solid
product was collected via centrifugation and drying. Further
calcination to the above product at different atmospheres and 500
°C (for 8 h) is used to obtain the needed catalysts such as H−
Mo1Sn2-Air (also referred to as H−Mo1Sn2) and H−Mo1Sn2-O2.
The comparison catalysts were also prepared by referring to literature
methods,17,18 including the coprecipitation method (C−Mo1Sn2),
impregnation method (I−Mo1Sn2), and mechanic mixing method
(M-Mo1Sn2). Detailed processes can be found in the Supporting
Information.
Catalyst Characterization
The high-resolution transmission electron microscopy (HRTEM)
images were obtained on a JEOL JEM 2100 TEM, operating at 200
kV. Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM) was
performed by using an aberration-corrected Titan Cubed Themis
G2300 instrument. X-ray photoelectron spectra (XPS) and quasi in
situ XPS were recorded on an AXIS ULTRA DLD X-ray
photoelectron spectrometer (Kratos Co.) equipped with an Al Kα
X-ray excitation source (hv = 1486.6 eV). Low-temperature electron
spin resonance (ESR) spectra were recorded on a Bruker EMX plus-
10/12 spectrometer, operating in the X-band (at 9.41 GHz) with a
100 kHz magnetic field modulation at −173 °C. X-ray absorption fine
structure (XAFS) and in situ XAFS data at the Mo K-edge (20.0 keV)
and Sn K-edge (29.2 keV) of the samples were recorded on the
BL14W1 beamline of the Shanghai Synchrotron Radiation Facility
(SSRF), with operation in transmission mode using an ion chamber
and a Si(311) crystal monochromator. The X-ray absorption near-
edge spectroscopy (XANES) and extended X-ray absorption fine
structure (EXAFS) data were analyzed with the Athena and Artemis
programs. For the wavelet transform analysis (WTA), the (k)
exported from Athena was introduced to the Hama Fortran code,
using the parameters of R range (1−6 Å), k range (0−12 Å−1), and k
weight (2). Morlet function with κ = 10, σ = 1 was applied as the
mother wavelet to provide the overall distribution.52 Dimethyl ether
temperature-programmed surface reaction and mass spectrometry
(DME-TPSR-MS) experiments were performed in a fixed-bed reactor
system combined with an online mass spectrometer. An 18O2 isotope
tracer IR and mass spectrometry (18O2−IR-MS) experiments were

performed on a Bruker Tensor 27 with an MCT detector (64 scans, 4
cm−1) combined with an online mass spectrometer detector. Full
details of the characterizations are revealed in the Supporting
Information.
Catalytic Activity Measurement
All of the catalysts were crushed to 20−40 mesh prior to catalytic
evaluation. The reaction was carried out in a fixed-bed reactor at
atmospheric pressure (using 1 mL of catalyst). For each test, the
catalyst was first activated at 300 °C for 2 h under an O2 atmosphere.
After cooling to the reaction temperatures (110 or 150 °C), DME was
introduced into the reactor. The molar ratio of DME:O2 was 1:1 and
the total gas hourly space velocity (GHSV) was 1800 h−1.
Product Analysis and Quantification
Quantitative analysis of products was carried out on three gas
chromatographs (GC). Organic oxygenates (HCOOCH3, CH3OH,
HCHO, and CH3OCH2OCH3) were analyzed by a GC-2014CPF/
SPL (Shimadzu) gas chromatograph equipped with a flame ionization
detector (FID, DB-1 capillary column) and a GC-2014 (Shimadzu)
equipped with a thermal conductivity detector (TCD, Porapak T
column). H2, CO, CO2, and CH4 were analyzed by a GC-4000
instrument (Beijing EWAI). The methods for the calculation of
conversion and selectivity are displayed in the Supporting
Information.
Theoretical Calculation
Density functional theory (DFT) with the PBE (Perdew−Burke−
Ernzerhof) functional is implemented in the CP2K package53−55 and
the Vienna Ab initio Simulation Package (VASP).56−58 The
interactions between the MoOx cluster and SnO2 were investigated
by density functional theory (DFT). Before calculation, the
parameters adopted in the procedure of optimization were tested.
Ab initio molecular dynamics (AIMD) simulations starting from the
optimized structure were used to study the effects of O2 on the
structural evolution of Mo9Ox/SnO2 (110) catalysts. The adsorption
and activation of DME were investigated on a MoOx cluster loaded
on the surface of SnO2 (110). To study the catalysis of Mo and Sn,
the reactions including DME dissociation, HCHO formation through
CH3O*, and the formation of H2COOCH3* and MF all fall in our
consideration. During calculation, the DFT + U method was adopted
to make a better description of the strongly interacted metal oxide
systems, where U = 5.0 and 4.0 eV were used for Mo and Sn 4d
electrons, respectively. More details of the theoretical calculation are
provided in the Supporting Information.
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I−Mo1Sn2 molybdenum−tin composite oxide cata-
lyst prepared by the impregnation
method

M-Mo1Sn2 molybdenum−tin composite oxide cata-
lyst prepared by the mechanic mixing
method
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