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To improve the selectivity of 1, 2-propandiol (PDO) by modifying the structure and morphology of 

MoO3/SnO2 catalyst, orthorhombic (α), monoclinic (β) and hexagonal (h) MoO3 crystalline phases were 

prepared to meet the rational design requirements of MoO3-SnO2 structure beneficial for the reaction of 

glycol dimethyl ether (DMET) to PDO. With the increasing reaction temperature, the highest PDO 10 

selectivity of the oxidation reaction of glycol dimethyl ether to 1, 2-propandiol was always obtained over 

h-MoO3-SnO2 catalyst and the lowest PDO selectivity was always obtained over β-MoO3-SnO2 catalyst, 

MoO3 bulk structure, the interaction between SnO2 and MoO3 and surface property of these three 

catalysts could account for this distinctive difference. Hexagonal MoO3 is dispersed more homogeneously 

over h-MoO3-SnO2 catalyst due to the hexagonal crystalline tunnel structure existing in h-MoO3-SnO2 15 

catalyst and the weak interaction between MoO3 and SnO2, besides, more hydrated surface of h-MoO3-

SnO2 catalyst can lead to more Bronsted acid sites on the catalyst surface and favor the dissociation of C-

O bond in DMET and association of C-C bond to form PDO with assistance of redox and base sites, 

which can explain why the highest PDO was obtained over h-MoO3-SnO2 catalyst. The lattice strain and 

oxygen vacancies in β-MoO3-SnO2 catalyst induced by the substitution of Sn4+ ion with smaller sized 20 

Mo6+ ion enhance the oxidation ability of β-MoO3-SnO2 catalyst, consequently more CH3O· can be 

formed and transformed to formaldehyde (FA) and methyl formate (MF), which can explain why the total 

selectivity of FA and MF was highest while the selectivity of PDO was lowest over β-MoO3-SnO2 

catalyst at the same time. These findings are pretty significant for further investigation of rational design 

of MoO3-SnO2 catalyst structure applied for the reaction of DMET to PDO. 25 

1. Introduction 

 In the last decade, conversion of sustainable and environmentally 
friendly dimethyl ether (DME) to chemicals and fuels has gained 
increasing attention due to the worldwide energy and 
environmental problems. In this respect, DME-derived 30 

formaldehyde1, 2 (FA), methyl formate3, 4 (MF), ethanol5, 
dimethoxy methane6 (DMM), and dimethoxy dimethyl ether7 
(DMM2), dimethoxyethane8 (DMET) have emerged as promising 
chemical products. Herein, we explore the selective oxidation 
reaction of DMET to 1, 2-propandiol (PDO). PDO is an 35 

important chemical as biodegradable functional fluid such as 
antifreeze, aircraft deicer and lubricant, and as precursor in the 
synthesis of unsaturated polyester resins and pharmaceuticals9-14. 
However, it is industrially produced by multi-step 
transformations of non-renewable petroleum-derived propylene15 40 

currently. 

Up to now, Cu-based catalysts have been mainly used to 
explore the conversion of glycerol to PDO. For instance, 
Cu0.4/Zn5.6-xMgxAl2O8.6 and core-shell Fe2O3@CuMgAl 
catalysts16, 17 have been investigated and conclusion was drawn 45 

that the conversion of glycerol to PDO strongly depended on the 
basicity of the Cu-based catalysts. Cu/SiO2 catalysts18, 19 have 
been utilized and proposal was made that the dispersion of copper 
particles and the structure of catalysts affected the PDO 
selectivity. Besides, Ru/C in the presence of WO3

20 has been 50 

reported as an efficient catalyst for conversion of cellulose into 
PDO and suggestion was made that fine design of WO3 structures 
was significant in the selective cleavage of the C-C bond. 
Obviously, these studies still come across high reaction 
temperatures, high H2 pressures and the use of noble metal Ru. 55 

However, fundamental understandings from these reports on the 
catalyst structural design for PDO and reaction mechanism give 
us insight into exploring new catalysts to synthesize PDO from 
other chemical materials. 
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      Previously, we discovered that MoO3/SnO2 catalyst exhibited 
catalytic ability in conversion of DMET into PDO. Herein, we 
aim to modify the structure and morphology of MoO3/SnO2 

catalyst to improve the selectivity of PDO and simultaneously 
explore the effects of MoO3 bulk structure, the interaction 5 

between SnO2 and MoO3, surface property and the morphology 
and microstructure on DMET dissociation, intermediate group 
transformation and PDO formation. C-O bond can be dissociated 
over acid sites existing on the surface of the catalyst1, C-C bond 
can be connected over base sites with the assistance of the redox 10 

sites21, therefore the rational design of MoO3/SnO2 catalyst 
structure needs to strengthen the acid sites, redox sites and 
moderate the base sites existing on the surface of the MoO3/SnO2 
catalyst. Hence, the preparation of MoO3-SnO2 catalysts was 
improved, hexagonal (h), monoclinic (β) and orthorhombic (α) 15 

MoO3 crystalline phases were prepared to explore the rational 
design requirements of MoO3-SnO2 structure beneficial for the 
reaction of DMET to PDO. 

In this report, with the increasing reaction temperature, the 
highest PDO selectivity of the oxidation reaction of glycol 20 

dimethyl ether to 1, 2-propandiol was always obtained over h-
MoO3-SnO2 catalyst and the lowest PDO selectivity was always 
obtained over β-MoO3-SnO2 catalyst. Because of the hexagonal 
crystalline tunnel structure existing in h-MoO3-SnO2 catalyst and 
the weak interaction between MoO3 and SnO2, hexagonal MoO3 25 

is dispersed more homogeneously over h-MoO3-SnO2 catalyst, 
besides, more hydrated surface of h-MoO3-SnO2 catalyst can lead 
to more Bronsted acid sites in favour of the dissociation of C-O 
bond in DMET and association of C-C bond to form PDO with 
assistance of redox and base sites, which can explain why the 30 

highest PDO was obtained over h-MoO3-SnO2 catalyst. The 
lattice strain and oxygen vacancies in β-MoO3-SnO2 catalyst 
induced by the substitution of Sn4+ ion with smaller sized Mo6+ 
ion enhance the oxidation ability of β-MoO3-SnO2 catalyst, 
consequently more CH3O· can be formed and transformed to FA 35 

and MF, which can explain why the total selectivity of FA and 
MF was highest while the selectivity of PDO was lowest over β-
MoO3-SnO2 catalyst at the same time. These findings are pretty 
significant for further investigation of rational design of MoO3-
SnO2 catalyst structure applied for the reaction of DMET to PDO. 40 

2. Experimental 

2.1 Catalyst preparation 

The MoO3-SnO2 catalysts with α-MoO3 and h-MoO3 crystalline 
phase were prepared by co-precipitation method. Na2SnO3·3H2O 
and (NH3)6Mo7O24·4H2O with the Mo/Sn mole ratio of 2:1 were 45 

dissolved into distilled water with stirring, then concentrated 
HNO3 three times as many as the mole of Na2SnO3·3H2O was 
added, heated to 333 K, stirred for 1 h, filtered and centrifuged. 
The precipitate was dried at 333 K for 8 h under vacuum, then 
calcined at 523 K for 5 h to obtain h-MoO3-SnO2 and calcined at 50 

573 K for 5 h and at 773 K for 8 h to obtain α-MoO3-SnO2, 
respectively. 

(NH3)6Mo7O24·4H2O was calcined at 573 K for 5 h and at 773 
K for 8 h to obtain α-MoO3. Na2SnO3·3H2O and α-MoO3 with the 
Mo/Sn mole ratio of 2:1 were dissolved into distilled water with 55 

stirring, then concentrated HNO3 with the HNO3/Sn mole ratio of 

1.76:1 was added, heated to 353 K, stirred for 40 min ,filtered and 
centrifuged. The precipitate was dried at 373 K for 12 h, calcined 
at 573 K for 1 h to obtain β-MoO3-SnO2. 

2.2. Catalytic oxidation of glycol dimethyl ether 60 

 The catalytic oxidation reactions were carried out in a continuous 
flow type fixed-bed reactor containing 2 ml catalysts (20-40 
mesh) diluted with 2 ml ground quartz granules (20-40 mesh). 
The catalysts were pretreated with a flow of O2 (20 ml/min) for 1 
h before reaction at 523 K. The reactant mixture consisted of 65 

DMET and O2 with a DMET/O2 molar ratio of 1:2. The reaction 
products were analyzed on gas chromatograph (GC-
2014CPF/SPL, Shimadzu) equipped with a FID and a DB-1 
column 60 m×0.25 mm and a GC-4000A with TCD ( Porapak T 
column), and on a GC-4000A equipped with a TCD (TDX-01 70 

column)  for analyzing H2, CO, CO2 and CH4. 

2.3 Catalyst characterization 

XRD patterns were measured on a RigakuMiniFlex II X-ray 
diffractometer, operating at 30 kV and 15 mA and using Cu Kα 
radiation (λ=0.15418 nm) and a scanning range of 2θ from 5.0 to 75 

70.0°. 
IR spectra were recorded by a Bruker Tensor 27 with a MCT 

detector (64 scans, 4 cm-1), the catalysts were placed in an in situ 
IR cell equipped with KBr windows (Harrick). For NH3-IR 
spectra, the catalysts were heated at 523 K for 1 h under Ar flow, 80 

cooled down to 423 K, then NH3 was introduced, after purging 
for 30 min with Ar, the spectra were recorded. 

The NH3-TPD profiles were recorded in a fixed-bed reactor 
system connected with a TCD. The α-, β- and h-MoO3-SnO2 
catalysts (200 mg) were pretreated at 773, 573 and 523 K under 85 

N2 flow (40 ml/min) for 1 h, respectively, cooled down to 373 K 
under N2 flow. Then NH3 was introduced into the flow system. 
The TPD profiles were recorded at a temperature rising rate of 10 
K /min from 373 to 773 K. 

Surface areas of samples were achieved by BET nitrogen 90 

desorption isotherms at 77 K measured by TriStarⅡ 3020, pore 
volume was figured out by t-plot method and pore size was 
estimated by BJH method on the desorption branch. 

XPS were measured on a XPS-AXIS Ultra of Kratos Co. by 
using Mg Ka radiation (hv=1253.6 eV) with X-ray power of 225 95 

W (15 kV, 15 Ma). 
Raman spectra were recorded on a Jobin-YvonLabram-HR 

Confocal Laser Micro Raman spectrometer with an argon-ion 
laser at the excitation wavelength of 514.5 nm and the resolution 
factor of 1 cm−1. The Raman spectra were obtained in the range 100 

of 100-1100 cm−1 under ambient conditions. 
HRTEM images of the catalyst samples were taken with a 

High Resolution Transmission Electron Microscope (JEM-2010). 
SEM images of the catalyst samples were taken with a 

scanning electronic microscope (JSM-7001F). 105 

3. Results and discussion. 

3.1 Effects of α-, β- and h-MoO3-SnO2 catalyst on PDO 

selectivity at different reaction temperature. 

Table.1 and Fig.1 present the results of DMET catalytic oxidation 
and the effects of α-, β- and h-MoO3-SnO2 catalysts on PDO 110 

selectivity at different reaction temperature, respectively. For all  
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Table 1 Catalytic oxidation of DMET over α-, β- and h-MoO3-SnO2 
catalysts 

Cat T.(K) 
DMET 

Con.(%) 

Sel.(C-mol%) 

CH3OH FA MF MEO PDO C5 

α 

403 4.71 15.6 8.1 26.9 17.3 26.6 5.5 

413 5.64 18.1 9.1 25.4 11.3 31.3 4.8 

423 6.17 20.6 13.7 20.1 10.0 30.8 4.8 

433 7.76 25.2 9.4 29.4 6.2 25.4 4.4 

443 11.95 28.1 8.9 37.3 2.8 20.1 2.8 

β 

403 5.37 13.3 12.2 32.6 11.0 24.0 6.9 

413 6.12 14.2 10.0 34.8 8.5 27.5 5.0 

423 8.48 15.4 8.5 45.2 5.1 21.6 4.2 

433 9.59 19.0 8.0 42.7 5.2 21.2 3.9 

443 11.65 28.1 7.8 38.9 6.4 17.9 0.9 

h 

403 4.35 19.3 4.4 20.0 13.4 33.5 9.4 

413 5.24 18.1 4.8 22.6 10.0 38.3 6.2 

423 6.96 19.1 7.7 27.6 8.8 33.2 3.6 

433 9.76 18.9 13.1 27.8 8.2 28.8 3.2 

443 11.62 18.6 17.2 25.9 7.7 27.8 2.8 

 Reaction conditions: MoO3/SnO2=2:1, DMET/O2=1:2, GHSV=844 h-1 
MEO: CH3OCH2CHO 

 5 

Fig.1 Effects of α-, β- and h-MoO3-SnO2 catalyst on PDO selectivity at 

different reaction temperature 

these three catalysts, the selectivity of PDO increased initially 
and then decreased with the increasing reaction temperature. As a 
result of this trend, the highest selectivity of PDO over α-, β- and 10 

h-MoO3-SnO2 catalyst could reach 31.3%, 27.5% and 38.3% at 
413 K, respectively, which can be attributed to the appropriate 
cooperation of acid sites, base sites and redox sites under this 
condition. The acid sites and redox sites have a great effect on the 
cleavage of C-O bond, the acid sites and base sites have a great 15 

effect on the cleavage of C-H bond and association of C-C bond, 
and these effects would be disused in the characterization part.   

 
Fig.2   XRD profile (a) and IR spectra (b) of α-, β- and h-MoO3-SnO2 

catalyst 20 

With the increasing reaction temperature, the selectivity of 
CH3OH increased constantly over α- and β-MoO3-SnO2 catalysts 
while decreased constantly over h-MoO3-SnO2 catalyst. The 
selectivity of FA decreased constantly over β-MoO3-SnO2 

catalyst while increased constantly over h-MoO3-SnO2 catalyst. 25 

The selectivity of MF decreased initially then increased over α-
MoO3-SnO2 catalyst while increased firstly then decreased over 
h-MoO3-SnO2 catalyst. As presented in Fig.1, the highest 
selectivity of PDO was always obtained over h-MoO3-SnO2 
catalyst and the lowest selectivity of PDO was always obtained 30 

over β-MoO3-SnO2 catalyst at a certain reaction temperature, 
therefore, characterizations related to MoO3 bulk structure, the 
interaction between SnO2 and MoO3, surface property and the 
morphology and microstructure were carried out in detail to 
investigate the reasons concerning the phenomenon in Fig.1. 35 

3.2 XRD profiles and IR spectra  

Fig.2 shows XRD profiles and IR spectra of α-, β- and h-MoO3-
SnO2 catalysts. As exhibited in Fig.2a, the peaks at 12.8︒, 
23.3︒, 25.7︒, 27.3︒, 33.8︒, 39.7︒are assigned to 
orthorhombic22 MoO3 (α) (PDF card NO.35-0609), the peaks at 40 

12.8︒, 23.7︒, 25.8︒, 27.3︒, 33.7︒, 39.2︒are  assigned to 
monoclinic MoO3 (β) (PDF card NO.47-1320), the peaks at 
9.7︒,16.7︒, 19.5︒,  25.8︒, 29.4︒, 35.5︒ are  assigned to 
hexagonal MoO3 (h) (PDF card NO.21-0569).  Obviously, the 
bulk structure of α-MoO3 is similar with that of β-MoO3 while 45 

markedly different from that of h-MoO3. The broadening peaks at 
26.6︒, 33.9︒, 37.9︒, 51.7︒are assigned to tetragonal SnO2 

(PDF card NO.41-1445), however, the intensity of broadening 
peaks is completely weak compared to that of MoO3, this notable 
scrutiny can be explained either due to incorporation of MoO3 50 

into SnO2 lattice or the amorphous nature of the SnO2. In Fig.2b, 
the peak at 540 cm-1 is associated with the Mo3-O stretching 
vibration, which results from the edge-shared oxygen in common 
with three MoO6 octahedra23. The peaks at 540 cm-1 of β- MoO3-
SnO2 catalyst do not occur while that of α- and h-MoO3-SnO2 55 

catalyst clearly occur, which is consistent with the bulk structure 
of edge-shared oxygen existing in α- and h-MoO3-SnO2 catalysts 
while not existing in β- MoO3-SnO2 catalyst. The peaks at 820  
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Table 2 Textural properties of α-, β- and h-MoO3-SnO2 catalysts 

Cat Sa
BET (m

2/g) Vb
micro(cm3/g) Pore size  (nm) 

α 7.77 0.00043 12.82 
β 22.46 0.00027 12.51 
h 8.10 0.00110 9.85 

a determined by t-method;  b determined by BJH-method. 

cm-1 and 890 cm-1 are attributed to the Mo-O-Mo vibration of 
Mo+6 as a consequence of two MoO6 octahedra having a corner-
shared oxygen in common24, the peaks at 820 and 960 cm-1 of h-5 

MoO3-SnO2 catalyst are apparently broadening compared to α- 
and β-MoO3-SnO2 catalysts, indicating the weak interaction 
between MoO3 and SnO2 consistent with the results of XPS in 
Fig.3, which makes SnO2 and MoO3 disperse more 
homogeneously. The peaks at 990 cm-1 are ascribed to Mo=O 10 

stretching vibration25, which is a basic characteristic of layered 
MoO3 phase. The Mo=O stretching vibration of h-MoO3-SnO2 
catalyst is shifted to 960 cm-1 compared to that of the other two 
catalysts, suggesting more hydrated surface of h-MoO3-SnO2 
catalyst exists and indicating stronger Bronsted acidity than that 15 

of the other two catalysts, which was constituent with the results 
of Fig.4b. The peaks at 615 cm-1 are due to Sn-O stretching 
vibration26, there are not apparent differences between them. 
Hexagonal MoO3 is dispersed more homogeneously over h-
MoO3-SnO2 catalyst due to the weak interaction between MoO3 20 

and SnO2 and the hexagonal crystalline tunnel structure existing 
in h-MoO3-SnO2 catalyst, besides, more hydrated surface of h-
MoO3-SnO2 catalyst can lead to more Bronsted acidity on the 
catalyst surface, which is beneficial for the dissociation of C-O 
bond in DMET and the reaction of DMET to PDO. 25 

3.3 Surface texture properties. 

The surface texture properties obtained for α-, β- and h-MoO3-
SnO2 catalysts are listed in Table 2. The micropore volume 
exhibited by h-MoO3-SnO2 catalyst is extremely larger than that 
of the other two catalysts, which is ascribed to the hexagonal 30 

crystalline tunnel structure27 existing in h-MoO3-SnO2 catalyst. 
The bigger micropore volume shown in Table 2 and decreasing 
interaction between MoO3 and SnO2 verified in Table 3 make 
MoO3 disperse more homogeneously over SnO2 surface and 
provide enough space for the catalytic oxidation of DMET to 35 

PDO. The BET surface exhibited by β-MoO3-SnO2 catalyst is 
extremely larger than that of the other two catalysts, which is due 
to the lattice distortions induced by the substitution of Mo6+ ions 
into the tin oxide lattice28. It has been reported that an excess 
negative charge induced by non-equivalent M1-O-M2 bonds can 40 

lead to stronger acidic properties by dissociation absorbed water, 
which is consistent with results of NH3-TPD in Fig.4. The bigger 
micropore volume of h-MoO3-SnO2 catalyst is good for the 
reaction of DMET to PDO while stronger acidity and stronger 
oxidation ability of β-MoO3-SnO2 catalyst are in favour of bypass 45 

reaction of DMET to FA and MF. 

3.4 XPS 

Fig.3 depicts Sn 3d core level, Mo 3d core level and O 1s core 
level XP spectra of α-, β- and h-MoO3-SnO2 catalysts, 
respectively. In Fig.3, the peaks with a spin–orbit doublet at 50 

232.9 eV and 236.2 eV correspond to the presence of Mo6+ 

oxidation state29, the peaks with a spin-orbit doublet at 486.8 eV  

Table 3 XPS data of α-, β- and h-MoO3-SnO2 catalysts 

Cat O 1s Sn 3d5/2 Mo 3d5/2 ∆BEO-Sn ∆BEO-Mo 
h 531.0 487.1 233.1 43.9 297.9 
α 530.7 486.9 232.9 43.8 297.8 
β 529.4 485.8 231.8 43.6 297.6 

 
Fig. 3 Mo 3d (a), Sn 3d (b) and O 1s (c) XP spectra of α-, β- and h-MoO3-55 

SnO2 catalysts 

and 495.5 eV confirm the presence of Sn4+ oxidation state28, the 
peak at about 530.8 eV indicates the presence of oxygen 
species26. The binding energies of Mo 3d, Sn 3d and O 1s were 
significantly increased from β-MoO3-SnO2 catalyst to h-MoO3-60 

SnO2 catalyst, respectively, indicating the decreasing electronic 
density in Mo-O bond and Sn-O bond, and the binding energy 
displacements of Mo 3d, Sn 3d and O 1s suggest the 
incorporation of molybdenum into the SnO2 lattice, which is 
induced by the transformation of MoO3 morphology. In Table 3, 65 

the estimated binding energy (∆BE) differences between the O 1s 
and Sn 3d5/2 core levels and the difference between the O 1s and 
Mo 3d5/2 core levels are significantly increased from β-MoO3-
SnO2 catalyst to h-MoO3-SnO2 catalyst. This remarkable 
observation can be ascribed to the reduction of the interatomic 70 

spacing upon the substitution of Sn4+ ion (0.71Å)28 with smaller 
sized Mo6+ ion (0.62Å) and consequently contraction of the SnO2 
lattice strengthens the oxygen vacancies in β-MoO3-SnO2 

catalyst, which is consistent with results of Raman in Fig.5. 
Therefore, the lattice strain and oxygen vacancies in β-MoO3-75 

SnO2 catalyst induced by the substitution of Sn4+ ion with smaller 
sized Mo6+ ion enhance the oxidation ability of β-MoO3-SnO2 

catalyst so that more CH3O· can be formed and consequently 
transformed to FA and MF, which is consistent with the results in 
Table 1 that the total FA and MF selectivity was always highest 80 

while the selectivity of PDO selectivity was always lowest 
obtained over β-MoO3-SnO2 catalyst at the same time. The 
moderate oxidation ability of h-MoO3-SnO2 catalyst which can be 
concluded from the Table 3 and Fig.5 is appropriate for the 
dissociation of C-H bond in DMET with the assistance of basicity 85 

as respect to the highest PDO selectivity obtained over h-MoO3-
SnO2 catalyst. 

3.4 NH3-TPD and NH3-IR 

NH3-TPD and NH3-IR profiles of α-, β- and h-MoO3-SnO2 

catalysts are presented in Fig.4, respectively. In Fig.4a, there exist  90 
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Fig.4 NH3-TPD (a) and NH3-IR (b) profiles of α-, β- and h-MoO3-SnO2 

catalyst 

 
Fig.5 Raman spectra of α-, β- and h-MoO3-SnO2 catalysts 5 

two NH3 desorption peaks over all of these three catalysts, the 
weak acid peaks are almost same, however, the strong acid peaks 
are distinctively different. The strong acid peak of h-MoO3-SnO2 

catalyst is shifted to the higher temperature of 706 K compared to 
the temperature of 525 K over β-MoO3-SnO2 catalyst, besides, the 10 

number of strong acid sites of h-MoO3-SnO2 catalyst is 
apparently more than that of β-MoO3-SnO2 catalyst, and this 
observation can be ascribed to the residual NH4

+ existing in the h- 
MoO3-SnO2 catalyst25 which is consistent with the result of IR in 
Fig.2. In Fig.4b, the peak at 1420 cm-1 is assigned to Brønsted 15 

acid and 1605 cm-1 is assigned to the Lewis acid 3, h-MoO3-SnO2 

catalyst exhibits most Brønsted acid sites and Lewis acid sites, 
besides, β-MoO3-SnO2  catalyst also has more Brønsted acid sites 
than that of α-MoO3-SnO2 catalyst. Mo30 ions in the catalysts 
have been reported to provide the Brønsted acid sites. The most 20 

acid sites existing on the surface of h-MoO3-SnO2 catalyst can 
provide enough acid sites to dissociate C-O bond in DMET 
molecule and make the C-C bond coupled together with the 
assistance of moderate oxidation sites, which is good for the 
highest PDO selectivity obtained over h-MoO3-SnO2 catalyst. 25 

3.5 Raman 

Fig.5 shows the Raman spectra of α-, β- and h-MoO3-SnO2 

catalysts. The peaks at 279, 760, 840 cm-1 are characteristic31 of 
β-MoO3, the peaks at 284, 820, 996 cm-1 are characteristic32 of α-
MoO3, and the peaks at 250, 890, 972 cm-1 are characteristic of h-30 

MoO3 .The peak intensity of β-MoO3-SnO2 catalyst at 474 cm-1 
assigned to the vibration of oxygen28 is obviously stronger than 
that of the other two catalysts, which is consistent with the results 
of XPS in Fig.3 and BET in Table 2, the stronger vibration of 
oxygen is in favour of the formation of oxygen vacancies and 35 

makes the catalyst possess stronger oxidation ability, the peak of 
β-MoO3-SnO2 catalyst at 380, 1006 cm-1 assigned33 to SnMoO4 
indicates the presence of tetrahedral molybdenum oxide. The 
stronger oxidation ability of β-MoO3-SnO2 catalyst with 
appropriate acid sites is in favour of the formation of FA and 40 

subsequent formation of MF, which explains why the total 
selectivity of FA and MF over β-MoO3-SnO2 catalyst is higher 
than that of the other two catalysts in Table 1. The peak position 
of h-MoO3-SnO2 catalysts at 972 cm-1 corresponding to Mo=O 
vibration is shifted to lower wavenumber position compared to 45 

that of the other two catalysts, which can be ascribed to the 
hydrated condition34 of the catalyst surface. More -OH groups of 
the hydrated catalyst surface and bigger micropore volume of h-
MoO3-SnO2 catalyst tend to absorb DMET and provide more 
reaction space, the stronger Bronsted acitity can dissociate C-O 50 

bond of DMET more easily and the moderate oxidation ability of 
h-MoO3-SnO2 catalyst is good for C-H dissociation and C-C 
association, which leads to the highest PDO selectivity over h-
MoO3-SnO2 catalyst and lowest PDO selectivity over β-MoO3-
SnO2 catalyst.  55 

3.6 TEM and SEM 

TEM images of α-, β- and h-MoO3-SnO2 catalysts are shown in 
Fig.6 and Fig.S1-S3. The lattice fringe spacing of MoO3 is 
observed to be 0.37 nm, 0.34 nm and 0.35 nm, corresponding to 
the atomic spacing of (001)22, 35 in α-MoO3, (002) in β-MoO3 and 60 

(210) in h-MoO3 respectively. The conclusion can be drawn that 
all these three kinds of MoO3 were dispersed on the surface of 
SnO2 based on TEM images. SEM images of α-, β- and h-MoO3-
SnO2 catalysts are shown in Fig.7 and Fig.S4-S6. The particle 
diameter of α- and h-MoO3-SnO2 is smaller than that of β-MoO3-65 

SnO2; therefore it indirectly indicates that the stronger interaction 
between MoO3 and SnO2 exists in β-MoO3-SnO2 compared to α- 
and h-MoO3-SnO2, which is consistent with the results of XPS.  

Based on the conclusions drawn from the images of TEM 
and SEM, a proper model of MoO3-SnO2 is proposed in Scheme 70 

1. In the model of MoO3-SnO2, all these three kinds of MoO3 
were dispersed on the surface of SnO2. Besides, a possible 
reaction pathway from DMET to PDO over MoO3-SnO2 catalyst 
is also shown in Scheme 1. The molecule of DMET was initially 
adsorbed on the surface of MoO3-SnO2 catalyst; then the C-O 75 

bond was dissociated over the acid sites provided by Mo36 ions, 
C-H bond was dissociated and C-C bond was connected over 
base sites8, 21, 37 with the assistance of the redox sites at the same 
time, the product of DMET was then formed and desorbed from 
the surface of MoO3-SnO2 catalyst. The acid sites, base sites and 80 

redox sites all have played important roles in the reaction from 
DMET to PDO, however, the acid sites are possibly more 
important than the base sites and redox sites. More hydrated 
surface of h-MoO3-SnO2 catalyst can lead to more Bronsted acid  
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Fig. 6 TEM images of α-MoO3-SnO2 (a), β-MoO3-SnO2 (b) and h-MoO3-

SnO2 (c) catalysts 

sites on the catalyst surface and favor the dissociation of C-O 
bond in DMET, which has a positive connection with the high 5 

 
Fig. 7 SEM images of α-MoO3-SnO2 (a), β-MoO3-SnO2 (b) and h-MoO3-

SnO2 (c) catalysts 

selectivity of PDO obtained over h-MoO3-SnO2 catalyst. 
With the increasing reaction temperature, the highest 10 

selectivity of PDO was always obtained over h-MoO3-SnO2 

catalyst and the lowest selectivity of PDO was always obtained 
over β-MoO3-SnO2 catalyst. As exhibited in Table 2, the 
hexagonal crystalline tunnel structure existing in h-MoO3 makes 
h-MoO3-SnO2 catalyst have much bigger micropore volume than 15 

that of α- and β-MoO3-SnO2 catalysts, which provides enough 
reaction space for the reaction of DMET to PDO. In Fig.2, the 
bulk structure of β-MoO3-SnO2 catalyst is similar with that of  
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Scheme 1 Schematic illustration of possible reaction pathway from DMET 

to PDO 

α-MoO3-SnO2 catalyst while markedly different from that of h-
MoO3-SnO2 catalyst. The intensity of broadening peaks 5 

corresponding to SnO2 is completely weak compared to that of 
MoO3, which can be ascribed to incorporation of molybdnuem 
into the SnO2 lattice. Because of the weak interaction between 
MoO3 and SnO2 and the hexagonal crystalline tunnel structure 
existing in h-MoO3-SnO2 catalyst, hexagonal MoO3 is dispersed 10 

more homogeneously over h-MoO3-SnO2 catalyst, besides, more 
hydrated surface of h-MoO3-SnO2 catalyst can lead to more 
Bronsted acid sites on the catalyst surface, which is in favour of 
the dissociation of C-O bond in DMET and association of C-C 
bond with assistance of moderate redox sites and base sites. The 15 

binding energy of Mo 3d, Sn 3d and O 1s in Fig.3 is increased 
significantly from β-MoO3-SnO2 catalyst to h-MoO3-SnO2 

catalyst, respectively, indicating the decreasing electronic density 
in Mo-O bond and Sn-O bond, and the binding energy 
displacements of Mo 3d, Sn 3d and O 1s suggest the 20 

incorporation of molybdenum into the SnO2 lattice, which is 
induced by the transformation of MoO3 morphology. In Table 3, 
∆BEO–Sn and ∆BEO–Mo are significantly reduced from h-MoO3-
SnO2 catalyst to β-MoO3-SnO2 catalyst, suggesting the electronic 
interaction between Sn and Mo is increased. The stronger lattice 25 

strain and more oxygen vacancies in β-MoO3-SnO2 catalyst 
induced by the substitution of Sn4+ ion with smaller sized Mo6+ 
ion enhance the oxidation ability of β-MoO3-SnO2 catalyst so that 
more CH3O· can be formed and consequently transformed to FA 
and MF, which is consistent with the results in Table 1 that the 30 

total FA and MF selectivity was always highest obtained over β-
MoO3-SnO2 catalyst while the lowest PDO selectivity was 
obtained at the same time. The acid sites on the surface of h-
MoO3-SnO2 catalyst can provide enough acid sites to dissociate 
C-O bond in DMET molecule and associate C-C bond to produce 35 

PDO with assistance of moderate redox sites induced by oxygen 
vacancies which can be verified by Raman results in Fig.5. 
Therefore, characterizations related to bulk structure, the 
interaction between MoO3 and SnO2, surface property and the 
morphology and microstructure of these three catalysts can 40 

account for why the selectivity of PDO was highest over h-
MoO3-SnO2 catalyst and lowest over β-MoO3-SnO2 catalyst. 

Conclusions 

Because of the weak interaction between MoO3 and SnO2 and the 
hexagonal crystalline tunnel structure existing in h-MoO3-SnO2 45 

catalyst, hexagonal MoO3 is dispersed more homogeneously over 
h-MoO3-SnO2 catalyst, besides, more hydrated surface of h-
MoO3-SnO2 catalyst can lead to more Bronsted acid sites on the 
catalyst surface. The lattice strain and oxygen vacancies in β-
MoO3-SnO2 catalyst induced by the substitution of Sn4+ ion with 50 

smaller sized Mo6+ ion enhance the oxidation ability of β-MoO3-
SnO2 catalyst, consequently more CH3O· can be formed and 
transformed to FA and MF. These findings explain why the 
highest selectivity of PDO was always obtained over h-MoO3-
SnO2 catalyst and the lowest selectivity of PDO was always 55 

obtained over β-MoO3-SnO2 catalyst with the increasing reaction 
temperature and these promising results are pretty significant for 
further investigation of rational design of MoO3-SnO2 catalyst 
structure applied for the reaction of DMET to PDO. 
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