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Abstract Mesoporous V–Ce–Ti–O oxides were synthe-

sized through the combination of sol–gel and hydrothermal

methods and were characterized by different techniques.

N2 adsorption showed that the mesoporous oxides with

0–20 wt.% V2O5 possessed the surface areas of about

160 m2 g-1 with narrow pore size distribution centered

around 4–5 nm. Vanadium species were highly dispersed

in the samples, as confirmed by the wide angle XRD and

Raman spectroscopy. The surface acidity of the materials

was determined by the microcalorimetric adsorption of

NH3. Temperature programmed reduction and O2 chemi-

sorption were used to probe the redox property of the

materials. It was found that the mesoporous V–Ce–Ti–O

possessed bifunctional characters of acidic and redox

properties that catalyzed the oxidation of methanol to

dimethoxymethane (DMM). These bifunctional characters

were further enhanced by the addition of V2O5 and SO4
2-

onto V–Ce–Ti–O simultaneously. Such supported catalysts

exhibited excellent performance for the selective oxidation

of methanol to DMM. Specifically, 72% conversion of

methanol with 85% selectivity to DMM was achieved at

423 K over a SO4
2-–V2O5/V–Ce–Ti–O catalyst.

Keywords Mesoporous V–Ce–Ti–O � Surface acidity �
Surface redox property � Oxidation of methanol �
Synthesis of dimethoxymethane

1 Introduction

V2O5/TiO2 catalysts are extensively studied in various

reactions such as selective oxidation of methanol to

formaldehyde [1] and methyl formate [2], selective oxi-

dation of aromatic compounds to aromatic aldehydes [3],

selective oxidation of olefins to phthalic anhydride [4],

ammoxidation of aromatic hydrocarbons [5] and selective

catalytic reduction of NOX [6]. It is generally true that the

V2O5/TiO2 with higher surface areas may work better since

more vanadia species could be dispersed on the surface to

act as active sites [7]. However, TiO2 usually exhibits a

moderate surface area of about 50 m2 g-1 (e.g., Degussa

P25) [1, 2]. Although mesoporous titanium oxides may

provide a higher surface area to support more VOx species,

these materials were usually not thermally stable [8]. The

surface areas of these materials might be greatly decreased

upon the calcination at temperatures higher than 673 K.

Doping with rare earth elements was proved to be an

effective way to enhance the thermal stability of meso-

porous materials [9, 10], in which cerium was recently

reported as an excellent dopant in mesoporous titania [9].

In addition, cerium is known as an essential component for

three-way catalysts (TWC) due to its oxygen storage

capability. It also plays positive synergetic roles in some

catalytic systems [11]. Therefore, Ce doped mesoporous

titania might be used as supports for a variety of oxidation

reactions.

Among the aforementioned reactions, the oxidation of

methanol has been widely used as a probe reaction to
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characterize the activity of oxide catalysts and to correlate

the structures and surface acidic and redox properties [12].

It has been reported that methanol could be converted to

dimethyl ether (DME) on acidic surface, to formaldehyde

(FA) and methyl formate (MF) on oxidative surface, and to

dimethoxymethane (DMM) on acidic and oxidative

bifunctional surfaces [12].

In this work, mesoporous V–Ce–Ti–O materials were

first synthesized through the combination of sol–gel and

hydrothermal methods, and were characterized by X-ray

diffraction (XRD), N2 adsorption, transmission electron

microscopy (TEM), O2 chemisorption, laser Raman spec-

troscopy (LRS), temperature programmed reduction (TPR),

and microcalorimetric adsorption of ammonia. The surface

redox and acidic properties of the V–Ce–Ti–O could be

enhanced by the addition of V2O5 and SO4
2-. These

materials were tested for the selective oxidation of meth-

anol to DMM.

2 Experimental

2.1 Preparation of Samples

Mesoporous Ce–Ti–O has been synthesized by Yue and

Gao [9]. In this work, mesoporous V–Ce–Ti–O materials

were synthesized via the combination of sol–gel and con-

ventional hydrothermal methods. In a typical procedure,

5.48 g P123 (triblock copolymer pluronic) and 0.89 g

CeCl3 � 7H2O were dissolved in 25 mL absolute ethanol,

and then 16.10 g titanium butoxide (TBOT) was added

under vigorous stirring. Desired amounts of V2O5 were

added into a mixed solution of 17.8 mL ethanol and 30%

H2O2 under constant stirring, until V2O5 was completely

dissolved. The molar ratio of V2O5/H2O2 was 0.22. Then,

the solution containing vanadium was added dropwise into

the solution containing titanium precursor at room tem-

perature. The mixed solution formed was clear at first, and

then became a gel in 10 min. A sample 20V–Ti–O without

cerium cations was also prepared for comparison. A pre-

cipitate (no gel) was formed without the presence of cerium

cations. The gel (or precipitate) together with 70 mL dis-

tilled water was subsequently transferred into a Teflon-

lined autoclave and kept at 393 K for 24 h. Afterwards, the

gel (or precipitate) was filtered, washed with deionized

water and ethanol and dried at room temperature for 12 h.

The samples were then calcined at 673 K for 5 h in air

(temperature ramped at 1 K min-1). The samples Ce–Ti–

O, 10V–Ce–Ti–O, 20V–Ce–Ti–O, 40V–Ce–Ti–O and

20V–Ti–O prepared this way contained about 0, 10, 20, 40

and 20% V2O5 (wt.%), respectively.

The V2O5/V–Ce–Ti–O, SO4
2-/V–Ce–Ti–O and SO4

2-–

V2O5/V–Ce–Ti–O samples were prepared by using the

incipient wetness impregnation method. Specifically, for

each preparation, a known amount of above mentioned

V–Ce–Ti–O oxide was added into the aqueous solution

containing the desired amount of vanadium oxalate and/or

Ti(SO4)2 and stirred. After being kept at room temperature

overnight, the impregnated samples were dried at 373 K

and then calcined in air at 673 K for 5 h.

2.2 Characterization

Low angle and wide angle powder X-ray diffraction pat-

terns were collected on the Philips X’Pert Pro

diffractometer using Ni-filtered Cu Ka radiation

(k = 0.15418 nm), operated at 40 kV and 40 mA. Nitro-

gen adsorption–desorption isotherms were measured at

liquid nitrogen temperature using a Micromeritics ASAP

2020. Prior to a measurement, the sample was degassed to

10-3 Torr at 573 K for 4 h. Pore size distribution and pore

volume were calculated by the BJH method according to

the desorption isotherm branch. Elemental analysis was

performed on an ARL-9800 X-ray fluorescence spectrom-

eter. TEM images were obtained from a JEOL JEM 2100

transmission electronic microscope with an accelerating

voltage of 200 kV. The samples were dispersed in ethanol

under ultrasonic conditions and deposited onto copper grids

coated with ultrathin carbon films. Laser Raman spectra

were acquired on a Renishaw inVia Raman microscope

with the 514.5 nm line of an Ar ion laser as the excitation

source of about 2 mW. Spectra were recorded with 1 cm-1

resolution and 20 scans.

The dispersion of vanadium species was measured by

using the high temperature oxygen chemisorption method

(HTOC). About 0.1–0.2 g sample was reduced in flowing

H2 (40 mL min-1) at 640 K for 2 h, and evacuated at the

same temperature for 0.5 h. Oxygen uptake was measured

at 640 K.

Microcalorimetric adsorption of ammonia was per-

formed at 423 K by using a Tian-Calvet type heat flux

Setaram C80 calorimeter. The calorimeter was connected

to a volumetric system equipped with a Baratron capaci-

tance manometer for the pressure measurement and gas

handling. About 0.1 g sample was pretreated in 500 Torr

O2 at 573 K for 1 h, followed by evacuation at the same

temperature for 1 h. The probe molecule ammonia was

purified with the successive freeze-pump-thaw cycles.

TPR measurements were carried out in a continuous

mode using a U-type quartz micro-reactor (3.5 mm inner

diameter). A sample of about 50 mg was contacted with a

H2:N2 mixture (5.13% volume of H2 in N2) at a total flow

rate of 40 mL min-1. The sample was heated at a rate of

10 K min-1 from room temperature to 1250 K. The

hydrogen consumption was monitored using a thermal

conductivity detector (TCD).
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2.3 Catalytic Reactions

The reaction of selective oxidation of methanol was carried

out at atmospheric pressure in a fixed-bed micro-reactor

(glass) with an inner diameter of 6 mm. Methanol was

introduced into the reaction zone by bubbling O2/N2 (1/5)

through a glass saturator filled with methanol (99.9%)

maintained at 278 K. In each test, 0.2 g of catalyst was

loaded, and the gas hourly space velocity (GHSV) was

11400 mL g-1 h-1. The feed composition was maintained

as methanol: O2:N2 = 1:3:15 (v/v). Methanol, DMM,

formaldehyde and other organic compounds were analyzed

by using a GC equipped with FID and TCD detectors

connected to Porapak N columns. CO and CO2 were

detected by using another GC with a TCD connected to a

TDX-01 column. The gas lines were kept at 373 K to

prevent condensation of reactants and products.

3 Results and Discussion

3.1 Structure Characterization

Figure 1 presents the low angle XRD patterns of V–Ce–Ti–O

samples. Only a single broad peak was observed for the

samples with the content of V2O5 lower than 20%, indicating

the mesostructure that lacked of long range order [13–15]. The

intensity of this peak decreased gradually with the increase of

V2O5 content, suggesting the increased disordered structures

of the samples.

Figure 2 shows the wide angle XRD patterns for the V–Ce–

Ti–O oxides. The diffraction peaks due to anatase were

observed for all the samples. No other diffraction peaks were

observed for the V–Ce–Ti–O samples with 0–20% of V2O5,

indicating that vanadia and ceria species were highly dis-

persed in the oxides. In the sample with 40% V2O5, weak

diffraction peaks of crystalline V2O5 appeared, suggesting the

occurrence of agglomeration of vanadia species. Crystalline

V2O5 was also observed for the 20V–Ti–O without the pres-

ence of cerium. The 10V–Ce–Ti–O was used to support

additional 10% V2O5, and the resulted 10V/10V–Ce–Ti–O

displayed only the diffraction peaks of anatase, indicating the

highly dispersed V2O5 on the surface of 10V–Ce–Ti–O.

Figure 3 shows the nitrogen adsorption–desorption isotherms

and corresponding BJH pore size distributions for the V–Ce–

Ti–O oxides. The surface areas and pore parameters are

summarized in Table 1. All the oxides prepared exhibited

typical IV nitrogen isotherms, characteristic of mesoporous

materials, according to the IUPAC classification [16]. Narrow

pore size distributions were derived from the hysteresis loops

as seen in the inserts of Fig. 3. The surface area, average pore

size and pore volume for the Ce–Ti–O were found to be

160 m2 g-1, 5.2 nm and 0.3 cm3 g-1, respectively. With the

incorporation of less than 20% V2O5, the surface areas of the

formed V–Ce–Ti–O oxides changed little, while pore sizes

and pore volumes decreased apparently. Further increase of

V2O5 to 40% led to the significantly decreased surface area

(62 m2 g-1) and increased pore size (12.7 nm). The surface

area of the 20V–Ti–O (91 m2 g-1) was much lower than that

of the corresponding 20V–Ce–Ti–O (159 m2 g-1), suggest-

ing that cerium might play an important role in maintaining

the thermal stability of the V–Ce–Ti–O oxides. Such effect of

cerium was also reported by Radwan et al. [17]. Addition of

10% V2O5 on the 10V–Ce–Ti–O decreased the surface areas

to about 130 m2 g-1 and increased the pore sizes to about

7 nm. Simultaneous addition of V2O5 and SO4
2- resulted in a

Fig. 1 Low angle XRD patterns of (a) Ce–Ti–O, (b) 10V–Ce–Ti–O,

(c) 20V–Ce–Ti–O and (d) 40V–Ce–Ti–O
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Fig. 2 Wide angle XRD patterns of (a) Ce–Ti–O, (b) 10V–Ce–Ti–O,

(c) 10V/10V–Ce–Ti–O, (d) 20V–Ce–Ti–O, (e) 20V–Ti–O and (f)
40V–Ce–Ti–O

Mesoporous V–Ce–Ti–O for Methanol Oxidation to Dimethoxymethane 157

123



0

40

80

120

160

200

240

1 10 100
0.0

0.4

0.8

1.2

1.6

2.0

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 g-1
ST

P
) (b)

P
or

e 
vo

lu
m

e 
(c

m
3  g

-1
 n

m
-1

)

Pore size (nm)

0.0         0.2         0.4         0.6         0.8         1.0
0

40

80

120

160

200

240

1 10 100
0.0

0.4

0.8

1.2

1.6

2.0

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 g-1
ST

P
)

Relative pressure (P/P
0
)

0.0         0.2         0.4         0.6         0.8         1.0
Relative pressure (P/P

0
)

0.0         0.2         0.4         0.6         0.8         1.0
Relative pressure (P/P

0
)

0.0         0.2         0.4         0.6         0.8         1.0
Relative pressure (P/P

0
)

0.0         0.2         0.4         0.6         0.8         1.0
Relative pressure (P/P

0
)

0.0         0.2         0.4         0.6         0.8         1.0
Relative pressure (P/P

0
)

(a)

P
or

e 
vo

lu
m

e 
(c

m
3  g

-1
nm

-1
)

Pore size (nm)

0

40

80

120

160

200

240

1 10 100
0.0

0.4

0.8

1.2

1.6

2.0

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 g-1
ST

P
) (c)

P
or

e 
vo

lu
m

e 
(c

m
3  g

-1
 n

m
-1
)

Pore size (nm)

0

40

80

120

160

200

240

1 10 100
0.0

0.4

0.8

1.2

1.6

2.0

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 g-1
ST

P
) (d)

P
or

e 
vo

lu
m

e 
(c

m
3  g

-1
 n

m
-1

)

Pore size (nm)

0

40

80

120

160

200

240

1 10 100
0.0

0.4

0.8

1.2

1.6

2.0

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 g-1
ST

P
) (e)

P
or

e 
vo

lu
m

e 
(c

m
3  g

-1
 n

m
-1
)

Pore size (nm)

0

40

80

120

160

200

240

1 10 100
0.0

0.4

0.8

1.2

1.6

2.0

V
ol

um
e 

ad
so

rb
ed

 (
cm

3 g-1
ST

P
) (f)

P
or

e 
vo

lu
m

e 
(c

m
3  g

-1
nm

-1
)

Pore size (nm)

Fig. 3 Nitrogen adsorption–

desorption isotherms and

pore size distributions for

(a) Ce–Ti–O, (b) 10V–Ce–Ti–O,

(c) 10V/10V–Ce–Ti–O,

(d) 5SO4
2-–10V/10V–Ce–Ti–

O, (e) 20V–Ce–Ti–O and

(f) 40V–Ce–Ti–O

Table 1 Surface areas, pore parameters and O2 uptakes for the V–Ce–Ti–O samples

Sample SBET

(m2 g-1)

Pore size

(nm)

Pore volume

(cm3 g-1)

O2 uptake

(lmol g-1)

V density calculated

(V nm-2)

Ce–Ti–O 160 5.2 0.30 6 –

10V–Ce–Ti–O 162 5.0 0.27 534 4.0

20V–Ce–Ti–O 159 3.6 0.20 990 7.4

20V–Ti–O 91 8.4 0.31 861 11.3

40V–Ce–Ti–O 62 12.7 0.26 1516 29.4

10V/10V–Ce–Ti–O 134 7.2 0.30 870 7.8

5SO4
2-–10V/10V–Ce–Ti–O 128 7.4 0.26 894 8.4
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sample 5SO4
2-–10V/10V–Ce–Ti–O with the similar surface

area and pore size as the 10V/10V–Ce–Ti–O.

The TEM images of 10V–Ce–Ti–O, 10V/10V–Ce–Ti–O

and 5SO4
2-–10V/10V–Ce–Ti–O are shown in Fig. 4. No

long range ordered structures were observed for the samples.

Small particles (around 7 nm) with uniform size distribution

were clearly seen for the 10V–Ce–Ti–O. Addition of 10%

V2O5 only and simultaneous addition of 10% V2O5 and 5%

SO4
2- increased the particle size to about 10 nm. The meso-

porosity of the V–Ce–Ti–O oxides was mainly due to the

inter-particle voids.

The Raman spectra of the V–Ce–Ti–O oxides are pre-

sented in Fig. 5. It is well known that the bands around 149,

199, 408, 528 and 645 cm-1 are characteristic of anatase,

whereas the bands around 144, 148, 611 cm-1 are ascribed to

rutile phase [18]. Thus, all the V–Ce–Ti–O oxides studied in

this work exhibited typical Raman features of anatase. No

rutile phase was observed. Bulk CeO2 usually exhibits a

strong band at 460 cm-1 due to the F2g Raman active mode

characteristic of fluorite-structured materials [19]. The

absence of the Raman line due to CeO2 for all the V–Ce–Ti–

O samples indicated the highly dispersed Ce4+ cations in the

lattice of the samples, similar to the system of Ce–Ti–Cu–O

oxides [20]. Additional Raman features around 800–

1200 cm-1 observed are due to the different surface vanadia

species. Only the Raman signals due to highly dispersed

vanadia species were observed for the samples with V2O5

less than 40%. Specifically, the bands around 1024–

1030 cm-1 could be assigned to isolated monomeric (or

oligomeric) terminal V=O species [21], while the bands

around 940 cm-1 and 830 cm-1 are characteristic of poly-

meric V–O–V species [22] and octahedral decavanadate

species V10O28 [5, 23] (or isolated VO4
3- tetrahedral

structure [24]), respectively. When V2O5 reached 40%, a

clear band at 999 cm-1 corresponding to V=O symmetric

stretching vibration of crystalline V2O5 was discerned,

indicating the formation of crystalline V2O5. Addition of

10% V2O5 onto the 10V–Ce–Ti–O did not result in new

Raman features as compared with those of 10V–Ce–Ti–O,

suggesting again that the additional V2O5 was highly dis-

persed on the 10V–Ce–Ti–O, in accordance with XRD

results. In addition, the modification of SO4
2- on the 10V/

10V–Ce–Ti–O did not influence the dispersion of vanadia

species (spectrum not shown).

3.2 Surface Redox and Acidic Properties

The adsorption of O2 has been used to evaluate the dis-

persion of supported V2O5 [25–27]. Parekh and Weller

[25, 26] proposed a low temperature oxygen adsorption

method (LTOC) while Oyama et al. suggested a high

temperature oxygen adsorption method (HTOC) [27].
Fig. 4 Transmission electron microscopy (TEM) images of (a) 10V–

Ce–Ti–O, (b) 10V/10V–Ce–Ti–O and (c) 5SO4
2-–10V/10V–Ce–Ti–O
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It was suggested that the HTOC might exert less possibility

of bulk reduction and sintering [28], and we used the

technique to estimate roughly the dispersion of vanadium

species. In this technique, the samples were first reduced in

H2 at 640 K, at which only surface vanadium species were

supposedly reduced [27]. O2 adsorption was then per-

formed at 640 K to titrate the number of reduced vanadium

cations on the surface with the ratio of O/V = 1.

Table 1 gives the O2 uptakes and corresponding V

densities for the different V–Ce–Ti–O oxides. It is seen that

the Ce–Ti–O did not seem to adsorb O2 (6 lmol g-1 only),

indicating that little species could be reduced in the sample

(or non-redox). The incorporation of vanadium species

increased the O2 uptakes. Since the Ce–Ti–O almost did

not adsorb O2, O2 was mainly adsorbed on vanadium

species in the V–Ce–Ti–O samples. Wachs [29] reported

that the theoretical density for the monolayerly dispersed

vanadium species on TiO2 was 7.9 V nm-2. Since the

10V–Ce–Ti–O possessed 9.6% V2O5 (measured by XRF,

see Table 2) and the surface area of 162 m2 g-1, the den-

sity of vanadium species was calculated to be 3.9 V nm-2,

lower than the monolayer capacity. The surface density of

vanadium as titrated by O2 adsorption for the sample was

4.0 V nm-2, almost same as the amount of vanadium

contained in the sample. This implied that all the vanadium

species in the 10V–Ce–Ti–O sample were titrated by the

O2 adsorption at 640 K. Similarly, the 20V–Ce–Ti–O and

10V/10V–Ce–Ti–O contained vanadium species of 7.5 and

9.0 V nm-2, according to their surface areas in Table 1

and the contents of V2O5 in Table 2. The titrated surface

densities of vanadium in the two samples were 7.4 and

7.8 V nm-2, respectively, suggesting again that the O2

adsorption at 640 K titrated most of the vanadium species

in the samples. The content of V2O5 in the 40V–Ce–Ti–O

was not measured. Supposing it contained 40% V2O5 with

the surface area of 62 m2 g-1, the density of vanadium was

calculated to be 42.7 V nm-2. The surface density of

vanadium for this sample as titrated by O2 adsorption

was 29.8 V nm-2, much greater than the monolayer dis-

persion capacity (7.9 V nm-2), indicating that the HTOC

technique did titrate sublayers of vanadia species. Without

the presence of Ce, the 20V–Ti–O exhibited lower surface
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Fig. 5 Raman spectra of (a) Ce–Ti–O, (b) 10V–Ce–Ti–O, (c) 10V/

10V–Ce–Ti–O, (d) 20V–Ce–Ti–O and (e) 40V–Ce–Ti–O

Table 2 Selective oxidation of methanol over different catalysts at 423 K

Catalyst Contenta (wt.%) Conv. (%) Selectivity (%)

Ce V2O5 SO4
2- DMMb FAb MFb DMEb

Ce–Ti–O 1.6 – – 0.9 0 0 0 100

10V–Ce–Ti–O 1.5 9.6 – 12 62 22 16 0

20V–Ce–Ti–O 1.1 18.0 – 31 26 22 51 1

20V–Ti–O – – – 22 48 40 11 1

2.5SO4
2-/20V–Ce–Ti–O 1.0 17.8 2.5 40 91 1 7 1

10V/10V–Ce–Ti–O 1.3 18.2 – 29 52 18 29 1

5SO4
2-–10V/10V–Ce–Ti–O 1.3 17.7 5.5 72 85 0 14 1

a The contents of Ce, V2O5 and SO4
2- were measured by XRF

b DMM = dimethoxymethane; FA = formaldehyde; DME = dimethyl ether; MF = methyl formate
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area as compared to the 20V–Ce–Ti–O, leading to the

lower O2 uptake and lower dispersion of vanadium species.

Temperature programmed reduction (TPR) is a technique

usually used to characterize the reducibility of various metal

oxides or supported catalysts. Figure 6 shows the TPR pro-

files of different V–Ce–Ti–O samples. No TPR peaks were

observed for the Ce–Ti–O, indicating the non-redox feature

of the sample, consistent with the result of O2 adsorption.

Two TPR peaks can be seen for the 10V–Ce–Ti–O around

775 and 797 K, which might be ascribed to the reduction of

monomeric and polymeric surface VOx species from V5+ to

V3+ [30, 31]. These two peaks shifted to higher temperatures

with the increase of vanadia content. Addition of 10% V2O5

on the 10V–Ce–Ti–O did not seem to change the TPR profile,

but increased the peak intensities. Bulk V2O5 displayed a

completely different reduction feature, which has been dis-

cussed thoroughly before [32]. The significantly lower

reduction temperatures for the V–Ce–Ti–O than for bulk

V2O5 suggested the enhanced reducibility (or redox ability)

of the V–Ce–Ti–O samples.

Microcalorimetric adsorption of ammonia has been used

to determine the number, strength and strength distribution

of surface acidities [33]. Differential heats versus coverage

for NH3 adsorption on the V–Ce–Ti–O samples are

depicted in Fig. 7. The Ce–Ti–O exhibited the initial

adsorption heat of 151 kJ mol-1 with NH3 saturation

coverage of 2.6 lmol m-2. The incorporation of V into the

Ce–Ti–O enhanced the surface acidity since both the initial

heat and saturation coverage of NH3 increased. Specifi-

cally, the initial heat and ammonia coverage increased

to 183 kJ mol-1 and 4 lmol m-2, respectively, for the

10V–Ce–Ti–O. Addition of SO4
2- into V–Ce–Ti–O also

increased the surface acidity. For example, addition of

2.5% SO4
2- into the 20V–Ce–Ti–O increased the initial

heat from 158 to 173 kJ mol-1 and the saturation coverage

of ammonia from 3.5 to 4.4 lmol m-2. However, when

more SO4
2- (5.5%) was added into the 10V/10V–Ce–Ti–O,

much lower initial heat (15 kJ mol-1) was measured, due

to the endothermic interaction of ammonia with polymer-

ized surface sulfates. Similar phenomenon was also

reported by Desmartin-Chomel et al. for the sulfated tita-

nia, and the existence of polymerized sulfate species were

observed by FTIR [34]. Thus, the initial heat of ammonia

adsorption for the samples with high contents of SO4
2-

cannot be used as an indication of strength of surface

acidity. However, it is clear that the density of acid

sites as determined by the adsorption of ammonia was

significantly higher for the 5% SO4
2-–10V/10V–Ce–

Ti–O (4.6 lmol m-2) than for the 10V/10V–Ce–Ti–O

(3.9 lmol m-2). The sample SO4
2-/20V–Ce–Ti–O with

2.5% SO4
2- did not show the decreased initial heat. This

might be an indication that no polymerized surface sulfates

were formed in the 2.5SO4
2-/20V–Ce–Ti–O [34].

Infrared spectroscopy for ammonia adsorption is a fre-

quently used tool to probe the surface acidity (Brønsted and

Lewis sites). The FTIR spectra of adsorbed NH3 for the

V–Ce–Ti–O samples are presented in Fig. 8. The Ce–Ti–O

Fig. 6 TPR profiles of (a) Ce–Ti–O, (b) 10V–Ce–Ti–O, (c) 10V/10V–

Ce–Ti–O, (d) 20V–Ce–Ti–O, (e) 40V–Ce–Ti–O and (f) V2O5

Fig. 7 Differential heat versus coverage for NH3 adsorption at 423 K

over the V–Ce–Ti–O catalysts
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exhibited the bands at 1598, 1261 and 1164 cm-1, belonging

to NH3 coordinately adsorbed on Lewis acid sites [34]. The

bands at 1666 and 1463 cm-1 were related to the adsorbed

NH3 on Brønsted acid sites [34]. Figure 8 shows that the

Ce–Ti–O possessed mainly Lewis acidity with only weak

Brønsted acidity. The incorporation of 10% V2O5 into Ce–Ti–

O greatly enhanced the Brønsted acidity, as illustrated by the

increased intensity around 1440 cm-1. The enhanced surface

Brønsted acidity might be created by the hydroxyl groups on

the vanadia species in the 10V–Ce–Ti–O. The Lewis acidity

with the band around 1164–1188 cm-1 due to the surface of

Ce–Ti–O was still seen in the 10V–Ce–Ti–O. This band

disappeared when additional 10% V2O5 was added into the

10V–Ce–Ti–O, probably due to the covering of Ce–Ti–O

surface by dispersed V2O5. The band around 1249 cm-1

could be ascribed to the Lewis sites on the surface of dispersed

V2O5. Further addition of 5% SO4
2- on the 10V–Ce–Ti–O did

not seem to increase the surface Brønsted acidity. In stead, a

band around 1197 cm-1 appeared, which was owing to the

Lewis acidic sites generated upon the addition of sulfate. The

generation of Lewis acid sites due to the addition of sulfate on

TiO2 has been reported elsewhere [34].

3.3 Selective Oxidation of Methanol

to Dimethoxymethane

Methanol and its derivatives have been widely studied due to

their industrial importance [12]. In addition, the catalytic

oxidation of methanol is a convenient structure-sensitive

reaction, which has been widely used to characterize the

surfaces of metal oxides for their acid/base and redox prop-

erties [12, 35]. The results for the conversion of methanol over

the Ce–Ti–O and V–Ce–Ti–O catalysts under oxidative

atmosphere were given in Table 2.

The data in Table 2 showed that the conversion of

methanol was very low (0.9%) over the Ce–Ti–O at 423 K.

The only product was DME. This is due to that the Ce–Ti–

O was lack of redox property, as evidenced by the results of

O2 adsorption and TPR. Incorporation of V into Ce–Ti–O

drastically improved the activity of selective oxidation of

methanol. For example, the conversion of methanol on the

10V–Ce–Ti–O was 12% with DMM as the main product

(62%). The increased activity and selectivity to DMM were

due to the enhanced surface acidic and redox properties of

the V–Ce–Ti–O. The 20V–Ce–Ti–O sample exhibited

higher methanol conversion and higher selectivity to MF

than the 10V–Ce–Ti–O. The 20V–Ti–O exhibited lower

methanol conversion than the 20V–Ce–Ti–O and produced

more formaldehyde. Addition of 2.5% SO4
2- into the

20V–Ce–Ti–O increased the conversion of methanol from

31 to 40% and the selectivity to DMM from 26 to 91%,

owing to the enhanced surface acidity. It has been reported

that the selective oxidation of methanol to DMM might

involve two steps: (1) oxidation of methanol to formalde-

hyde on redox sites and (2) condensation of formaldehyde

produced with additional methanol to DMM on acidic sites.

Thus, the strengths of surface acidity and redox ability of a

catalyst were two important aspects in determining the

selective oxidation of methanol to DMM [36–40].

Addition of V2O5 and SO4
2- onto V–Ce–Ti–O

enhanced further the surface redox and acidic properties.

For example, the addition of 10% V2O5 onto 10V–Ce–Ti–

O increased the conversion of methanol from 12 to 29%

and the selectivity to MF from 16 to 29%, due to the

enhanced surface redox ability. Further addition of 5.5%

SO4
2- increased the conversion of methanol from 29 to

72% and the selectivity to DMM from 52 to 85%, owing to

the enhanced surface acidity. The selectivity of DMM was

quite high (85%) over the SO4
2-–10V/10V–Ce–Ti–O,

even at high conversion of methanol (72%). This result

appears promising for the industrial application. Thus, we

demonstrated in this work that the mesoporous V–Ce–Ti–O

oxides could act as the appropriate supports for V2O5 and

SO4
2- to achieve the excellent performance for the selec-

tive oxidation of methanol to DMM.

4 Conclusion

Mesoporous V–Ce–Ti–O materials were successfully syn-

thesized via a combination of sol–gel and hydrothermal

methods, which possessed the surface areas of about

160 m2 g-1 and pore sizes of about 4–5 nm. Such
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Fig. 8 FTIR spectra for NH3 adsorption on (a) Ce–Ti–O, (b) 10V–Ce–
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2-–10V/10V–Ce–Ti–O

collected at room temperature
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materials exhibited weak surface acidity and redox ability

that could be significantly enhanced by the addition of

V2O5 and SO4
2- simultaneously on the surface, leading to

the bi-functional catalysts with strong acidic and redox

characters that favored the selective oxidation of methanol

to dimethoxymethane. Specifically, the 5% SO4
2-–10%

V/10% V–Ce–Ti–O exhibited the excellent performance for

the selective oxidation of methanol to DMM. The conversion

of methanol reached 72% over the 5% SO4
2-–10% V/10%

V–Ce–Ti–O with 85% selectivity to DMM at 423 K.
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