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Abstract

The structural characteristics of the Ta–MCM-41 catalyst have been investigated by BET measurement, small angle X-ray diffraction,
UV–vis–NIR diffuse reflectance spectroscopy (DRS) and Raman spectroscopy techniques. Three types of tantalum oxide species: an iso-
lated TaO4 species in the MCM-41 framework, an isolated surface TaO4 species on the MCM-41 surface, and bulk Ta2O5, can be present
individually or coexist on the Ta–MCM-41 catalysts, and its relatively intensity is dependent on the Ta concentration. The local structure
of the Ta atoms in the Ta–MCM-41 catalyst forms an isolated active site with the bridging Ta–O–Si bonds on the surface and in the
frame structure of MCM-41. The catalytic properties of the Ta–MCM-41 catalysts were chemically probed with propane oxidative dehy-
drogenation (ODH) and methanol oxidation reactions in order to distinguish the different surface active sites present on the catalyst.
Consequently, the well-dispersed isolated active sites exhibit high redox catalytic properties to produce formaldehyde (HCHO) and
methyl formate (MF), and bulk Ta2O5 only possesses acid sites to form dimethyl ether (DME) The presence of Ta–O–Si bonds in
the catalyst is responsible for the high reactivity/selectivity of the oxidation reactions.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

M41S has been newly discovered as a mesoporous mate-
rial by Beck et al. [1]. MCM-41, a member of M41S family,
contains of a hexagonal array of tubular pores possessing a
high surface area and uniform pore size. It was synthesized
with a self-assembly mechanism for the silicate source and
surfactants with a long chain length as the template, and
the structure of MCM-41 can be incorporated with a metal
atom to substitute Si4+ atom in the framework. The substi-
tution of Si with the transition metals in MCM-41 has been
reported in many literatures such as V [2–8], Nb [9–12], W
[13–15], Mo [14,16,17], V–Mo [18], Cr [19–22], Ti [23–26],
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and Zr [26] for selective oxidation of hydrocarbons,
liquid-phase oxidation using H2O2, polymerization, and
photocatalysis applications. It appears that the local struc-
ture of the metal atoms in the M–MCM-41 can present as
an isolated active site with similar bridging M–O–Si bonds
on the surface and in the frame structure of MCM-41
[2,4,7,10–12,27–29]. The dispersed and isolated active sites
exhibit high catalytic properties and the bridging M–O–Si
bonds are the critical functionalities for catalytic
applications.

The formation of the bridging M–O–Si bonds has also
reported on silica-supported metal oxide catalysts which
show high selectivity to oxygenate and olefins for the oxi-
dative dehydrogenation (ODH) of short chain paraffins
[30–35]. The surface vanadia species supported on silica
are well-known to possess an isolated and distorted VO4

structure with a single V@O terminal bond and three
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V–O–Si bridging bonds anchored on silica support [36–41].
The distorted V5+ species with the bridging V–O–Si can be
found in different silica environments (silica-supported, sil-
icalite, and cogel) and possess similar reducibility and cat-
alytic properties for methanol oxidation [7]. Similar studies
on the surface Nb5+ species present in both Nb–MCM-41
and Nb2O5/SiO2 catalysts has revealed that the Nb atoms
in the Nb–MCM-41 and 1% Nb2O5/SiO2 are predomi-
nately isolated NbO4 species under dehydration conditions,
and surface polymeric niobia species and/or bulk Nb2O5

are formed at high niobia loading on silica [11]. The cata-
lytic properties of the dispersed and isolated Nb species
in both types of catalysts are active redox sites for metha-
nol oxidation and exhibit similar reactivity and selectivity
properties due to the presence of Nb–O–Si bonds in their
structure. In recent, the silica-supported tantalum oxide
catalyst has been studied to possess isolated TaO4 species
with a surface density about 0.7 Ta atoms/nm2 [42]. The
catalytic properties of the surface TaO4 species, which are
very different to the bulk Ta2O5 with acidic characteristics,
have found to possess the redox characteristics due to the
presence of the bridging Ta–O–Si bonds on the surface
[42]. However, there are no comparative studies on the
local structure of the Ta–MCM-41 catalysts with the sil-
ica-supported tantalum oxide catalysts to determine the
structure–reactivity relationship of the Ta–MCM-41
catalysts.

From the above observations, it is essential to compare
the local structure and metal atoms in the MCM-41 struc-
ture and on the silica surface in order to understand the
molecular structure–reactivity/selectivity relationships of
these M–O–Si-based (M = V, Nb, and Ta) catalytic mate-
rials. In this study, the incorporation of Ta atom into
MCM-41 structure were prepared as a function of the Ta
loading, and characterized with BET method to obtain
surface area and pore size information; small angle X-ray
diffraction (XRD), UV–vis–NIR DRS, and Raman tech-
niques to obtain the structural information. The catalytic
properties of the Ta–MCM-41 catalysts were performed
with the methanol oxidation and propane ODH reactions,
and the combination of the structural information and
the catalytic properties can establish the molecular struc-
ture–reactivity/selectivity relationship of these catalytic
materials.

2. Experimental sections

2.1. Materials and preparations

The Ta–MCM-41 catalyst was prepared by using the
C16TMAB (cetytrimethylammonium bromide, Aldrich)
micelles as the template agent, and TMASi (tetramethyl-
ammonium silicate, Aldrich) was used as the silica source.
A certain amount of C16TMAB was added to distilled
water and stirred to turn into a clear solution (7.8%
C16TMAB), and mixed with TMASi with the Si/surfactant
ratio equal to 7.5 to form a milky solution. A proper
amount of Ta-Oxalate (Alfa) was added to the mixed solu-
tion under the same stirring speed for 2 h at room temper-
ature with various Si/[Ta] molar ratios as 400, 100, 33, 20,
and 12 (corresponding to 0.75%, 3%, 8%, 13%, and 20% Ta
in MCM-41). The mixture was placed into a Teflon-sealed
glass vial, and followed by static heating at 100 �C in the
silicon oil bath for 7 days. The white precipitation was then
removed, filtered and washed several times with the dis-
tilled water. The filtrates was dried for 16 h at room tem-
perature and calcined at 650 �C for 6 h under flowing air
to form the Ta–MCM-41 catalyst.

2.2. BET surface area measurements

A volumetric physisorption apparatus (Micromeritics
ASAP 2010) was used to determine the BET surface area
of the Ta–MCM-41 catalyst. A 0.2–0.5 g of the sample
was first degassed with flowing 30 cc/min He gas to remove
the impurities and water. Then, the nitrogen gas was intro-
duced into the sample quartz tube to perform the adsorp-
tion of nitrogen under the liquid nitrogen temperature.
The surface area of the sample was calculated from the
amount of adsorbed nitrogen molecules on the surface
(based on the N2 molecule cross-section area is
0.162 nm2), and the pore size distribution of the catalyst
was obtained with BJH (Barrett–Joyner–Halenda) method.

2.3. Small-angel X-ray powder diffraction (small-angel

XRD) analysis

The structure and morphology of the Ta–MCM-41 were
determined by XRD technique as a function of the compo-
sition. The XRD technique was carried out by using the
X-ray diffraction instrument (Siemens D5000) using CuK
radiation (wave length = 0.154 nm) and the scanning rate
was 0.05 deg/min with 2h from 1 to 10 deg.

2.4. Scanning electron microscopy (SEM)

SEM was used to analyze the morphology of the synthe-
sized Ta–MCM-41 catalysts as a function of Ta concentra-
tion. The SEM analysis was carried out using a TOPCON
ABT-150S with the energy dispersive spectroscopy oper-
ated 10 kV. The sample was evenly spread on the double
sticking tape attached to the sample holder, and a thin film
of gold was coated on it by using a thin film deposition sys-
tem to assist the reflection of the electron light.

2.5. UV–vis–NIR diffuse reflectance spectroscopy (DRS)

The DRS experiments were performed on a Varian Gary
5E UV–vis–NIR spectrophotometer. In situ DRS spectra
were taken in the range of 200–2200 nm using a Harrick
DRS cell (HVC-DR2) to perform the measurements under
reaction conditions at elevated temperatures [43,44]. The
Harrick cell was slightly modified to accurately measure
the temperature around the surface of the catalyst sample
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Fig. 1. Nitrogen adsorption/desorption isotherms of the MCM-41 and
Ta–MCM-41 catalysts.
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powder. A second thermocouple was added to the sample
cup with the probe tip just under the sample surface and
close to the spot for spectral recording that is usually
around the center of the sample cup. This thermocouple line
was not allowed to touch the sample cup, which usually pos-
sesses a higher temperature than the catalyst sample [45].

All samples for the in situ measurements were first cal-
cined in the oven at 450 �C for 1 h before immediate trans-
fer to the in situ cell. The sample in the cell was then
pretreated at a sample surface temperature of 450 �C in
O2/He for 1 h and cooled down to room temperature.
The dehydrated pure MCM-41 was used as the baseline ref-
erence for the Ta–MCM-41 catalysts and the MgO was
used as the baseline reference for the bulk Ta2O5. The
DRS spectra were processed with the Bio-Rad Win-IR
software, consisting of calculation of the Kubelka-Munk
function from the absorbance [46]. A general power law
form, suggested by Davis and Mott [47], with n = 1/2 for
the direct allowed transition ion can be determined by
the best linear fit in the lower absorption region was
applied to calculate the edge energy (Eg) [48,49].

2.6. Laser Raman spectroscopy

Laser Raman spectroscopic system consists of a quartz
cell and a sample holder, a triple-grating spectrometer
(Spex, Model 1877), a photodiode array detector
(EG&G, Princeton Applied Research, Model 1420), and
an argon ion laser (Spectra-Physics, Model 165). The sam-
ple holder is made from a metal alloy (Hastalloy C), and a
100–200 mg sample disc is held by the cap of the sample
holder. The sample holder is mounted onto a ceramic shaft
which can be rotated by a 115 V DC motor at a speed of
1000–2000 rpm, and the Raman spectra were recorded
from the region of 400–1200 cm�1.

2.7. Oxidation reactions

The oxidative dehydrogenation (ODH) of propane was
carried out in a fixed-bed reactor operating at atmospheric
pressure. The reactor has equipped with a coaxial thermo-
couple to monitor the reaction temperature. A 0.2 g cata-
lyst was placed in an U-shaped quartz reactor using
quartz wool to support the sample inside the reactor. The
feed gas consists a C3H8/O2 ratio of 1:1, 3:1, and 6:1,
respectively, using He gas as a balance gas to maintain
the flow rate of 50 cc/min The reaction temperature were
performed from 450 to 550 �C, and the products were ana-
lyzed by online gas chromatography (TRE-METRICS
9000 series) equipped with two packed columns of Porapak
Q and MS-5A. Porapak Q was used to separate hydrocar-
bons and CO2, and MS-5A was used to separate O2 and
CO. The temperature programmed reaction was performed
in the following: the oven temperature was first held at
100 �C for 12 min, and then increased with a ramping rate
10 �C/min to 150 �C and maintained for 20 min to separate
the final products.
The methanol oxidation reaction was carried out in a
fixed-bed differential reactor operating at atmospheric pres-
sure. A mixture of He/O2 was bubbled through a methanol
saturator cooled by a cooler (Neslab RTE110) to obtain a
6/13/81 (mol%) mixture of CH3OH/O2/He at a flow rate of
�100 cc/min. The reactor was made of Pyrex glass and held
in a vertical position. The 20–70 mg of catalyst was placed
at the middle of the reactor between two supporting layers
of quartz wool. Before the methanol oxidation reaction,
the catalysts were pretreated at 400 �C for 30 min with
flowing He/O2 mixture gas in order to remove adsorbed
moisture and any carbonaceous residues. The reaction tem-
perature was performed in the 280–320 �C region, and the
outlet of the reactor to the GC was heated to 120–140 �C to
avoid condensation of methanol and its products. The
reaction products were analyzed by an online GC (HP
5840) equipped with TCD and FID detectors, and two sep-
aration columns (Carboxene-1000 packed column and
CP-Sil 5CB capillary column).
3. Results

3.1. BET measurements

The nitrogen isotherms of MCM-41 and Ta–MCM-41
catalysts (Fig. 1) follow the type-IV isotherm and show
with a sharp capillary condensation step at a relative pres-
sure between 0.2 and 0.4 [9–12] indicating a typical meso-
porous structure with uniform pores.
3.2. Small-angel XRD

The XRD patterns of MCM-41 and Ta–MCM-41 cata-
lysts are shown in Fig. 2. The four diffraction peaks (100),
(110), (20 0), and (21 0) are characteristic of MCM-41
materials possessing a highly ordered hexagonal structure
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Fig. 2. XRD patterns of the MCM-41 and Ta–MCM-41 catalysts.
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[9–12]. The incorporation of Ta atom into the MCM-41
structure results in a slightly shift of (100) toward higher
diffraction angle with increasing Ta concentration and
the broad and disappearance of the other three smaller dif-
fraction peaks (as shown in Fig. 2).
Raman shift (cm  ) 

Fig. 3. Raman spectra of the MCM-41 and Ta–MCM-41 catalysts as a
function of Ta concentration.

Table 1
Edge energies of Nb-containing oxides/compounds and catalysts

Sample Eg (eV)
(hydrated)

Eg (eV)
(dehydrated)

Structural
assignments

Ta2O5 3.8 Polymerized
TaO6

MgTa2O6 4.0 Distorted TaO6

1% Ta2O5/SiO2 – 4.4 Isolated TaO4

0.25% Ta–
MCM-41

– 4.8 Isolated TaO4

1% Ta2O5–
MCM-41

– 4.7 Isolated TaO4

3% Ta2O5–
MCM-41

– 4.5 Isolated TaO4

8% Ta2O5–
MCM-41

– 4.6 Isolated TaO4
3.3. Raman studies on the Ta–MCM-41 catalysts

The Raman spectra of the Ta–MCM-41 catalysts are
shown in Fig. 3 as a function of Ta concentration.
MCM-41 possesses Raman features at 980, �800, 605,
and 490 cm�1, which are very similar to the vibration
modes of the silicalite [7] and the amorphous SiO2 [11].
The 980 cm�1 is associated with the Si–OH stretching
mode of the surface hydroxyls [7,11]. The bands at 800–
830 cm�1 and 410–430 cm�1 are associated with the sym-
metric stretching and bending modes of the [SiO4] units,
however, the broad and weak Raman band at
�1080 cm�1 is not so distinguishable due to the anti-sym-
metric stretching vibration of the tetrahedral [SiO4] units
[50,51]. The broad bands at �605 and �490 cm�1 are
attributed to tri- and tetra-cyclosiloxane rings, respectively
[52,53].
3.4. UV–vis–NIR DRS studies

The edge energies of the Ta-reference compounds,
Ta2O5/SiO2, and the Ta–MCM-41 catalysts are listed in
Table 1. Bulk Ta2O5 and MgTa2O6 possess a polymerized
TaO6 octahedral structure [42] and a distorted TaO6 octa-
hedral structure [54,55] exhibiting edge energies below
4.0 eV. The Ta2O5/SiO2 and Ta–MCM-41 catalysts exhibit
the high edge energy above 4.5 eV.
3.5. Oxidation reactions

The catalytic results of the propane ODH over the Ta–
MCM-41 catalysts at 500 �C are presented in Fig. 4 as a
function of Ta concentration and the C3H8/O2 ratio. The
reactivity of the propane ODH over the Ta–MCM-41 cat-
alyst decreases with increasing Ta concentration up to 3%
and remains constant with further increasing Ta concentra-
tion. The catalytic properties of the Ta–MCM-41 catalysts
were further probed with the sensitive methanol oxidation
reaction in order to distinguish the different surface active
sites which are present on (and in) the Ta–MCM-41 cata-
lyst, and the catalytic results are listed in Table 2. The high
selectivity of MF and HCHO over these catalysts reveals
that the redox sites are predominantly present on the sur-
face of these catalysts at the Ta concentration below 12%
wt. (equal to 15% Ta2O5). The essentially acid sites present
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on the surface for the 18% Ta–MCM-41 catalyst result in
the higher selectivity of DME (see Table 2) due to the
presence of bulk Ta2O5 with acidic characteristic. The cal-
culated turnover frequency (TOF) of the oxidation reac-
tions over the Ta–MCM-41 catalyst is based on total Ta
atom present in the catalyst since it is well-dispersed and
isolated.
4. Discussions

The physical properties of the mesoporous Ta–MCM-41
catalyst as a function Ta concentration are listed in Table
3. The surface area and the pore volume of the Ta–
MCM-41 catalyst dramatically decrease with increasing
Ta concentration up to 12% (Si/Ta = 20) in MCM-41,
Table 2
Catalytic properties of the Ta–MCM-41 catalysts for methanol oxidation at 3

Catalysts Conv. (%) Activity (mmol/g h) T

MCM-41 Not active
1% Ta–MCM-41 12.7 35.8 1
3% Ta–MCM-41 15.1 49.2
8% Ta–MCM-41 20.1 48.8
12% Ta–MCM-41 9.2 23.7
18% Ta–MCM-41 10.2 27.8

Table 3
Mesoporous structural properties of the Ta–MCM-41 catalysts

Catalysts Si/Ta (as synth.) (ICP-AES
analysis)

Surface area
(m2/g)

MCM-41 – 1163
1% Ta–MCM-41 400 (1.1% Ta) 1098
3% Ta–MCM-41 100 (3.0% Ta) 1039
8% Ta–MCM-41 33 (8.1% Ta) 935
12% Ta–MCM-41 20 (11.7% Ta) 807
18% Ta–MCM-41 12 (17.6% Ta) 785
and the pore size of the Ta–MCM-41 catalyst only slightly
decreases indicating the blockage of the pores at higher Ta
concentration. The deviation from sharp and well-defined
isotherm (see Fig. 1) is also observed with increasing Ta
concentration in MCM-41 indicating the increase of pore
size heterogeneity and the degradation of the mesoporosity
at higher Ta concentration. This is consistent with the
XRD results shown in Fig. 2 that the structural deformabi-
lity of the Ta–MCM-41 catalyst starts at a Si/Ta ratio up to
20. The shift of the (100) peak to lower diffraction angle in
the V–MCM-41 system has been reported by Sayari et al.
[56] and determined that the incorporation of V atom into
MCM-41 structure results in the slight increase in d-spac-
ing. However, the results from Kevan et al. [57] and Haller
et al. [58] studying in the V–MCM-41 system has revealed
that the d-spacing obviously decreases with increasing
vanadium concentration. The disappearance of the (210)
peak at 2h of 6� after the incorporation of vanadium into
MCM-41 up to a Si/V ratio of 23 suggests that incorpora-
tion of vanadium atom to the wall of MCM-41 [57]. Thus,
only the peak of (100) has been detected in the Ta–MCM-
41 system with increasing Si/Ta ratio above 20 indicating
the structural deformability and the presence of Ta species
on the MCM-41 surface.

Raman spectra of the Ta–MCM-41 catalyst (in Fig. 3)
are similar to Raman features of the Ta2O5/SiO2 catalysts
[42,59] with the exception of the additional Raman band at
�910 cm�1 for the Ta–MCM-41 catalyst. The results indi-
cate that the surface isolated TaOx species (Raman band at
965–980 cm�1) are present at lower Ta concentration
(below 12%), and bulk Ta2O5 (Raman band at
�690 cm�1) is observed in the 18% Ta–MCM-41 catalyst.
The new Raman band at �910 cm�1, shifting to
�930 cm�1 with increasing Ta concentration, is assigned
00 �C

OF (10�2 s�1) Selectivity (%)

MF HCHO DME COx

7.9 97 2 Trace 1
8.2 82 5 9 4
3.2 73 10 10 7
1.0 70 14 16 –
0.8 52 4 42 2

Pore volume
(cm3/g)

Ave. pore diameter
(nm)

Wall thickness
(nm)

1.1 3.9 0.7
1.0 3.7 0.8
1.0 3.8 0.8
0.9 3.7 0.9
0.7 3.5 1.0
0.7 3.6 1.0
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to the incorporation of Ta atom into the MCM-41 frame-
work which is not observed in the Ta2O5/SiO2 catalysts.
The Raman intensity of this new band does not increase
with increasing Ta concentration, and the shift of the band
position from 910 to 930 cm�1 is due to the peak coupling
as a shoulder peak of the Raman band at �980 cm�1.
Thus, only certain amount of Ta atom can incorporate into
the MCM-41 frame structure. The incorporation of Ta
atom into the MCM-41structure results in a distorted
and isolated [TaO4] surrounded by the [SiO4] tetrahedrons
with the presence of Ta–O–Si bridging bonds possessing
the Raman bands at 830 and 475 cm�1. The shift of the
Raman bands from 800 to 830 cm�1 and 490 to
475 cm�1, respectively, and the change of its relatively
Raman intensity also suggest the breakage of the Si–O–Si
Fig. 5. SEM images of the MCM-
bonds and the cyclosiloxane rings and incorporate the Ta
atom into the MCM-41 structure. The morphology of the
MCM-41 and Ta–MCM-41 catalysts as a function of Ta
concentration was directly monitored by SEM as shown
in Fig. 5. The SEM results indicate that the MCM-41 sur-
face starts to become rough and form nanoscale particles
above 3% Ta concentration, and the nanoscale particles
increases with further increasing Ta concentration up to
18%. It indicates that the presence of the Ta atom is pre-
dominately incorporated into the MCM-41 frame structure
at low Ta concentration (below 3% Ta), and forms an iso-
late TaO4 species on the Ta–MCM-41 surface with further
increasing Ta concentration. The increase of Raman inten-
sity at �980 cm�1 with increasing Ta concentration can
determine the formation of the surface isolated TaO4 spe-
41 and Ta–MCM-41 catalysts.
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cies. The formation of the surface isolated TaO4 species is
consistent with Chen et al. [42] and Baltes et al. [59] studies
on the supported tantalum oxide catalysts that the silica
support possesses a lower concentration of reactive surface
hydroxyls and a strong interaction with the surface TaOx

species to form an isolated TaO4 species with one Ta@O
terminal bands and three Ta–O–Si bridging bonds. The
UV–vis–NIR DRS studies on the Ta-containing oxides
and compounds have indicated that the Eg value (listed
in Table 1) of the Ta–MCM-41 catalyst (above 4.5 eV) is
higher than that of the Ta2O5/SiO2 catalyst (4.4 eV). This
suggests the presence of the isolated TaO4 species which
is consistent with Raman results. The polymeric and dis-
torted TaO6 species possess the Eg value below 4.0 eV.
Thus, the addition of Ta atom into the MCM-41 forms
an isolated TaO4 species in (and on) the MCM-41
structure.

In addition, the maximum surface density to reach a
monolayer coverage on silica has been determined by Chen
et al., using Raman and methanol oxidation studies, to be
0.7 Ta atoms/nm2 (corresponding to 5 wt% Ta2O5/SiO2)
[42]. A monolayer coverage of the surface isolated TaO4

species on Ta–MCM-41 can be calculated, on the basis of
the maximum surface density of the Ta2O5/SiO2 catalyst,
to be about 17.5% Ta2O5. Raman studies on the Ta–
MCM-41 catalyst (see Fig. 3) have revealed that the mono-
layer coverage of the isolated surface TaO4 species on Ta–
MCM-41 has been reached just below 18% Ta (equal to
22% Ta2O5) due to the presence of trace bulk Ta2O5

(Raman band at �690 cm�1) at this Ta concentration.
Thus, the monolayer coverage of the isolated TaO4 species
on the Ta–MCM-41 catalysts has reached a higher value
(22% Ta2O5) compared to the calculate value (17.5%
Ta2O5). This is an indirect proof of the incorporation of
the Ta atom into the MCM-41 frame structure. For the
metals (V and Nb) in Group V, the surface VOx and NbOx

species can be present in both V–MCM-41 and Nb–MCM-
41 catalysts, and suggests that some V and Nb atoms may
be incorporated within the MCM-41 framework [7,11]. The
catalytic results indicate that the isolated VOx and NbOx

species in both types of catalysts are active redox sites for
methanol oxidation and similar catalytic properties due
to the presence of V(or Nb)–O–Si bonds in their structure
[7,11]. The surface TaOx species on silica has found to pos-
sess redox property and bulk Ta2O5 possesses only acidic
property [42]. Thus, three types of tantalum oxide species:
an isolated TaO4 species in the MCM-41 framework, an
isolated surface TaO4 species on the MCM-41 surface,
and bulk Ta2O5, are present in (and on) the Ta–MCM-41
catalysts, and their relative intensity is dependent on the
Ta concentration.

Recent studies on the C1–C4 hydrocarbon oxidation
reactions over the supported vanadia catalysts have
revealed that reaction pathways require only one surface
vanadia site and that the critical rate determining step
involved the bridging V–O–Support bonds [60,61]. Mono-
layer coverage of the supported vanadia catalysts exhibits
the high propylene selectivity, especially at low propane
conversions. The deposition of surface vanadia species con-
sumes mostly the terminal surface hydroxyls, resulting in a
significant decrease in the formation of combustion prod-
ucts. Thus, the surface vanadia coverage and the pro-
pane/O2 ratio significantly affect the propylene selectivity
[62]. The high oxygen concentration at a propane/O2 ratio
of 1/10 gives rise to the highest propylene selectivity. Sim-
ilar results were also obtained for the catalysts possessing
lower surface vanadia coverage. It strongly suggests that
propylene production is favored on highly oxidized surface
vanadia species of the supported vanadia catalysts where
the surface V5+ population is over 90% [62], and reduced
surface V4+/V3+ sites favor CO* formation via an oxygen-
ated intermediate [62]. In addition, catalytic reactivity (as
measured by turnover frequency; TOF) is independent of
the surface density of the two-dimensional vanadia over-
layer on the oxide support and both polymerized and iso-
lated surface vanadium species are active sites for
propane oxidation.

The catalytic properties of propane ODH over the Ta–
MCM-41 catalysts indicate that the high propylene selec-
tivity is favored at higher C3H8/O2 ratio of 6:1, and the
increase of Ta concentration has no significant effect on
the propylene selectivity since only one active site required
for the reaction. In addition, the high reactivity of propane
ODH over the Ta–MCM-41 catalyst is favored at lower
C3H8/O2 ratio of 1:1, and decrease with increasing Ta
concentration (see Fig. 4). From the combination of the
structural characterization and the propane ODH, the
incorporation of Ta atom into MCM-41 structure to form
Ta–O–Si bonds at lower Ta concentration is responsible
for the high reactivity of propane ODH.

The catalytic properties of the Ta–MCM-41 catalysts
were further probed with the sensitive methanol oxidation
reaction in order to distinguish the different surface active
sites which are present on (and in) the Ta–MCM-41 cata-
lyst, and the catalytic results are listed in Table 2. The high
selectivity of MF and HCHO over these catalysts has
revealed that the redox sites are predominantly present
on the surface of these catalysts at the Ta concentration
below 12% Ta (equal to 15% Ta2O5). The essentially acid
sites present on the surface for the 18% Ta–MCM-41 cata-
lyst result in a higher selectivity of DME (see Table 2) due
to the presence of bulk Ta2O5 with acidic property. It is
similar to Chen et al.’s [42] studies on the Ta2O5/SiO2 cat-
alysts possessing a high redox property. The reactivity of
methanol oxidation over the Ta–MCM-41 catalyst
decreases with increasing Ta concentration (see Table 2)
which is similar to the catalytic results of propane ODH
(Fig. 4). From the previous structural characterization,
three types of tantalum oxide species: an isolated TaO4 spe-
cies in the MCM-41 framework, an isolated surface TaO4

species on the MCM-41 surface, and bulk Ta2O5, are found
in (and on) the Ta–MCM-41 catalysts. The incorporation
of Ta atom into MCM-41 structure to form Ta–O–Si
bonds in MCM-41 framework results in a higher activity,
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and the presence of the surface TaO4 species on the catalyst
possessing a lower activity results in the decrease of meth-
anol reactivity with increasing Ta concentration. Thus, the
local structure of the metal atoms in the M–MCM-41
(M = V, Nb, and Ta) forms an isolated active site with sim-
ilar bridging M–O–Si bonds on the surface and in the
frame structure of MCM-41. The well-dispersed isolated
surface active sites exhibit high redox catalytic properties
and the bridging M–O–Si bonds are the critical functional-
ities for its catalytic applications.

5. Conclusions

The Ta–MCM-41 catalysts possess a mesoporous struc-
ture, and the surface area and the pore volume of the Ta–
MCM-41 catalyst dramatically decrease with increasing
Ta concentration up to 12% Ta due to the blockage of the
pores and the structural deformability of the Ta–MCM-41
catalyst at higher Ta concentration. Raman results indicate
that the incorporation of Ta atom into the MCM-41 struc-
ture forms a distorted and isolated [TaO4] surrounded by
the [SiO4] tetrahedrons with the presence of Ta–O–Si bridg-
ing bonds, and three types of tantalum oxide species: an iso-
lated TaO4 species in the MCM-41 framework, an isolated
surface TaO4 species on the MCM-41 surface, and bulk
Ta2O5, can be present individually or coexist on the Ta–
MCM-41 catalysts, and its relatively intensity is dependent
on the Ta concentration. The propane ODH and methanol
oxidation reactions have indicated that the Ta–MCM-41
catalysts possesses a high redox property to produce propyl-
ene and MF. The local structure of the Ta atoms in the
Ta–MCM-41 forms an isolated active site with the bridging
Ta–O–Si bonds on the surface and in the frame structure of
MCM-41. The well-dispersed isolated surface active sites
exhibit high redox catalytic properties and the bridging
Ta–O–Si bonds are responsible for its catalytic applications.
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