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The molecular structures of Nb cations in mesoporous mate-
rial Nb–MCM-41 and the supported Nb2O5/SiO2 catalyst under
hydrated and dehydrated conditions were investigated by in-situ
Raman and UV-vis-NIR diffuse reflectance spectroscopies.
Methanol oxidation was employed as a chemical probe reaction
to examine reactivity/selectivity properties of these catalytic mate-
rials. The structural characterization techniques demonstrate that
similar surface Nb oxide species are present in both Nb–MCM-41
and Nb2O5/SiO2 catalysts, which are sensitive to the environmental
conditions (ambient or dehydrated). However, the characterization
results also suggest that some Nb atoms in Nb–MCM-41 may be
incorporated within the siliceous framework. The spectroscopic re-
sults revealed that under dehydrated conditions, the Nb cations in
Nb–MCM-41 and 1% Nb2O5/SiO2 are predominantly composed
of isolated NbO4 units, while the Nb cations in the supported
Nb2O5/SiO2 catalysts possess polymerized NbOx species and/or
bulk Nb2O5 with increasing Nb loading. The catalytic results indi-
cate that the dispersed Nb cations in both types of catalysts are active
redox sites for methanol oxidation and exhibit similar reactivity and
selectivity properties due to the presence of Nb–O–Si bonds in their
structures. c© 2001 Academic Press

Key Words: Nb–MCM-41; Nb2O5/SiO2; catalysts; methanol
oxidation; Raman spectroscopy; UV-visible diffuse reflectance spec-
troscopy.
INTRODUCTION

Mesoporous materials (M41S) prepared through
supramolecular templating have a highly defined meso-
pore structure and extremely large surface areas and
have great potential as advanced catalytic materials for
petroleum refining, partial oxidation, polymerization,
pollution control, and enzyme and chiral chemistry (1–4).
MCM-41, a member of the M41S family, possesses a
hexagonal array of uniform mesopores that has recently
attracted much attention (5). Isomorphous substitution of
Si with other metal atoms in MCM-41 has been reported in
the literature, such as Nb (2–4, 6), V (7–9), Mo (10), Cr (11),
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W (12), Sn (13), Ti (14, 15), and Zr (15). It has been shown
that the local structure and bonding of MCM-41 materials
are amorphous in nature, similar to amorphous silica (16).
Consequently, it would be very interesting to compare
the local structure of the metal atoms in the MCM-41
structure and on the surface of amorphous silica to better
understand the catalytic behavior of the metal atom in
different materials. In the present work, MCM-41 doped
with Nb is compared to supported Nb2O5/SiO2 catalysts.

The Nb2O5/SiO2 supported catalysts have been exam-
ined for propylene photooxidation (17–20), partial oxida-
tion of methane (21), and methanol oxidation (22). Nb(V)
dispersed on silica exhibits redox characteristics rather than
acidic characteristics (22). The local structure of the sur-
face Nb(V) on silica has been extensively studied in the
literature (17–24). It is generally accepted that at low Nb
loadings, the dehydrated surface niobia species on silica
predominantly consists of isolated NbO4 species. Upon
hydration, however, the coordination number of the sur-
face niobia species may increase from four-fold to six-fold
due to the adsorption and coordination of water molecules
(19, 20). In contrast, the local structure of Nb(V) in MCM-
41 has not been investigated in the literature. In the present
work, the dispersion and local structures of niobia species
in MCM-41 as well as on silica were investigated by Raman
and UV-vis-NIR diffuse reflectance spectroscopies (DRS).
The catalytic properties of these different Nb-Si materials
were examined using methanol oxidation as a probe re-
action. The comparative structural and reactivity studies
of these two catalyst systems will provide a better under-
standing of the relationship between the structural char-
acteristics and the reactivity/selectivity properties of these
Nb–Si-based catalytic materials.

EXPERIMENTAL

Synthesis of Pure and Nb-Doped MCM-41

The preparation of Nb-doped MCM-41 was based on
the synthesis procedures of Zhang and Ying (3). A solution
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of tetramethylammonium silicate (10 wt% SiO2, Sachem)
was combined with a 7.8 wt% solution of cetyltrmethy-
lammonium bromide (Aldrich) such that the Si/surfactant
molar ratio was 7.5. Niobium ethoxide (Strem) was added
to the stirring white, viscous mixture to give a Nb–Si
dopant precursor molar ratio of 28.1. The pH was adjusted
to 11 with concentrated H2SO4, and the mixture was
stirred for an additional 1.5 h at room temperature. The pH
rose during the stirring and was adjusted back to pH 11.
After 0.5 h of further stirring, the mixture was placed in
several Teflon-sealed glass tubes and aged at 100◦C in a
heated silicone oil bath for 7 days. A white precipitate was
recovered, washed with 3 aliquots of water, and left to dry
overnight. Finally, the dried powder was calcined at 650◦C
for 6 h in a static box furnace. Bulk elemental analysis was
accomplished by QTI (Whitehouse, NJ), and 3.5 wt% Nb
was found in Nb–MCM-41. The preparation of undoped
MCM-41 was carried out in a similar manner. The Nb
precursor was excluded from the synthesis mixture and the
resulting as-synthesized material was calcined at 600◦C.

Synthesis of Nb2O5/SiO2 Supported Oxide Catalysts

The silica support used was Cabosil EH-5 (SBET =
332 m2/g). The Nb2O5/SiO2 catalysts were prepared by
the nonaqueous impregnation method employing niobium
ethoxide precursor, as described in detail elsewhere (24).
The preparation was performed inside a glove box with
continuously flowing N2. After impregnation, the samples
were kept inside the glove box with flowing N2 overnight.
The samples were subsequently dried in flowing N2 at 120◦C
for 1 h and 300◦C for 1 h. Then, the samples were calcined
in flowing air at 300◦C for 1 h and 500◦C for 2 h. The 15 wt%
Nb2O5 loading sample was prepared by repeating the im-
pregnation procedure on calcined 10% Nb2O5/SiO2 as the
starting material.

Mesostructure Characterization

Powder X-ray diffraction (XRD) data were recorded on
a Siemens D5000 diffractometer operated at 45 kV and
40 mA, using nickel-filtered CuKα radiation with a wave-
length of 1.5406 Å. Nitrogen adsorption isotherms were ob-
tained at 77 K on a Micromeritics ASAP 2010 Gas Sorption
and Porosimetry System. Samples were degassed at 150◦C
under vacuum until a final pressure of 1 × 10−3 Torr was
reached. Brunauer–Emmett–Teller surface areas were de-
termined over a relative pressure range from 0.05 to 0.20.
Pore size distributions were calculated from the adsorption
branch of the isotherms using the Barrett–Joyner–Halenda
method.

Raman Spectroscopy
The Raman spectra were obtained with the 514.5 nm
line of an Ar+ ion laser (Spectra Physics, Model 164). The
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scattered radiation from the sample was directed into an
OMA III (Princeton Applied Research, Model 1463) opti-
cal multichannel analyzer with a photodiode array cooled
thermoelectrically to−35◦C. The samples were pressed into
self-supporting wafers. The Raman spectra of the hydrated
samples were taken during sample spinning under ambient
conditions. The Raman spectra of the dehydrated samples
were recorded at room temperature after heating the sam-
ple in flowing O2 at 450–500◦C for 1 h in a stationary quartz
cell.

UV-vis-NIR Diffuse Reflectance Spectroscopy

The DRS experiments were conducted on Varian Cary
5E UV-vis-NIR spectrophotometer with the integration
sphere diffuse reflectance attachment. The DRS spectra
were processed with Bio-Rad Win-IR software, consisting
of calculation of F(R∞) from the absorbance. The edge en-
ergy (Eg) for allowed transitions was determined by finding
the intercept of the straight line in the low energy rise of a
plot of [F(R∞) × hv]2 against hv, where hv is the incident
photon energy (38). The samples were loaded in a quartz
flow cell with a Suprasil window and were measured in the
region of 200–2200 nm at room temperature. A halon white
(PTFE) reflectance standard was used as the baseline un-
less otherwise noted. The spectra of hydrated samples were
obtained under ambient conditions. The spectra of the de-
hydrated samples were obtained after the samples were cal-
cined at 500◦C in flowing O2/He for 1 h.

In order to minimize the possible effect of regular reflec-
tion introduced by the high concentrations of Nb cations,
the samples were diluted with non- or weak-absorbing
white materials of SiO2 or MCM-41. Nb–MCM-41 was di-
luted with MCM-41. The Nb2O5/SiO2 catalysts and the Nb-
containing reference oxides/compounds were diluted with
pure SiO2. The amount of diluent used for a sample de-
pends on the absorbance of the sample, which needs to
result in the Kubelka–Munk function F(R∞) ∼ 1 or less
after diluting. The corresponding diluent was also used as
the baseline standard. For the NIR experiments, however,
only pure samples were used.

Methanol Oxidation

Methanol oxidation was used to examine the catalytic
properties of the Nb–MCM-41 and Nb2O5/SiO2 samples.
The reaction was carried out in an isothermal fixed-bed
differential reactor. About 60 mg of catalyst, with a size
fraction of 60–100 mesh, was tested for methanol oxida-
tion at atmospheric pressure. The samples were pretreated
in a stream of O2/He gas mixture at 450◦C for 0.5 h be-
fore each run. The reactant gas mixture of CH3OH/O2/He,
molar ratio of ∼6/13/81, was used with a total flow rate of

100 ml/min. The overall conversion of methanol was kept
below 10%. Analysis of the reactor effluent was performed
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using an online gas chromatograph (HP 5890 Series II)
equipped with FID and TCD detectors. A Carboxene-1000
packed column and a CP-Sil 5CB capillary column were
used in parallel for TCD and FID, respectively.

RESULTS AND DISCUSSION

Mesostructure of Nb–MCM-41 and Nb2O5/SiO2

The XRD patterns of the calcined MCM-41 and
Nb–MCM-41 are shown in Fig. 1. The diffraction pat-
tern for these materials is characteristic of MCM-41 ma-
terials, indicative of the highly ordered hexagonal pack-
ing of the pores (1–4). Such an ordered mesostructure
does not exist in the supported oxide materials. The N2

adsorption isotherm of Nb–MCM-41 shown in Fig. 2 is
a Type-IV isotherm, typical of the MCM-41 mesoporous
structure (1–4). For comparison, the N2 isotherms for the
1 and 10% Nb2O5/SiO2 samples are also presented in
Fig. 2.

The mesostructural properties of Nb–MCM-41 and
Nb2O5/SiO2 samples are listed in Table 1. The pore size dis-
tributions for Nb–MCM-41 are very different from those of
the 1 and 10% Nb2O5/SiO2 samples (not shown here). Nb–
MCM-41 exhibits a much smaller pore size and a narrower
pore size distribution than the supported oxide materials.
1 and 10% Nb2O5/SiO2 samples have larger mesopores
with a broad size distribution (28). The N2 isotherms
of the supported oxides resemble Type IV more than
Type II isotherms (Fig. 2), suggesting that the mesopores
are internal to the supported oxide particles and do not
represent interparticle porosity.

Raman Spectroscopy

The Raman spectra of the dehydrated MCM-41,
Nb–MCM-41, SiO2, and 10% Nb2O5/SiO2 samples are pre-
sented in Fig. 3. MCM-41 exhibits Raman bands at 973,
FIG. 1. XRD patterns of calcined MCM-41 and Nb–MCM-41 samples.
T AL.

TABLE 1

Mesostructural Characteristics of MCM-41, Nb–MCM-41,
and Supported Nb2O5/SiO2 Catalysts

Surface area Pore vol. Avg. pore Unit cell
Sample (cm2/g) (cm3/g) dia. (Å) (a0) (Å)

MCM-41 987.0 0.70 26.9 49.0
Nb–MCM-41 951.5 0.53 24.1 42.4
1% Nb2O5/SiO2 269.6 1.43 ∼500 —
10% Nb2O5/SiO2 295.3 1.24 ∼360 —

FIG. 2. N2 adsorption isotherms of Nb–MCM-41, 1% Nb2O5/SiO2,
and 10% Nb2O5/SiO2.
FIG. 3. Raman spectra of the dehydrated MCM-41, Nb–MCM-41,
SiO2, and 10% Nb2O5/SiO2 samples.
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∼815, 603, ∼488, and ∼402 cm−1, which are very similar
to the vibrations of the amorphous SiO2 support. This re-
sult is consistent with previous literature (16). For amor-
phous SiO2, the ∼976 cm−1 band is associated with the
Si–OH stretching mode of the surface hydroxyls (28), and
the bands at ∼802 and 410–430 cm−1 have been assigned
to the Si–O–Si symmetrical stretching and bending modes,
respectively (31). The broad bands at 607 and 487 cm−1

have been assigned to D2 and D1 defect modes that are
attributed to tri- and tetra-cyclosiloxane rings, respectively
(31, 32). For the dehydrated 10% Nb2O5/SiO2 sample, the
982 cm−1 band has been assigned to the Nb==O stretching
mode of isolated surface NbO4 species (26). A weak Raman
band was also observed at ∼673 cm−1 due to bulk Nb2O5

(33, 34), indicative of the presence of some Nb2O5 crystal-
lites on silica at this high loading. The broad, weak band at
∼930 cm−1, which is also observed for other surface metal
oxide species on silica (e.g., V(V), Ti(IV), and Mo(VI))
and is not a function of the metal oxide loading, has
been assigned to Si(–O−)/Si(–O−)2 functionality due to the
formation of M–O–Si bonds (35, 36). However, the pres-
ence of surface polymerized niobia species, which exhibit
Raman bands in the 823–935 cm−1 region (26), cannot be
excluded. For the dehydrated Nb–MCM-41 sample, the
new Raman band at ∼985 cm−1 should also be assigned to
the Nb==O stretching mode of isolated NbO4 species. The
Raman bands at 609, 499, and 400 cm−1 appear to be due
to the amorphous-type silica vibrations.

The Raman spectra of MCM-41, Nb–MCM-41, and 10%
Nb2O5/SiO2 samples under ambient conditions (hydrated)
are presented in Fig. 4. No appreciable change was ob-
FIG. 4. Raman spectra of the hydrated MCM-41, Nb–MCM-41, and
10% Nb2O5/SiO2 samples.
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served for MCM-41 upon hydration, similar to amorphous
SiO2. For the hydrated 10% Nb2O5/SiO2 sample, broad
Raman bands are observed at ∼920,∼810,∼673, 613, and
486 cm−1. These bands are very similar to the Raman bands
observed for amorphous Nb2O5 · nH2O (33, 34), indicat-
ing the presence of a similar type of hydrated surface nio-
bia species. The Raman band at ∼920 cm−1 is associated
with the terminal Nb==O surface sites on this type of sur-
face, amorphous Nb2O5 · nH2O species (33). The NbO6

units of the surface hydrated niobia species on silica might
be connected by Nb–OH–Nb bridges, as in the case of
the fully hydrated vanadium oxide species on silica that
resembles V2O5 · nH2O gels (35), since the structures of
the surface niobia species are reversible during hydration
and dehydration. The Raman spectrum of the hydrated
Nb–MCM-41 is very similar to that of the hydrated 10%
Nb2O5/SiO2 sample, suggesting the presence of surface hy-
drated Nb2O5 · nH2O species. The shoulder at ∼982 cm−1

may be due to the remaining isolated NbO4 species. This
result suggests the possible presence of two types of Nb
species: one is the surface type that forms hydrated, poly-
merized niobium oxide species and the other one is the
framework type that does not polymerize upon hydration.
The Raman spectrum of the Nb incorporated silicate of the
MFI structure has been reported (37). Unfortunately, the
Raman spectrum shown is not very clear and no useful
information is given about the vibrations of framework
Nb cations. For other metal incorporated MCM-41 materi-
als, such as V(V) (7) and Cr(VI) (11), the Raman spectra
shown reflect the presence of surface metal oxide species
on the MCM-41 surface. The Raman signal regarding the
incorporated metal cations in MCM-41 may be weak and
covered by the strong signal from the surface metal oxide
species.

UV-vis-NIR Diffuse Reflectance Spectroscopy

The NIR–DR spectra of the dehydrated MCM-41,
Nb–MCM-41, SiO2, and 1–15% Nb2O5/SiO2 samples are
shown in Fig. 5. Both types of materials exhibit the same
band at 7318 cm−1 due to the 2ν overtone vibration
of isolated Si–OH hydroxyls (39). It is noted that the
7318 cm−1 band for the Nb2O5/SiO2 samples decreases
upon increasing niobia loading, indicating that deposi-
tion of niobium oxide species on SiO2 consumes sur-
face Si–OH hydroxyls. In contrast, the intensity/surface
area of the 7318 cm−1 band for Nb–MCM-41 and
MCM-41 is about the same, indicating that the pres-
ence of Nb in MCM-41 does not affect the Si–OH
hydroxyl concentration. This result suggests that the
incorporation of Nb is not associated with anchoring Nb
atoms via the surface Si–OH hydroxyls of MCM-41 but
rather incorporating into the MCM-41 framework and/or

binding to the MCM-41 wall surface simultaneously at
the formation of the Nb–MCM-41 structure. Interestingly,
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FIG. 5. NIR–DRS spectra of MCM-41, Nb–MCM-41, SiO2, and 1, 10,
and 15% Nb2O5/SiO2 under dehydrated conditions.

the much lower intensity of Si–OH hydroxyl band at
7318 cm−1 of MCM-41 relative to amorphous SiO2 indi-
cates that MCM-41 materials possess a lower hydroxyl con-
centration than amorphous silica, suggesting that MCM-41
materials are more hydrophobic than amorphous silica and
silica-supported niobia amorphous materials.

The UV-vis-DR spectra of some Nb-reference com-
pounds are shown in Fig. 6, and their edge energies
are listed in Table 2. It is noted that the increase of

the NbO6 structural distortion from KNbO3, NaNbO3

to LiNbO3

dehydrated conditions are shown in Fig. 7. The correspond-
o noticeable
increases the edge energy from 3.39 to ing edge energies are also listed in Table 2. N
FIG. 6. UV-vis-DRS spectra of Nb-co
T AL.

TABLE 2

Edge Energies of Nb-Containing Oxides/Compounds and Catalysts

Eg (eV) Eg (eV)
Sample (hydrated) (dehydrated) Structural assignmentsa

LiNbO3 3.89 — polymerized NbO6

NaNbO3 3.51 — polymerized NbO6

KNbO3 3.39 — polymerized NbO6

Nb2O5 3.42 — polymerized NbO6,7,8

KCa2Na2Nb5O16 3.42 — polymerized NbO6

KCa2NaNb4O13 3.47 — polymerized NbO6

KCa2Nb3O10 3.57 — polymerized NbO6

YbNbO4 3.13 — polymerized NbO4

1% Nb2O5/SiO2 4.34 4.37 isolated NbO4

10% Nb2O5/SiO2 3.92 3.92 isolated NbO4+
polymerized NbOx

Nb–MCM41 4.43 4.46 isolated NbO4

a Structural assignments for Nb-reference compounds can be found in
(33) and references herein.

3.89 eV. The decrease of the layer thickness of the layered
oxide compounds (KCa2Na2Nb5O16, KCa2NaNb4O13, and
KCa2Nb3O10) slightly increases the edge energy from 3.42
to 3.57 eV. All the above Nb oxide compounds possess poly-
merized NbO6 structures with five or six Nb–O–Nb bonds
around the central Nb cation (33). Unfortunately, it is diffi-
cult to find a wide variety of Nb-reference compounds with
completely different structures to establish a reliable corre-
lation between structure and edge energy, as in the case of
the V-reference compounds (42). Nevertheless, the results
indicate that the Nb oxide compounds with polymerized
NbOx structure exhibit edge energies below 3.9 eV.

The UV-vis-DR spectra of the MCM-41, Nb–MCM-41,
and 1 and 10% Nb2O5/SiO2 samples under hydrated and
ntaining reference oxides/compounds.
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FIG. 7. UV-vis-DRS spectra of MCM-41, Nb–MCM-41, and 1 and
10% Nb2O5/SiO2 under hydrated and dehydrated conditions.

absorption in the UV-vis region is observed for MCM-
41, similar to amorphous SiO2 (39). For Nb–MCM-41
and Nb2O5/SiO2, the LMCT transitions of Nb cations are
observed above 30,000 cm−1. As seen from Fig. 7, the inten-
sity of the LMCT transitions of Nb cations on the hydrated
Nb–MCM-41 and 1% Nb2O5/SiO2 samples decreases
upon dehydration, suggesting ligand changes around the
Nb cations upon hydration/dehydration. In contrast, no
significant spectral change is observed for the 10%
Nb2O5/SiO2 sample upon hydration/dehydration. The Eg

values shown in Table 2 for the hydrated Nb–MCM-41
and 1% Nb2O5/SiO2 samples are 4.43 and 4.34 eV, re-
spectively. These Eg values are significantly higher than
the Nb-reference compounds with polymerized NbOx

units, suggesting that the hydrated Nb–MCM-41 and 1%
Nb2O5/SiO2 samples possess very small Nb2O5 · nH2O clus-
ters. Dehydration only results in a minor increase of the
edge energy by 0.03 eV. The slight increase of edge ener-
gies for Nb–MCM-41 and 1% Nb2O5/SiO2 upon dehydra-
tion may be associated with a decrease in cluster sizes as
well as the ligand changes around Nb cations. This suggests
the presence of isolated NbO4 species, which is consistent
with the Raman results. The lower Eg value of 3.92 eV for
10% Nb2O5/SiO2 in both hydrated and dehydrated states is
consistent with the Raman results, which suggests that the
niobia species are dominant in polymerized species and/or
bulk niobia since polymerized NbOx units and bulk niobia
possess edge energies below 3.9 eV.

Methanol Oxidation
The catalytic results of Nb–MCM-41 and dispersed
Nb2O5/SiO2 catalysts for methanol oxidation at 250◦C are
Nb–MCM-41 AND Nb2O5/SiO2 23

presented in Table 3. MCM-41 and SiO2 showed no no-
ticeable activity. The Nb–MCM-41 and 1% Nb2O5/SiO2

samples with predominantly isolated NbO4 species pro-
duce exclusively redox products and show similar reac-
tivity (TOFs), indicating that isolated Nb cations are the
active redox sites for methanol oxidation over these dif-
ferent types of materials. This result further confirms that
both Nb–MCM-41 and Nb2O5/SiO2 at a low niobia load-
ing only possess weak Lewis acid sites (5, 40). For the 10
and 15% Nb2O5/SiO2 samples that possess isolated NbO4

and bulk niobia and/or polymerized species, a small amount
of dimethyl ether is obtained in addition to the redox
products. The production of dimethyl ether must come
from the Brønsted acid sites that are associated with bulk
niobia at high niobia loadings (40). Furthermore, their
reactivity (TOFs) decreases dramatically as compared to
the 1% Nb2O5/SiO2 sample, suggesting that these sam-
ples possess a significant amount of polymerized niobia
species and/or bulk niobia since bulk niobia is much less
active than the isolated NbO4 species (22). Nb–MCM-
41 and dispersed Nb2O5/SiO2 catalysts exhibit similar se-
lectivities, suggesting they have active sites common to
both systems, namely the isolated NbO4 surface sites with
Nb–O–Si bonds. It is noted that the 1% Nb2O5/SiO2 sam-
ple exhibits a higher selectivity to methyl formate (at 67%)
than the rest of the catalysts at the present conditions.
This may be due to its relatively high surface methoxy
concentration originated from a low methanol conver-
sion (Ac= 8 mmol/g · h) and a high Si–OH concentration
as demonstrated by the NIR–DRS experiment (Fig. 5).
At a higher methanol conversion (Ac= 19 mmol/g · h) at
270◦C, the HCHO selectivity for 1% Nb2O5/SiO2 reaches
49% and the selectivity of methyl formate decreases to
45%.

In addition, the activation energies (Ea)of the Nb–MCM-
41 and 1 and 10% Nb2O5/SiO2 samples for methanol oxi-
dation are 19.6, 23.7, and 21.5 kcal/mol, respectively, which
are typical for methanol oxidation over transition-metal

TABLE 3

Activity/Selectivity of Nb–MCM-41 and Nb2O5/SiO2 Catalysts
for Methanol Oxidation at 250◦C

Selectivity (%)
Aa

c TOFb

Catalyst (mmol/g · h) (10−3 s−1) HCHO MF DMM DME

Nb–MCM-41 27 20 52 44 4 0
1% Nb2O5/SiO2 8 29 27 67 6 0
10% Nb2O5/SiO2 21 7 57 32 6 5
15% Nb2O5/SiO2 17 4 60 23 8 9

a Millimoles of methanol converted per gram catalyst per hour.
b TOF is calculated on the basis of the total Nb atoms in the
catalyst for the production of HCHO (formaldehyde)+MF (methyl
formate)+DMM (dimethoxy methane).
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oxide catalysts (41). This further confirms that the dispersed
Nb cations are the active sites for methanol oxidation over
these Nb-containing silica catalysts.

CONCLUSIONS

Similar surface Nb species are present in both Nb–MCM-
41 and Nb2O5/SiO2 catalysts, which are sensitive to the
environmental conditions (ambient or dehydrated). Some
Nb atoms in the Nb–MCM-41 sample may be incorporated
into the siliceous framework. The results revealed that the
Nb cations in Nb–MCM-41 and 1% Nb2O5/SiO2 are pre-
dominantly isolated NbO4 species under dehydrated con-
ditions, while polymerized surface niobia species and/or
bulk Nb2O5 are formed at high Nb loadings on SiO2. The
catalytic results indicate that the dispersed Nb cations in
both types of catalysts are active redox sites for methanol
oxidation. The Nb–MCM-41 and 1% Nb2O5/SiO2 have sim-
ilar reactivity/selectivity properties of their active sites, but
Nb–MCM-41 has a higher overall activity due to the greater
amount of isolated NbO4 species per unit mass catalyst. In
addition, Nb–MCM-41 is more hydrophobic due to its lower
surface Si–OH concentration as compared to the silica-
supported niobia amorphous materials.
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