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The vanadia species in different silica environments (silicalite,
cogel, and silica-supported) were characterized by XRD, Raman,
solid state 51V NMR, TPR, and methanol oxidation. Under de-
hydrated conditions, the dispersed vanadia species in all of the
vanadia-silica systems possess an isolated and distorted VO4 co-
ordination with minor differences. The VO4 species in the dehy-
drated 1% silica-supported vanadia catalyst contains a single ter-
minal V==O bond and changes coordination from VO4 to VO5 or
VO6 upon hydration. The VO4 species in the V-silicalite maintains
its coordination upon hydration and essentially does not appear
to possess a terminal V==O bond. A trace amount of crystalline
V2O5 and two types of dispersed VO4 species are present in the 1%
vanadia-silica cogel. One of the dispersed VO4 species is a surface
vanadia species on silica and changes coordination upon hydration.
All of the dispersed vanadia species exhibit similar reducibility and
catalytic properties for methanol oxidation because they possess
very similar V-O-Si bridging bonds that are the critical functional-
ities for methanol oxidation. c© 1998 Academic Press

INTRODUCTION

Vanadium oxide in different silica environments has a
variety of potential applications in both chemical and envi-
ronmental industries. Vanadia supported on silica exhibits
unique catalytic properties for selective oxidation of hydro-
carbons to oxygenates and olefins (1–5). V-silicalites with
the MFI structure have been intensively investigated for
selective oxidation of hydrocarbons and primary amines
(6–9), ammoxidation (10,11), selective catalytic reduction
(SCR) of NOx (12), and liquid-phase oxidation with H2O2

(13,14). Vanadia-silica cogels exhibit high activity and sta-
bility for SCR of NOx (15) and high activity for selec-
tive oxidation of methane to formaldehyde and methanol
(16).
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The vanadia species in the above three different types
of silica environments have been characterized by various
techniques: Raman, EXAFS/XANES, 51V NMR, and pho-
toluminescence. The vanadia species supported on silica
has been proposed to exist as an isolated and distorted VO4

species with a single V==O terminal bond and three bridg-
ing bonds connected to the silica support (17–20). Upon
hydration, the surface vanadia species on SiO2 changes co-
ordination from VO4 to VO5 or VO6. The vanadia species
in V-silicalites with the MFI structure has been reported
to contain V5+ in VO4 coordination (21,22). The vanadia
species in vanadia-silica cogels was identified to contain
two types of VO4 species (16,23): one changes coordination
upon hydration, suggesting that it is an accessible vanadia
site; and the other does not change coordination upon hy-
dration, suggesting that it is an inaccessible vanadia site.

The purpose of the present work is to further investigate
the differences and similarities of the vanadia species in the
different silica environments and to investigate the impact,
if any, of the different vanadia species on the structure-
reactivity relationships of these catalysts. The structure of
the different vanadia sites was determined from solid state
51V NMR and Raman spectroscopy, and the reducibility
and reactivity were probed with temperature-programmed
reduction and methanol oxidation. The structure–reactivity
relationships should provide fundamental information on
the effect of the different silica environments on the prop-
erties of the vanadia sites.

EXPERIMENTAL

Catalyst Preparation

The V-silicalite was synthesized using tetraethoxysi-
lane (TEOS, Janssen Chimica) as the silicon source and
VOSO4 · 5H2O (Janssen Chimica) as the vanadium source
with a V/Si molar ratio= 0.0200 in the synthesis gel. Hy-
drothermal crystallization was carried out in a Teflon-lined
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autoclave under a nitrogen atmosphere at 180◦C for three
days. The V/Si molar ratio in the as-synthesized zeolite
was determined by ICP analysis to be 0.0101 (equivalent
to 1.5 wt% V2O5).

A 1 wt% silica-supported vanadia catalyst, designated
as 1% silica-supported, was prepared by impregnating a
fused Cab-O-Sil silica support (Cabot EH-5, 380 m2/g) with
a methanol solution of vanadium triisopropoxide oxide
(Alfa, 95–98%) in a nitrogen atmosphere. The sample was
initially dried at room temperature for 2 h and further dried
at 120◦C overnight in N2 flow and subsequently calcined at
500◦C for 6 h in O2 flow.

A 1 wt% vanadia-silica cogel catalyst, designated as 1%
cogel, was synthesized using a two-step sol–gel process
with tetraethoxysilane (TEOS, Fisher) and vanadium triiso-
propoxide oxide (VTPO, Fisher) as the precursors (16). The
SiO2 sol was first prepared by combining TEOS in methanol
with diluted nitric acid. Then the mixed V2O5-SiO2 sol
was obtained by adding VTPO (diluted in methanol) into
the SiO2 sol. The molar ratio of TEOS/methanol/nitric
acid/H2O is 1.0/2.8/0.7/7.8, while an appropriate amount of
VTPO was utilized to give vanadium content corresponding
to 1 wt% V2O5 in the final cogel product. The gel formed
with 12 h and then allowed to age for another 10 h. All
the above operations were carried out at ambient tempera-
ture. The obtained gel was dried at 50◦C for 15 h, 120◦C
for 5 h, and calcined at 550◦C for 4 h in air. The final
1 wt% vanadia-silica cogel possesses a BET surface area
of 509 m2/g.

X-Ray Powder Diffraction

XRD patterns were obtained with a Philips APD 1700
automated powder diffractometer with nickel-filtered
CuKα radiation (λ= 0.1542 nm) and X-ray generator set-
ting at 45 kV and 30 mA. The scan rate and angle increment
were 2.0 degree/min and 0.03 degree, respectively.

Raman Spectroscopy

Two Raman spectrometers were used in this work. Both
of them consisted of a Spex triplemate spectrometer (Model
1877). Prior to Raman analysis, all of the samples were
heated at 600◦C for 1 h in air to diminish fluorescence.

One of the spectrometers, equipped with an Ar+ laser
(Spectra Physics, Model 165), a Princeton Applied Re-
search OMA III optical multichannel photodiode array
detector (Model 1420), and a rotating in situ cell as de-
scribed in Ref. (24), was used for obtaining the Raman
spectra of the V-silicalite catalyst under dehydrated con-
ditions. A thin wafer of about 200–300 mg of the sample
was placed into the in-situ cell, heated to 600◦C for 1 h and
cooled to 50◦C in O2 flow (Ultra High Purity, Linde, 100-
200 ml/min) to obtain the Raman spectra under dehydrated
conditions.

The other spectrometer, equipped with an Ar+ laser
(Spectra Physics, Model 164) and a Princeton Applied Re-
search OMA III optical multichannel photodiode array de-
tector (Model 1421), was used for obtaining the Raman
spectra of vanadia-silica cogel and silica-supported vana-
dia catalysts under dehydrated conditions by heating each
sample at 450◦C for 0.5 h with flowing O2 and then cooled
down to ∼50◦C in a stationary in situ cell as described in
Ref. (25).

The latter spectrometer was also used for obtaining all
the Raman spectra under hydrated conditions. Hydration of
vanadia-silica cogel and silica-supported vanadia catalysts
was achieved by exposing the dehydrated samples to ambi-
ent air for 2 days. The V-silicalite was hydrated by depositing
water drops onto the thin wafer since the V-silicalite sample
in air or in a desiccator containing moisture for a short time
would exhibit strong fluorescence.

Solid State 51V NMR Spectroscopy

Two General Electric GN-300 spectrometers, equipped
with a Nicolet fast digitizer and a MAS Doty probe, were
used for this study. One of the spectrometers was utilized
to obtain the NMR spectra of the V-silicalite and silica-
supported vanadia catalysts. Wide-line 51V NMR studies
were carried out at 79.0 MHz using a θ -τ -θ spin echo se-
quence with a delay time τ = 50 µs, a solid flip angle close
to 45◦, and a relaxation delay of 0.2–1 s. Magic-angle spin-
ning (MAS) spectra were obtained at spinning speeds of
8–9 kHz. The spectra under dehydrated conditions were
measured by sealing the samples within ampoules after de-
hydration at 400◦C in a vacuum of 10−3 Torr, followed by
O2 reoxidation at 400◦C for 1 h.

The other spectrometer was used for obtaining the wide-
line 51V NMR spectra of the vanadia-silica cogel catalyst
(16). The measurement was carried out on a static sample
with a simple one-pulse excitation of 1 µs width, a preaqui-
sition delay of 10µs, a dwell time of 0.5µs, and a relaxation
of 5–10 s. Dehydrated xerogel samples were achieved by
calcination at 550◦C for 4 h, cooling in a desiccator over de-
hydrated 4 A zeolite, followed by transferring and sealing
to an NMR sample tube in a glove box under dry N2 flow.

Hydration of all the samples was achieved by exposing
them to ambient air for 2 days.

Temperature-Programmed Reduction (TPR)

Temperature-programmed reduction was carried out in
an Altamira AMI-100 system. The catalyst samples (60–
120 mg) were loaded in a quartz U-tube reactor and pre-
treated at 500◦C for 1 h in flowing dry air. TPR profiles
were obtained under the following conditions: flow rate,
30 ml/min; reducing gas, 10% hydrogen in argon; heating
rate, 10◦C/min. The H2 consumption was monitored using
a TCD.
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Methanol Oxidation Studies

Methanol oxidation was carried out in a fixed-bed reactor
at atmospheric pressure and 380◦C. The details about the
reactor system have been previously described (26). The
amount of the catalysts was varied in the range of 15–45 mg
in order to achieve a methanol conversion of∼10 mol%. A
gas mixture of methanol/O2/He= 6/11/83 was used as the
feed with a total flow rate of 50 ml/min. An HP GC (Model
5890 II) equipped with TCD and FID detectors was used
to analyze the reactants and products.

RESULTS

XRD Patterns

The XRD patterns of the 1% silica-supported and 1%
cogel catalysts showed only a broad peak characteristic of
amorphous silica (shown in Fig. 1), indicating that the vana-
dium is a highly dispersed state or the vanadia crystals are
too small (<4 nm) to be detected by XRD.

The XRD pattern of the V-silicalite sample reveals that
all the diffraction peaks correspond to those of pure sili-
calite with the MFI structure (27), and V2O5 crystallites, as
well as other crystalline phases, are absent. The most in-

FIG. 1. X-ray diffraction patterns of (a) 1%-supported V2O5/SiO2,
(b) 1% V2O5-SiO2 cogel, and (c) V-silicalite.

tense reflections in the V-silicalite are in the 23◦< 2θ < 25◦

region, whereas in pure silicalite the most intense reflec-
tions are in the 5◦< 2θ < 10◦ region (27). The cell parame-
ters of the V-silicalite were found to be a= 20.10, b= 19.85,
and c= 13.38 Å, which are slightly higher than those for
pure silicalite (27b). This observation is in good agreement
with the results of V-silicalites reported in Ref. (22). The
relatively poorer XRD pattern of the V-silicalite is related
to its small crystal size (0.2–0.5 µm).

Raman Spectra

The Raman spectra of the 1% silica-supported vanadia
catalyst were reported elsewhere along with extensive dis-
cussion (18). The silica support gives vibrations at 485, 600,
800, and 975 cm−1. Under dehydrated conditions, a sharp
Raman band at 1037 cm−1 was present, which is character-
istic of the terminal V==O bond of a surface VO4 species. In
addition, two weak Raman bands at 1080 and 910 cm−1

are characteristic of Si-O− and Si(-O−)2 functionalities
(18). Under hydrated conditions, the vanadium oxide on
silica surface gives rise to Raman bands at 150, 263, 323,
418, 512, 670–700, and 990–1016 cm−1, characteristic of a
hydrated surface vanadia species on silica. The 1016 band
is characteristic of a terminal V==O bond in the surface
vanadia species that is partially dehydrated by the laser
beam. The Raman bands at 200–300 and 500–800 cm−1

are assigned to V-O-V vibrations, and the Raman band at
150 cm−1 is due to a lattice vibration.

The Raman spectrum of the V-silicalite under dehydrated
conditions in the 700–1100 cm−1 region is shown in Fig. 2A.
The Raman spectra of dehydrated Ti-silicalite and pure sili-
calite are also shown in Fig. 2A for comparison. The Raman
spectra in the 200–700 region are not shown because there is
little difference for the silicalite, V-silicalite, and Ti-silicalite
samples. The V-silicalite sample possesses an intense
Raman band at 956 cm−1, which is downshifted with re-
spect to the 972 cm−1 band of the pure silicalite. The Ti-
silicalite sample possesses a Raman band at 955 cm−1,
which is similar to the V-silicalite sample. The 955/956 cm−1

Raman band of the V-silicalite and Ti-silicalite samples are
much more intense than the 972 cm−1 band of the pure sil-
icalite. The Raman spectrum of the V-silicalite shows an
additional very weak feature at 1034 cm−1. In contrast to
the silica-supported catalyst, the Raman spectrum of the
V-silicalite exhibits little change upon hydration, shown in
Fig. 2B.

The Raman spectra of the dehydrated and hydrated 1%
vanadia-silica cogel catalyst are presented in Fig. 3. The co-
gel sample possesses a trace amount of crystalline V2O5,
evidenced by the presence of Raman bands at 141, 280,
∼402, ∼485, ∼525, ∼700, and 992 cm−1 in Fig. 3a. Similar
to the Raman spectrum of the 1% silica-supported vanadia
catalyst, the Raman band at 1033 cm−1 due to the termi-
nal V==O bond and the Raman bands at 485, 600, 800, and
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FIG. 2. Raman spectra of (a) silicalite, (b) Ti-silicalite, and (a) V-silicalite catalysts under dehydrated (A) and hydrated (B) conditions.

975 cm−1 due to the silica support were also observed un-
der dehydrated conditions. In addition, the weak Raman
bands at 1080 and 910 cm−1 due to the Si-O− and Si(-O−)2

functionalities were also present (18). Under hydrated con-
ditions, Raman bands of the cogel sample were observed
at 150, ∼260, 310, 410, 520, 648–761, and 990–1016 cm−1,
which are characteristic of the hydrated surface vanadia
species on silica similar to that in the silica-supported vana-
dia catalyst (18, 28). This implies that the vanadia species
in the cogel sample also interacts with moisture to form the
hydrated surface vanadia species.

Solid State 51V NMR Spectra

The 51V NMR wide-line and MAS spectra of the V-sili-
calite sample under dehydrated and hydrated conditions
are presented in Fig. 4. Only a broad line centered at
−586 ppm, characteristic of an asymmetric chemical shift
tensor with components of −370, −580, and −950 ppm, is
present under dehydrated conditions (Fig. 4a). Compared
to the reference spectra of model compounds with well-
defined coordination (29,30), the line of the V-silicalite can
be assigned to the presence of V+5 in a highly distorted VO4

coordination. No features at ∼−280 and ∼−1300 ppm are
present, indicating the absence of crystalline V2O5. The 51V

MAS NMR spectrum of the V-silicalite possesses only a
single set of side bands with an isotropic chemical shift of
−610 ppm, indicative of only one type of V site. Subsequent
exposure to ambient conditions results in little change in the
line shape and position (Fig. 4b), strongly suggesting that
there is no coordination change upon hydration.

The chemical shift parameters of the V-silicalite, vanadia-
silica cogel, and silica-supported vanadia catalysts under
dehydrated conditions are summarized in Table 1.

TABLE 1

51V Chemical Shift Parameters Observed for the V-Silicalite,
Vanadia-Silica Cogel, and Silica-Supported Vanadia Catalysts
under Dehydrated Conditions

Line position δ1 δ2 δ3 δiso

Sample (ppm) (ppm) (ppm) (ppm) (ppm)

10% supported −510 −450a −470a −1190a −710c

1% cogel −510 −460b −500b −850b −603d

V-silicalite −586 −370a −580a −950a −610c

a The values obtained from simulated wide-line spectra.
b The values estimated from wide-line spectra.
c The values measured from MAS spectra.
d The value calculated as δiso= 1/3(δ1+ δ2+ δ3).
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FIG. 3. Raman spectra of 1% V2O5-SiO2 cogel catalyst under (a) de-
hydrated and (b) hydrated conditions.

The wide-line and MAS 51V NMR spectra of a 10% silica-
supported vanadia catalyst have been previously published
in Ref. (18). Essentially an identical feature has been ob-
served for the 1% silica-supported vanadia sample but the
signal-to-noise ratio is poor due to the low density and
fluffy nature of the silica support used. A line centered at
∼−510 ppm with the components of an anisotropic chemi-
cal shift tensor at −450, −470, and −1190 ppm in the silica
supported samples has been assigned to a distorted sur-
face VO4 species with a close-to-axial symmetry (18,31). In
contrast to the distorted VO4 species in V-silicalite, the dis-
torted surface VO4 species in the silica-supported vanadia
catalyst is very sensitive to water vapor. Water adsorption
leads to coordination change from VO4 to VO5 or VO6,
evidenced by the −510 ppm line completely shifting to
∼−300 ppm upon hydration.

The wide-line 51V NMR spectrum of the 1% cogel sam-
ple gives a broad line located at∼−510 ppm with the com-
ponents of an anisotropic shift tensor at −460, −500, and
−850 ppm, which can also be assigned to a distorted VO4

species with a close-to-axial symmetry (18,31). Different
from the silica-supported vanadia catalyst, however, the
51V NMR line at ∼−510 ppm does not completely shift
to∼−300 ppm upon hydration, indicating that only part of

the distorted VO4 species in the vanadia-silica cogel catalyst
undergoes coordination change (16).

Temperature-Programmed Reduction

The temperature-programmed reduction profiles for the
1% silica-supported vanadia, 1% vanadia-silica cogel, and
V-silicalite catalysts are shown in Fig. 5. For the silica-
supported vanadia and cogel samples, the maxima of reduc-
tion peaks are located at ∼525◦C due to reduction of the
surface vanadium oxide species on silica. The maximum of
the reduction peak for the V-silicalite is located at∼550◦C.
The reduction peak of the V-silicalite exhibits a very broad
feature likely due to diffusion limitations.

Methanol Oxidation

The methanol oxidation activities of the catalysts have
been normalized to the number of methanol molecules

FIG. 4. 51V NMR spectra of V-silicalite: (a) wide-line spectrum under
dehydrated conditions; (b) wide-line spectrum under hydrated conditions;
and (c) MAS spectrum under dehydrated conditions.
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FIG. 5. TPR profiles for: (a) 1% supported V2O5/SiO2; (b) 1% V2O5-
SiO2 cogel; and (c) V-silicalite.

converted per dispersed vanadium site per second i.e., the
turnover frequency (TOF). The Raman and 51V NMR data
have demonstrated that almost∼100% of vanadium are in
a dispersed state except a trace of V2O5 present in the 1%
cogel sample. The methanol conversion, TOFs, and prod-
uct selectivities of methanol oxidation over the V-silicalite,
vanadia-silica cogel, and silica-supported vanadia catalysts
are presented in Table 2. The TOFs of the V-silicalite
and 1% silica-supported vanadia catalysts are 0.053 and
0.043 s−1, respectively. The TOF (0.028 s−1) of the 1% cogel
catalyst is relatively lower than the other two catalysts. All
of the catalysts exhibit comparable product selectivities to
formaldehyde (84.6–87.0%) and carbon monoxide (12.3–
13.0%) at methanol conversion of ∼10 mol% at 380◦C.

TABLE 2

Activity and Product Selectivities of Methanol Oxidation over
15–45 mg of the Silica-Supported Vanadia, Vanadia-Silica Cogel,
and V-Silicalite Catalysts at Atmospheric Pressure and 380◦C

Selectivity (mol%)
Conv. TOF

Catalyst (mol%) (×1000 s−1) HCHO HCOOCH3 CO CO2

1% supported 9.1 43 84.6 2.5 12.9 0.0
1% cogel 13.1 28 87.0 0.0 13.0 0.0
V-silicalite 12.9 53 87.0 0.0 12.3 0.7

Note. A gas mixture of methanol/O2/He= 6/11/83 was used as the feed
with a total flow rate of 50 ml/min.

DISCUSSION

Structure of Vanadia Species

The solid-state 51V NMR and Raman studies on vanadia-
based catalysts and model compounds with well-defined co-
ordination have been intensively researched over the past
decade (17,29,32). Comparison of 51V wide-line NMR line
shapes and positions with those of the model compounds
has provided much information for determining the lo-
cal coordination environments of the vanadium species in
supported vanadia catalysts. On the basis of dehydrated
51V NMR studies, a distorted VO4 surface V5+ species has
been observed on Al2O3, TiO2, and MgO at low vana-
dia loadings under dehydrated conditions (29–31,33). At
high vanadia loadings, both distorted VO4 and VO5 (or
VO6) were detected by 51V NMR for these catalysts. The
surface V5+ species on SiO2 was determined to contain
only a distorted VO4 coordination at all surface coverages
(18,34,35). Furthermore, dehydrated EXAFS (36,37) and
Raman (18,19,38) results suggest that the distorted tetrahe-
dral surface V5+ species on SiO2 consists of a single terminal
V==O bond characterized by the Raman band at 1037 cm−1

and is isolated because no V-O-V neighbor is observed less
than 3.5 Å and the vibrations associated with the V-O-V
bonds (200–300 and 500–800 cm−1) are not observed.
Therefore, the surface vanadia species on silica under de-
hydrated conditions is an isolated and distorted tetrahe-
dral V5+ species with a single V==O bond and three V-O-Si
bridging bonds. The surface vanadia species on silica is very
sensitive to moisture containing water or methanol. Upon
exposure to ambient conditions, the surface vanadia species
can change coordination from fourfold to five- or sixfold as
evidenced by 51V NMR (18,29) and Raman (18).

The present studies show that only a trace amount of
V2O5 crystals is present in the 1% cogel because the Raman
cross sections of crystalline metal oxides were found to be
much stronger than those of surface metal oxide species
(39). 51V NMR failed to detect V2O5 crystals because 51V
NMR technique is not as sensitive as Raman for crystalline
V2O5. Therefore, the majority of the vanadia species in the
cogel is present as a dispersed vanadia species. The Raman
feature of the dispersed vanadia species in the 1% cogel
sample is essentially the same as that of the 1% silica-
supported vanadia catalyst under both hydrated and de-
hydrated conditions, indicating the presence of the similar
surface vanadia species in both the cogel and the silica-
supported vanadia catalysts. The NMR spectra further re-
veal that the dispersed vanadia species in the cogel sam-
ple can be divided into two types (A and B) according to
their interaction with water. The vanadia species of type A
undergoes local coordination change from VO4 to VO5 or
VO6 upon hydration; however, the vanadia species of type
B retains the VO4 coordination environment upon hydra-
tion. Similar behavior was also documented by Stiegman
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and Eckert et al. for a 0.5 mol% vanadia-silica xerogel (23).
In a separate paper [16], the type A species has been des-
ignated as a water-accessible surface vanadia species and
the type B as a water-inaccessible surface vanadia species.
Previously, an inaccessible vanadia species was found by
Lapina et al. (35) in silica-supported vanadia catalysts upon
calcination at 900◦C, where part of the vanadia species
was trapped inside SiO2 due to the collapse of the silica
support at high temperatures. Methanol oxidation reveals
that the cogel catalyst exhibits lower TOFs than the silica-
supported vanadia and V-silicalite catalysts, indicating that
the water-inaccessible VO4 species in the cogel catalyst is
not accessible by methanol, either, during the catalytic re-
action. These results imply that the type B vanadia species
in the cogel sample is trapped inside the closed pores of the
catalyst.

The Raman spectrum of the V-silicalite shows significant
differences in the 850–1050 cm−1 range, compared to that of
the pure silicalite, which possesses bands at ca 799–827, 972,
and 1085 cm−1 in the 700–1100 cm−1 region. The bands at ca
799–827 cm−1 are associated with the symmetric stretching
vibrations of the primary tetrahedral [SiO4] unit, and the
bands at ca 1085 cm−1 and above 1200 cm−1 originate from
the antisymmetric stretching vibrations of the tetrahedral
[SiO4] unit (40). The 972 cm−1 band in the pure silicalite has
been assigned to a localized ≡Si-OH stretching mode (41–
43). Previous Raman studies (44) on Ti-silicalites reveal that
the Raman bands at∼960 and 1115 cm−1 cannot be related
to Ti-O or Ti==O vibration modes. A systematic Raman
study of pure Al-, B-, Ti-, and Fe-substituted silicalites has
uncovered that the substitution of Si with Ti, Fe, and B
results in the appearance of new Raman active modes at 960
and 1115 cm−1 in Ti-silicalite, 1020 cm−1 in Fe-silicalite, and
976 and 1417 cm−1 in B-silicalite (45). These new Raman
bands are assigned to the [≡Si-O]δ− vibration mode, and
the band positions depend on the polarity of the M-O-Si
bonds (M=Ti, Fe, or B). Similar to Ti-silicalites, the V-
silicalite also possesses a broad and intense band centered
at ∼960 cm−1. Based on the above discussion, this band is
assigned to the stretching vibration modes of the [≡Si-O]δ−

unit perturbed by the presence of V. The Raman bands at
150–300 and 500–800 cm−1 due to V-O-V vibrations were
not observed, indicating the vanadia species in V-silicalite
is isolated.

The weak Raman band at 1034 cm−1 in V-silicalite has
the same band position as the terminal V==O double bond
observed for the surface vanadia oxide species on silica
(17,18). Thus, the band at ∼1034 cm−1 is assigned to the
vibration mode of a terminal V==O bond in the V-silicalite,
and its relative intensity is related to the amount of the
vanadia species possessing a terminal V==O bond. There-
fore, the extremely weak ∼1034 cm−1 Raman band in V-
silicalite suggests that the vanadia species in the V-silicalite
essentially does not possess a terminal V==O bond. In con-

trast, the Raman feature at 1034 cm−1 was extremely intense
for another V-silicalite (not shown here), which was syn-
thesized using Ludox AS-40 (Dupont) as the silicon source
(21). The 1034 cm−1 band of the later V-silicalite sample
shifts to the 914–1003 cm−1 region upon hydration, evi-
denced by intensification of the band in the 914–1003 cm−1

range and the disappearance of the 1034 cm−1 band.
The solid state 51V NMR data listed in Table 1 reveals

that the highly distorted VO4 species is present in the V-
silicalite catalyst. Nevertheless, the fourfold coordinated
vanadia species is different from the distorted surface VO4

species on silica. First, the vanadia species in the V-silicalite
has a lower symmetry than the vanadia species in the silica-
supported catalyst, evidenced from the differences in the
components of the chemical shift tensors. Second, the vana-
dia species in the V-silicalite does not change its coordi-
nation environment upon hydration, suggesting that the
vanadium is incorporated in the zeolite framework because
vanadia species connected to the framework at defect sites
forming so-called framework satellites could apparently
change its coordination upon hydration. Furthermore, the
very intense Raman band at ∼960 cm−1 and the slight in-
crease in the unit cell parameters further suggest possible
incorporation of V in the silicalite framework in V-silicalite.

There is some debate in the literature on the substitu-
tion of vanadium into the silicalite framework (46a,46b).
For V-silicalites with the MEL structure, evidence about
the framework substitution by V was from the direct cor-
relation between vanadium content and unit cell param-
eters (14,46a). The relative intensity of the ∼960 cm−1 IR
band also increased linearly with the vanadium content and
the unit cell volume (46a). For V-silicalites with the MFI
structure, however, such a correlation between vanadium
content and unit cell parameters was not available in the
literature (21,22,46b).

In summary, four V5+ species can be distinguished from
the 51V NMR and Raman studies in the dehydrated V-
silicalite, vanadia-silica cogel, and silica-supported vanadia
catalysts:

(1) crystalline V2O5 in the vanadia-silica cogel sample,
which possesses a distorted V5+ with fivefold coordination;

(2) an isolated and distorted V5+ species possessing four-
fold coordination with a terminal V==O bond and three
V-O-Si bridge bonds, which changes coordination upon hy-
dration and is present in the silica-supported vanadia and
cogel catalysts;

(3) an isolated and distorted V5+ species possessing four-
fold coordination, which is present in the cogel sample and
inaccessible to water and methanol;

(4) an isolated and highly distorted V5+ species possess-
ing fourfold coordination essentially without a terminal
V==O bond is present in the V-silicalite and does not change
coordination upon hydration.



        

CHARACTERIZATION OF VANADIA SITES 647

Reducibility and Reactivity of Vanadia Sites

There are a few studies focused on temperature-
programmed reduction of silica-supported vanadia cata-
lysts in the literature (47,48). Roozeboom et al. assigned
a reduction peak at 430◦C to a surface vanadia phase and
a second peak at 430–510◦C to crystalline V2O5 (47). Simi-
larly, Koranne et al. attributed a peak (p1) at 460◦C to a sur-
face species and the peaks at 540◦C (p2) and 580◦C (p3) to
a combination of reduction peaks corresponding to various
reduction states of “bulk-like” vanadia on the silica support
(48). In this work, only the surface VO4 species is present in
the 1% silica-supported vanadia catalyst under dehydrated
conditions, suggesting that the peak at 525◦C should be as-
signed to the surface VO4 species on silica. Similarly, the
reduction peak at 525◦C in the 1% cogel sample is also due
to the surface VO4 species. The Raman and NMR results
showed that the VO4 species in the V-silicalite sample is
highly dispersed without crystalline V2O5. Thus, the reduc-
tion peak at 550◦C in V-silicalite comes from reduction of
the highly dispersed VO4 species. Compared to that of the
surface VO4 species in the silica-supported catalyst, the re-
duction peak of the V-silicalite is very broad and shifts to
slightly higher temperature because of diffusion limitations
in the V-silicalite sample. The TPR studies reveal that the
dispersed vanadia species in the silica-supported, cogel, and
V-silicalite catalysts essentially possess similar reducibility.

Methanol oxidation has been established as a reliable
chemical probe of metal oxide catalysts through compar-
ison of catalytic activity and product selectivities (49).
The catalytic data presented in Table 2 show that the V-
silicalite, vanadia-silica cogel, and silica-supported vana-
dia catalysts exhibit comparable TOFs and selectivity pat-
terns. Similar catalytic results were previously reported for
methanol oxidation over Ti-silicalites and silica-supported
titania catalysts (44) and for vapor phase toluene oxidation
over VAPO-5, V-silicalite, V-ZSM-5, and V-aerosil 90 (50).
However, the utility of different oxide supports (e.g., TiO2,
Al2O3, CeO2) results in four orders of magnitude varia-
tion in the methanol oxidation TOFs over these supported
vanadia catalysts (17,51). The current findings correspond
to the previous conclusion that methanol oxidation TOFs
primarily correlate with the bridging V-O-support bonds of
the supported vanadia catalysts (17,51). Pure silica exhibits
low activity and gives carbon oxides as the main products
(52). The formation of formaldehyde, a selective oxidation
product, corresponds to the dispersed V5+ species. As dis-
cussed above, all the vanadia catalysts in the different silica
environments contain isolated and distorted V5+ species
with the bridging V-O-Si bonds that are the active func-
tionality for methanol oxidation. Thus, the vanadia species
exhibit similar reactivity no matter whether vanadium is an-
chored onto the amorphous silica surface or incorporated
into the silicalite framework because Si is the only ligand in

all cases and no matter whether the VO4 species contain a
terminal V==O bond. The prior studies have concluded that
the terminal V==O bond does not play a critical role dur-
ing methanol oxidation over supported vanadia catalysts
(17,52).

The stability of the vanadia species in the V-silicalite,
vanadia-silica cogel, and silica-supported vanadia catalysts
is different in the presence of water or methanol. The vana-
dium loss of the silica-supported vanadia and cogel catalysts
during methanol oxidation was found to be significant, es-
pecially for the catalysts with high vanadia loadings. The V-
silicalite catalyst exhibits higher stability against water and
methanol moistures. Similar conclusions were also reached
for Ti-silicalite catalysts (44). Consequently, all the catalysts
exhibit similar catalytic properties in vapor-phase reactions,
but different stabilities.

CONCLUSIONS

The highly dispersed vanadia species in different silica
environments (silicalite, cogel, and silica-supported) un-
der dehydrated conditions possess an isolated and distorted
fourfold coordination with minor differences. The vanadia
species in the silica-supported vanadia catalyst possesses a
terminal V==O bond and is very sensitive to moisture, which
leads to coordination change from a fourfold to five- or six-
fold environment. The vanadia species in the V-silicalite
essentially does not change coordination upon hydration
and does not appear to have a terminal V==O bond. The
vanadia-silica cogel has a trace amount of crystalline V2O5

and two types of dispersed vanadia species; one is the sur-
face vanadia species on silica. All the dispersed vanadia
species in the different silica environments exhibit similar
reducibility and catalytic properties for methanol oxidation
because they possess similar bridging V-O-Si bonds that are
critical for catalysis of methanol oxidation and reduction of
these species.
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