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Abstract

The thermolytic molecular precursor (TMP) method was used to prepare site-isolated, high-surface area vanadia–silica (V/SBA15) materials of
various V loadings via the grafting of two precursors, OV[OSi(O tBu)3]3 (1) and OV(O tBu)3 (2). Spectroscopic analysis indicates that excellent
synthetic control was established for the exclusive formation of a pseudotetrahedral monovanadate (VO4) structure on all catalyst surfaces. Another
V/SBA15 catalyst was prepared via conventional incipient wetness impregnation (WI) with aqueous NH4VO3. A spectroscopic investigation of
this catalyst revealed the presence of monovanadate and polyvanadate species along with small domains of V2O5. The TMP materials behave
as single-site catalysts in the selective oxidation of methane to formaldehyde up to a V coverage of 0.47 V nm−2 and demonstrate superior
activity compared with the WI catalyst. A space–time yield of 5.84 kgCH2O kg−1

cat h−1 was observed, more than twice the highest value previously
reported.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Advances in heterogeneous catalysis continue to play an im-
portant role in the world economy. The structure of the active
sites on these catalysts are often not well-defined, presenting
a formidable synthetic task for chemists and materials scien-
tists in designing new, high-performance catalysts. It has been
demonstrated that good activity and selectivity often stem from
active sites consisting of one or only a few isolated metal
centers [1–4]. Maintaining synthetic control over the catalyst
nanostructure and characterizing the active sites are therefore
essential to the establishment of structure–activity relationships
for catalyst development [5].

The direct conversion of methane to more valuable com-
modity chemicals, such as methanol and formaldehyde, is
one of the most challenging issues in catalysis research [6].

* Corresponding author.
E-mail address: tdtilley@berkeley.edu (T.D. Tilley).
0021-9517/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.11.032
The significance of developing an efficient catalyst for this
methane selective oxidation reaction has escalated in recent
years due to the increasing concern over fossil fuel consump-
tion. Although various catalysts have been used in the oxi-
dation of light alkanes to oxygenates, supported vanadia cat-
alysts have exhibited particularly promising results for nu-
merous hydrocarbon substrates (e.g., cyclohexane, cyclohex-
ene, toluene, methanol). Spectroscopic studies suggest that
isolated pseudotetrahedral monovanadate (VO4) species often
lead to better catalytic performance [7–10]. The preparation of
vanadia–silica catalysts using conventional wetness impregna-
tion (WI) methods with aqueous NaVO3 or NH4VO3 on silica
(surface area 300–500 m2 g−1) can, however, result in the for-
mation of numerous surface species, including isolated VO4,
polymeric VxOy , and bulk V2O5 even at relatively low V load-
ings [11–13]. To eliminate the formation of V2O5 without re-
ducing the loading of V to levels that are difficult to control,
several investigators have turned to the use of high-surface
area (700–1000 m2 g−1) ordered mesoporous silicas such as
MCM41 and SBA15 [14–16]. Although impregnation of these
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Scheme 1. Thermolytic molecular precursor approach to surface-supported, isolated active sites.
supports with vanadate salts has lead to a greater abundance
of monovanadate and polyvanadate species relative to bulk
vanadia, precise control of V speciation has not been achiev-
able.

A recently developed technique for the preparation of well-
defined isolated metal centers is based on the thermolytic mole-
cular precursor (TMP) method. In this approach, oxygen-rich
metal siloxide complexes are grafted onto a metal oxide sup-
port via a protonolysis reaction, followed by low-temperature
(<473 K) calcination to remove the remaining hydrocarbons
(Scheme 1) [17]. This route has been successfully applied
for the preparation of site-isolated Ti(IV), Fe(III), and Ta(V)
species that display remarkable catalytic activity and/or se-
lectivity in hydrocarbon oxidation [18–20]. Molecular precur-
sors are also useful as model compounds of supported active
sites, allowing for detailed structural and spectroscopic analy-
ses.

The molecular precursor OV[OSi(O tBu)3]3 (1) was previ-
ously synthesized and characterized as an excellent spectro-
scopic model compound for isolated pseudotetrahedral VO4
sites on silica [21]. Here we report the nonaqueous grafting
of 1 onto the surface of SBA15 to yield vanadia–silica ma-
terials. The grafting of a less sterically hindered molecular
precursor, OV(O tBu)3 (2), is also reported. For direct spec-
troscopic and catalytic comparison, a vanadia–silica material
was prepared via incipient WI with NH4VO3. The nature of
the supported vanadia species was determined by various tech-
niques, and the catalytic performance of these materials in
the selective oxidation of methane to formaldehyde was eval-
uated.

2. Experimental

2.1. General

All manipulations were conducted under a nitrogen at-
mosphere using standard Schlenk techniques or in a Vacuum
Atmospheres drybox, unless otherwise noted. Dry, oxygen-
free solvents were used throughout. Benzene-d6 was purified
and dried by vacuum distillation from sodium/potassium al-
loy. Solution 1H nuclear magnetic resonance (NMR) spectra
were recorded at 400 MHz using a Bruker AVQ-400 spec-
trometer. Chemical shifts for 1H NMR spectra were refer-
enced internally to the residual solvent proton signal relative
to tetramethylsilane. Trichlorovanadium(V) oxide was pur-
chased from Strem Chemicals and distilled before use. The
following were prepared according to literature procedures:
SBA15 [22], (tBuO)3SiOH [23], OV[OSi(O tBu)3]3 [21], and
OV(O tBu)3 [24]. The mesoporous support, SBA15, was char-
acterized by powder X-ray diffraction (XRD) and N2 porosime-
try before catalyst preparation (surface area, 630–790 m2 g−1;
pore volume, 0.65–1.14 cm3 g−1; average pore diameter, 7.6–
9.4 nm). The hydroxyl group concentration of the SBA15
was determined to be 2.0(1) OH nm−2 via reaction of SBA15
with Mg(CH2C6H5)2 · 2THF and quantification of the toluene
evolved by 1H NMR spectroscopy [25].

2.2. Catalyst preparation

The molecular precursors 1 and 2 were prepared as described
previously, and their purity was verified via NMR spectroscopy
and elemental analysis [21,24]. Solution 1H NMR spectroscopy
was used to monitor the grafting reaction of 1 and 2 onto the
SBA15 surface. The reaction of a solution of 1 with SBA15 at
room temperature for 24 h resulted in the elimination of only
trace amounts of HOSi(O tBu)3; thus little grafting occurred.
On heating the reaction of 1 with SBA15 at 343 K for 24 h,
HOSi(O tBu)3 (1.0 eq. based on disappearance of 1 from so-
lution) and HO tBu (0.1 eq.) were observed. These elimination
products suggest the grafting reaction given in Eq. (1), with ca.
90% of the surface-bound species retaining two siloxide lig-
ands and a small amount binding to the surface through one
of the siloxide ligands after elimination of HO tBu. The maxi-
mum V loading attainable using precursor 1 corresponded to ca.
0.28 V nm−2 (1.4 wt%; based on the disappearance of 1 from
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the solution):

(1)

The reaction of a solution of 2 with SBA15 at room temper-
ature for 24 h produced HO tBu (1.0 eq.) as the sole elimina-
tion product. This implies that the surface-supported species
retained two tert-butoxy ligands, as given in Eq. (2). The max-
imum V loading attainable using precursor 2 was ca. 1.0 V
nm−2 (7.0 wt%, based on the disappearance of 2 from the solu-
tion). These NMR-scale experiments suggest that the grafting
of small amounts of 1 or 2 results in site-isolated VO4 centers
[18–20]:

(2)

For catalyst preparation, the molecular precursors were grafted
onto the silica support by adding a hexane solution of 1 or 2
to a stirred hexane suspension of SBA15 and heating at reflux
(342 K). The V wt% loading was controlled by the concentra-
tion of precursor added to the reaction. After 20 h, the solid was
isolated by filtration and dried in vacuo for 1 h at room tempera-
ture. The grafted materials were calcined at 873 K (10 K min−1,
4 h of soaking) under flowing air. On exposure to ambient con-
ditions for a few minutes, the catalysts changed from colorless
to yellow, a color change previously attributed to water adsorp-
tion [26]. For this reason, the materials were dried in vacuo at
393 K for 12 h and handled under a nitrogen atmosphere. The
weight loss observed by thermogravimetric analysis (TGA) and
combustion analysis (EA) before calcination was comparable
to the calculated values based on the grafting chemistry ob-
served by 1H NMR spectroscopy. Carbon was undetectable by
EA (<0.4%) after calcination.
For direct comparison, a catalyst was prepared via conven-
tional incipient WI of SBA15 with a solution of NH4VO3 at a
pH of ca. 2, and the solvent was evaporated for 16 h at 318 K.
The sample was oven-dried at 383 K for 24 h and calcined at
873 K (10 K min−1 heating rate, 4 h of soaking) under flow-
ing air. The series of catalysts are referred to as VRSBA15(x),
where R denotes the precursor used (R = Si denotes precur-
sor 1, R = C denotes precursor 2, and R = W denotes WI with
NH4VO3) and x is the wt% of V as determined from induc-
tively coupled plasma (ICP) metal analysis.

2.3. Catalyst characterization

Nitrogen adsorption isotherms were obtained using a Quan-
tachrome Autosorb 1, and samples were outgassed at 393 K
for at least 15 h before measurement. The Brunauer–Emmet–
Teller (BET) method [27] was used to determine surface areas,
and the Barrett–Joyner–Halenda (BJH) method [28] was used
to obtain pore size distributions. Thermal analyses were per-
formed on a TA Instruments SDT 2960 Integrated TGA/DSC
analyzer with a heating rate of 10 K min−1 under an oxygen
flow. Carbon and hydrogen elemental analyses were performed
at the microanalytical laboratory of the College of Chemistry,
University of California Berkeley. Vanadium elemental analy-
ses were performed at Galbraith Laboratories (Knoxville, TN)
using ICP methods.

Powder XRD experiments were performed on a Siemens
D5000 X-ray diffractometer using Cu-Kα radiation. Trans-
mission electron microscopy (TEM) was carried out on a
Philips Tecnai 12 transmission electron microscope operating at
100 kV. Samples for TEM studies were prepared by depositing
a hexanes suspension of the catalyst onto carbon-coated copper
sample holders obtained from Ted Pella, Inc.

Raman spectra were recorded using a HoloLab series 5000
Raman spectrometer from Kaiser Optical equipped with a
Nd:YAG laser that is frequency-doubled to 532 nm and oper-
ated at a power of 30 mW measured at the sample with an
Edmund Scientific power meter. The resolution of the spec-
trometer is 1 cm−1. Samples were pressed into 9-mm-diameter
wafers at 35 MPa and placed onto a rotating sample holder lo-
cated within a quartz cell. To reduce laser heating, the samples
were rotated at 100 rpm. All samples were pretreated for 2 h at
673 K in moisture-free air flowing at 50 cm3 min−1 through the
Raman cell.

Diffuse reflectance UV–vis spectra were recorded using
a Varian-Cary 4 spectrophotometer equipped with a Harrick
diffuse-reflectance attachment. Samples analyzed before cat-
alytic testing were dehydrated in situ for 2 h at 673 K under a
flow of dried air and allowed to cool to room temperature before
measurement. Samples analyzed after catalytic testing were de-
hydrated in situ for 45 min at 423 K under a flow of dried He
and allowed to cool to room temperature before measurement.
MgO was used as the reference background material.
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Table 1
Nitrogen physisorption data and V coverage for the SBA15 support and
VRSBA15 materials

SBET

(m2 g−1)

rp
(nm)

V p

(cc g−1)

V

(nm−2)

SBA15 630–790 3.8–4.7 0.65–1.14 0
VSiSBA15(0.40) 480 3.3 0.57 0.10
VSiSBA15(0.68) 470 3.3 0.55 0.17
VSiSBA15(0.98) 430 3.3 0.52 0.27
VCSBA15(0.42) 640 3.9 0.94 0.08
VCSBA15(0.79) 630 3.9 0.93 0.15
VCSBA15(2.4) 590 3.9 0.87 0.47
VCSBA15(3.5) 480 3.9 0.75 0.85
VWSBA15(1.7) 470 3.4 0.73 0.43

2.4. Catalytic activity

The flow reaction system used in this study has been de-
scribed previously [29]. In an inert atmosphere glovebox, 50 mg
of catalyst was supported on a plug of quartz wool (ca. 50 mg)
in a quartz microreactor. The reactor was designed to mini-
mize the heated volume downstream of the catalyst bed, thereby
minimizing the homogeneous oxidation of formaldehyde. The
reactor has an i.d. of 4 mm throughout the bed and an i.d. of
2 mm below the bed. After the reactor was connected to the flow
manifold, the catalyst was dehydrated under 20% O2 in He at
873 K for 2 h before the reactants were introduced. The reactant
flow composition was 20/10/70 or 90/10/0 CH4/O2/He, and
the reaction temperature was 873 or 898 K. Pressure was not
controlled and was slightly greater than atmospheric. Pressure
was accounted for in the calculation of contact time, which was
calculated as described previously [29]. The contact time was
varied from ca. 0.2 to 0.5 s. The background catalytic activity
of unmodified SBA15 was negligible in terms of both methane
conversion (<1.0%) and formaldehyde yield (<0.1%) over the
range of contact times used to test the catalysts.

3. Results and discussion

3.1. Catalyst characterization

The pore size distribution and surface area of all catalysts
were investigated by nitrogen porosimetry. The wt% V load-
ings, BET surface areas, pore radii, and pore volumes of the
SBA15 supports and VRSBA15 catalysts are given in Table 1.
The isotherms of all samples exhibited a type IV hysteresis
similar to that of unmodified SBA15, indicating that the meso-
porous structure of the material was retained after grafting and
calcination. The narrow distribution of pore radii was also pre-
served. The BET surface areas and average pore radii of the
materials decreased on grafting of the precursors and calcina-
tion, as observed with previous postsynthetic surface chemistry
[18,20,30]. The surface areas of the catalysts prepared using 1
(430–480 m2 g−1) were smaller than those of the catalysts pre-
pared using 2 (480–640 m2 g−1), because the SBA15 used with
1 had a lower initial surface area.

Low-angle powder XRD experiments were used to further
probe the catalyst pore structure. Diffraction patterns for all cat-
alysts exhibited an intense peak near 2θ values of ca. 0.95◦.
Peaks in this area were assigned to the (100) reflection due to
the long-range ordering of the SBA15 hexagonal pore struc-
ture [22]. The presence of this peak provides additional confir-
mation that the ordered, hexagonal pore structure was retained
throughout the grafting/impregnation process and calcination at
873 K.

Wide-angle powder XRD measurements were performed to
investigate the presence of any crystalline species in the materi-
als. The diffraction patterns for all catalysts were characteristic
of unmodified SBA15; they exhibited no diffraction peaks in
the range of 2θ values of 5–70◦. No bulk V2O5 crystallites
larger than ca. 5 nm formed during grafting or calcination.
On calcination to 1273 K under air, no crystalline V2O5 was
detected for the TMP catalysts. TEM also did not reveal any
nanometer-scale particles (Fig. 1). The TEM micrographs of the
TMP materials confirm that the hexagonal pore structure of the
SBA15 remained intact after the grafting and calcination pro-
cedure, with no crystallites observed in or around these pores.
TEM micrographs of the WI catalyst reveal a stark difference
with the TMP materials. Although support particles resembling
unmodified SBA15 and the TMP catalysts were present, a num-
ber of support particles exhibited an altered morphology in-
dicative of collapse of the mesoporous structure of SBA15, as
seen in Fig. 1b. The ratio of particle morphologies could not be
determined reliably from these images; however, the nitrogen
porosimetry and low-angle powder XRD data suggest that the
fraction of collapsed particles is minor.

Although Raman spectroscopy may not be a reliable method
for differentiating between monomeric and polymeric surface
vanadia species on silica [31], it can be used to reliably iden-
Fig. 1. (a) A typical TEM micrograph of the TMP catalysts and (b) collapsed silica particle observed in the VWSBA15(1.7) sample.
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Fig. 2. Raman spectra of (a) VSiSBA15(0.98), (b) VCSBA15(2.4),
(c) VCSBA15(3.5), (d) VWSBA15(1.7), and (e) V2O5.

tify crystalline V2O5, because the scattering cross-section for
V2O5 (998 cm−1) is estimated to be tenfold that of noncrys-
talline vanadia (1038 cm−1) [32]. UV–vis spectroscopy can
be used to characterize the connectivity of VOx deposited on
oxide supports, because the O2−→V5+ charge transfer band
(LMCT) energy decreases with increasing V–O coordination
[26,33–36].

Because of the low V loadings of three of the VRSBA15 cat-
alysts, Raman scattering spectra with acceptable signals were
obtained only for materials of 0.79 wt% V and higher. Fig. 2
presents these spectra along with a V2O5 reference spectrum.
Adsorbed water is known to alter the Raman spectrum of sup-
ported vanadia species [32], so the sample was pressed into a
pellet and dehydrated at 673 K for 2 h before the measurement.
The spectra contain characteristic peaks of the silica support
at 500, 610, and 975 cm−1 [33,37]. The most intense peak,
centered at 1038 cm−1, is assigned to the O3V=O stretching vi-
bration of noncrystalline vanadia on silica as reported in numer-
ous studies [31,38–41]. As observed in the reference spectrum,
crystalline V2O5 exhibits characteristic Raman peaks that are
easily resolved from noncrystalline vibrations and are observed
at 998, 700, and 525 cm−1. Because the Raman scattering
cross-section is much greater for V2O5 than for monovanadate
and polyvanadate, the absence of V2O5 peaks in the spectra
for the TMP materials is strong evidence that no bulk V2O5 is
present. It is expected that lower vanadium loadings will lead
to better-dispersed vanadia, so formation of V2O5 would be
less likely in these catalysts because more extensive diffusion
must occur before nucleation and grain growth of a crystalline
phase [42–44]. Thus VSiSBA15(0.40), VSiSBA15(0.68), and
VCSBA15(0.42) are thought to have similar surface structures,
as suggested by the Raman spectra in Fig. 2.

The Raman spectrum of the WI catalyst, VWSBA15(1.7),
is also given in Fig. 2. The peak at 1038 cm−1 is still the
most dominant feature; however, a shoulder to this peak is also
observed, possibly due to the presence of a small amount of
crystalline V2O5. The lower-frequency peaks of V2O5 appear
to be broad, suggesting that only a small amount of this species
Fig. 3. DRUV–vis spectra of (a) VSiSBA15(0.98), (b) VCSBA15(2.4), and
(c) VWSBA15(1.7).

exists, and, considering the powder XRD and TEM data, the
crystallites must be small (<5 nm).

DRUV–vis spectroscopy is a more useful technique for dif-
ferentiating between the three surface species of dehydrated
vanadia–silica materials. The energy of the LMCT band shifts
to lower energy with increasing vanadium coordination num-
ber [38,39,41,45]. The solution UV–vis spectrum of the tetrahe-
dral four-coordinate model compound 1 exhibits an absorbance
maximum centered at 250 nm [21]. The UV–vis spectra of vana-
date salts have also been investigated to correlate the observed
LMCT bands with their known vanadium coordination envi-
ronment. Tetrahedrally coordinated vanadium ions in Na3VO4

exhibit LMCT bands centered at 253 and 294 nm, and the
same ion in Mg3V2O8 exhibits LMCT maxima at the similar
values of 260 and 303 nm [46–49]. Polymeric VO4 units, as
in NH4VO3 and NaVO3, exhibit red-shifted LMCT bands at
288/363 and 281/353 nm, respectively [50,51]. Bulk vanadium
oxide, which contains vanadium in a distorted octahedron envi-
ronment, exhibits a broad LMCT band centered at 480 nm [52].

Previous investigations of vanadia supported on mesoporous
silica such as MCM41 and SBA15 have used deconvolution of
the DRUV–vis spectra as a way to distinguish between different
V environments [15,16,33,45]. The experimentally observed
spectra were fit with a number of Gaussian curves centered near
240 and 315 nm to represent isolated VO4 units and curves cen-
tered at 320 or 360 nm corresponding to polymeric VxOy . The
spectra presented in those reports consisted of broad LMCT
bands extending past 400 nm. From these data, the band max-
imum observed at 270–280 nm was attributed to isolated VO4

units, and a band maximum near 300 nm was assigned to a com-
bination of monovanadates with some polyvanadates and/or
V2O5. The LMCT absorbance maxima for the TMP materials
were observed at 260–285 nm, consistent with the assignment
of this band to isolated pseudotetrahedral VO4 surface species.
These materials exhibited narrow LMCT bands with little to no
absorbance for wavelengths >400 nm (Fig. 3). This is in con-
trast to the WI material, which exhibited a broader LMCT band
with considerable absorbance up to 500 nm. This LMCT band
broadening is attributed to a considerable amount of polymeric
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Table 2
Absorption edge energy reference values and experimental values for all
VRSBA15 catalysts

V nm−2 Eedge (eV)

1 – 4.2a

Monovanadate – 3.51
Polyvanadate – 3.22
V2O5 – 2.36
VSiSBA15(0.40) 0.10 3.61
VSiSBA15(0.68) 0.17 3.65
VSiSBA15(0.98) 0.27 3.69
VCSBA15(0.42) 0.08 3.64
VCSBA15(0.79) 0.15 3.60
VCSBA15(2.4) 0.47 3.62
VCSBA15(3.5) 0.85 3.60
VWSBA15(1.7) 0.43 3.44

a Hexanes solution [21].

VxOy and the presence of small domains of V2O5, consistent
with the Raman scattering spectra.

A more quantitative analysis of the DRUV–vis spectra can
be made by comparing absorption edge energies, Eedge. This
method was discussed by Gao and Wachs [53] and used by
Amano et al. for V/SiO2 catalysts [54]. It has been demon-
strated that the edge energy is directly related to the number
of covalent V–O–V bonds in the structure. The local coordina-
tion of the surface species can be estimated in comparison with
reference values determined from ionic vanadate complexes.
Table 2 gives the edge energy values of the VRSBA15 mate-
rials as determined through extrapolation of a linear fit to the
low-energy edge of a curve of (F (R)∞hν)2 versus hν. This ta-
ble also gives the accepted values associated with each type of
vanadium coordination and the experimental value of the model
compound 1 [21,53]. The TMP materials exhibited Eedge values
ranging from 3.61 to 3.69 eV, greater than the value associ-
ated with isolated VO4 units in ionic complexes but consistent
with previous observations assigned to monovanadates on silica
[53,54]. The edge energy of the WI catalyst was considerably
lower, at 3.44 eV, consistent with the presence of polyvanadates
and/or V2O5 along with monovanadates.

Considering semiquantitative treatments of the DRUV–vis
spectra and the Raman scattering, powder XRD, and TEM data,
it appears that the nonaqueous grafting of molecular precursors
1 and 2 resulted in excellent synthetic control of the final sur-
face vanadium structure, with monovanadates as the predom-
inant surface species. Conventional WI offered less synthetic
control and led to the formation of polyvanadates and crys-
talline V2O5 at relatively low V loadings, as well as to some
collapse of the SBA15 pore structure.

3.2. Catalyst performance in methane selective oxidation

The reaction pathways available during methane selective
oxidation are given in Scheme 2. Methane is oxidized to
formaldehyde or directly to COx with rate constants k1 or k2,
respectively, and formaldehyde is decomposed or oxidized to
yield COx with rate constant k3 [55]. The relative importance of
the primary and secondary processes for COx formation given
Scheme 2. Oxidation pathways for methane over V/SiO2 catalysts.

in Scheme 2 were investigated by varying the total flow rate at
873 K with a feed composed of 20% CH4/10% O2/70% He.
The flow rate was increased to approach zero methane conver-
sion, to estimate the initial selectivity (k1/(k1 + k2)). Fig. 4a
shows how product selectivity changed with methane conver-
sion. Extrapolation to zero methane conversion yielded an ini-
tial formaldehyde selectivity of 91%. Thus, most of the COx

observed at finite methane conversion resulted from secondary
processes, such as formaldehyde decomposition and oxidation.
The results in Fig. 4a are consistent with those reported previ-
ously [8,56].

The effects of V loading and precursor composition on cat-
alytic performance are presented in Fig. 4b. For V loadings
of 0.08–0.47 V nm−2, V surface concentration had no effect
on TMP catalysts. But increasing the surface concentration to
0.85 V nm−2 led to a loss in formaldehyde selectivity at a

Fig. 4. (a) Formaldehyde (2) and COx (Q) selectivity versus methane con-
version for VSiSBA15(0.98) at 873 K with feed composed of 20% CH4/10%
O/70% He. (b) Formaldehyde selectivity versus methane conversion for TMP
catalysts with 0.08–0.47 V nm−2 (2), 0.85 V nm−2 (F), and WI catalyst with
0.43 V nm−2 (Q) at 873 K with feed composed of 20% CH4/10% O2/70% He.
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Fig. 5. Methane turnover frequency versus V coverage for TMP (2) and WI
(Q) catalysts at 873 K with feed composed of 20% CH4/10% O2/70% He.

fixed methane conversion. This effect is significantly more pro-
nounced for the WI catalyst with a surface concentration of
0.43 V nm−2. These results, taken together with those from cat-
alyst characterization, indicate that maintaining high formalde-
hyde selectivity requires that the dispersed vanadia be present
as isolated VO4 species. Although characterization suggested
that the vanadia existed exclusively as monovanadates for all
TMP catalysts, the loss of formaldehyde selectivity exhibited
by the VCSBA15(3.5) catalyst is presumed to occur due to the
formation of polyvanadates under reaction conditions. This is
consistent with results of Bañares et al. [57] at high V coverage
(0.8 V nm−2) under reducing conditions, such as those resulting
from methane-rich atmospheres. DRUV–vis analysis of the ma-
terial after a catalytic run resulted in an Eedge value of 3.49 eV
(vs. 3.60 eV for the fresh catalyst). TMP materials of lower V
loading exhibited identical Eedge values after catalytic testing.
This 0.11 eV drop in edge energy supports the assignment of
some V agglomeration on the VCSBA15(3.5) material during
catalysis, leading to lower formaldehyde selectivity.

Fig. 5 plots the activity of the TMP and WI catalysts at 873 K
with a feed composed of 20% CH4/10% O2/70% He as the
methane turnover frequency (TOF) versus vanadium surface
concentration (CV). The methane TOF of the TMP catalysts
was approximately constant at a value of 0.027 s−1 with re-
spect to vanadium concentrations ranging between 0.15 and
0.47 V nm−2. This demonstrates that as the V loading was var-
ied over this range with the TMP synthetic method, the resulting
V sites were uniform. This finding is consistent with the ex-
clusive observation of monovanadate for loadings as high as
0.47 V nm−2. The methane TOF was less for VCSBA15(3.5)
and VWSBA15(1.7), consistent with V agglomeration on these
catalysts in agreement with selectivity-conversion data. The
methane TOF was also less for TMP catalysts at low V loadings
(�0.10 V nm−2). The reason for this is uncertain, but a simi-
lar deviation has been previously reported for V/SiO2 catalysts,
where it was speculated that this deviation indicates coopera-
tion between nearby V sites in the mechanism of methane se-
lective oxidation [58]. The TMP method resulted in a methane
TOF of 0.025 s−1 for the VCSBA15(2.4) catalyst, about three
times greater than the methane TOF of 0.0080 s−1 for the
VWSBA15(1.7) catalyst of similar V coverage prepared by the
conventional WI method.

The TMP catalysts of 0.98 and 2.4 wt% V exhibited a
formaldehyde single-pass yield of ca. 2.4% at methane con-
versions in the range of 8–15%. The yield was lower over the
VCSBA15(3.5) catalyst, again indicating the presence of poly-
vanadates on this catalyst. Table 3 lists the methane conversion
(XCH4), formaldehyde single-pass yield (Y CH2O), space–time
yield (STY), and gas hourly space velocity (GHSV) of the
best TMP catalyst VCSBA15(2.4), the WI catalyst, and pre-
viously reported vanadia–mesoporous silica catalysts. For un-
known reasons, our WI catalyst did not perform as well as
has been reported previously, so the V/SBA15 catalyst reported
previously [16] serves as a good basis for comparison to the
best TMP catalyst because it has similar V weight loading and
was evaluated at similar reaction conditions. The TMP catalyst
consisted of isolated monovanadates (vide supra), but the previ-
ously reported V/SBA15 catalyst also contained polyvanadates
on its surface [16]. As expected from the surface structure, the
TMP catalyst produced a greater formaldehyde yield and STY.

Previous researchers studying V/SiO2 catalysts obtained
high STYs of formaldehyde by operating at high GHSV [14–
16,59]. To compare catalytic activity with these reports, data
were gathered at similarly high GHSV. The resulting STY val-
ues from the TMP catalysts were markedly higher. Fig. 6 dis-
plays the STY values exhibited by the VCSBA15(2.4) catalyst
over a range of GHSV values under conditions similar to those
reported by Berndt et al. [15] and under more methane-rich con-
ditions similar to those reported by Fornes et al. [16]. In both
experiments, the TMP catalyst exhibited a greater STY than the
previously reported catalysts, while maintaining a formalde-
hyde yield >1% (Table 4). Under methane-rich conditions,
a maximum STY of 5.84 kgCH2O kg−1

cat h−1 was obtained. This
Table 3
Performance of VRSBA15 catalysts and comparable V/SiO2 catalysts

V

(wt%)
CH4:O2 T

(K)
XCH4

(%)
SCH2O
(%)

Y CH2O
(%)

STY

(g kg−1
cat h−1)

GHSV

(L kg−1
cat h−1)

References

V/SBA15 1.7 1.0 898 4.6 80.4 3.70 600.0 144,000 [14]
V/MCM41 2.8 5.7 899 5.4 22.0 1.19 1383 180,000 [15]
V/SBA15 2.7 2.0 873 11.2 11.9 1.33 160.2 46,800 [16]
VCSBA15(2.4) 2.4 2.0 873 15.2 15.8 2.41 224.3 35,300 This work
VCSBA15(2.4) 2.4 9.0 873 7.1 20.0 1.41 560.5 35,500 This work
VWSBA15(1.7) 1.7 2.0 873 3.1 14.0 0.44 45.83 35,800 This work
VWSBA15(1.7) 1.7 9.0 873 2.5 21.4 0.54 245.2 34,700 This work
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Table 4
Performance of VRSBA15 catalysts at high GHSV compared to previously reported V/SiO2 catalysts

V

(wt%)
T

(K)
CH4:O2 XCH4

(%)
SCH2O
(%)

Y CH2O
(%)

STY

(g kg−1
cat h−1)

GHSV

(L kg−1
cat h−1)

TOF

(molCH4 mol−1
V ) s−1

References

V/MCM41 2.8 899 5.7 4.7 26.1 1.23 1700 225,000 0.145 [15]
VCSBA15(2.4) 2.4 898 5.7 4.7 32.6 1.53 2282 221,300 0.416 This work
V/SBA15 3.9 891 8.0 1.5 40.0 0.60 2383 417,000 0.0799 [16]
VCSBA15(2.4) 2.4 898 9.0 5.1 24.3 1.25 5837 403,000 0.480 This work
Fig. 6. Space–time yield versus gas hourly space velocity for VCSBA15(2.4)
catalyst at 898 K with feed composed of 57% CH4/10% O2 (2) and 90%
CH4/10% O2 (Q) compared to those of V/SBA15 (F) and V/MCM41 (2)
catalysts under similar operating conditions reported previously by Berndt
et al. [15] and Fornes et al. [16], respectively. Data of Berndt et al. collected
at 899 K; data of Fornes et al collected at 891 K.

value is more than twice the previously reported highest value
and is attributed in part to the excellent synthetic control of the
surface V environment through the TMP method. The STY was
also enhanced as a result of the increased pressure that built up
to drive the fast flows. Although the absolute pressure in the
reactor was <1.7 atm under the typical flow conditions used
to gather data in this study, the absolute pressure approached
2.3 atm under the high flow rate conditions necessary to achieve
high GHSV. This increases the gas–solid contact time and the
partial pressures of reactants, both of which are expected to re-
sult in greater STY. Similar reactor designs were used by Berndt
et al. [15] and Fornes et al. [16], and although the total pressures
reported were atmospheric, the pressure increase is needed to
drive the fast flows used in those studies as well. Because total
pressure was not controlled in any of these studies, compari-
son of the STY values obtained in different studies is inexact.
Nonetheless, Fig. 6 clearly shows that the TMP catalysts out-
performs the previously reported catalysts at lower GHSV un-
der conditions at which the pressure drop across the catalyst is
negligible.

4. Conclusion

Grafting of the molecular precursors OV[OSi(O tBu)3]3 and
OV(O tBu)3 into the pores of SBA15 by the TMP method selec-
tively yielded uniform, site-isolated, tetrahedral VO4 units for
V loadings as high as 0.47 V nm−2. Significant evidence for the
presence of isolated, stabilized catalytic centers was obtained
by DRUV–vis experiments. These isolated monovanadates are
highly active for oxidation of methane to formaldehyde by
molecular O2 and are more active and selective than the poly-
vanadates resulting from the conventional WI technique. Cata-
lysts prepared by the TMP method displayed superior activity
compared with conventionally prepared catalysts of similar V
coverage. A space–time yield of 5.84 kgCH2O kg−1

cat h−1 was ob-
tained, more than twice the highest previously reported value.
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