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’ INTRODUCTION

Molybdenum-based Keggin polyoxometalates (POMs) con-
taining vanadium, with the formula H3+xPMo12�xVxO40 (MPAV)
and x varying from0 to 3, exhibit unique catalytic properties because
of their bifunctional nature and have been investigated as catalysts
both for acidic and for oxidative reactions.1�3 The addition of
vanadium centers are beneficial for redox catalysis, shifting the
molybdophosphoric acid (MPA) reactivity from acidic to redox
character as evidenced by the shift in selectivity of the methanol
oxidation reaction from formation of CH3OCH3 (DME) to
HCHO, respectively.4 The addition of vanadium to the molybde-
num-based POMs also affects the reactivity toward methanol
oxidation/dehydration with the maximum activity attained for
MPAV25,6 and substitution of more vanadium causing a decrease
in reactivity.4 This catalytic observation was rationalized by con-
cluding that the MPAV Keggin structure can only tolerate one or
two vanadium cation(s) per Keggin unit since higher vanadium
contents destabilize the crystalline MPA molecular structure.7

Recent in situ characterization studies by EPR, UV�vis,
Raman, FTIR, and NMR during heat treatment up to 350 �C
have revealed that the vanadium cation can be expelled from the
MPAV Keggin.8�10 Even when the vanadium cation is in the
primary structure after synthesis, it can migrate to the secondary
structure as a surface vanadyl group under reaction conditions.11

The migration of vanadium from the primary Keggin structure
to the secondary cationic position depends on the content
of vanadium, treatment temperature, and reactive environ-
ments.8,12,13 Furthermore, the MPAV Keggin structure can also
decompose at elevated temperatures and in certain reaction
environments. In situ UV�vis spectroscopic characterization
during methanol oxidation, O2/CH3OH = 10/1, 3/1, and 0.5/1,
revealed that the MPAV Keggin structure decomposes at
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ABSTRACT:The influence of introducing VOx sites into the primary, bulk structure
of molybdenum-containing polyoxometalate H3+xPMo12�xVxO40 (x = 0, 1, 2, 3) and
secondary, surface structure of supported VOx/H3PMo12O40 Keggins was investi-
gated to establish their structure�reactivity/selectivity relationships. The resulting
Keggins were physically characterized (solid-state 51V NMR and in situ FT-IR,
Raman and UV�vis spectroscopy) and chemically probed with CH3OH (CH3OH-
TPSR spectroscopy and steady-state methanol oxidation/dehydration). The intro-
duction of the VOx sites into the primary Keggin structure resulted in structural
disorder that facilitated decomposition of the Keggins at elevated temperatures and
under the corrosive methanol reaction environment. The decomposition was
reflected in the expelling of the VOx units from the primary Keggin structure into the secondary surface VOx sites where they
reacted with surface acidic hydroxyls. For the first time, it was demonstrated that methanol is present as both sorbed species within
the Keggin structure as well as surface reactive species during methanol reaction conditions at elevated temperatures (T < 400 �C).
Introduction of the VOx sites increased the formaldehyde selectivity and decreased the dimethyl ether selectivity. The VOx units in
the primary Keggin structure were slightly more active than the surface VOx species, and both VOx sites were significantly more
active than the MoOx sites in the primary Keggin structure. The relatively constant TOFredox values with number of VOx sites in the
Keggin reflect that only one VOx site is involved in methanol oxidation to formaldehyde. Although introducing VOx into the Keggin
decreased theUV�vis edge energy (Eg) and increased the TOFredox relative to the V-free H3PMo12O40 Keggin, a direct relationship
between TOFredox and Eg was not found to be present for the H3PMo12�xVxO40 Keggins. These new fundamental insights
demonstrate the importance of performing in situ molecular spectroscopy characterization studies under reaction conditions and
reveal that the Keggin structures are dynamic and should not be assumed to be ideal, static model catalytic structures.
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∼400 �C with resultant loss in catalytic activity and selectivity.12

During propylene oxidation by MPAV Keggins, in situ X-ray
diffraction (XRD) and X-ray absorption spectroscopy (XAS)
characterization studies indicated partial decomposition of the
Keggin takes place at reaction temperatures up to∼350 �C.13 In
situ transmission electron microscopy (TEM) studies of the
MPA Keggin have directly observed MoOx expulsion and
structural rearrangement to a twinned structure from thermal
treatment at elevated temperatures.14 This structural transforma-
tion, however, may possibly have also been induced by electron
beam damage and additional in situ TEM studies are necessary to
resolve this possibility.

It has also been suggested that an intermediate “ill-defined”
MoO3-type mixed oxide species resulting from the partial
decomposition of molybdena and vanadia Keggins might possi-
bly be the active species under industrial partial oxidation
conditions.15 In situ Raman spectroscopy experiments during
thermal treatment and under propylene oxidation conditions
have revealed that the decomposition of the intact Keggin
anions begins with expulsion of vanadyl and molybdenyl
species forming defective Keggin stuctures, and then follows
with the disintegration of the defective Keggin unit to inter-
mediate MoOx species before finally fully decomposing to
MoO3.

15 The appearance of a number “multiplet” of Raman
bands in the 900�1000 cm�1 spectral region appears to be
indicative of the transformation of intact Keggin anions to the
intermediate mixed MoOx phase.15 In addition to structural
changes of the MPAV Keggins at elevated temperatures and
reaction conditions, the Mo and V cations can also change their
oxidation states. During isobutane oxidation by H4PMo11V1O40,
in situ electron paramagnetic resonance (EPR) spectroscopy
showed that none of the cations are reduced at reaction
temperatures below 300 �C.7 During isobutane oxidation at
350 �C, however, ∼32% of the V cations become reduced to
V4+ and the Mo cations remain fully oxidized as Mo6+. Almost
compete reduction of the V5+ cations to V4+ cations was
observed during the more reducing methanol oxidation reaction
at 300 �C using 2% CH3OH/He in the absence of oxygen.3,5,16

The above literature summary of oxidation reactions by
MPAV Keggins reveals the complexity of these catalysts and
the need for in situ characterization studies, especially in situ
Raman characterization studies under reaction conditions be-
cause of sensitivity of Raman spectroscopy to molecular struc-
ture, to fully understand their structure�activity/selectivity
relationships. The above literature summary also reveals the lack
of information regarding the effect of the expelled vanadia species
on MPA Keggin reactivity. In the present paper, a series of
vanadium incorporated MPA Keggins, where vanadium is intro-
duced into both the primary and the secondary Keggin structure,
are examined for the first time with in situ Raman spectroscopy
during methanol oxidation to determine their molecular struc-
tural evolution under reaction conditions. Deliberate deposition
of a vanadia surface species onto the secondary structure of the
intact MPA Keggin was employed to establish the role of the
expelled vanadia species during partial methanol oxidation con-
ditions. In addition, MPAVKeggins at varying levels of vanadium
incorporation were characterized by in situ Raman spectroscopy
during partial methanol oxidation under typical reaction condi-
tion to establish a relationship between activity and Keggin
structure, bulk/surface properties, level of decomposition, and
extent of vanadia expulsion. The Raman characterization is
complemented by solid state 51V NMR spectroscopy under

ambient conditions and in situ UV�vis and IR spectroscopy.
The new fundamental insights from these studies confirm the
dynamic nature of both the bulk and the surface structures of the
MPAV Keggins under methanol oxidation/dehydration condi-
tions and their structure�activity/selectivity relationships.

’EXPERIMENTAL SECTION

Catalysts. The H3PMo12O40 and H3+xPMo12�xVxO40 (x =
1,2,3) catalysts were purchased from Aldrich Chemical Co. and
Nippon Inorganic Color and Chemical Co., respectively. The
vanadium-containing molybdophosphoric acid catalysts,
H3+xPMo12�xVxO40 (x = 1, 2, 3), are denoted as MPAV1,
MPAV2, and MPAV3, respectively. In addition, vanadia was also
introduced onto the surface or secondary structure ofMPA.17 An
aqueous solution containing an appropriate amount of VO2+ ions
was prepared by reaction of crystalline V2O5 with oxalic acid at
about 100 �C by keeping VO2+/MPA molar ratio equal to 1.5.
After complete dissolution of the V2O5 solid, the solution was
cooled to room temperature, and the required amount ofMPAwas
added. The excess water was then removed by evaporation at
100 �C, and the driedmass was subsequently calcined at 300 �C in
air for 3 h. This catalyst is denoted as VOMPA (vanadia onMPA).
Solid-State 51V NMR Spectroscopy. The solid-state 51V

NMR spectra were recorded under ambient conditions with a
General Electric Model GN-300 NMR spectrometer at 78.93
MHz to determine the structural integrity of the samples. The
instrument was equipped with a Nicolet 2090-IIIA high-speed
digital oscilloscope and a 7 mm MAS NMR Doty Scientific
probe. The measurements were carried out on spinning samples
with a simple one-pulse excitation of 1 μs width, a preacquisition
delay of 10 μs, a dwell time of 0.5 μs, and a relaxation delay of
5�10 s. The NMR spectra were obtained by accumulation of
3840 scans for each sample. Prior to Fourier transformation, the
signal-averaged free induction decays were multiplied by an
exponential function equivalent to 500 Hz line broadening to
decrease noise in the spectra. All chemical shifts were referenced
against the VOCl3 liquid standard.
In Situ Raman Spectroscopy. The in situ Raman spectra of

the HPAs were collected with a Horiba-Jobin Yvon LabRam-HR
spectrometer equipped with a confocal microscope, 2400/900
grooves/mm gratings, and a notch filter. The laser excitation at
532 nm (visible/green) was supplied by a Yag double diode
pumped laser (20 mW). The scattered photons were directed
and focused onto a single-stage monochromator and measured
with a UV-sensitive LN2-cooled CCD detector (Horiba-Jobin
Yvon CCD-3000 V). The powdered samples, ∼5�10 mg, were
loosely spread onto a small ceramic sample holder inside the
environmental cell (LinkamT-1500) and placed below the confocal
microscope. The dehydration of the samples was carried out by
heating the environmental cell at different temperatures under
O2/He flow (30 mL/min). After reaching the desired temperature,
the samples were dehydrated for 30 min before recording the
Raman spectrum.Methanol oxidation/dehydration reaction studies
in flowing 6% CH3OH/13% O2/balance He (30 mL/min) were
subsequently performed at different temperatures.
In Situ FT-IR Spectroscopy. The in situ IR spectra of catalyst

samples under ambient, dehydrated, and after methanol chemi-
sorption were obtained using a Thermo Nicolet 8700 spectro-
meter equipped with a DTGS detector. The Thermo Nicolet
8700 was modified to incorporate the Harrick Praying Mantis
Attachment (model DRA-2) for diffuse reflectance spectroscopy.
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The diffuse reflectance experimental setup within the Thermo
Nicolet 8700 computer program Omnic was set to calculate
log(1/reflectance) versus wavenumber. Since transmittance and
reflectance are mathematically identical, and therefore log(1/
reflectance) and the units of absorbance are equivalent, the
Omnic software package uses log(1/reflectance) and absorbance
interchangeably. Spectra are plotted in units of absorbance versus
wavenumber. Approximately 30 mg of each finely ground sample
was loaded into the cup of the Harrick Cell (model HVC-DR2
with high pressure dome). For dehydration, the samples were
treated at 250 �C with O2/Ar at a flow rate of 30 mL/min for
∼1 h to remove any possible adsorbed impurities and moisture,
and then lowered to 110 �C. For collection of in situ IR spectra,
the dehydrated catalyst samples were exposed to a continuously
flowing Ar environment for another 1 h at 100 �C to remove any
physically adsorbed oxygen or potential background gases.
Methanol was then chemisorbed by replacing the Ar flow with
a CH3OH/He gas mixture (2000 ppmmethanol; 30 mL/min) at
100 �C for 30 min. The IR spectra were recorded at a resolution
of 4 cm�1 using 72 signal averaged scans.
In Situ UV�vis Diffuse Reflectance Spectroscopy (DRS).

Solid catalyst samples were examined using a Varian Cary 5E
UV�vis spectrophotometer equipped with the Harrick Praying
Mantis Attachment (model DRA-2) for diffuse reflectance
spectroscopy. The reference beam was passed through a 1.5
absorbance unit filter to minimize background noise. Approxi-
mately 30 mg of each finely ground sample was loaded into the
cup of the Harrick Cell (model HVC-DR2 with high pressure
dome). A magnesium oxide white reflectance standard baseline
was collected under ambient conditions. Magnesium oxide was
also physically mixed (50/50 w/w) with the samples to increase
sample reflectivity. The Cary 5 computer program parameters
were set to calculate and plot absorbance versus wavelength. The
spectrum of each catalyst sample was collected over the wave-
length range of 200�800 nm under ambient conditions. Bulk
V2O5 was also examined as a V(V) reference standard. For
collection of in situ UV�vis spectra of the dehydrated catalysts,
the samples were treated at 230 �C for 1 h under flowing 10%O2/
Ar at a flow rate of 30 mL/min. For collection of in situ UV�vis
spectra during methanol oxidation, the dehydrated catalysts were
treated with flowing O2/CH3OH/Ar for 30 min by using a
combined flow of 10% O2/Ar at 15 mL/min and 2000
ppm CH3OH/He at 15 mL/min. The UV�vis DRS spectra
were analyzed using the Kubelka�Munk function F(R∞) and
evaluated for the band gap value (Eg) using the method of Davis
and Mott18 for vanadium oxides as further described by Gao19

and for molybdenum oxides as further described by Tian.20

CH3OH-Temperature Programmed Surface Reaction
(TPSR) Spectroscopy. The CH3OH-TPSR spectroscopy mea-
surements were performed on an Altamira (AMI-200) system
equipped with an online quadrupole mass spectrometer (Dycor
Dymaxion DME200MS). About 200 mg of catalyst was typically
loaded into a U-shaped quartz tube and initially treated at 250 �C
(Ultra Zero grade O2/He, 30 mL/min) for ∼1 h to remove any
possible adsorbed impurities and moisture. To ensure that the
catalysts remained in a fully oxidized state, the pretreated catalyst
samples were first cooled down in flowing air to 110 �C and then
switched to an ultra high pure He flow with further cooling to
100 �C. After flushing with continuously flowing He for another
1 h at 100 �C to remove any physically adsorbed oxygen or
potential background gases, a CH3OH/He gas mixture (2000
ppm methanol) feed was introduced at 30 mL/min for CH3OH

chemisorption and maintained for ∼40 min. Previous work
demonstrated that the adsorption temperature of 100 �C sig-
nificantly minimizes the presence of physically adsorbed metha-
nol on the samples since physically adsorbed CH3OH desorbs
below this temperature.21,22 After methanol adsorption, the
MPAV POM catalysts were again purged at 100 �C with ultra
high purity (UHP) He for an additional 1 h to remove any
residual physically adsorbed methanol. The CH3OH-TPSR
spectroscopy experiment was then performed with a heating
rate of 10 �C/min in the flowing UHP He, and desorption
products were monitored with the online MS. The m/e values
used to detect the different desorption products were CH3OH
(m/e = 31), H2CO (m/e = 30), CH3OCH3-DME (m/e = 45),
(CH3O)2CH2-DMM (m/e = 76), CO2 (m/e = 44), and CO
(m/e = 28). For desorbing products that gave rise to several
fragments in the mass spectrometer, additional m/e values were
also collected to confirm the identity of the desorbing products
(e.g., m/e = 45 for CH3OCH3

+ and m/e = 15 for the associated
CH3

+ cracking fragment).
CH3OH Oxidation. The steady-state methanol oxidation

studies were performed in an isothermal fixed-bed reactor at
atmospheric pressure operating under differential reaction con-
ditions. In a typical experiment, about 30 mg of catalyst was held
in between two glass wool beds and pretreated under O2/He
flow at 250 �C for 30 min before passing the gaseous reactants at
the desired reaction temperature. The volume composition of
the gaseous reactant feed was 6% CH3OH, 13% O2 and balance
He, with a total flow rate of ∼100 mL/min. The methanol
conversion and reaction products were analyzed using an online
gas chromatograph (HP 5890 series II) equipped with TCD and
FID detectors. A Carboxene-1000 packed column and a CP-sil
5CB capillary column were used in parallel for TCD and FID,
respectively. The number of exposed redox sites per gram, Ns, for
the V-free MPA sample was taken to be 12 sites per Keggin for
each Mo atom, adjusted as per the molecular mass. The number
of exposed redox sites per gram, Ns, of each V-containingMPAV
catalyst was determined from the respective number of vanadium
sites present in eachKegginmolecule (1 V site forMPAV1, 2 V sites
for MPAV2, etc.) and adjusted as per the molecular mass. Since the
remaining Mo sites in the V-containing MPAV Keggins (11 for
MPAV1, 10 for MPAV2, etc.) also contribute to minor redox
activity, the residual contribution from theMo-based redox sites has
been calculated and subtracted out. In the case of VOMPA, an
average of 1.5 V sites per Keggin molecule was used and adjusted as
per the molecular mass to determine Ns per gram. 1.5 V sites were
chosen for VOMPA since the VOMPA synthesis procedure was
designed so that, stoichiometrically, 1.5 vanadia groups were
deposited per Keggin. Residual Mo-based redox activity for VOM-
PA was calculated as per 10.5 (average) remaining Mo sites, and
subtracted out. Please note that the MPANs and TOF calculations
are for Mo-based redox activity, and the V-containing MPAV and
VOMPA Ns and TOF calculations are for V-based redox activity
only. The catalytic turnover frequencies (TOF) for methanol
oxidation to redox products (HCHO, MF, and DMM) were
determined by normalizing the steady-state reaction rates per gram
by the number of redox sites per gram of catalyst (Ns).

’RESULTS

Solid-State 51V MAS NMR Spectroscopy under Ambient
Conditions. The solid-state 51V MAS NMR spectra of the
MPAV catalyst samples under ambient conditions are depicted
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in Figure 1. The MPAV1, MPAV2, MPAV3, and VOMPA
catalysts possess central bands at �556, �556, �558, and
�358 ppm, respectively. For reference, the 51V MAS NMR
spectrum of an ambient supported 20%V2O5/Al2O3 catalyst was
also measured since this sample is known to consist of hydrated
surface VO6 units under ambient conditions that gives rise to a
solid state 51V MAS NMR band at �360 ppm.23 This chemical
shift matches that found for the VOMPA catalyst and indicates
that VOMPA contains hydrated surface VO6 units under ambi-
ent conditions that has previously been proposed to be a
protonated [OdV(H2O5)5]

2+ complex.9,24 The MPAV catalysts
contain the primary solid state 51V MAS NMR band at about
�557 ppm indicating a different structure. The signal position at
around�557 ppm has been assigned to octahedrally coordinated
V5+ in the primary structure of the H4PMo11VO40 Keggin
ion.9,24 The solid-state 51V MAS NMR measurements, thus,
confirm the different structures and locations of the dominant
VOx sites in the MPAV and VOMPA catalysts.
Infrared and Raman Spectroscopy under Ambient Con-

ditions. The IR vibrations of the ambient Keggin POMs contain
information about their structures, and the FT-IR spectra of the
vanadium-containing MPAs and the V-free MPA are presented
in the Supporting Information (Figure SF-1). Under ambient
conditions, the Keggin samples are in a hydrated state containing
waters of hydration.24,25 The V-freeMPA catalyst sample exhibits
FT-IR bands at 1075 and 1003 cm�1 that have been assigned to
the characteristic Keggin unit asymmetric stretching vibrations

of vas(P�Oa) and vs(ModOt), respectively.
26�28 The notations

Ot, Oa, Ob, and Oc denote a terminal oxygen (ModO), an
oxygen atom bound to three Mo atoms and to one P atom
(Mo3�Oa-P), a corner sharing bridging oxygen atom
(Mo�Ob�Mo), and an edge sharing bridging oxygen atom
(Mo�Oc�Mo), respectively. The corresponding Raman vibra-
tions provide complementary molecular structural information
to that of FT-IR spectroscopy. The Raman spectrum of the
V-free MPA POM under ambient conditions exhibits the char-
acteristic bands of the MPA Keggin structure and is presented in
the Supporting Information Figure SF-2 labeled RT with bands
at 996 (s), 983 (w), 885 (w), 600 (w) and 248 (m) cm�1.
Adjacent ModOt bonds result in their vibrational coupling that
give rise to vs and vas stretches with the symmetric mode being
stronger in the Raman spectrum and the asymmetric mode
stronger in IR spectrum.29 The splitting of the ModOt vibration
with vs (R-996 cm�1) and vas (IR-1003 cm�1) reflects the
vibrational coupling of adjacent mono-oxo ModOt bonds in
the MPA Keggin. The weak and broad bands at ∼885 and
∼600 cm�1 arise from the asymmetric Mo�Ob�Mo and
symmetric Mo�Oc�Mo stretching modes, respectively. The
strong band at 248 cm�1 corresponds to the bridging
Mo�O�Mo bending modes of the intact Keggin. Similar Ra-
man spectra have been reported for unsupported MPA and
MPAV samples under ambient conditions.9,15,28,30 The Raman
spectra of the ambient MPAV and VOMPA Keggins (see
Supporting Information Figures SF-3 to SF-6 labeled RT) are
partially dehydrated from laser induced dehydration because of
the presence of the darker vanadium component in these POMs
that also contribute to slightly blue shift the Raman bands to
higher wavenumber.31 The VOMPA Keggin also exhibits a
distinct Raman band at 1034 cm�1 because of the presence of
surface VOx species on the outer surface of the MPA Keggin (see
Supporting Information Figure SF-6).29�31

In Situ FT-IR and Raman Spectroscopy under Dehydrated
Conditions. The in situ FT-IR spectra of the dehydrated MPA,
MPAV, and VOMPA Keggins at 100 �C are presented in Figure
SF-7 (see Supporting Information). Upon dehydration, the FT-
IR bands for vas(P�Oa) and vas(ModOt) undergo a blue shift
from 1075f1078 and 1003�10f1014 cm�1, respectively.26,27

The introduction of vanadium oxide onto the secondary surface
of the POM Keggin structures is reflected by the presence of the

Figure 1. Solid-state 51V MAS NMR spectra of the vanadium-contain-
ing POM catalysts. The notation (*) indicates the central NMR band.

Figure 2. In situ Raman spectra of dehydrated MPA, MPAV, and
VOMPA POM catalysts at 200 �C.
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small VdO band at ∼1034 cm�1. The complementary in situ
Raman spectra of the dehydrated MPA, MPAV, and VOMPA
POM catalyst samples at 200 �C are presented in Figure 2. The
Raman bands of the MPA and MPAV Keggins undergo a blue
shift in the ModOt band from 996 to 1006 cm�1 upon
dehydration at 200 �C. The blue shifts of the FT-IR and Raman
bands are related to an increase in theMdOt bond order because
of desorption of moisture.32,33 The VOMPA sample exhibits the
sharp MPA Keggin Raman bands and contains two new weak
bands at ∼840 and 1034 cm�1 corresponding to an asymmetric
Mo�O�V mode and a symmetric VdOt vibration of the
dehydrated surface VOx species present in the secondary struc-
ture of Keggin ion, respectively.34,35 Introduction of vanadium
into the MPAV catalysts primarily results in broadening of the
Raman bands of the MPA Keggin primary structure and the
appearance of only a trace of the vanadyl VdOt band at
1034 cm�1. The splitting of the MdOt vibration with vas(IR-
1014 cm�1) and vs(R-1006 cm�1) reflect the vibrational cou-
pling of adjacent ModOt bonds in the dehydrated Keggins. The
terminal VdOt vibration appears at 1034 cm�1 in both the FT-
IR and the Raman spectra, which indicates that this bond is not
vibrationally coupled to adjacentModOt bonds and is present as
a mono-oxo functionality.25

Significant structural transformations of the MPA POMs take
place at elevated temperatures since the Keggin structures begin
to decompose (see Figures SF-2 to SF-6 in the Supporting
Information). The V-free MPA Keggin structure destabilizes at
400 �C and forms β�MoO3 crystals with characteristic new
Raman bands at 850 and 775 cm�1.36 Upon further increasing
the temperature to 500�600 �C, the crystalline β�MoO3 phase
transforms to the more thermally stable crystalline α�MoO3

phase (Raman bands at 993, 818, 620, and 280 cm�1). The
thermal stability of the MPAV Keggins further decreases as more
vanadium is introduced. The onset of β�MoO3 formation for
MPAV1 and VOMPA is still 400 �C, but decreases to 300 �C for
MPAV2 andMPAV3. All theMPAKeggin catalysts, however, are
thermally stable below 300 �C.
UV�vis Diffuse Reflectance Spectroscopy (DRS). The

UV�vis DRS spectra of MPA, MPAV, and VOMPA catalyst
samples were evaluated using the Kubelka�Munk function
using the method of Davis and Mott18 as further described by

Gao19and Tian,20 and the ambient spectra are shown in Figure 3.
A broad, weak band occurs in MPA between 2.7 (460) and 3.7
(336) eV (nm), which corresponds to the leading linear region
between 2.7 and 3.7 eV. The addition of vanadium to the MPA
Keggin causes a broad band to appear between 2.4 (517 nm) and
3.9 eV (319 nm) which overlaps the first band of V-free MPA
Keggin. The proximity of the molybdenum and vanadium
UV�vis bands makes it difficult to obtain the desired electronic
information for the individual molybdenum oxide and vanadium
oxide components. The Eg values for each Keggin at ambient
conditions are presented in Table 1 and reveal that the introduc-
tion of vanadium into both the primary and secondary structures
lowers the Eg values. Note that the Eg values for the VOMPA and
MPAV are almost the same indicating the insensitivity of UV�vis
spectroscopy toward the specific location of the VOx in the MPA
Keggin structure. Essentially the same UV�vis Eg values were
also found for the ambient and dehydrated V-containing Keggins
at room temperature indicating the invariance of Eg with the
presence or absence of moisture.
In Situ FT-IR Spectroscopy of Chemisorbed CH3OH. The

in situ FT-IR spectra before and after methanol chemisorption at
100 �C on MPAV1 are presented in Supporting Information,
Figure SF-8, in the 600�4000 cm�1 range. The vibrations at
∼1987 and ∼2127 cm�1 are the overtone bands of the ModOt

and PdOa vibrations, respectively, and the broad band at
∼3280 cm�1 is associated with the delocalized H+ protons of
theMPA Keggin. The difference FT-IR spectrum does not reveal
any strong vibrations from the chemisorbed or physisorbed
methanol (C�H vibrations at 2800�3000 cm�1) because of
the low Keggin surface area and, consequently, the low number
of adsorbed methanol molecules. By comparison with previous
studies on methanol sorption by tungstophosphoric acid (TPA),
it is anticipated that less than 1 CH3OH/H

+ exists after methanol
adsorption at 100 �C.37
CH3OH-TPSR Spectroscopy. The surface chemistry of the

MPA, MPAV, and VOMPA Keggin catalyst systems was chemi-
cally probed with CH3OH-TPSR spectroscopy since the surface
reaction pathways of the methanol derived surface intermediates
are well-known: dehydrogenation of surface CH3O* to form
H2CO on surface redox sites and deoxygenation of surface
CH3O* on surface acid sites with the resulting *CH3 fragment
reacting with adjacent surface CH3O* to form CH3OCH3

(DME).38 The CH3OH-TPSR experiments with the vana-
dium-containing MPA catalyst samples yield formaldehyde as
the main reaction product with only minor formation of
DME. The HCHO/CH3OH-TPSR spectra are presented in
Figure 4(a�e) and the DME/CH3OH spectra are not shown
for brevity because of their very weak signals. The vanadium-free
MPA catalyst exhibits the major HCHO formation with a Tp
of 220 �C and a weaker amount of HCHO formed at ∼412 �C.
As the vanadium is introduced into the MPA Keggin, the major

Figure 3. Normalized UV�vis Kubelka�Munk function spectra as a
function of Incident Photon Energy (eV) for MPA, MPAV, and
VOMPA POMs under ambient conditions.

Table 1. UV-vis DRS Edge Energy Values (eV) for MPA,
MPAV, and VOMPA Catalysts under Ambient Conditions

catalyst edge energy (eV) at ambient conditions

MPA 2.7 ( 0.1 eV

VOMPA 2.4 ( 0.1 eV

MPAV1 2.5 ( 0.1 eV

MPAV2 2.4 ( 0.1 eV

MPAV3 2.4 ( 0.1 eV
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HCHO Tp temperature slightly decreases from 220 to 210 �C
for the MPAV catalysts and occurs at 206 �C for the VOMPA
catalyst. The presence of the smaller HCHO peak in the
350�450 �C range suggests a minor secondary site for the

chemisorbed CH3OH species that increases with VOx content in
theMPAVKeggin and exhibits the strongest contribution for the
VOMPA Keggin catalyst. The Tp value of the secondary HCHO
monotonically decreases with increasing vanadium content

Figure 4. CH3OH-TPSR spectra from (a) MPA, (b) MPAV1, (c) MPAV2, (d) MPAV3, and (e) VOMPA POM catalysts.
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in MPAV:MPA (412 �C), MPAV1 (399 �C), MPAV2 (376 �C),
and MPAV3 (365 �C). The VOMPA Keggin exhibits the
secondary HCHO Tp value of 390 �C. Interestingly, the
production of the secondary HCHO corresponds to the
range where the Keggins decompose and also coincide with
the individual Keggin decomposition temperatures (see SF-2 to
SF-6 in Supporting Information).
In Situ Raman Spectroscopy during CH3OH Oxidation/

Dehydration. The in situ Raman spectra of the MPA, MPAV,
and VOMPA POM catalysts during methanol oxidation/dehy-
dration between 150 and 250 �C were collected to better

understand the bulk and surface structural changes during
steady-state methanol oxidation/dehydration reaction condi-
tions and are shown in Figure 5. None of these catalysts formed
any coke deposits (Raman bands at ∼1400 and ∼1600 cm�1)
during methanol oxidation, which reflects the efficient redox
nature of these POMs. The V-free MPA Keggin catalyst retains
its ordered structure during methanol oxidation/dehydration as
reflected by its sharpModOt Raman band at 1007 cm�1 over the
temperature range 200�250 �C. The Raman bands for the
MPAV catalysts, however, are much broader, which reflects the
structural disorder of the MPAV Keggins, and they also exhibit a

Figure 5. In situ Raman spectra of MPA, MPAV, and VOMPA POM catalysts during methanol oxidation/dehydration between 150 and 250 �C in
flowing CH3OH/O2/He.
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shoulder at ∼1027 cm�1 from the v(VdOt) vibration of the
expelled VOx unit. The slight red shift of the VdOt Raman band
position from 1034 to 1027 cm�1 is related to the presence of
methanol surface reaction intermediates residing on the catalyst
under reaction conditions.38 The extent of broadening of the
Keggin Raman bands and the amount of expelled VOx increase
with (i) vanadium oxide content, (ii) exposure to the methanol
oxidation/dehydration reaction conditions, and (iii) reaction
temperature. The in situ Raman spectra of the MPA, MPAV,
and VOMPA Keggin catalysts under methanol oxidation at
225 �C are compared in greater detail in Figure 6 and confirm
that the concentration of expelled surface VOx species (weak
band at ∼1027 cm�1) under reaction conditions increases with
vanadium content for the MPAV catalysts. For the MPAV3
catalyst, the Keggin structure begins to decompose to β�MoO3

nanoparticles as reflected by the broad Raman bands at ∼870
and∼814 cm�1. In contrast, only a trace amount of expelled VOx

is present for the MPAV Keggins prior to exposure to the
methanol oxidation/dehydration reaction conditions (see Fig-
ures 4 and Supporting Information SF-3 to SF-6). It, thus,
appears that during methanol oxidation/dehydration reaction
conditions the MPAV Keggin catalysts always possess some
expelled surface VOx species with the primary MPA Keggin
structural units becoming disordered.
In Situ UV�vis Spectroscopy during CH3OH Oxidation/

Dehydration. Complementary oxidation state information about
the Mo and V cations in the MPA, MPAV, and VOMPA Keggin
catalysts during methanol oxidation was provided by in situ UV�
vis spectroscopy, and the spectra are presented in Figures 7a�f.
TheMo(VI) oxidation state inMPAKeggin exhibits a broad ligand
tometal charge transfer (LMCT) band at approximately 430 nmas
shown in Figure 7b, and the octahedral V(V) oxidation state gives
rise to an overlapping broad LMCT band at ∼480 nm as seen in
the bulk V2O5 reference compound (Figure 7a).3,39 The in situ
UV�vis spectra reveal that theMo(VI) LMCTs for MPA,MPAV,
and VOMPA are not diminished during methanol oxidation
indicating that the Mo cations are still oxidized under the chosen
reaction conditions. The same conclusion can also be made for the

V(V) cations, but it is apparent that a minor amount of the V(V)
and Mo (VI) species become reduced during the chosen thermal
treatment and methanol oxidation reaction conditions. Since
UV�vis is particularly sensitive to coloration changes, a minor
amount of reduction is easily detected. The quantitative analysis of
the reduction of the V(V) cations with UV�vis spectroscopy is
somewhat complicated because of the overlap of the strong
Mo(VI) LMCT band with that of the V(V) LMCT band. Never-
theless, the V cations appear to be primarily oxidized under the net
oxidizing methanol oxidation reaction conditions (10%O2/Ar
15 mL/min and 2000 ppm CH3OH/He 15 mL/min).
Steady-State CH3OH Oxidation/Dehydration. The steady-

state methanol oxidation/dehydration results at 230 �C over
these POMKeggin catalysts are listed in Table 2. Dimethyl ether
(H3COCH3) and formaldehyde (HCHO) were the major
reaction products, and methyl formate (H3COOCH) and di-
methoxymethane (H2C(OCH3)2) were only minor reaction
products under the present experimental conditions. The V-free
MPA Keggin primarily yields DME, which reflects its acidic
nature, but also produces a minor amount of HCHO indicating
its limited redox character. Introduction of the VOx sites into the
MPA Keggin, however, increases the TOFredox by a factor of
∼4�6 and the HCHO selectivity by a factor of ∼3�5. The
highest HCHO selectivity is observed for the VOMPA catalyst
where surface VOx species exclusively replace the acidic H

+ sites in
the secondary Keggin structure. The TOFredox values for theMPAV
Keggins are dominated by the VOx sites, and the values decrease
with vanadium oxide content. Although the highest HCHO selec-
tivity is observed for the VOMPA catalysts, the VOMPA TOFredox
value is comparable to that of the MPAV2 catalyst.

’DISCUSSION

Bulk or Primary Keggin Structures. The ambient H3+x-
PMo12�xVxO40 Keggins retain their primary MPA structure
upon incorporation of vanadium oxide (see Figures 2�4 and
Supporting Information section for SF-2 to SF-6). Incorporation
of vanadium oxide into the MPA Keggin primary structure is
confirmed with solid-state 51V MAS NMR (shown in Figure 1).
Incorporation of VOx sites into the MPA Keggin structure also
lead to broadening of the vibrational bands of the primary Keggin
structure (shown in Supporting Information, Figures SF-2 to
SF-6) reflecting the structural disorder caused by incorporation
of VOx units into MPA. The extent of structural disorder in the
MPAV Keggins increases with the number of incorporated VOx

units. Despite this structural disorder, the Keggin structure is
retained under ambient conditions. The UV�vis Eg value of the
MPA Keggin is only slightly decreased by ∼0.2�0.3 eV by the
introduction of the VOx units into the MPA Keggin structure
and, surprisingly, is independent of the number of inserted
VOx units. The slightly lower Eg values of the MPAV Keggins
correspond to the slightly greater electron delocalization intro-
duced by the addition of vanadium oxide. When the Eg values
for MPAV are evaluated using the V�O�V correlation pub-
lished by Gao et al.,19 the correlation indicates that four bridging
V�O�V bonds are present for every V-containingMPA Keggin.
The V-containing MPA Keggins, however, mostly contain
V�O�Mo and not V�O�V bonds because of the minority
concentration of vanadium oxide. Therefore, this indicates that
the correlation developed by Gao et al.19 is also applicable when
the vanadium cation is bridge bonded to other cations such
as Mo.

Figure 6. In situ Raman spectra of MPA, MPAV, and VOMPA POM
catalysts during methanol oxidation/dehydration at 225 �C with O2/
CH3OH = 2.17.
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Dehydration of the MPAV Keggins results in the removal of
the crystal water and shifts the vs(ModOt) from ∼996 to
∼1006�1009 cm�1 (see Figures SF-3 to SF-6 in Supporting
Information). The introduction of VOx introduces structural
disorder of the MPAV Keggins (see Figures 2 and Supporting
Information section for Figures SF-2 to SF-6) that is enhanced
with increasing sample temperature. TheMPAV Keggin structural
disorder facilitates the decomposition of the H3+xPMo12�xVxO40

Keggin primary structure to crystalline β�MoO3 nanoparticles at
300 �C and above, which transform to the thermodynamically
stable crystalline α�MoO3 phase at 500�600 �C.MPA, MPAV1,
and MPAV2 remain as intact Keggins upon dehydration as
evidenced by the lack of decomposition bands as described by
Mestl et al. in the “terminal stretching regime”.15 The lower
thermal stability of the MPAV Keggins with increasing vanadium

content is related to the lower Tammann temperature of vanadium
oxide (V2O5) compared to that of molybdenum oxide (MoO3),
∼200 vs. ∼300 �C, respectively. The lower Tammann tempera-
ture of vanadium oxide enhances its mobility and, thus, leads to
easier vanadiumoxide expulsion from theKeggin primary structure
to its surface secondary structure with subsequent decomposition
of the MPA into its metal oxide constituents. The supported
VOMPA Keggin catalyst, where VOx is introduced onto the
secondary Keggin structure, possesses greater structural order
and thermal stability than the MPAV catalysts possessing VOx in
the primary Keggin structure (see Figures SF-2 to SF-6 in
Supporting Information section). Thus, the extent of disorder
and thermal stability of the primary MPA Keggin structure is
mostly influenced by the VOx incorporated into the Keggin
primary structure rather than the presence of surface VOx units.

Figure 7. In situ UV�vis Kubelka�Munk spectra of (a) Bulk V2O5 reference compound, (b) MPA, (c) MPAV1, (d) MPAV2, (e) MPAV3, and (f)
VOMPA POMs upon dehydration at 230 �C and during methanol oxidation/dehydration at 230 �C with O2/CH3OH = 2.17.
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Although the MPA and MPAV Keggin primary structures are
thermally stable below 300 �C, the MPAV catalysts undergo
further bulk structural changes upon exposure to the methanol
oxidation/dehydration reaction conditions (see Figures 5 and 6).
The Raman bands of the primary Keggin structure of the MPAV
catalysts further broaden and some poorly ordered β�MoO3

nanoparticles are also present for MPAV3. The partial transfor-
mation of MPAV3 to β�MoO3 during methanol oxidation/
dehydration is probably related to the formation of mobile
surface Mo-OCH3 complexes in the reactive methanol
environment.40 The appearance of expelled VOx units, Raman
band at ∼1027 cm�1, indicates that the VOx units originally
incorporated into the H3+xPMo12�xVxO40 Keggin primary
structure are being expelled in the corrosive methanol environ-
ment. The expulsion of the VOx units from the MPAV Keggin
primary structure is most likely also related to the formation of
mobile surface VOx and V-OCH3 complexes in the reactive
methanol environment. The expulsion of VOx units fromMPAV
bulk structure was previously also reported for isobutane oxida-
tion, which suggests that this is a general phenomenon forMPAV
Keggin catalysts under oxidation reaction conditions at elevated
temperatures.7

Surface or Secondary Keggin Structures. The selective
introduction of VOx units onto the secondary MPA Keggin
structure for the supported VOMPA Keggin was confirmed with
solid-state 51V MAS NMR (see Figure 1) and the lack of
perturbation of the primary MPA Keggin vibrations as detected
by Raman spectroscopy (see Figure 2). In situ Raman studies of
the dehydrated VOMPA catalyst confirm that the introduced
VOx species are present in the MPA Keggin secondary structure
as dehydrated surface VOx species (Raman band at∼1034 cm�1

under dehydrated conditions). The UV�vis Eg value for the
surface VOx species is indistinguishable from that of the VOx unit
incorporated into the primary MPAV Keggin structure. Unlike
the supported VOTPA (TPA: tungstophosphoric acid) catalyst
where there is coupling between the VdOt and WdOt

vibrations,39 vibrational coupling between VdOt and ModOt

does not appear to occur for the supported VOMPA system since
the VdOt andModOt Raman bands always occur at∼1034 and
∼1007 cm�1, respectively. One possible reason is that the
ModOt vibration (1007 cm�1) occurs at a lower value than
the WdOt vibration (1022 cm

�1), with the latter being closer to
the VdOt vibration (1034 cm

�1). Although only a small amount
of surface VOx species are initially present in the secondary
structures of the MPAV catalysts, the quantity of surface VOx

species further increases upon exposure to the reactive methanol
oxidation/dehydration reaction. The occurrence of the VdOt

vibration at ∼1027�1034 cm�1 coincides with the vibration of
mono-oxo surface OdV(-O-Support)3 species present on oxide
supports. Thus, the structure of the surface vanadium species
present in the MPA Keggin secondary structure is tentatively
assigned as OdV(�O�Mo)3.

20,31,36

Surface Chemistry. The primary reaction product from
CH3OH-TPSR over the MPA, MPAV, and VOMPA Keggin
catalysts is HCHO from redox sites, 206 �C < Tp < 220 �C, with
surprisingly small amounts of DME formed from the acidic sites
under these experimental conditions. Although the chemisorbed
methanol species escaped direct IR detection because of the low
catalyst surface area, redox sites will convert both surface intact
CH3OH* and CH3O* to HCHO.38 The slight decrease in the
HCHO formation Tp value upon the introduction of VOx in the
MPAV Keggins indicates that redox VOx sites are slightly more
active than MoOx sites for conversion of the surface methanol
intermediates to HCHO. The HCHO/CH3OH-TPSR Tp tem-
peratures for the MoOx sites and the VOx sites in the MPA and
MPAVKeggins exhibit comparable Tp values to those previously
reported for bulk MoO3,

41�43 supported MoO3,
41�43 bulk mixed

metal molybdates,43 bulk V2O5,
41�43 supported V2O5,

42�44 and
bulk mixed metal vanadate catalysts.43 The appearance of the
secondary HCHO formation peak with such high temperatures
of 365 �C<Tp < 412 �Chas not previously been reported during
CH3OH-TPSR spectroscopy experiments with molybdates and
vanadates.37�40 As already mentioned, this temperature region
and even the Tp trend corresponds to the temperatures where
the MPA and MPAV Keggin structures decompose (see Figures
SF-2 to SF-6 in Supporting Information). It, thus, seems that the
second burst of HCHO formation must originate from CH3OH*
or possibly CH3O* species dissolved within the bulk MPA
Keggin structure. The sorption of CH3OH by POM Keggins at
modest temperatures (T < 250 �C) is well documented in the
literature.11,37,45�47 The sorbed methanol has been proposed to
be present in the Keggins as protonated (CH3OH)nH

+ clusters
with n varying from 1 to 4 at low temperatures (T < 150 �C) and
completely desorbed by 250 �C based on TGA measurements.37

The prior TGA studies only examined the temperature range of
25�300 �Cwhere theKeggin structurewas still intact. It should be
noted that these studies chemisorbed methanol at 25�50 �C
where physically adsorbed methanol forms11 and that in the
present investigation chemisorption was purposely performed at
100 �C to minimize the low temperature physisorbed methanol.20

The current CH3OH-TPSR findings that HCHO is still being
formed at much higher temperatures of 350�450 �C reveal
for the first time that residual sorbed methanol is still present
within the Keggin POM structures until the Keggin structures

Table 2. Steady-State Methanol Oxidation/Dehydration Data for MPA, MPAV, and VOMPA Catalystsa

selectivity (%)

catalysts temp. (�C) conv. (%) activity (mol/g. cat 3 s) DME HCHO MF DMM TOFredox (s
�1)

MPA 230 5.7 3.0 93 7 0.018b

MPAV1 230 12.0 6.4 72 24 3 1 1.8

MPAV2 230 15.0 8.0 67 31 1 1 1.3

MPAV3 230 12.7 6.8 76 23 1 0.52

VOMPA 230 8.1 4.3 60 34 3 3 1.1
aCH3OH/O2/He = 6/13/81 and 100mL/min. bMolybdenum redox activity only. For V-containing catalysts, vanadium redox activity only since minor
Mo redox contribution has been subtracted.
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decompose and simultaneously lead to reaction with the sorbed
methanol.
The ability to perform the HCHO/CH3OH-TPSR experi-

ments in the absence of gas phase molecular O2, in flowing He,
further demonstrates that methanol oxidation to formaldehyde
reaction by MPA, MPAV, and VOMPA proceeds via the Mars-
van Krevelen reaction mechanism that is consistent with steady-
state zero-order kinetics in O2 partial pressure previously re-
ported for oxidation reactions by MPAV Keggin catalysts.6 This
is further reflected in the predominance of the V+5 oxidation state
during methanol oxidation reaction conditions (see Figure 7).
Structure-Catalytic Activity Relationships. Three distinct

redox sites are present in the MPA, MPAV, and VOMPA Keggin
catalysts: MoOx in the primary Keggin structure, VOx in the
primary Keggin structure, and surface VOx in the secondary
Keggin structure. The MoOx sites in the primary MPA Keggin
structure are significantly less reactive for redox chemistry, by a
factor of∼10�2, than the VOx sites in the primary MPA Keggin
structure and the surface VOx sites present in the Keggin
secondary structure. The steady-state TOFredox values for the
MPAV Keggins slightly decrease with vanadium oxide content,
and this is ascribed to the MPA structural disorder that is
resulting from incorporation of the vanadium oxide since the
reactivity decrease parallels the increased structural disorder
resulting from incorporation of VOx units into the MPA Keggin
primary structure. It is also possible that the decrease is simply
attributed to experimental error. Still, the decrease is not related
to the presence of surface VOx site since VOMPA and MPAV2
have comparable TOFredox values and VOMPA does not exhibit
structural disorder from the presence of surface VOx units on the
MPA Keggin. However, it is important to recognize that MPAV3
is a unique case. The decrease by a factor of∼3.5 in the TOF for
MPAV3 is not solely because of increasing vanadium content, but
is related to incipient Keggin decomposition to β�MoO3. The
decomposition of MPAV3 to β�MoO3 is also illustrated in
Figure 6 with the appearance of broad bands at ∼814 and
870 cm�1. MPAV3 is more structurally disordered thanMPAV1,
MPAV2, or VOMPA and, therefore, is more prone to decom-
position especially in the corrosive methanol environment.
Previously, Sorenson and Weber proposed that CH3OH oxida-
tion to HCHO only requires one VOx site since they found that
TOFredox was independent of VOx incorporation into their Na-
MPA Keggins.48 The present study finds a slight decrease in
TOFredox with increasing vanadium oxide incorporation because
of the absence of the stabilizing Na in the current MPAV Keggin
catalysts. For only one participating VOx unit required for
methanol oxidation, the TOFredox should be approximately
constant with number of VOx units in the MPA Keggin primary
structure, which is qualitatively observed and the slight decrease
is associated with the corresponding increasing structural dis-
order. For CH3OH oxidation to HCHO to require two adjacent
VOx sites, then the TOFredox would be expected to increase by a
factor of 9 in going from MPAV1 to MPAV3, which is not the
case. The current findings of a relatively constant TOFredox with
number of VOx units in the MPA Keggin (excluding the case of
MPAV3, which has partially decomposed to β�MoO3) are, thus,
in agreement with the conclusions of Sorenson and Weber that
methanol oxidation to formaldehyde only requires one VOx

site.45 These experimental conclusions are also supported by
recent density functional theory (DFT) calculations showing
that CH3OH oxidation to HCHO readily proceeds on only one
VOx unit.

46,47

The steady-state TOFredox value for methanol oxidation by the
V-free MPA Keggin is 0.018 s�1 and comparable to that for bulk
MoO3,∼0.02�0.05 s�1, at 230 �C.41,49 The V-freeMPAKeggin,
however, is much more acidic than bulk MoO3 yielding primarily
DME whereas bulk MoO3 primarily forms HCHO as the domi-
nant methanol oxidation product. The CH3OH equilibrium
adsorption constant Kads must be slightly greater for MPA than
for bulk MoO3 to compensate for the somewhat slower surface
methoxy C�H bond breaking step (220 vs. 196 �C, respectively).
The steady-state TOFredox values for methanol oxidation over

the H3+xPMo12�xVxO40 Keggins, ∼0.4 s�1, are comparable to
that for bulk V2O5,∼0.2�1 s�1, at 230 �C.41,42,49 The TOFredox
for VOMPA, 0.13 s�1, is also comparable to the more active
supported vanadium oxide catalysts such as supported V2O5/
TiO2 (0.11 s�1) and V2O5/ZrO2 (0.17 s�1) at 230 �C. Where
bulk and supported vanadium oxide catalysts almost exclusively
yield HCHO as the reaction product, the Keggin catalysts give
DME as a major reaction product. This difference reflects the
much stronger acidic character of the Keggin-type catalysts. The
CH3OHKads must also be slightly greater on the Keggin catalysts
than the non-Keggin catalysts since the Keggin catalysts exhibit
CH3OH-TPSR Tp values for surface methoxy C�H bond
breaking of 210�220 �C and the non-Keggin vanadia catalysts
show Tp values of 180�190 �C.41,42,49,50 Thus, the redox
character of VOx and MoOx sites in the Keggins exhibit
comparable steady-state methanol oxidation TOFredox values as
found for bulk MoO3, bulk V2O5, and supported vanadium oxide
catalysts, but the highly acidic nature of the Keggins affects their
catalytic performance.
The enhanced redox catalytic activity of the V-containing

Keggins relative to H3PMo12O40 is also in agreement with the
slightly lower Eg values of the H3+xPMo12�xVxO40 Keggins (see
Table 1) and the higher specific catalytic reaction rates of
vanadium oxides relative to molybdenum oxides.50 There is no
relationship, however, between the Keggin UV�vis Eg values
and the number of VOx sites in the H3+xPMo12�xVxO40 Keggin
(all the Eg values are comparable at 2.4�2.5 ( 0.1 eV) as well
as independent of the location of the VOx site in the H3+x-
PMo12�xVxO40 Keggin (primary structure exhibits Eg at 2.4�2.5
( 0.1 eV and secondary structure at 2.4 ( 0.1 eV).
As already discussed above, the oxidation of methanol to

formaldehyde over the MPAV Keggin catalysts proceeds via a
Mars-van Krevelen mechanism that exhibits zero-order depen-
dence on the oxygen partial pressure. The methanol oxidation
reaction over the MPAV Keggins, however, exhibits a slight
positive dependence on the methanol partial pressure as pre-
viously found by Liu and Iglesia.6 The weak dependence of the
reaction rate on the methanol partial pressure suggests that the
methanol sorbed within the Keggin structure is not able to
sufficiently provide methanol or methoxy species toward HCHO
formation. The sorbed methanol within the Keggin is not able to
rapidly provide sufficient reactive methanol or methoxy species
since the reaction dependence on methanol partial pressure is
not exactly zero-order as found for the rapid supply of oxygen
from the Keggin lattice.
Pretreatment and reaction temperatures of the Keggin cata-

lysts have been found to affect both methanol conversion rate
and product selectivity during methanol oxidation by the MPAV
Keggins.6 Increasing the thermal pretreatment temperature
decreases the conversion of methanol and was attributed to
the loss of surface Bronsted acid sites. The new findings in the
present investigation suggest that the situation is actually more
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complex involving both changes in surface Bronsted acidity and
surface composition. As the pretreatment temperature is in-
creased, the VOx sites in the primary Keggin structure are
expelled from the lattice onto the Keggin external surface or
secondary structure (see Figures SF-3 to SF-6 in Supporting
Information). This leads to two simultaneous consequences:
(1) the expelled surface VOx sites anchor on the exterior Keggin
surface by consuming the surface Bronsted acid hydroxyls and
(2) convert the somewhat more active VOx sites originally in the
Keggin primary structure to slightly less reactive surface VOx

sites on the Keggin external surface. The first consequence
suppresses the surface Bronsted acidity relative to the surface
redox properties, which shifts the reaction selectivity toward
redox products relative to acidic products with increasing tem-
perature. The second consequence decreases the overall catalyst
activity as somewhat more active VOx sites in the Keggin primary
structure are converted to slightly less active surface VOx sites on
the Keggin external surface (secondary structure). Thus, it is the
simultaneous decrease in surface Bronsted acidity and VOx

reactivity that influences the overall catalytic performance of
the MPAV Keggin catalysts.

’CONCLUSIONS

Incorporation of VOx units into the primary H3+xPMo12�x-
VxO40 Keggin structure by substitution for MoOx sites leads to
(i) disorder of the primary Keggin structure, (ii) decrease in
thermal stability of the Keggin, (iii) preferential expulsion of the
VOx units from the primary structure into the secondary
structure under reaction conditions and elevated temperatures,
and (iv) transformation of the Keggin to crystallineMoO3 phases
at elevated temperatures. The dynamic nature of the POM
Keggins underscores the importance of performing in situ char-
acterization studies under relevant reaction conditions. Conse-
quently, caution should be maintained when treating POM
Keggins as static ideal model structures, especially at reaction
conditions that take place at elevated temperatures (T > 100 �C).

The relative reactivity of the MoOx and VOx cations in the
H3+xPMo12�xVxO40 Keggin structure for methanol oxidation to
formaldehyde is VOx,primary > VOx,secondary.MoOx, primary. This
reactivity trend is related to the greater electron delocalization
introduced by incorporation of the VOx units as reflected in the
lower UV�vis Eg values, but there is no correlation between the
UV�vis Eg values and the steady-state TOFredox. The greater
reactivity of the VOx sites relative to the MoOx sites allows for
determining the influence of the number of VOx sites upon the
methanol oxidation reaction. The relative independence of the
TOFredox values as a function of the number of VOx sites in the
MPAV Keggin is in agreement with the Sorenson and Weber
conclusion that only one VOx site is required for methanol
oxidation to formaldehyde reaction41 and is consistent with
recent DFT calculations.46,47
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