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Understanding the structural and electronic mechanisms by which catalysts activate and deactivate dur-
ing use is crucial to the intelligent design of more efficient chemical syntheses. Atomic resolution electron
microscopy is used in conjunction with bulk characterization tools including as X-ray Diffraction (XRD),
Ultraviolet–visible Diffuse Reflectance Spectroscopy (UV–vis DRS) and X-ray Absorption Spectroscopy
(XAS) to understand the activation and deactivation mechanism of dodecamolybdophosphoric acid
(MPA), a promising parent material for a class of polyoxometalate catalysts useful for the direct oxidation
of isobutene to methacrylic acid. These techniques show that the thermal and reactive reconstruction of
MPA arises from the migration of an oxomolybdate species from the cubic form of the anhydrous MPA
structure. The reconstruction continues and results in complete degradation to MoO3, which is inactive
for isobutane oxidation. The mechanism by which reorganization occurs is investigated using High Res-
olution Transmission Electron Microscopy (HR-TEM) for the first time. These HR-TEM studies provide a
picture of the atomic-scale rearrangement occurring in the catalyst. The initial structural reorganization
in MPA is observed as the formation of annealing twins in the cubic form of the anhydrous polyoxomet-
alate – this twinned structure is believed to be the active form of the catalyst. This twinning phenomenon
is believed to originate from vacancies created in the MPA structure by the migration of atoms out of the
primary structure. The twins then propagate across the MPA crystal and result in complete degradation of
the MPA to MoO3.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Methacrylic acid is a commercially important organic interme-
diate with worldwide production of over 14 billion kilograms
annually [1]. Currently, the most common approach for metha-
crylic acid synthesis is the hydrolysis of methacrylamide sulfate,
obtained from acetone cyanohydrin, which in turn is produced
through the reaction of acetone and hydrogen cyanide. In addition
to its inherent safety concerns, this process produces inorganic
byproducts that are difficult to dispose. An alternative process that
is simpler, cleaner and safer is the oxidation of isobutane to meth-
acrylic acid. The Keggin form of polyoxometalates such as dod-
ecamolybdophosphoric acid (MPA) and its derivatives are widely
acknowledged to be active and selective catalysts for the produc-
tion of methacrylic acid by this route [2–9]. However, performance
issues limit the commercial use of MPA and its derivatives. It has
been shown that the native form of MPA and its derivatives are
not catalytically active themselves, but rather, active catalyst
structures evolve during reaction [9–13] – this creates an activa-
tion period during which the product yield of the catalyst is low.
ll rights reserved.
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The structural modifications required for activation subsequently
lead to degradation of the active form into an irreversible inactive
form, limiting the lifetime of these catalysts.

While a number of studies have focused on the different forms
of MPA during the activation and subsequent deactivation using
bulk-scale characterization techniques, a detailed understanding
of the mechanism of structural modification is not available, yet
such detail is critical for formulating techniques to preserve the ac-
tive form. The work presented here uses a combination of X-ray
Diffraction (XRD), Ultraviolet–visible Diffuse Reflectance Spectros-
copy (UV–vis DRS) and X-ray Absorption Spectroscopy (XAS) to ob-
serve bulk-scale structural transformations in MPA during heating.
These techniques are used during thermal treatment and before
and after isobutane oxidation reactions to show that the ‘‘activa-
tion” process in these catalysts occurs through the expulsion of
Mo–O moieties out of the primary structure; structural changes
initiated by this activation subsequently causes transformation to
catalytically inactive MoO3. High resolution transmission electron
microscopy (HR-TEM) images show that the initial catalyst activa-
tion through the formation of annealing twins in the cubic form of
the anhydrous polyoxometalate – this twinned structure is be-
lieved to be the active form of the catalyst. Subsequent propagation
of the twins results in complete degradation of the MPA to MoO3.

http://dx.doi.org/10.1016/j.jcat.2009.12.007
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Fig. 1. (a) Primary or molecular structure of MPA (H3PMo12O40) consisting of
central PO3�

4 tetrahedron surrounded by 12 MoO6 octahedra – red atoms
correspond to O atoms, violet atoms correspond to Mo atoms and black atoms
correspond to P atoms. (b) Secondary or crystalline structure of MPA (based on
Allman [21] for H3PMo12O40�30H2O) – same atom colors as (a). (c) XRD patterns
collected over MPA samples recrystallized or heat treated at 298 K, 573 K and 773 K
for 90 min. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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These mechanistic insights into the reconstruction process provide
a rational basis for catalyst improvements that would enable the
commercial use of polyoxometalate catalysts. Smaller activation
times can be obtained by modifications that result in faster nucle-
ation of the twins, and longer catalyst lifetimes can be achieved by
utilizing structures that have more stability associated with the
twinned structure or by suppressing twin propagation in the active
phase. We also show how this mechanism accounts for the im-
proved catalytic performance of vanadium-substituted MPA.

2. Experimental methods

2.1. Sample preparation

Commercially available dodecamolybdophosphoric acid (Nip-
pon Chemicals) was dissolved in water to 0.01 M and dried at
293–773 K.

2.2. Transmission electron microscopy

Transmission electron micrographs were collected on a FEI Ti-
tan 80/300 field-emission environmental cell transmission elec-
tron microscope. HR-TEM samples were prepared by depositing a
0.01 M aqueous solution of MPA on a carbon grid and drying at
400 K. HR-TEM images were simulated for all known structures
of MPA using a commercially available MacTempas TEM image
simulation package. Samples were studied at different accelerating
voltages and for different lengths of time to ensure that beam dam-
age was not responsible for any observed structural changes.

2.3. Isobutane oxidation reactions

Reactions were carried out at steady state in a continuous flow,
vertical U-tube quartz reactor. The reactor was fixed in a furnace
with temperature controlled through a thermocouple placed in a
dimple approximately 2 mm above the center of the catalyst bed.
Catalysts were sieved to 125–250 lm particles, and 0.05–0.1 g
was dispersed on the reactor bed. All samples were pretreated in
simulated air (22% O2/Bal He) for 1 h at reaction temperature.
Reactant and product concentrations were measured using an Agi-
lent 6890GC with FID and TCD detection (HP-PLOT Q column).

2.4. X-ray Diffraction

X-ray powder diffraction (XRD) patterns were recorded using a
Scintag X2 Powder Diffractometer with Cu Ka radiation and a scan-
ning rate of 1 deg/min.

2.5. Ultraviolet–visible Diffuse Reflectance Spectroscopy

Ultraviolet–visible (UV–vis) diffuse reflectance spectra (DRS) of
prepared catalysts were obtained using a Varian (Cary 5000) spec-
trophotometer with a Harrick-Scientific Praying-Mantis diffuse
reflectance accessory (DRA) and in situ cell (HVC-DRP). Data were
collected by linear scanning in units of cm�1 over the range of
3500–50,000 cm�1. All samples were ground before measure-
ments, and magnesium oxide was used as reflectance reference.
Reflectance measurements were converted into pseudo-absor-
bance units using the Kubelka–Munk transform [14].

2.6. X-ray Absorption Spectroscopy

Mo K edge EXAFS and XANES data were collected on the inser-
tion-device beam line of the Materials Research Collaborative Ac-
cess Team (MRCAT, Sector 10 ID) at the Advanced Photon Source,
Argonne National Laboratory. A cryogenically cooled double-crys-
tal Si (1 1 1) monochromator was used in conjunction with an un-
coated glass mirror to minimize the presence of harmonics. The
monochromator was scanned continuously during the measure-
ments with data points integrated over 0.5 eV for 0.07 s per data
point. Measurements were made in transmission mode with the
ionization chambers optimized for the maximum current with lin-
ear response (�1010 photons detected s�1) using a mixture of N2

and He in the incident X-ray detector and a mixture of ca. 20% Ar
in N2 in the transmission X-ray detector. A Mo foil spectrum was
acquired simultaneously with each measurement for energy
calibration.
3. Results and discussion

The Keggin form of MPA has three levels of structure associated
with it – primary, secondary and tertiary. The primary structure is
the atomic arrangement (Fig. 1a) and consists of a central tetrahe-
dron PO�4 ion surrounded by 12 MoO6 octahedra [15,16]. The sec-
ondary structure is the crystal structure, and different crystalline
phases are known to exist depending on the extent of hydration
[15,17–21]. Fig. 1b shows the cubic H3PMo12O40�30H2O structure
viewed along the [1 1 0] direction. The secondary structure varies
with the temperature of recrystallization and can be determined
from XRD patterns (Fig. 1c). Recrystallization at room temperature
results in a hydrated structure containing a mixture of
H3PMo12O40�30H2O and H3PMo12O40�13H2O. Treatment at 573 K
for 1 h results in a mixture of anhydrous acid in a rhombohedral
crystalline arrangement [17] and a cubic form, as reported by Wie-
nold et al. [10]. Upon recrystallization from solution at 773 K or
during heat treatment at 773 K, the XRD pattern changes dramat-
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ically and resembles that of orthorhombic MoO3, indicating that
complete decomposition of the MPA to MoO3 occurs at high tem-
peratures. The tertiary structure is found to be dependent on mac-
roscale catalytic properties such as pore size and particle size of the
bulk material.

A typical activation process for isobutane oxidation over MPA at
653 K is shown in Fig. 2a. The yield of methacrylic acid remains ex-
tremely small (�5% selectivity, <10% conversion) until about 80 h
on stream (activation period), after which it increases (15–20%
selectivity, �20% conversion), as similarly shown in previous re-
ports and patents [2–9]. In contrast, materials such as MoO3

(Fig. 2b) are not active catalysts for this reaction. Though the con-
version and selectivity obtained even after MPA activation are
quite low, they can be increased substantially through the addition
of additives. Previous studies [22] have indicated that the use of
substituted MPA can further enhance its performance as a catalyst.
Our studies on H15�x[PMoxV12�xO40], 6 < x < 12 (Fig. 2c) show that
substituting some of the Mo atoms in the primary structure con-
siderably shortens the activation time (20 h vs. 80 h) and increases
methacrylic acid yield. This improvement in catalyst performance
has generally been attributed to the faster ejection of the V atoms
from the primary structure in comparison with Mo atoms in the
native MPA structure; however, there is no clear understanding
of exactly why this should affect the catalyst performance. Other
additives such as Cs, Fe, pyridine and niobium [6,7,23,24] have
been found to increase the lifetime of the active form of the cata-
lyst and improve methacrylic acid yields.

In this study, it was chosen to study the parent MPA form of the
polyoxometalate as a base case, since the activation process is the
same for the derivatives; the homogenous MPA structure allows
for more ease of TEM analysis. While MPA is not necessarily the
most viable catalyst for the production of methacrylic acid, its
characterization provides the most understanding of how these
catalysts activate and deactivate and how they can be changed to
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Fig. 2. Isobutane conversion and selectivity to different products as a function of time o
even after �50 h of reaction) and (c) H15�x[PMoxV12�xO40], 6 < x < 12 (much shorter activ
( ) Methacrolein Selectivity ( ) Acetic Acid Selectivity ( ) Carbon Monoxide Selectivity
this figure legend, the reader is referred to the web version of this article.)
improve their performance. Based on the XRD pattern in Fig. 1c,
it is expected that the anhydrous MPA structures would be precur-
sors to the active form of the catalyst during reaction at 653 K,
most likely in the cubic form as has been previously suggested
[10].

Effects of thermal treatment on the electronic and geometric
structure changes were studied using UV–vis DRS and XAS. UV–
vis absorption spectra collected on the MPA catalyst at various
times during thermal treatment at 773 K are shown in Fig. 3a.
The initial MPA structure shows a single absorption edge at
�2.3 eV, characteristic of O–2p ? Mo–d electronic excitations
and is consistent with previous reports [25,26]. At the initiation
of thermal treatment at 773 K, a shift in the absorption edge to-
wards higher energies is observed. After about 20 min of treat-
ment, the sample shows only one absorption edge at 2.97 eV,
which is characteristic of MoO3 [27]. The variation in the absorp-
tion edges suggests a transition to bulk oxide through the forma-
tion of intermediate structures, possibly due to the migration of
oxometalate species from inside the primary structure (which later
condense to form MoO3). During this decomposition, only one
absorption peak is seen, which suggests that no significant amount
of MoO3 is produced until the end of the reorganization process;
based on our previous studies, [27] if this was not the case, a sec-
ond absorption peak would begin to emerge at �2.97 eV corre-
sponding to the appearance of bulk MoO3. Additionally, an
absorption peak develops at �1.3–1.4 eV, characteristic of d–d
electronic transitions in metal oxides, indicative of a reduction pro-
cess resultant from or causing the structural reorganization at ele-
vated temperatures. Fig. 3b shows the UV–vis absorption spectrum
of a catalytically active MPA sample – the catalyst was activated
during isobutane oxidation at 653 K and then cooled in the reac-
tion atmosphere before transferring the sample into the spectro-
photometer. While the fresh catalyst shows a single edge at
2.3 eV, the catalytically activated sample shows two absorption
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Fig. 3. (a) UV–vis absorption spectra during heat treatment of MPA at 773 K. (b) UV–vis absorption spectra for unmodified (inactive) H3PMo11VO40 and activated
H3PMo11VO40 – activation was carried out by isobutane oxidation at 653 K.
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edges at �2.7 eV and 1.4 eV – clear reduction of the catalyst is ob-
served during activation, and this spectrum suggests a structure
identical to intermediate observations during the thermal treat-
ment studies. It should be noted that UV–vis absorption spectros-
copy is a bulk technique, and the analysis presented here does not
include a quantitative measure of the fraction of Mo atoms that are
reduced during the activation. The reduction of the metal atom has
previously been shown to be important for the activation of the
polyoxometalate structure and is also a major reason most reac-
tions are carried out under reducing conditions
[2,6,11,12,23,24,28,29]. In particular, Davis and coworkers have
shown that the reduction of Mo and V atoms in a vanadium-substi-
tuted polymolybdate structure through the addition of niobium
and pyridine leads to a more active and selective catalyst for the
oxidation of n-butane [23,24].

As is evident from the UV–vis absorption studies presented here
and from previous work, the activation process is associated with
structural changes and these structural changes match with those
that occur during thermal treatment – in fact, thermal stability is
known to be extremely important for catalyst stability [30,31].
Wienold et al. have used a combination of X-ray Diffraction and
X-ray Absorption Spectroscopy to show that the structural evolu-
tion of MPA during thermal treatment under reactive and non-
reactive conditions occurs through the ejection of Mo atoms and
the formation of a lacunary structure [10]. Structural investigations
in this work using UV–vis DRS confirm that the activated bulk
structure matches with intermediate structures obtained during
the thermal reconstruction of MPA by treatment at 773 K and is
similar to those reports mentioned earlier. Because the structural
transformations are the same in both cases and the time period
characteristic of structural changes at elevated temperatures is sig-
nificantly shorter than that required for structural rearrangement
under reaction conditions, all further investigations reported here
utilized thermal decomposition to probe structure reorganization
mechanisms during activation/deactivation mechanisms by simply
heating and holding the catalyst at 773 K.

Changes in the primary structure were further inferred from
XAS. X-ray absorption near-edge spectra (XANES) obtained at the
Mo K edge for MPA during thermal treatment are shown in
Fig. 4a. The intensity of the pre-edge feature (�20.005 keV) in
the Mo K edge XANES has been shown to be a function of the ex-
tent of distortion of the octahedral coordination of the Mo atom
– samples with distorted octahedral coordination (e.g. ammonium
heptamolybdate) show higher intensity than those where the octa-
hedral coordination is undistorted (e.g. MoO3). As seen in Fig. 4a,
the intensity of the pre-edge and hence the coordination of the
Mo atom, which reflects the primary structure of MPA, remain un-
changed on heating to 573 K. This corresponds to changes in the
extent of hydration and is consistent with the XRD patterns re-
ported above. At 573 K, the secondary structure is expected to be
the anhydrous form, as determined from XRD, and is expected to
be the precursor for the active catalyst at 653 K. Further heating
to 773 K and subsequent treatment at that temperature lead to
an increase in the intensity of the pre-edge feature, indicating that
the primary structure is now modified, leading to a distortion in
the Mo coordination. Further information about the local Mo envi-
ronment is obtained from extended X-ray absorption fine structure
(EXAFS) spectra collected at the Mo K edge. The magnitude of the
Fourier Transform for the k2-weighted spectra collected at the Mo
K edge for MPA during heating to and when held at 773 K is shown
in Fig. 4b. Two sets of peaks are observed in the spectrum obtained
at room temperature. An inherent artifact of the data collections
appears at �1.2 Å. Peaks at smaller distances (�1.6 Å) correspond
to scattering from O atoms immediately adjacent to the Mo, and
peaks at larger distances (�3 Å) correspond to Mo, O and P atoms
at larger distances [10]. A decrease in the intensity of peaks associ-
ated with scattering from further neighbors and a simultaneous
change in the intensity of the peak due to the nearest neighbors
is observed. These changes are similar to those observed by Ressler
and coworkers, who fitted this data and concluded that there was a
increase in the Mo–O bond distances during activation [10]. Due to
these changes, the spectrum for the catalyst during treatment at
773 K resembles that obtained for ammonium heptamolybdate
(AHM), which has a highly disordered structure compared to
MPA. The imaginary part of the k2-weighted EXAFS spectra of
MPA after thermal treatment for 1 h matches with that observed
for MoO3 (Fig. 4c), confirming that the final structure formed dur-
ing decomposition is a polyoxometalate species similar to MoO3.
Wienold et al. [10] have previously observed similar changes in EX-
AFS spectra collected from MPA during propene oxidation at vari-
ous temperatures. Since the spectra shown here indicate the same
changes as reported previously, a detailed fitting of the various
bond lengths was not performed. Based on the results of Wienold
and coworkers, it is, however, clear that (a) the structure at reac-
tion temperature (653 K) is the cubic form of MPA, which is exactly
what is expected from the XRD results presented above and that
(b) the degradation results in the migration of a metal oxide entity
from inside the structure to outside the primary structure, i.e. for-
mation of a lacunary structure. The final XAS spectrum after ther-
mal decomposition matches that observed in the Wienold study as
orthorhombic MoO3. Thus, XRD, UV–vis DRS and EXAFS analysis on
the MPA during degradation points to the formation of an activated
lacunary structure and a bulk oxide species formed by polymeriza-
tion of oxides ejected from the primary structure of the MPA – a
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picture that agrees with previous reports based on EXAFS and NMR
studies [10,13,22,30–32]. As mentioned earlier, reaction studies
have shown that MoO3 is completely inactive for methacrylic acid
production (Fig. 2b), verifying that the activated catalyst is the
lacunary Keggin structure and not the metal oxide structures
formed during decomposition.

The combination of these bulk techniques gives an idea of the
average electronic/structural changes occurring during the activa-
tion/decomposition process. However, no specific information is
available on the mode of structural reorganization, yet such infor-
mation is essential to propose methods to improve the catalyst
performance. To understand this mechanism, the degradation of
MPA was studied at the atomic scale using a FEI Titan 80/300
field-emission environmental cell transmission electron micro-
scope. HR-TEM samples were prepared by depositing a 0.01 M
aqueous solution of MPA on a carbon grid and drying at 400 K.
Due to the complex structure of these catalysts in comparison with
simpler metal catalysts usually studied using TEM, interpretation
of these HR-TEM images requires correlation with image simula-
tion approaches. HR-TEM images were simulated for all known
structures of MPA over a range of sample thicknesses and defoci
conditions [33,34]. Comparison of the simulated phase-contrast
image (Fig. 5a overlay over actual image) with the obtained images
(Fig. 5a) and diffraction patterns for the actual (Fig. 5c) and simu-
lated structure (Fig. 5d) shows that the structure observed in the
TEM is the anhydrous cubic form (p�n3m symmetry, a = 11.853 Å)
observed along the [1 1 0] direction (Fig. 5b). While this structure
is expected to be prevalent at higher temperatures (>573 K) based
on the other spectroscopic techniques, and hence is expected to be
the precursor to the active catalyst, it is perhaps stabilized by the
low pressure conditions (�10�7 torr) in the TEM. Further examina-
tion indicates that the bright spherical spots observed in the phase-
contrast image correspond to Mo atoms in the crystal lattice when
viewed in projection along the [1 1 0] direction – the outline of
spherical spots in the image can be matched to a similar pattern
correlated with the Mo atoms in the unit cell (outlined in yellow
in Fig. 5a and b, respectively). Similar matching was also performed
for images collected over other regions of the sample – it is thus
clear that the initial structure is consistent with both XRD and
XAS results presented above. Additionally, no changes were ob-
served due to beam exposure – the initial cubic structure is thus
completely stable, and any changes shown below are due to ther-
mal treatment alone.

The MPA samples were then subjected to heating inside the
TEM, and images were collected using a highly sensitive, high-
frame rate digital camera (Tietz FX114). Images were recorded dur-
ing sample heating and also time resolved at 773 K. Varying heat-
ing rates were used, and it was found that similar phenomena
occurred in all cases. Phase-contrast images collected on a sample
at 773 K and held at constant temperature are shown in Fig. 6a–c.
In these figures, the presence of annealing or transformation twins
is clearly seen; the lattice shows mirror symmetry across the
boundary outlined in Fig. 6a [33] (twinning plane). This can be con-
firmed from the Fast Fourier Transform of the deformed structure
(Fig. 6d). It is seen that the diffractogram spots corresponding to
the ½1 �11� planes are elongated, indicating that the twinning plane
corresponds to the ½1 �11� plane of the crystal and rotation of the
crystal occurs through 180� (into the plane of the paper) on either
side of this plane. This can be confirmed by creating a MPA crystal
wherein part of the crystal is rotated through 180� around the
½1 �11� plane (Fig. 6e – the section of the crystal in the black rectan-
gle has been rotated) and used as input for simulated TEM images
for this structure. The simulated image (Fig. 6f) matches with the
experimental images during thermal treatment, confirming that
twinning through rotation about the ½1 �11� plane is occurring. It
is also observed that the twin boundary propagates across the crys-



Fig. 5. (a) Phase-contrast electron micrograph obtained for recrystallized MPA on a C film. The overlay shows a simulated image obtained for the cubic form of the anhydrous
acid [10], which is shown in (b) viewed along the 110 direction – red atoms correspond to O atoms, violet atoms correspond to Mo atoms and black atoms correspond to P
atoms. The bright spots in the experimental image in (a), outlined by the yellow rectangle, correspond to the position of the Mo atoms in (b), outlined by the yellow rectangle.
(c) Shows the Fast Fourier Transform (FFT) of the experimental phase-contrast image and (d) shows the simulated phase-contrast image. Diffraction spots are mapped in the
FFT of the actual image. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tal surface as the decomposition occurs (see Supplementary Movie
S1). The time scale for this twinning process is on the order of min-
utes, which is consistent with the time scale associated with the
reorganization observed using bulk-scale structure characteriza-
tion techniques. Additionally, this twinning is found to occur in
multiple places in the sample. The final structure obtained during
decomposition in the TEM is a highly crystalline bulk structure
(Fig. 6g) whose FFT matches with that obtained for MoO3. The ini-
tial MPA structure shows an electron energy loss (EEL) spectrum
with the Mo–M4,5 absorption edge at 227 eV (Fig. 6h). The shape
of the edge is characteristic of the local environment seen by Mo
in MPA and changes drastically after heating. Comparison of the
EELS spectrum collected after the decomposition process with that
obtained for MoO3 (Fig. 6h) confirms that the local structure seen
by Mo in the completely decomposed sample is the same as in
MoO3. It is, therefore, clear that the decomposition process ob-
served in the TEM is identical to that observed by the other char-
acterization techniques.

The twinning deformation and its propagation shown in our
HR-TEM studies are clearly critical to the structural reorganization
of the MPA structure. However, without simultaneous monitoring
of the catalytic activity, it is not possible to pinpoint whether the
twinning is responsible for the activation process or the subse-
quent deactivation. The long-time scales and issues such as sample
drift at higher temperatures required for activation under reaction
conditions make this kind of in situ study infeasible. The similarity
of the surface before and after twinning and the fact that it occurs
on the cubic form of the MPA – which is the precursor to the active
catalyst during reaction – suggests that the twinning phenomenon
is more likely to be associated with the activation process. It is
hypothesized that the vacancies created by the migration of Mo
atoms to outside the primary structure provide nucleation sites
(as seen in XAS) for the twinning to begin, resulting in the activa-
tion of the entire structure. Fig. 6e was simulated by removing Mo
atoms at the interface of the twin, i.e. at the plane at which the ro-
tated structure and the initial structure joint. The resultant struc-
ture contains a variety of Mo atoms with Mo–O bond distances
and Mo–O–Mo bond angles different from the initial form. Changes
in the extent of twinning would thus result in a disorganized form
consistent with the XAS spectrum shown previously. It is our
hypothesis that this highly strained twinned structure forms the
basis of active sites for the isobutane oxidation reaction.

Additionally, the stability of the twinned structure determines
the lifetime of the catalyst. It is our belief that some of the
improvement seen in the performance of MPA though the incorpo-
ration of different elements into the structure is because of their ef-
fect on the twinning process [6,7,11,28,34]. As has been mentioned
earlier, studies on H15�x[PMoxV12�xO40], 6 < x < 12 [22] have shown
that activation is accompanied by ejection of V from the primary
structure. Based on our studies on the mechanism of MPA activa-
tion, the greater ease of V removal in H15�x[PMoxV12�xO40],
6 < x < 12 in comparison with Mo removal in H3PMo12O40 would
result in faster formation of transformation twins and hence faster
activation, consistent with our reaction results (Fig. 2c). The addi-
tion of other additives (e.g. Cs) [9,11,31] has been shown to in-
crease catalyst lifetime, and our results suggest that this may be
due to the formation of an MPA structure that is either more robust
to the presence of twinned planes and vacancies or one wherein
the propagation of twins is inhibited. Direct correlation between
comprehensive bulk characterization methods and real-time
images of atomistic mechanisms such as these provide unprece-
dented insight into the activation and deactivation of complex cat-



Fig. 6. (a–c) HR-TEM video-rate images obtained from MPA samples treated at
773 K in situ. (d) Diffractogram obtained from (a). (e) Crystal structure wherein part
of the MPA crystal (outlined by black rectangle has been rotated by 180� around the
½1 �1 1� plane and (f) simulated image for the twinned structure shown in (e) – this
matches with the zigzag patterns in (a–c). (g) Phase-contrast image of crystalline
structure obtained after 20 min of treatment at 773 K and (h) EEL spectra collected
from MPA, MPA after thermal treatment, and a reference spectrum from bulk MoO3.
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alysts and offer guidance for the synthesis of robust, efficient
structures.
4. Conclusions

Structural transformations in dodecamolybdophosphoric acid
(MPA) were investigated during thermal treatment as a method
to understand transformations associated with the activation and
deactivation of the catalyst during isobutane oxidation reactions.
XRD, UV–vis DRS and XAS studies indicate that complete decom-
position of catalytically inactive molybdenum oxide occurs on
thermal treatment through the elimination of a Mo–O moiety from
the primary structure. XRD studies show that the crystal structure
of MPA changes with the extent of hydration of the crystal and that
the precursor to the active catalytic form for isobutane oxidation at
653 K is most likely the cubic anhydrous structure. UV–vis DRS re-
veals that decomposition of the catalyst proceeds to MoO3 and a
reduction process is associated with this decomposition. X-ray
absorption near-edge spectra indicate a transformation in the Mo
atom coordination and along with EXAFS show the transition from
the highly ordered MPA structure to a disordered structure akin to
ammonium heptamolybdate, before decomposition to MoO3. High
resolution transmission electron microscopy was used for the first
time to investigate these changes at the atomic level. Atomic reso-
lution images of the MPA structure during the thermal treatment
reveal that vacancies created due to ejection of the oxomolybdate
species act as a nucleation site for the creation of annealing or
transformation twins. The propagation of these twins results in
complete decomposition of MoO3, as also seen from other tech-
niques. Manipulation of the properties of the materials affecting
the rate of nucleation of the twins, and their propagations can lead
to the development of highly active and stable MPA derivatives for
the catalysis of isobutane oxidation.
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