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We use aberration corrected high-angle annular dark field (HAADF) imaging to systematically study,
atomic column by atomic column, the effects of substituting Nb or Ta into the M1 phase of the
MoV(Nb,Ta)TeO propane (amm)oxidation catalyst. The HAADF results indicate that the x,y coordinates of

Keywords: the metal sites within the M1 framework are unaffected by the substitution of either Nb or Ta for Mo. The
Aberration-corrected STEM HAADEF analysis of the Ta-substituted catalyst demonstrated that the Ta preferentially substitutes into
HAADF the pentagonal bipyramidal site, and by analogy, we anticipate that Nb substitutes similarly.
M1/M2 Compositional analysis of the entire framework suggests that Ta/Nb behaves as a director of V among
Mggs'?:c? the octahedra that link the pentagonal rings, and the variable V occupancy may be correlated with

variations in catalytic activities and selectivities. Finally, HAADF imaging provided evidence of

Propane oxidation . . . .. . . .
p coexistence of Ta-rich and Ta-poor domains. Similar phase segregation behavior may be present in Nb-

substituted specimens, but would be very difficult to detect.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Due to the cost differential between propene and propane, the
former being derived from crude oil and the latter from natural gas
sources, development of processes in which paraffin feeds replace
existing olefin feeds are highly desirable. Of relevance to the
current study, development and commercialization of selective
oxidation and ammoxidation catalysts to make acrylic acid and
acrylonitrile, respectively, from propane has significant economic
value. At present, the best candidate for the (amm)oxidation of
propane involves two-phase synergistic interplay of quinternary
oxides in the Mo-V-Nb-Te-O system, with both mixed site
occupancies and valences [1-22]. The two phases on which this
catalyst system is based were initially identified in a patent by the
Mitsubishi Chemical Company and have come to be identified as
“M1” and “M2” [17,18,20]. M1 is the majority phase and has an
orthorhombic molybdenum bronze structure. Similar to the
frameworks of Mos0¢4 and Mo,704,, the M1 phase is built from
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center-occupied pentagonal rings that are linked together by
corner-sharing octahedral sites (Fig. 1) [6,7].

The arrangement of these linkages is such that hexagonal and
heptagonal open channels are present, which can be vacant or
occupied by intercalated species. The M1 phase can be described
with the generic formula {TeO};_,:(Mo,V,Nb);002s, where the
{TeO} moieties are intercalated in hexagonal (and also sometimes
heptagonal) channels of the framework [7,22,23]. Based on
diffraction data, vanadium is found to predominantly occupy
the octahedral sites that link the pentagonal rings, and it has been
assumed that the Nb occupancy is essentially restricted to the
pentagonal centers [6,7,22]. One purpose of this paper is to
examine the validity of this assumption.

Motivated by the initial success of the M1/M2 catalyst, the focus
of a significant number of studies has since been directed at
improving the existing four-component formulation through
variations in the M1 composition [3,4,8,24-38], phase fractions
split between M1 and M2 [10,14], or the substitution or removal of
framework elements [3,4,8,24-38]. Examples of these structural
variations include the exclusion of Te and/or Nb (MoVO, MoVTeO)
[38,39], using Sb in place of Te (MoVSbO and MoVNbSbO) [3,4,24-
26,29,30,33,38], substitution of Nb by Ta (MoVTaTeO) [8,10], or
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Site Mo-V-Te-Nb-O ) Mo-V-Te-Ta-O )
Refined Occupancies | Refined Occupancies

31 74% Mo—-26% V 100% Mo

52 38% Mo--62% V 37% Mo--63% V

S3 58% Mo—42% V 34% Mo—84% V

sS4 100% Mo 100% Mo

S5 100% Mo 100% Mo

S6 100% Mo 100% Mo

s7 68% Mo-32% V 59%Mo--41%V

s8 100% Mo 100% Mo

s9 100% Nb 56% Mo—44% Ta

S$10 100% Mo 100% Mo

S11 100% Mo 100% Mo

512 74% Te—26% Vacant 87% Te—33% Vacant

S§13 20% Te--80% Vacant 18% Te*--82% Vacant
* The refinement yielded unreasonable Te-O distances

Fig. 1. The atomic framework for the orthorhombic M1 phase with distinct metal sites labeled. The table lists the refined occupancies for the MoVTeNbO [7] and the
MoVTeTaO [8] catalyst. A full structural model listing the x,y coordinates, site occupancies, and atomic positions for oxygen developed by simultaneously refining powder X-
ray and neutron data proposed by DeSanto et al. can be found for the MoVTeNbO catalyst in Ref. [7] and the MoVTeTaO catalyst in Ref. [8]. A detailed HR-STEM study providing
slight adjustments to the Mo/V occupancy in site S4 can be found in Ref. [22]. The red circles indicate the four different fixed reference points used for assessment of the

fractional atomic coordinates.

intercalation of Bi and Cs into the hexagonal and heptagonal
channels, respectively [31,40]. Variations in the framework
composition lead to catalysts with a substantial range of activities
and selectivities for the (amm)oxidation of propane
[10,14,15,30,38].

In this report, we directly interpret atomic resolution images
acquired from an aberration-corrected JEOL2100F TEM operated in
the scanning transmission electron microscope (STEM) mode to
systematically evaluate (site-by-site) the variations in the atomic
coordinates and atomic column occupancies in the M1 structure.
The favorable projection along a (00 1) direction, in which the
crystallographically inequivalent metal sites do not overlap,
permits us to extract elemental occupancies directly from Z-
contrast STEM images [22,23]. The goal is to extract meaningful
correlations between catalytic activity/selectivity and the compo-
sition of the M1 framework. Using these relationships, a better
understanding of the catalytic mechanism for propane (amm)ox-
idation can be developed.

Analysis of microscopic single crystals by TEM eliminates
interference from trace impurities that can compromise bulk
techniques in the study of multicomponent complex oxides [7,15].
The enhanced resolution provided by aberration-corrected micro-
scopes has been demonstrated in several structural studies, with
some examples including the observation of single fullerene (Cgp)
molecules attached to carbon nanotubes, and sub-Angstrom direct
imaging of single gold atoms and dimers [41,42]. For systems
closely related to M1, HAADF STEM was used to image the
occupancy of Cs ions in the channels of Csgs5[NbysW55014] [31].
Recently, we have closely studied the orthorhombic M1 structure
of the four-component MoVTeNbO catalyst prepared using two
different synthetic procedures [23]. These results demonstrated
the sensitivity of the composition of the M1 phase to synthetic

conditions. The sample prepared using slurry methods exhibited
Te filling in both the heptagonal and hexagonal channels, whereas
the hydrothermal method only showed Te in the hexagonal
channels [23]. Furthermore, subtle variations in the contrast of
mixed Mo/V atomic columns suggested further compositional
differences between the two catalysts [23].

In this study, we report on the effect of Group V transition
element substitution on the M1 framework structure. The high Z
of Ta, as a site-specific substitution for Nb, provides us with an
indirect probe to test the proposed location of Nb in the M1
framework; Ta is chemically very similar to Nb, being isoelec-
tronic, of similar radius, and forming similar compounds. Nb is
indistinguishable from Mo using standard X-ray or electron
methods; in the present case with Nb®>* and Mo®*, we have
isoelectronic species with nearly identical radii such that the
form factors are very closely matched [7]. Usually, such
problems with X-ray and electron contrast from similar or
isoelectronic elements are overcome by using neutron diffrac-
tion, for which the nuclear scattering mechanism is isotope-
dependent. In this instance, however, *>Nb and the natural mix
of Mo isotopes (°>Mo-"'°°Mo) leave us with insufficient contrast
differences, since the coherent neutron scattering cross-section
for Nb is 6.23 barns, as compared with 5.80 barns weighted
average for natural Mo [43]. Substitution of Nb by Ta provides
significant contrast for both electron and X-ray approaches. In
an earlier study, the structural consequences of Ta substitution
for Nb were explored by simultaneous Rietveld refinement of X-
ray and neutron data [8]. In this study, we use the differences in
electron scattering cross-section, including specimens substi-
tuted with Ta, to characterize coordinates and occupancies in
individual atomic columns by HAADF imaging, and we compare
with the prior Rietveld results. In doing so, we will also make
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comparisons of the three-component MoVTeO with the four-
component MoVNbTeO and MoVTaTeO catalysts.

2. Experimental methods
2.1. Catalyst preparation

Two different synthetic approaches were used for the synthesis
of the M1 specimens examined in this study. The Ta-substituted
M1 phase was prepared using previously published slurry methods
[8] at ambient pressure and yielded nearly phase pure M1. This
sample was the same as that used for the structure refinement
described by DeSanto et al. [8a] for MoVTeTaO and will be referred
to as M1-Ta. The last two M1 catalysts were made using
hydrothermal synthesis, combining appropriate amounts of
ammonium heptamolybdate hydrate ((NH4)g[Mo0,0,4]-4H,0),
vanadyl sulfate (VOSO4), niobium oxalate (Nb(HC;04)s-6H,0),
and tellurium oxide (TeO,) at 175°C for 48 h or 72 h under
autogenous pressure (~8.9 bar) to yield either the MoVTeO or
MoVTeNbO, respectively. After the synthesis, the solid product was
filtered, washed several times with de-ionized water, and dried at
80 °C overnight. The products were then calcined in a flow of ultra-
pure N, at 873 K (MoVTeNbO) or 773 K (MoVTeO). All samples
presented in this study were fresh catalysts characterized after
calcination. These samples will be referred to as M1-Mo and M1-
Nb for the MoVTeO and MoVNbTeO samples, respectively. Table 1
provides the sample ID, the nominal synthetic composition and
preparation procedure, previous catalytic results, and the asso-
ciated references providing catalytic details.

2.2. Electron microscopy

Aberration-corrected HR-STEM was used to image the materi-
als with a JEOL 2100F equipped with a CEOS Cs-corrector on the
illumination system at the Electron Microscopy Center of the
University of South Carolina. The geometrical aberrations were
measured and controlled to provide less than a 7r/4 phase shift of
the incoming electron waves over the probe-defining aperture of
14.5 mrad or 15.4 mrad. HAADF STEM images were acquired on a
Fischione Model 3000 HAADF detector with a camera length such
that the inner cut-off angle of the detector was at least 65.6 mrad.
The scanning acquisition was synchronized to the 60 Hz AC
electrical power to minimize 60 Hz noise in the images and a pixel
dwell time range between 7 ps and 32 s was selected. Each
sample was prepared for STEM by finely grinding the as-prepared
catalyst specimen and then dipping a holey-carbon coated Cu grid
into the powder.

2.3. Micrograph analysis/interpretation

2.3.1. Metal site coordinates

Because the M1 structure has no overlapping crystallographi-
cally distinct metal sites in the (0 O 1) projections, direct extraction
of fractional x and y atomic coordinates is possible. These
coordinates were determined by placing an adjustable grid across

Table 1

the unit cell. This adjustable grid was necessary to compensate for
the rastering and sample drift distortions. To minimize the
influence of these distortions, each metal coordinate site within
the first quadrant of a chosen unit cell was measured and averaged
for four different reference points [(0,0), (0,0.5), (0.5,0), (0.5,0.5)],
corresponding to projections of the binary axes for Pba2 (Space
Group No. 32) [44] symmetry; these are labeled in Fig. 1 (red
circles). By using four reference points fixed by symmetry, we
effectively cut in half the maximum distance that any given atomic
column lies from the nearest point of reference. By sampling with
respect to each of the four nearest reference points, the systematic
errors due to the rastering distortions and environmental
disturbances cancel (ideal case) and the average of the measured
fractional x,y coordinate best reflects the true atomic position
within the unit cell.

2.3.2. Metal site occupancies

We made the following assumptions when calculating the site
occupancies and comparing HAADF-STEM contrast levels between
different crystallites: (1) the observed intensities follow the 72
Rutherford scattering relationship [45,46], (2) within a unit cell,
the thickness of the crystal was assumed constant, (3) scattering
contributions from oxygen were only considered at positions
superimposed in the (001) projections with the metal site
columns, (4) a constant integration area was appropriate for all
metal framework sites, and (5) the background was constant
throughout the unit cell. Using these assumptions, the total
intensity for each atomic column was calculated by integrating the
individual pixel intensity for each framework site. The background
from several empty heptagonal channels in the vicinity of the unit
cell of interest was averaged and then subtracted from the
integrated intensity of each site. The contrast ratio shown in
several figures below was calculated by taking the raw intensities
after background subtraction and was normalized by the average
intensity of the five octahedral members of the pentagonal ring.
This normalization approach was used because we expect the
occupancy of pentagonal ring octahedral sites to be at or very close
to 100% Mo based on the prior refinements of the MoVTeNbO and
MoVTeTaO M1 phases [7,8]. This normalization procedure allows
direct comparison of the occupancy of all other sites using the
contrast ratio, and variations within the pentagonal ring octahedra
can be examined as a test of the normalization assumption.

3. Results and discussions
3.1. Qualitative structural analysis

[solated, thin crystallites from the M1-Mo, M1-Nb, and M1-Ta
specimens were oriented for (00 1) zone observation. A repre-
sentative image for each of the three catalysts is shown in Fig. 2,
where the a and b axes are indicated. In all three images, the atomic
columns are well-resolved and exhibit the expected orthorhombic
framework (Fig. 1). Furthermore, there are clear contrast variations
among the atomic columns throughout the image reflecting
occupancy differences across the framework structure. Contrast

Table listing the sample ID, nominal synthesis composition, preparation technique, catalytic yield for acrylonitrile, and references providing complete catalytic information.

Catalyst performance, composition, and synthetic methods for MoVTe(Nb,Ta)O

ID Nominal metal composition Preparation method Acrylonitrile yields (%) Reference
M1-Mo Mo+ 00Vo.49 Teo.17 Hydrothermal 8 [48]
M1-Nb Mo1.00Vo31Nbg 14Teg 27 Precursor slurry 43 [7,10]
M1-Ta Mo+ 00Vo.31Tao.10T€0.22 Precursor slurry 41 [8a,10]
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Fig. 2. HAADF image of (a) M1-Mo, (b) M1-Nb, and (c) M1-Ta looking down the [0 0 1] or [001] projections. The a-b axis vectors represent the edges of single unit cells in each
case. Note the low contrast associated with the atoms in the filled hexagonal ring enclosed within the box in part (a) and the high contrast observed for the pentagonal centers
indicated by the arrows in part (c). Note that the images shown have not been processed or altered in any way.

within the pentagonal octahedral sites remains fairly constant for
each sample, reinforcing our normalization assumption. Qualita-
tively, in Fig. 2a, the hexagonal ring enclosed in the white box in the
M1-Mo catalyst appears to be systematically lower in contrast
than the equivalent features in the M1-Nb and the M1-Ta catalysts.
This suggests that this sample may contain higher vanadium
occupancy in these sites.

A second distinctive feature can be observed in Fig. 2c: the
atomic columns in the pentagonal centers of the M1-Ta specimen
(white arrows) display very high contrast compared to those in the
M1-Nb and the M1-Mo catalysts. This result suggests that this site
contains a higher concentration of Ta compared to the rest of the
structure. This is a key result, since it confirms the preferential
position of Ta in the pentagonal center, as reported on the basis of
diffraction data by DeSanto et al. for the same Ta-containing M1
catalyst [8]. This also reinforces the proposed position of Ta by
Yamazoe and Kihlborg in an earlier study where dilute Ta
substitution was used as a structural stabilizer for single crystal
studies of Mos014 [8b]. Another implication of this result is that it
implies that the location of Nb in the M1-Nb structure is indeed in
the pentagonal center, as has been previously assumed, provided
that an isomorphic substitution of Ta for Nb does occur as we
expect.

3.2. Quantitative analysis of x,y coordinates

The fractional x,y coordinates for all three catalysts were
directly measured from the HAADF images and are displayed in
Fig. 3, along with those calculated from the Rietveld refinement of
DeSanto et al. for the MoVNbTeO catalyst [7]. The x,y coordinates
from the STEM images were consistent with each other and with
the calculated coordinates derived from the Rietveld refinement
model, with the exception of intercalation site, S13. In each of the
three catalysts analyzed, the heptagonal channels were found to be
vacant. A detailed comparison between the M1-Nb sample
prepared hydrothermally and the MoVTeNbO sample prepared
using the slurry method used in the Rietveld refinement study by
DeSanto et al. can be found in Ref. [23], where it was shown using
HAADF imaging that site S13 was partially occupied in the
MoVTeNbO sample prepared using slurry techniques. The vacant
heptagonal channels in the M1-Ta sample were not consistent with
the Rietveld model for the same catalyst, but in that case the
heptagonal channel occupancy was reported as questionable due
to unreasonable metal-oxygen bond distances [8]. In all cases, the
uncertainties in the measurements were small compared with the
size of the symbols in Fig. 3, and the typical deviation was within
the range of 0.05-0.15 A.

For the measurement of the atomic coordinates, the method of
using four points of reference, as discussed above, allowed for
measurements that minimize the influence of rastering distor-
tions. However, the symmetry requirements of the Pba2 space
group dictate that site ST must be located at (0,0) and site S2 must
be at (0,0.5), since these are on the reference points. Therefore, the
slight shifts in the relative positions of these two metal sites can be
used to assess the magnitude of residual error/uncertainty from
sample drift or rastering distortions not fully accounted for by the
averaging. Making adjustments based on these symmetry-
restricted points, the remaining contributions to the error in the
fractional positions that can be attributed to the distortions are on
the order of 0.10 A (Fig. 3). Using this estimate as a benchmark for
the random and systematic errors, any deviations in the fractional
coordinates that are systematically much larger than 0.10 A should
be considered significant and suggest that an adjustment to the
Rietveld model may be needed. However, the variations in the
fractional coordinates for all metal sites are small, suggesting that
no revision to the refined atomic coordinates reported by DeSanto
et al. for both the MoVTeNbO [7] and the MoVTeTaO [8] Rietveld
models is needed at this level of precision.

An important result is that the removal of Nb or the
replacement of Nb with Ta does not have a significant effect on
the coordinates of the framework metal sites. This suggests that
the significant variations observed for the catalytic performance of
the M1 catalyst are related to changes in the chemical composition
of the catalytic surface, and structural strain or metal distance
variations are unlikely to be responsible for variations in catalytic
properties. However, this analysis does not take into account the
influence of defects on the observed catalytic properties. We are
currently analyzing both the influence of compositional variation
and the effect of crystalline order and defects on the observed
activity/selectivity as various elements are added or removed (e.g.
Nb, Ta, Te, and Sb).

3.3. Quantitative analysis of occupancies

The contrast ratio for each site, referenced against the average
pentagonal ring octahedral site contrast, was calculated for all
three samples and is shown in Fig. 4a. The contrast results from
analyses of the three samples were then compared with the
expected contrast ratios as predicted from the Rietveld refinement
models from both the MoVTeNbO [7] and MoVTeTaO [8] catalysts.
Overall, the comparison of the M1-Mo and the M1-Nb contrast
ratios, as measured directly from raw HAADF images, is largely
consistent with the contrast ratios calculated from the refined M1
structural models [7]. The same is observed when comparing the
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Fig. 3. Comparison of the fractional coordinates for each of the metal sites measured
directly from HAADF images and the coordinates from the Rietveld refinement by
DeSanto et al. [7]. The reference image shows the position of each metal site within
one unit cell quadrant. In all three of the M1 catalysts studied, metal site 13 was
vacant.

M1-Ta measurements with the refined MoVTeTaO contrast ratios
[8]. In both cases, the sites that were predicted to have mixed
occupancy displayed variable contrast compared to those expected
to be pure Mo sites. For all samples, the Te composition in the S12
site from HAADF was significantly lower than expected from the
Rietveld models. This apparent discrepancy was expected, how-
ever, since Te is highly volatile under TEM illumination [3];
previous experience using conventional bright-field high resolu-
tion TEM imaging of MoVTeNbO yielded images with completely
vacant heptagonal and hexagonal channels due to beam-induced
Te sublimation [7]. Some of the Te is retained under the gentler
STEM operating conditions used in this study, but partial
sublimation remains.

Close examination of the measurements for the sites with
mixed occupancy (i.e. S1, S2, S3, S4, and S7) showed significant
variations among the three catalyst samples, as shown in Fig. 4b.
For sites S1, S4, and S7, there was a clear trend of decreasing V
content with the substitution of Nb or Ta for Mo in the sequence:
M1-Mo > M1-Nb > M1-Ta. For site S3, the trend order reverses for
Nb and Ta samples: M1-Mo > M1-Ta > M1-Nb. Finally, the trend
for vanadium content in site S2 follows the order: M1-Ta > M1-
Nb > M1-Mo.

As reported in our previous HAADF papers [22,23], the V
content attributed to site S4 based on HAADF contrast was in
conflict with the full Mo occupancy indicated in the Rietveld
models [7,8]. Although it could be argued that near-surface
enrichment of vanadium could explain difference between HAADF
results and diffraction results, we believe that a more likely
explanation is that the occupancy of the S4 site may have been
prematurely locked at full Mo occupancy in the course of the ~200-
parameter Rietveld fitting process. Re-evaluation of these Rietveld
datais in progress to test this. Looking back at the structural model
in Fig. 1, it is reasonable to expect that site S4 would have similar
occupancy to S7, due to geometric similarity; where site S7 shows
~30% V occupancy. Comparing the HAADF contrast for S4 with S7
supports the contention that these sites have similar occupancies.
The observation of V in site S4 is also consistent with a recent
Rietveld refinement of X-ray data from a hydrothermally prepared
MoVTeNbO catalyst by Murayama et al. [16].

In comparing the Rietveld model for M1-Ta with HAADF results
from multiple crystallites taken from the same specimen, we also
note that the vanadium content of S3 and S7 is consistently lower
from the HAADF analyses. The Rietveld refinement model showed
64% V in S3 and 41% V in S7 [8], as compared with 30% and 15%,
respectively, based on HAADF contrast. As we will discuss in the
next section, the M1-Ta specimen shows evidence of unmixing into
Ta-rich and Ta-poor domains, therefore, the significance of the
Rietveld-based bulk average model should be carefully interpreted
in terms of the occupancies.

Based onour results, it appears that the overall vanadium content
in the octahedral sites that link together the pentagonal rings
decreases as the occupation of the S9 site by Nb or Ta increases. This
may be a consequence of the electroneutrality constraint, since we
are replacing Mo (Group VI) with a Group V element. The pattern of
occupancies, however, is such that the decreased vanadium
occupation overall does not arise from a simple linear decrease in
each of the individual octahedral sites. The shifts in site preferences
with S9 occupation seem to involve some additional chemical
influences that have yet to be recognized.

3.3.1. Phase segregation in the MoVTaTeO M1 system

During the analysis of several different M1-Ta crystallites,
(00 1) HAADF images revealed the presence of two distinct M1
phase compositions based on HAADF contrast analysis. Comparing
(0 0 1) HAADF images from three crystallites (Fig. 5), it is apparent
both visually and with quantitative contrast analysis that there
exist Ta-rich and -poor domains or particles. Fig. 5(a) and (c) are
typical of the Ta-rich phase with distinctively bright contrast for
the pentagonal centers (site S9). Fig. 5b shows different contrast
patterns, where the pentagonal centers do not show the high S9
contrast. Based on our limited sampling, it appears that the Ta-rich
phase is dominant for this particular preparation. Quantitative
contrast analysis is provided in Fig. 6 showing a comparison of the
three particles from Fig. 5.

The contrast ratios measured for particles 1 and 3 are consistent
with one another across all sites and indicate a consistent
composition in those domains that exhibit bright contrast in the
pentagonal centers. However, comparing with particle 2, several
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atomic sites show significant contrast variations. In addition to
differences in the contrast levels for S9, major discrepancies are
also found for sites S1 and S2, the two binary axis sites in the unit
cell. For site S1, the Ta-rich domains show ~0% V occupancy,
whereas the Ta-poor domains show ~25% V. For site S2, the Ta-rich
domains show ~64% V and the Ta-poor domains show ~20% V. In
both cases, the occupancies are somewhat different from the
Rietveld model, with the Ta-rich domains giving closer agreement
than the Ta-poor, consistent with the Ta-rich domains being
dominant [7,8]. This phase coexistence phenomenon may indicate
the presence of a miscibility gap. Likely differences in catalytic
properties of preparations with homogeneous and heterogeneous
Ta distribution have yet to be explored.

In exploring the domain structure of M1-Ta more carefully, we
examined various regions around each of the particles to identify

spatial patterns in the bright contrast S9 sites. Examples at various
magnifications are displayed in Fig. 7. The HAADF image in Fig. 7a
was taken from a position near the center of the same particle used
in Fig. 6 (i.e. particle 2) and is reproduced from Fig. 5b for purposes
of direct comparison. The image in Fig. 7b was obtained at near the
edge of the same particle. Close examination shows evidence of
high Ta concentrations in the S9 pentagonal centers since these
sites exhibit high contrast compared to the same pentagonal
positions in Fig. 7a. Estimates of the atomic contrast ratios from
this edge region of particle 2 (not provided) are roughly consistent
with those measured from particles 1 and 3 (Fig. 6). These results
provide evidence of two distinct compositions that coexist within
the same contiguous particle (i.e. coherently intergrown). The
image in Fig. 7c, obtained from particle 2, shows an additional
section of the particle edge exhibiting a mix of high and low

Fig. 5. (a) HAADF image showing a M1-Ta particle exhibiting enhanced contrast in the pentagonal centers. (b) HAADF image showing a different M1-Ta particle exhibiting
diminished contrast in the pentagonal centers. (c) HAADF image showing a third M1-Ta particle exhibiting enhanced contrast in the pentagonal centers.
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Fig. 6. Comparison of the atomic column contrast ratios as a function of site position for three different particles from the M1-Ta sample and the expected contrast ratio based
on the refined MoVTeNbO [7] and the MoVTeTaO [8] M1 structural models of DeSanto et al.

contrast pentagonal centers (white versus red arrows). Local
clustering of these high or low contrast S9 sites is consistent with
phase separation rather than simple disorder, but no distinct
domain walls are observed. This may simply indicate that the
domain wall energies are low. The images in Fig. 7b and c also show
that the Ta-rich domains of the multiphase particles are primarily
found to be near the edges of the crystal, suggesting that the
segregation may be influenced by either crystallite thickness or
proximity to surfaces of the (001) zone. This might have
important implications for the catalytic performance.

It is interesting to contemplate the likely possibility that there
may also be Nb phase separation in the M1-Nb system, by analogy
with the M1-Ta. There would be no easy way to detect this from
diffraction data, and evidence from HAADF would have to be
indirect in the form of bimodal vanadium occupancies in
contiguous unit cells. This hypothesis is consistent with recent
low energy ion scattering (LEIS) studies by Guliants et al. on the
MoVTeNbO catalyst [12]. The results from the LEIS study indicated
an enrichment of Nb of ~55% at the surface of the M1 crystals
compared to the bulk ICP results [12]. Since the M1 habit is
typically that of long needles, this observation of surface
enrichment of Ta towards the long lateral faces perpendicular to
the a-b plane supports the claim of Guliants et al. for surface Nb-
enrichment, since the bulk LEIS study would preferentially sample
these same lateral faces. These lateral faces would constitute a
large percentage of the exposed crystal facets in a sample with a
needle-like morphology. However, further HAADF analysis of

many M1 crystallites is required to better demonstrate and
understand the occurrence of the Ta segregation behavior and to
search for indirect evidence to support segregation of Nb-rich and -
poor domains.

3.4. Structure-catalytic property relationships

The greatest challenge to development of a full understanding
of the catalytic mechanism is in the isolation of the various factors
that affect the observed catalytic performance. Some of these
factors include the need for complex synthetic strategies that often
lead to the coexistence of multiple complex phases, accurate
identification/quantification of each individual phase, the degree
of crystallinity, the particle morphology, and the solubility/
location of each element within each phase. Due to these
complexities, debate still exists over whether the catalysis occurs
on well-organized and isolated active sites located on (0 0 1) faces
[10,11] or if an amorphous overlayer is all that is required [47],
since the (00 1) faces comprise only a very small fraction of the
overall exposed surface due to the needle-like morphology.

In this work, we used aberration-corrected HAADF imaging to
evaluate the chemical and structural changes that occur upon the
substitution of Nb and Ta into the M1 framework. The results
demonstrated that the addition of either of these elements does
not change the positions of each atomic column, but does change
the occupancies within these columns. Previous studies using
phase-pure samples have shown that the addition of Nb to the M1

Fig. 7. (a) HAADF image showing the M1-Ta particle from Fig. 5 (particle 2) with the diminished contrast in the pentagonal centers. (b) HAADF image from the edge of the same
particle showing a region of the particle at the edge of the crystal showing pentagonal centers with enhanced contrast. (c) A second HAADF image of the edge of the same
particle as part (a) and (b) showing some pentagonal centers with enhanced contrast (white arrows), and others nearby with diminished contrast (red arrows). In both (b) and
(c), the bright pentagonal centers indicate possible Ta segregation to the crystal surfaces perpendicular to the (0 0 1) direction of the M1-Ta crystallite. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 8. Rendering of the M1 framework highlighting the proposed M1 active site
[11].

catalyst provides a ~20% increase in the selectivity of acrylonitrile
[38]. A second study using phase-pure M1 demonstrated that the
substitution of Ta into the framework produced a catalyst with
comparable acrylonitrile yields to those from the Nb-substituted
M1 catalysts [10].

Using the site isolation model and assuming that catalysis
occurs on an organized active site as depicted in Fig. 8a[11], we can
use the measured occupancies from the HAADF images to calculate
the expected distribution of Mo and V throughout the active site
for each of the three specimens. This analysis differs from the
probability model proposed by Grasselli et al. [11] in that we have
shown in this study, and in our previous HAADF studies, that site S4
can contain significant amounts of V, comparable to site S7[22,23].
Measured occupancies within the active site (i.e. S2, S4, and S7) are
listed in Table 2 and associated probabilities for the active site
containing between zero and five V atoms are provided in Table 3.
The results show that ~86% of M1-Nb and ~97% M1-Ta will have

Table 2
The Mo and V occupancies measured from HAADF images for the active site (S2, S4,
S7) from the M1-Mo, M1-Nb, and M1-Ta (Ta-rich domain) catalysts.

Measured occupancy of molybdenum and vanadium in the active site

Site # M1-Mo M1-Nb M1-Ta

Mo (%) V (%) Mo (%) V (%) Mo (%) V (%)
S2 57 43 50 50 42 58
S4 62 38 79 21 95 5
S7 53 47 74 26 85 15
Table 3

The calculated probability that an active site within the M1-Mo, M1-Nb, or M1-Ta
(Ta-rich domain) catalyst will contain between zero and five vanadium atoms.

Probability of vanadium occupancy in the active site

# of V atoms in M1-Mo (%) M1-Nb (%) M1-Ta (%)
the active site

0 6 17 27

1 23 38 50

2 34 31 19

3 26 12 3

4 9 2 0

5 1 0 0

an active site that is composed of less than three V atoms, whereas
the M1-Mo specimen will have ~64% of the active sites containing
less than three V atoms. The increasing V concentration within the
active site corresponds with the decreasing trend in selectivity
when comparing the M1-Mo specimen to the Ta- and Nb-
substituted phases. This trend is consistent with the proposed
active site of Grasselli et al. where they suggested that a site with
more than one V°* will lead to combustion, one V>* leads to an
active and selective site, and no V>* would lead to an inactive site
[11]. In this case, the calculated number of V atoms will be higher,
since we incorporate the increased V occupancy of site S4. The role
of Nb and Ta in these catalysts appears to be a V director, where the
choice of pentagonal biprismatic substitution element controls the
distribution of V occupancies in the linking octahedral sites.
Therefore, it appears that an optimal V occupancy can be achieved
with controlled pentagonal biprismatic substitution, where the
proper balance between V°* and V#* is tuned such that maximum
selectivity towards acrylonitrile/acrylic acid is accomplished. It is
also important to note that the current analysis ignores the role of
M2 as a promoter phase, possible defect correlations, the effect of
statistical Te occupancy (partial occupancy at the active site), the
inhomogeneous distribution of Ta (and possibly Nb) within the M1
crystallites, and shifts in the vanadium valence. We are currently in
the process of investigating several of these factors.

4. Conclusions

In this work, we performed a systematic study of the effect of
substituting or removing Group V elements into the M1 framework
structure. The results of this study demonstrate the following. (1)
The positions of the M1 framework atomic columns are, to a first
approximation, independent of chemical variations to within the
precision of the HAADF analysis (~0.1 A). Furthermore, these
coordinates are in agreement with the Rietveld models of DeSanto
et al. for both MoVTeNbO [7] and MoVTeTaO [8] to within
experimental error. (2) Aberration-corrected HAADF imaging is
sensitive to the local compositional variations in the atomic
columns through analysis of Z-contrast variations, which can be
quantified using the approximate relationship between the
observed contrast and the square of the atomic number Z. (3)
The addition/removal of Nb or the replacement of Nb with Ta
induces significant changes in the elemental occupancies in the
framework. (4) The M1-Ta system appears to contain two chemical
compositions, indicative of some form of phase unmixing, and this
may also indicate likely phase separation in M1-Nb. (5) In the case
of the M1-Ta crystallite with local composition heterogeneity, Ta
appears to preferentially segregate to the edges of the a-b plane.
(6) The addition of Nb or Ta to the M1 framework leads to a
significant change in the V distribution among the octahedral sites
that link the pentagonal units and are considered the active site.
The trends in vanadium content within the proposed active site are
consistent with the statistical analysis reported earlier [11] except
that adjustment for vanadium occupancy in site S4 perturbs the
proposed requirements for active, inactive, and combustion sites.
Further analysis is needed to develop distinct trends relating the V
content in the active site and catalytic performance.

The existing M1/M2 literature is comprised of a wide variety of
studies focused on both characterization and catalytic evaluation
using a multitude of different formulations. In this work, and
several reports to follow, we employ high-resolution HAADF
studies that allow us to systematically probe, atom column by
atom column, the changes in both the framework positions and
composition. The goal of these studies is to develop a library of
relationships that describe the structural and chemical changes
that occur upon the addition, removal, or substitution of frame-
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work elements in the M1 system. In this study, we have initiated
assembly of this library for the effects of Group V elements on the
M1 framework. As our future studies expand to include other M1
combinations, our hope its to compare our library of chemical
information to the existing wealth of catalytic studies available in
the literature, with the goal of developing structure-catalytic
performance relationships that allow an improved understanding
of the underlying mechanism for selective oxidation over the M1
catalyst, and to identify clues to further improve the M1 catalyst
for various selective oxidation reactions.
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