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Abstract

Binary molybdenum oxides are active catalysts for propene oxidation to acrolein if they are structurally different from orthorhombic
MoO3 (0-Mo). The periodical structure of the as-synthesized precateaiyst be different from o-Mo to create the activity. Additional
features typical for efficient catalysts are a bulk nanostructuring aodngplex surface termination that are detectable in TEM examinations
only. After transition into defective o-Mo the samples exhibit much reduced activities. The implications of these findings on the functional
analysis of complex selective oxidation catalysts are discussed.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction pure molybdenum oxide should be detrimental for the selec-
tive catalytic action of the rest of the MMO mixture posing

The function of multielement multimetal oxide (MMO)  the question after the selectiviof a possible catalytic activ-
catalysts based on molybdenum is a central research topic ity Of & single-phase molybdenum oxile?]. Other studies
the endeavor to understand and master the challenge of smaifind @ high selectivity toward total oxidation with pure o-Mo
alkane molecule activation. Actual systems such as molyb-Sampleg13]. _
denum-vanadium—tellurium—niobium oxides (MOVTE) Close inspection of the literature revealed that o-Mo was
[1-4] or Mo-\-W [5] oxides contain several phases that obtained by a high-temperature calcinatioq of \{arioqs pre-
are believed to be essential in their cooperation for proper CUrserd6,7]. it should be noted that by precipitation binary
function. Bulk 0-Mo is described to be fully inactiy@,7]in 0-Mo cannot be synthesized as primary product. A mixture

alkane and olefin oxidation unless doped with another cation of mo_lybdenum oxide hydrates, of hexagonlall I\/ip@nd of .
such as Sb, Bi, or \8]. a family of supramolecular oxo clusters familiar in synthetic

inorganic chemistry14—16]are the primary products. We
have recently studied the catidns and selection mecha-
nisms that allow controlling the species obtained by aqueous
precipitatiof17]. There is strong evidence from in situ stud-
ies that 0-Mo is an active catalyst if it is suitably defected.
the issue about the inactivity of molybdenum oxide. The tar- Using time-resolved X-ra_y absqrption speqtroscop_y coupled
to pulse-response techniques it was possible to link the se-

get of such a study should be confirmation of the essential,~ ™. o o .
. : lective oxidation activity to the occurrence of lattice defects
presence of a second cation other than Mo to achieve se-

. I - o and to the beginning self-diffusivity of oxygen in o-Mo
lective oxidation activity. In several reports it is stated that [18-20] It is thus plausible that molybdenum oxides that

carry the structural features tdiefects” in their structural
* Corresponding author. motif may be active catalysts in their own right and that the
E-mail address: wagner_j@fhi-berlin.mpg.de (J.B. Wagner). admixture of additional cations is at least a means of struc-

Supported Mo-oxide in the form of small aggregates
known to contain both octahedrand tetrahedral building
blocks are, however, active in alkane and olefin activation
[9-11] This and the fact that the majority of all selective
oxidation catalysts contain Marpmpted us to reinvestigate
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tural promotion helping to create/stabilize the defective state 2.2. Temperature-programmed reaction spectroscopy

of 0-Mo. Noncalcined phase-pure molybdenum oxides with (TPRS)

structures different from-®&1o were synthesized and stud-

ied with respect to their catdlg action using temperature- A 6-mm quartz reactor was uséo hold 50 mg of catalyst
programmed reaction spectroscopy (TPRS) of propene tobetween beds of SiC. Feed gas of stoichiometric oxygen to
separate intrinsic activity firm activation—deactivation ef-  propene mixture at a flow rate of 10 fmhin was applied.
fects superimposed in conventional steady-state experimentssamples were studied with linear heating ramps of/fi6

and with transmission electron microscopy (TEM) in order in cycle including heating to 773 K, holding for 1 h, cooling
to study the local ordering not detected by powder X-ray dif- down in feed to 400 K, and reheating to 773 K. A calibrated
fraction (XRD). Balzers Omnistar quadrupole MS was used for gas analysis.

2.3. Sructure analysis

2. Experimental

Standard XRD patterns of the as-prepared samples were
obtained in reflection geometry using a STOE diffractometer
with scintillation counting.

TEM studies were conducted in a Philips CM 200 FEG

Two prototype catalysts 1 and 2 were obtained in 100-g instrument operated at 200 kV equipped with a Gatan Image
quantities using the controlled precipitation reactor de- Filter (GIF) and a CCD camera. The specimens were stud-
scribed elsewherg21]. Briefly, a stirred 4l reactor is equip-  ied by dry dispersing the powder samples on standard copper
ped with computer-controlled pump systems and a moni- grids coated with holey carbon film. This creates a propen-
toring system for pH and conductivity, allowing isothermal sity toward examining thin and small objects that contribute,
precipitation reactions to be conducted with time, pH, or however, most to the materialevant for catalytic function
conductivity as control variable, as described by Abd Hamid considering the small surface area and the nonporous nature
etal.[17]. The samples here were obtained in the decreasingof the systems.
pH mode using 0.5 M ammonium heptamolybdate (AHM)
for sample 1 and 0.2 M AHM for sample 2 and 1 M HHO
as precipitation agent. Precipitation temperature was 323 K3. Results
and the speed of addition was 40/miin. Fig. 1 shows the
decrease of pH during the addition of Hy@r sample 1 3.1. Catalytic activity
and sample 2. The precipitate was dried without aging and
washing at ambient temperature in a vacuum desiccator. The Both samples revealed catalytic activity toward partial
colorless samples exposing both 1.8/ BET surface area  and total oxidation without prior calcination. The conversion
were used for all experiment without further treatment. was kept to about 2% for both samples. The temperature
profiles of Fig. 2A indicate that the different structures of
samples 1 and 2 exhibit a quite pronounced influence on the
Sample 1 evolution of the catalytic function. Sample 1 develops ac-

2.1. Synthesis

54 ~~_ ----Sample 2 tivity at 640 K in a temperature range well compatible with

MMO systems whereas sample 2 requires a 700 K temper-
ature, more typical for singly promoted bulk o-Mo. The se-
lectivity to partial oxidation is also different as seen from the
data inFig. 2B. In both cases some initial evolution of GO
can be seen: for sample 1 some slight prereduction of the
as-prepared oxide is observed at approx 540 K as produced
CO, without consumption of gaseous @ot shown here)
whereas with sample 2 there is a pronounced extra peak su-
perimposed on the leading edge of activity. The as-prepared
oxide requires prereduction to become active. This was also
noted with in situ XAS experiments where an onset tempera-
ture of 658 K was determined for defected o0-f8], which
T T - T y T is in between the two temperatures found here.
0 200 400 600 The activity during the reheat treatments is shown in
Normalized |-|No3 addition [ml] Fig. 2C which reveals that both samples undergo an irre-
versible structural transformation leaving behind a less ac-
Fig. 1. pH response curves for sample 1 and sample 2 during addition of tive material that does not remember its initial structural dif-
HNOs. ference. This transformatiatoes not occur in time scales of
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A the TPRS experiment if the temperature is not cycled above
100 - - 723 K. The samples remain stable in the high-temperature
:gazple :_' égolem (ampiied) structure and deliver reproducible temperature vs activity
04 +s:mx 2 Acrf:lein (amplified profilgs. In their low-temperate structur.es the sa_mples also
—o— Sampie 2: CO, A remain stable under the present testing conditions of low
g conversion, low load, and dry gas.

3.2. Average structures

Fig. 3compares the powder X-ray diffraction patterns and
the compilation of a large number of lattice fringe TEM
images analysed by fast Fourier transform (FFT) for the
two samples. Sample 1 exhibits an XRD of a supramolec-
ular compound reminiscent of that from polyoxometallates
(HPA) [22,23] with intense lines for a large unit cell and a
760 family of weak reflections arising from the objects filling
Temperature [K] the large unit cell. Little can be said about the phase pu-
rity of such a material as the many lines at smdl Yalues
may arise from a low symmetry of a (hydrated) supramole-
cular phase or a mixture of several hydration stages of
the same nonaqueous supramolecular struq@dg This

activity [rel.norm.]

0

100{ —®—Sample1
—4— Sample 2

o« 80 - is frequently observed with HPA materid5]. Sample 2
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Fig. 2. Catalytic data on the studied samples. (A) Catalytic activity of the ( )
two samples under propene oxidation to £&nd acrolein. (B) Selectivity Fig. 3. X-ray diffraction patterns compared with lattice spacings revealed
to acrolein of the studied samples ungeopene oxidation. (C) Activity of from a large number of lattice fringe TEM images (HRTEM). (A) Sample 1,
acrolein and C@ production under the secomdn of propene oxidation. (B) sample 2. The HRTEM analysis must be considered qualitatively.
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exhibits the diffraction pattern of hexagonal MeChex) 3.3. Local structure asrevealed by TEM
[26].

It is highly significant that for both samples there are sig- TEM and high-resolution TEM of the as-prepared sam-
nificant differences between the X-ray diffraction data and ples 1 and 2 are used to investigate the local structural de-
the data obtained by FFT from lattice fringe TEM images. tails, which are not explored by diffraction techniques. The
This is not due to different structure factors for the two dif- relevance of this hanoscopic dimension for oxidation cata-
fraction methods as model calculations for supramolecular |ysts was elucidated recently with the Mo-V systgh
Mo and hex-Mo clearly reveal. However it should be pointed  SEM reveals that both materials consist of a large frac-
out that HRTEM imaging cannot and should not be used tion of needle-like agglomeratesid a small fraction of tiny
quantitatively and thereby is performed qualitatively in the objects. Characteristic image$ the agglomerates are dis-
following. played inFig. 4 Sample 1Fig. 4A) is typically more lamel-

The part of the material that is amenable to lattice fringe lae type and larger than the more regular shaped needles in
imaging is of a different structure in the two samples but also sample 2 Fig. 4B). EDX confirmed for both samples the ab-
of a different structure than the large body of thick crystals sence of impurities to the detection level in large and small
contributing mainly to the XRD signals. No unique match objects.
was obtained between tllespacings from lattice fringe im- TEM inspection of the material from sample 1 reveals a
ages and the mutual angles with known binary and hydrateddifferent morphology as judged from the imagesFid. 5.
oxides. In sample 2 there seems to be some similarity of fre- Platelets with compact or porous inner structure are the typ-
quent lattice images with spacings close to those expectedical shape of the thin objects besides the lamellae seen in
from the XRD hex phase but the agreement between theFig. 4 High magnification images of sample 1 reveal a high
whole patterns is still much poer than the error bar of the  diversion in the crystalline structure of the sample. Thicker
calibration for the lattice fringe images. The only conclusion areas which a still transparent for the electron beam ex-
at this point is that the samples are microheterogeneous andibit both amorphous areas as showrfFig. 6A and single
are in the form of small particles, materials that are different crystals sized up to 50 nm as seenFig. 6B. The lattice
from known Mo oxides and also different from the structure fringes revealed irFig. 6B indicate a high ordering, but a
of the large crystals in the sample. unique determination of the structure cannot be determined

Fig. 4. Typical SEM images of sample 1 (A) and sample 2 (B). Corresporttling spectra are absent of impurities. See text for further details.
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Fig. 5. Low magnification TEM images of sample 1. The smaller particles
in the sample have a platelet-like morphology.

from the images. However in the present case the crystal
show a long-range periodicity, suggesting large unit-cell pa-
rameters. Furthermore, agglomerates of crystals exhibiting
well-ordered lattice fringes in ranges of about 10 nm in di-
ameter are observed in sample 1. A characteristic lattice
fringe image of such an agglomerate is showfim 7. The
crystals are embedded in a disordered structure, as empha-
sized with a circle irFig. 7. This disordered structure might
work as a binder for the nanostructured material. The typ-
ical distance of 0.38 nm between the lattice fringes in the
images is characteristic of layers of molybdenum oxide oc-
tahedra. The surface termination of the crystal agglomerate
in the main image seems to be disordered. The agglomer-
ate is made from nanocrystals consisting of regular stacks
of Mo octahedra with irregular in-plane ordering. Individual
layers or clusters of these Mo-octahedra sheets cover part oimight be due to thickness variation resulting from a layered
the surface of the crystals. liew of the fact that the crystal  structure perpendicular to the beam. An amorphous arrange-
structure according to lattice fringe images does not match ment of material is observed at the corner of the big single
a known phase it is difficult to give directions of projections crystal as well, as the crystal edges are covered with a 1-nm-
or to describe the structure more in detail. thick noncrystalline structure.

Sample 2 exhibits a close similarity between the meso-  Fig. 9 reveals another lattice fringe image of sample 2.
scopic habitus of the SEM image iRig. 4 and the mi- The lattice fringe distances corresponding to the main fea-
crostructure being also composed of lamellae with sharp ortures calculated from FFT analysis are 0.67 and 0.44 nm
rounded edges as showed in the insdtigf 8. The main im- perpendicular to each other. This does not match the struc-
age inFig. 8 shows a lattice fringe image of sample 2. The ture of hexagonal molybdenum oxide. It is worth noting that
pronounced lattice spacing in the image is 0.35 nm with a the structure of these single crystals of up to 50 nm in size
mutual angle of 80 as revealed from FFT analysis. From is not resolved in the XRD measurements. An amorphous or
the lattice fringe images acquired from the sample it is not disordered layer of about 2 nm thickness forms the termina-
possible to uniquely determine the structure. However, the tion of the crystal.
structure revealed iifrig. 8 does not match the structure Lattice fringe images are projections; hence significant
of the hexagonal phase of molybdenum oxide. The darker internal disorder in the dir¢ion parallel to the electron beam
fringes, which are separated with a distance of ca. 2 nm,leads to the variation in contrast along the lattice fringes

Fig. 6. High magnification TEM images of sample 1. (A) Amorphous part
of the sample. (B) Image of big crystal showing clear lattice fringes.
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Fig. 7. Lattice fringe image of sample 1 showing agglomerate of nanocrys- Fig. 9. Lattice fringe image of sample 2. The crystalline structure, which

tals. The typical distance between the fringes is 0.38 nm—characteristic of goes not match hexagonal Mo oxids,émbedded by a 2-nm disordered
layers of molybdenum oxidectahedra. The circle emphasizes the noncrys- |ayer.

talline structure, which embeds the nanocrystals.

Fig. 8. TEM of sample 2. The main image shows a lattice fringe image of
a single crystal. The inset is a TEM image showing the well-defined big
particles.

Fig. 10. Lattice fringe image of sample 2 showing fringes, which may in-
dicate the twisted bundles forming the wall in the hexagonal channel struc-
ture.

under suitable microscopewditions. The fringes are fre-

guently not exactly parallel but form twisted bundles as structure[26]. Again a disordered layer of about 2 nm is
displayed inFig. 10 The pronounced fringes in vertical observed to cover the crystal.

direction are locally variable with distances between 0.36  Itis remarkable that even at this level of spatial resolution
and 0.38 nm. They might represent the double block oc- the sample that is apparently single-phase from XRD is not
tahedral units making the walls of the hexagonal channel composed of one phase only.
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4. Discussion the functional knowledge derived from supported Mo-oxide
catalysts. As such motifs are not typical either for the known
Itis commonly assumed that setive oxidation catalysts  bulk structures discussed here or for the crystalline M1 and
either must be supported or must be chemically more com- M2 phases it should be assumed that structural rearrange-
plex than a binary oxide to fulfil the requirement of site iso- ments at the surface during activation may occur. The active
lation indispensably connected to selective oxidafha7]. system in supported systerfisl,36]and in the MMO sys-
From kinetic studies it was further derived that two types of tems may be similar with the bulk Mo oxides serving as
oxygen species (nucleophilic anketrophilic) are compet-  self-support for a disordered surface layer. The higher activ-
ing for organic intermediates and so explain the selectivity ity for lower temperatures of sample 1 compared to sample
patterns of partial oxidatiofi28]. Bulk o-Mo should, ac- 2 may be seen in this light. The disordered structure ob-
cording to these statements and the findings in the literatureserved by TEM to embed the clusters in sample 1 enhances
[12,13] be an unsuitable selective oxidation catalyst. The the structural mobility toward self-supported oxides in con-
present data show, however, that significant catalytic per- trast to the more rigid structure of larger crystals observed
formance in propene oxidation is achieved over alkali-free, in sample 2. However, for in-depth studies of the structural
unsupported metastable varieties of molybdenum oxide ob-development during catalytic activation, environmental in
tained from hydrated polymers of MgQoctahedra. Both  situ TEM is necessary. The notion that structural dynamics
types of materials used here are precursors to a metastablés essential for a good catalyst precursor that manifests it-
unidentified structure different from o-Mo. The system ex- self in the present finding is also conveyed in the literature
hibits chemical memories abey remember the nature of reports on MMO systems about the pronounced sensitivity
the precursor. of the chemical function on minute kinetic details of the
The phase identification and hence a detailed structuralpreparation and activation procedu@s37]. Synergy be-
study of the phenomenon are severely hampered by thetween phases may thus be an indicator for the readiness for
fact that large and small objects on the nanoscale exhibitstructural dynamics or be the consequence of phase separa-
pronounced structural differences as revealed by the dis-tion from the active metastable material upon removal from
agreement between X-ray fidiction and electron diffrac-  the operating conditions. Thaglditives to MoQOs as the for-
tion probing different size scales of the material. It remains eign species in Mo-based MMO were termed in the literature
speculative whether different degrees of hydration or differ- [8] would then enable the structl dynamics and stabilize
ent concentrations of the structure-directing ammonium ions metastable Mo—oxo clusters that are the essential carriers of
can explain the structural differences. the catalytic activity. The wolvement of additive species
Both samples exhibit pronounced nanostructuring that is in mechanistic scearios of propene oxidation is not neces-
not obvious in X-ray diffraction (well-defined powder pat- sary[2].
terns). The nanostructuring is a precondition for facilitating The structural concept of active Mo clusters with, e.g.,
the structural transformation given that the samples are pre-tetrahedral linkers was put forward with the Mo—V oxides
cursors to a metastable active binary oxide. In conventional [38] and is confirmed by the present finding of the nonessen-
calcination up to 773 K the nanostructuring is lost for the tial role of cationic additives to structurally complex single
growth of large crystals of 0-Mo that cannot undergo struc- cationic catalysts. In this wae present images of a nanos-
tural transformations unless chemical reduction and oxygentructured oxide with a disordered or glassy surface termi-
self-diffusivity [29] sets in[19,20] The apparently essential nation (seeFigs. 610 are a still static illustration of the
operation of “lattice oxygen” may find an alternative expla- concept of a dynamical or breathing surface of a selective
nation as indicator for the structural dynamics of the oxide oxidation catalys{12,39] The present findings underline
required to form the metastable active phase. that surface-sensitive in situ studies are essential for investi-
Structure—activity correlations conducted with the com- gating the physical origin of phase cooperation and synergy
plex MMO phase$30-34]all assume that bulk and surface found as phenomenological concepts in MMO catalysts. To-
structures of the phases are well-known and static even inward this end the availability of the present chemically sim-
their compositional disorder. The studies identify “syner- ple functional systems is essential for method development
gy” between highly crystalline materials as a key issue. The and calibration.
present TEM images reveatjrthe complex termination of
nominally simple binary oxides indicate alternative expla-
nations for the nonobvious quetative correlations between 5. Conclusions
phase composition and catalytic function. The appeal of dis-
order seen in the TEM images at surfaces is not necessarily Binary Mo-oxide can be an afttive selective oxidation
an indication of an amorphous nature of the surface layer. In catalyst. This holds at least for olefin oxidation. Its exten-
any oblique projection, complex structures will look disor- sion to alkane activation is presently under study. The work
dered. It is, however, plausible that a mixture of tetrahedral reveals that chemical complexity claimed to be essential for
and higher coordinated Mo polyhedra is essertifl,35] selective oxidation catalysts not necessary if the catalysts
for a well functioning of the catalyst, taking into account exhibits the necessary structural complexity. This complex-
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ity is higher than that provided by o-Mo in well-crystalline
form. As this complexity is, however, clearly beneficial for
the practical performance it is concluded that controlling and

preservation of the nanostructure of the active phase may be[
key roles of the additive species. This opens the avenue for

the preparation of chemically simpler catalysts with more

suitable synthetic procedures than precipitation and calcina-

tion yielding the matrix and the defective active phase. The
investigation of highly crystalline materials for functional

analysis of selective oxidation catalysts should be consid-
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