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Abstract

Binary molybdenum oxides are active catalysts for propene oxidation to acrolein if they are structurally different from ortho
MoO3 (o-Mo). The periodical structure of the as-synthesized precatalyst must be different from o-Mo to create the activity. Addition
features typical for efficient catalysts are a bulk nanostructuring and acomplex surface termination that are detectable in TEM examina
only. After transition into defective o-Mo the samples exhibit much reduced activities. The implications of these findings on the fu
analysis of complex selective oxidation catalysts are discussed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The function of multielement multimetal oxide (MMO
catalysts based on molybdenum is a central research to
the endeavor to understand and master the challenge of
alkane molecule activation. Actual systems such as mo
denum–vanadium–tellurium–niobium oxides (MOVT
[1–4] or Mo–V–W [5] oxides contain several phases t
are believed to be essential in their cooperation for pro
function. Bulk o-Mo is described to be fully inactive[6,7] in
alkane and olefin oxidation unless doped with another ca
such as Sb, Bi, or V[8].

Supported Mo-oxide in the form of small aggrega
known to contain both octahedral and tetrahedral building
blocks are, however, active in alkane and olefin activa
[9–11]. This and the fact that the majority of all selecti
oxidation catalysts contain Mo prompted us to reinvestiga
the issue about the inactivity of molybdenum oxide. The
get of such a study should be confirmation of the esse
presence of a second cation other than Mo to achieve
lective oxidation activity. In several reports it is stated t
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pure molybdenum oxide should be detrimental for the se
tive catalytic action of the rest of the MMO mixture posi
the question after the selectivityof a possible catalytic activ
ity of a single-phase molybdenum oxide[12]. Other studies
find a high selectivity toward total oxidation with pure o-M
samples[13].

Close inspection of the literature revealed that o-Mo w
obtained by a high-temperature calcination of various
cursors[6,7]. It should be noted that by precipitation bina
o-Mo cannot be synthesized as primary product. A mixt
of molybdenum oxide hydrates, of hexagonal MoO3, and of
a family of supramolecular oxo clusters familiar in synthe
inorganic chemistry[14–16] are the primary products. W
have recently studied the conditions and selection mecha
nisms that allow controlling the species obtained by aque
precipitation[17]. There is strong evidence from in situ stu
ies that o-Mo is an active catalyst if it is suitably defect
Using time-resolved X-ray absorption spectroscopy cou
to pulse-response techniques it was possible to link the
lective oxidation activity to the occurrence of lattice defe
and to the beginning self-diffusivity of oxygen in o-M
[18–20]. It is thus plausible that molybdenum oxides th
carry the structural features of“defects” in their structura
motif may be active catalysts in their own right and that
admixture of additional cations is at least a means of st
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tural promotion helping to create/stabilize the defective s
of o-Mo. Noncalcined phase-pure molybdenum oxides w
structures different from o-Mo were synthesized and stu
ied with respect to their catalytic action using temperature
programmed reaction spectroscopy (TPRS) of propen
separate intrinsic activity from activation–deactivation ef
fects superimposed in conventional steady-state experim
and with transmission electron microscopy (TEM) in ord
to study the local ordering not detected by powder X-ray
fraction (XRD).

2. Experimental

2.1. Synthesis

Two prototype catalysts 1 and 2 were obtained in 10
quantities using the controlled precipitation reactor
scribed elsewhere[21]. Briefly, a stirred 4l reactor is equip
ped with computer-controlled pump systems and a m
toring system for pH and conductivity, allowing isotherm
precipitation reactions to be conducted with time, pH,
conductivity as control variable, as described by Abd Ham
et al.[17]. The samples here were obtained in the decrea
pH mode using 0.5 M ammonium heptamolybdate (AH
for sample 1 and 0.2 M AHM for sample 2 and 1 M HNO3

as precipitation agent. Precipitation temperature was 32
and the speed of addition was 40 ml/min. Fig. 1 shows the
decrease of pH during the addition of HNO3 for sample 1
and sample 2. The precipitate was dried without aging
washing at ambient temperature in a vacuum desiccator
colorless samples exposing both 1.0 m2/g BET surface area
were used for all experiment without further treatment.

Fig. 1. pH response curves for sample 1 and sample 2 during additio
HNO3.
s

2.2. Temperature-programmed reaction spectroscopy
(TPRS)

A 6-mm quartz reactor was used to hold 50 mg of catalys
between beds of SiC. Feed gas of stoichiometric oxyge
propene mixture at a flow rate of 10 ml/min was applied.
Samples were studied with linear heating ramps of 5 K/min
in cycle including heating to 773 K, holding for 1 h, coolin
down in feed to 400 K, and reheating to 773 K. A calibra
Balzers Omnistar quadrupole MS was used for gas anal

2.3. Structure analysis

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

TEM studies were conducted in a Philips CM 200 FE
instrument operated at 200 kV equipped with a Gatan Im
Filter (GIF) and a CCD camera. The specimens were s
ied by dry dispersing the powder samples on standard co
grids coated with holey carbon film. This creates a prop
sity toward examining thin and small objects that contribu
however, most to the material relevant for catalytic function
considering the small surface area and the nonporous n
of the systems.

3. Results

3.1. Catalytic activity

Both samples revealed catalytic activity toward par
and total oxidation without prior calcination. The convers
was kept to about 2% for both samples. The tempera
profiles of Fig. 2A indicate that the different structures
samples 1 and 2 exhibit a quite pronounced influence on
evolution of the catalytic function. Sample 1 develops
tivity at 640 K in a temperature range well compatible w
MMO systems whereas sample 2 requires a 700 K tem
ature, more typical for singly promoted bulk o-Mo. The s
lectivity to partial oxidation is also different as seen from
data inFig. 2B. In both cases some initial evolution of CO2
can be seen: for sample 1 some slight prereduction of
as-prepared oxide is observed at approx 540 K as prod
CO2 without consumption of gaseous O2 (not shown here
whereas with sample 2 there is a pronounced extra pea
perimposed on the leading edge of activity. The as-prep
oxide requires prereduction to become active. This was
noted with in situ XAS experiments where an onset temp
ture of 658 K was determined for defected o-Mo[19], which
is in between the two temperatures found here.

The activity during the reheat treatments is shown
Fig. 2C, which reveals that both samples undergo an i
versible structural transformation leaving behind a less
tive material that does not remember its initial structural
ference. This transformationdoes not occur in time scales
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Fig. 2. Catalytic data on the studied samples. (A) Catalytic activity of the
two samples under propene oxidation to CO2 and acrolein. (B) Selectivity
to acrolein of the studied samples under propene oxidation. (C) Activity of
acrolein and CO2 production under the secondrun of propene oxidation.

the TPRS experiment if the temperature is not cycled ab
723 K. The samples remain stable in the high-tempera
structure and deliver reproducible temperature vs act
profiles. In their low-temperature structures the samples al
remain stable under the present testing conditions of
conversion, low load, and dry gas.

3.2. Average structures

Fig. 3compares the powder X-ray diffraction patterns a
the compilation of a large number of lattice fringe TE
images analysed by fast Fourier transform (FFT) for
two samples. Sample 1 exhibits an XRD of a supramo
ular compound reminiscent of that from polyoxometalla
(HPA) [22,23] with intense lines for a large unit cell and
family of weak reflections arising from the objects fillin
the large unit cell. Little can be said about the phase
rity of such a material as the many lines at small 1/d values
may arise from a low symmetry of a (hydrated) supram
cular phase or a mixture of several hydration stage
the same nonaqueous supramolecular structure[24]. This
is frequently observed with HPA materials[25]. Sample 2

Fig. 3. X-ray diffraction patterns compared with lattice spacings reve
from a large number of lattice fringe TEM images (HRTEM). (A) Sample
(B) sample 2. The HRTEM analysis must be considered qualitatively.
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exhibits the diffraction pattern of hexagonal MoO3 (hex)
[26].

It is highly significant that for both samples there are s
nificant differences between the X-ray diffraction data a
the data obtained by FFT from lattice fringe TEM imag
This is not due to different structure factors for the two d
fraction methods as model calculations for supramolec
Mo and hex-Mo clearly reveal. However it should be poin
out that HRTEM imaging cannot and should not be u
quantitatively and thereby is performed qualitatively in
following.

The part of the material that is amenable to lattice frin
imaging is of a different structure in the two samples but a
of a different structure than the large body of thick cryst
contributing mainly to the XRD signals. No unique mat
was obtained between thed-spacings from lattice fringe im
ages and the mutual angles with known binary and hydr
oxides. In sample 2 there seems to be some similarity of
quent lattice images with spacings close to those expe
from the XRD hex phase but the agreement between
whole patterns is still much poorer than the error bar of th
calibration for the lattice fringe images. The only conclus
at this point is that the samples are microheterogeneous
are in the form of small particles, materials that are differ
from known Mo oxides and also different from the structu
of the large crystals in the sample.
3.3. Local structure as revealed by TEM

TEM and high-resolution TEM of the as-prepared sa
ples 1 and 2 are used to investigate the local structura
tails, which are not explored by diffraction techniques. T
relevance of this nanoscopic dimension for oxidation c
lysts was elucidated recently with the Mo–V system[5].

SEM reveals that both materials consist of a large fr
tion of needle-like agglomeratesand a small fraction of tiny
objects. Characteristic imagesof the agglomerates are di
played inFig. 4. Sample 1 (Fig. 4A) is typically more lamel-
lae type and larger than the more regular shaped need
sample 2 (Fig. 4B). EDX confirmed for both samples the a
sence of impurities to the detection level in large and sm
objects.

TEM inspection of the material from sample 1 reveal
different morphology as judged from the images ofFig. 5.
Platelets with compact or porous inner structure are the
ical shape of the thin objects besides the lamellae see
Fig. 4. High magnification images of sample 1 reveal a h
diversion in the crystalline structure of the sample. Thic
areas which a still transparent for the electron beam
hibit both amorphous areas as shown inFig. 6A and single
crystals sized up to 50 nm as seen inFig. 6B. The lattice
fringes revealed inFig. 6B indicate a high ordering, but
unique determination of the structure cannot be determ
Fig. 4. Typical SEM images of sample 1 (A) and sample 2 (B). CorrespondingEDX 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 parti
in the sample have a platelet-like morphology.

from the images. However in the present case the cry
show a long-range periodicity, suggesting large unit-cell
rameters. Furthermore, agglomerates of crystals exhib
well-ordered lattice fringes in ranges of about 10 nm in
ameter are observed in sample 1. A characteristic la
fringe image of such an agglomerate is shown inFig. 7. The
crystals are embedded in a disordered structure, as em
sized with a circle inFig. 7. This disordered structure mig
work as a binder for the nanostructured material. The
ical distance of 0.38 nm between the lattice fringes in
images is characteristic of layers of molybdenum oxide
tahedra. The surface termination of the crystal agglome
in the main image seems to be disordered. The agglo
ate is made from nanocrystals consisting of regular st
of Mo octahedra with irregular in-plane ordering. Individu
layers or clusters of these Mo-octahedra sheets cover p
the surface of the crystals. Inview of the fact that the crysta
structure according to lattice fringe images does not m
a known phase it is difficult to give directions of projectio
or to describe the structure more in detail.

Sample 2 exhibits a close similarity between the me
scopic habitus of the SEM image inFig. 4 and the mi-
crostructure being also composed of lamellae with shar
rounded edges as showed in the inset ofFig. 8. The main im-
age inFig. 8 shows a lattice fringe image of sample 2. T
pronounced lattice spacing in the image is 0.35 nm wi
mutual angle of 80◦ as revealed from FFT analysis. Fro
the lattice fringe images acquired from the sample it is
possible to uniquely determine the structure. However,
structure revealed inFig. 8 does not match the structu
of the hexagonal phase of molybdenum oxide. The da
fringes, which are separated with a distance of ca. 2
l

-

-

f

Fig. 6. High magnification TEM images of sample 1. (A) Amorphous p
of the sample. (B) Image of big crystal showing clear lattice fringes.

might be due to thickness variation resulting from a laye
structure perpendicular to the beam. An amorphous arra
ment of material is observed at the corner of the big sin
crystal as well, as the crystal edges are covered with a 1
thick noncrystalline structure.

Fig. 9 reveals another lattice fringe image of sample
The lattice fringe distances corresponding to the main
tures calculated from FFT analysis are 0.67 and 0.44
perpendicular to each other. This does not match the s
ture of hexagonal molybdenum oxide. It is worth noting t
the structure of these single crystals of up to 50 nm in
is not resolved in the XRD measurements. An amorphou
disordered layer of about 2 nm thickness forms the term
tion of the crystal.

Lattice fringe images are projections; hence signific
internal disorder in the direction parallel to the electron bea
leads to the variation in contrast along the lattice frin
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Fig. 7. Lattice fringe image of sample 1 showing agglomerate of nanoc
tals. The typical distance between the fringes is 0.38 nm—characteris
layers of molybdenum oxideoctahedra. The circle emphasizes the noncr
talline structure, which embeds the nanocrystals.

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

under suitable microscope conditions. The fringes are fre
quently not exactly parallel but form twisted bundles
displayed inFig. 10. The pronounced fringes in vertic
direction are locally variable with distances between 0
and 0.38 nm. They might represent the double block
tahedral units making the walls of the hexagonal chan
Fig. 9. Lattice fringe image of sample 2. The crystalline structure, wh
does not match hexagonal Mo oxide, is embedded by a 2-nm disorder
layer.

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

structure[26]. Again a disordered layer of about 2 nm
observed to cover the crystal.

It is remarkable that even at this level of spatial resolut
the sample that is apparently single-phase from XRD is
composed of one phase only.
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4. Discussion

It is commonly assumed that selective oxidation catalyst
either must be supported or must be chemically more c
plex than a binary oxide to fulfil the requirement of site is
lation indispensably connected to selective oxidation[2,27].
From kinetic studies it was further derived that two types
oxygen species (nucleophilic and electrophilic) are compet
ing for organic intermediates and so explain the selecti
patterns of partial oxidation[28]. Bulk o-Mo should, ac-
cording to these statements and the findings in the litera
[12,13], be an unsuitable selective oxidation catalyst. T
present data show, however, that significant catalytic
formance in propene oxidation is achieved over alkali-f
unsupported metastable varieties of molybdenum oxide
tained from hydrated polymers of MoO6 octahedra. Both
types of materials used here are precursors to a metas
unidentified structure different from o-Mo. The system
hibits chemical memories asthey remember the nature
the precursor.

The phase identification and hence a detailed struc
study of the phenomenon are severely hampered by
fact that large and small objects on the nanoscale ex
pronounced structural differences as revealed by the
agreement between X-ray diffraction and electron diffrac
tion probing different size scales of the material. It rema
speculative whether different degrees of hydration or dif
ent concentrations of the structure-directing ammonium
can explain the structural differences.

Both samples exhibit pronounced nanostructuring th
not obvious in X-ray diffraction (well-defined powder pa
terns). The nanostructuring is a precondition for facilitat
the structural transformation given that the samples are
cursors to a metastable active binary oxide. In conventi
calcination up to 773 K the nanostructuring is lost for
growth of large crystals of o-Mo that cannot undergo str
tural transformations unless chemical reduction and oxy
self-diffusivity [29] sets in[19,20]. The apparently essenti
operation of “lattice oxygen” may find an alternative exp
nation as indicator for the structural dynamics of the ox
required to form the metastable active phase.

Structure–activity correlations conducted with the co
plex MMO phases[30–34]all assume that bulk and surfa
structures of the phases are well-known and static eve
their compositional disorder. The studies identify “syn
gy” between highly crystalline materials as a key issue.
present TEM images revealing the complex termination o
nominally simple binary oxides indicate alternative exp
nations for the nonobvious quantitative correlations betwee
phase composition and catalytic function. The appeal of
order seen in the TEM images at surfaces is not necess
an indication of an amorphous nature of the surface laye
any oblique projection, complex structures will look dis
dered. It is, however, plausible that a mixture of tetrahe
and higher coordinated Mo polyhedra is essential[10,35]
for a well functioning of the catalyst, taking into accou
e

l

-

the functional knowledge derived from supported Mo-ox
catalysts. As such motifs are not typical either for the kno
bulk structures discussed here or for the crystalline M1
M2 phases it should be assumed that structural rearra
ments at the surface during activation may occur. The ac
system in supported systems[11,36]and in the MMO sys-
tems may be similar with the bulk Mo oxides serving
self-support for a disordered surface layer. The higher a
ity for lower temperatures of sample 1 compared to sam
2 may be seen in this light. The disordered structure
served by TEM to embed the clusters in sample 1 enha
the structural mobility toward self-supported oxides in c
trast to the more rigid structure of larger crystals obser
in sample 2. However, for in-depth studies of the struct
development during catalytic activation, environmenta
situ TEM is necessary. The notion that structural dynam
is essential for a good catalyst precursor that manifes
self in the present finding is also conveyed in the litera
reports on MMO systems about the pronounced sensit
of the chemical function on minute kinetic details of t
preparation and activation procedures[7,37]. Synergy be-
tween phases may thus be an indicator for the readines
structural dynamics or be the consequence of phase se
tion from the active metastable material upon removal fr
the operating conditions. Theadditives to MoO3 as the for-
eign species in Mo-based MMO were termed in the litera
[8] would then enable the structural dynamics and stabiliz
metastable Mo–oxo clusters that are the essential carrie
the catalytic activity. The involvement of additive specie
in mechanistic scenarios of propene oxidation is not nece
sary[2].

The structural concept of active Mo clusters with, e
tetrahedral linkers was put forward with the Mo–V oxid
[38] and is confirmed by the present finding of the nones
tial role of cationic additives to structurally complex sing
cationic catalysts. In this waythe present images of a nano
tructured oxide with a disordered or glassy surface te
nation (seeFigs. 6–10) are a still static illustration of th
concept of a dynamical or breathing surface of a selec
oxidation catalyst[12,39]. The present findings underlin
that surface-sensitive in situ studies are essential for inv
gating the physical origin of phase cooperation and syn
found as phenomenological concepts in MMO catalysts.
ward this end the availability of the present chemically s
ple functional systems is essential for method developm
and calibration.

5. Conclusions

Binary Mo-oxide can be an effective selective oxidatio
catalyst. This holds at least for olefin oxidation. Its ext
sion to alkane activation is presently under study. The w
reveals that chemical complexity claimed to be essentia
selective oxidation catalystsis not necessary if the catalys
exhibits the necessary structural complexity. This comp
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ity is higher than that provided by o-Mo in well-crystallin
form. As this complexity is, however, clearly beneficial f
the practical performance it is concluded that controlling
preservation of the nanostructure of the active phase ma
key roles of the additive species. This opens the avenu
the preparation of chemically simpler catalysts with m
suitable synthetic procedures than precipitation and calc
tion yielding the matrix and the defective active phase. T
investigation of highly crystalline materials for function
analysis of selective oxidation catalysts should be con
ered with great reservation as such systems do not cove
nanostructural details that were found to be essential for
alytic function.
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