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Abstract

A set of Mo, V, and W mixed-oxide samples with additives P and Cs showing high performance in selective partial oxidation of
is studied by means of elemental mapping and crystal structure determination using scanning and transmission electron microsco
dispersive X-ray spectroscopy (EDS), andelectron energy loss spectroscopy (EELS) as supplement to XRD measurements which a
insufficient for phase determination. The set is divided into two subsets of samples denoted A and B, where subset A sample
highest performance in selective partial oxidation of propene. These high-performance catalysts are all predominated by struct
Mo5O14 type in contrast to a negligible amount of the orthorhombic MoO3, which is known to favor total oxidation.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The industrial and economic relevance of research
selective partial oxidation catalysts is clear as about o
quarter of all organic products produced worldwide
synthesized via catalytic selective partial oxidation re
tions [1]. These industrial processes are in general hi
developed, but might be improved through high-through
design and testing. However, more fundamental insight
understanding about the catalytically active structures
their relations to the catalytic performance are necessary
improving catalysts for such industrial processes in an
cient way.

The Mars–van Krevelen mechanism is widely accepte
for selective partial oxidation reactions. The mechanism
scribes the role of the so-called active “lattice” oxygen
selective partial oxidation [2]. Coordinately unsaturated
atoms are suggested to act as adsorption sites for the al
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under formation of an allylic intermediate [3,4]. Oxygen
sertion occurs via aσ bond formation between the lattic
oxygen and the allylic intermediate. The oxygenated pr
uct desorbs and leaves an oxygen vacancy at the ca
surface [5]. This vacancy is reoxidized via oxygen diffus
through either the near-surface layer or the bulk. The na
of the lattice oxygen is yet not fully unraveled and it is s
under debate which of the possible metal–oxygen specie
tually take part in the oxygen insertion reaction [3,6], bu
is clear that the diffusion kinetics are strongly affected
the elemental composition and geometric structures of
catalyst phases. Furthermore, the electronic properties o
duced molybdenum oxides, i.e., high electron density a
surface, may effect the oxygen activation.

Several MoVW-supported catalysts are currently use
industry for synthesis of acrylic acid [7–11] and seve
publications deal with promoted MoVW oxide catalysts
acrolein oxidation [12–15]. These mixed Mo, V, and W o
ide catalyst systems are rather unique in the sense tha
reach high selectivities to acrylic acid of above 90% and
multaneously high acrolein conversions of also above 9
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Furthermore, the high activityand selectivity of these ca
alysts remain constant for a long time of operation in
industrial process.

Previously, the Mo5O14-type phase is found to be high
important for selective partial oxidation catalysis, for exa
ple, methanol oxidation [16], acrolein oxidation [17], a
propene oxidation [18]. Proceeding work [16–19] shows t
the selectivity for partial oxidation products could be co
siderably augmented when the amount of the Mo5O14-type
phase was increased at the expense of orthorhombic Mo3.

The structural dependence of the catalytic performa
of Mo5O14-type structures and orthorhombic MoO3 in se-
lective partial oxidation must be discussed in the scop
metal–oxide bond lengths [20]. In general, the shorter
metal–oxygen distance, the more basic the oxygen fu
tionality. Basic, nucleophilic oxygen groups on the ca
lyst surface are necessary for C–H bond activation
Weaker and longer metal–oxygen bonds favor the inser
of oxygen into organic molecules. Furthermore, selec
oxidation catalysts have to discriminate, for example,
tweenα-H atoms of aldehydes and vinylic hydrogen atom
Again the metal–oxygen bond strength plays the key r
Very strongly bound oxygens will unselectively activa
C–H bonds, and very labile M–O groups will lead to t
tal oxidation. Both types of oxygen bonds are presen
MoO3−x [20]. The optimization of the catalyst with respe
to selectively H-abstracting and oxygen insertion may
found in the optimization of the metal–oxygen bond leng
Promoters, e.g., V, Nb, Ta, and W, stabilize intermed
Mo oxides with proper metal–oxygen bond lengths such
Mo5O14. Furthermore, the catalyst must be optimized w
respect to oxygen transferring functionalities according
the Mars–van Krevelen mechanism [21].

The motif of the Mo5O14-type structure consists of fiv
corner-sharing octahedrally coordinated metal centers fo
ing a pentagonal bipyramid [22]. In Fig. 1 the structure
shown along the[001] and the[100] zone axis. The Mo5O14-
type structure can be described with unit cell parameters o

Fig. 1. Schematic drawing of the Mo5O14 structure. The structure is show
along the[001] zone axis (left) and the[100] zone axis (right). The uni
cell is outlined in both drawings. The building blocks consist of pent
onal bipyramids and octahedrally coordinated metal centers leading to
two-dimensional open structure.
a = b = 2.30 nm andc = 0.39 nm. However, the exact va
ues of the lattice parameters are dependent on the V
W content in the sample. The corner-sharing open struc
makes it easy to imagine coordination sphere changes w
might explain its activity in partial oxidation catalysis. Fu
thermore, stable Mo5O14-type binary molybdenum-base
oxides doped with different elements such as Nb, W,
Ta have been synthesized at a wide temperature range
broad variation of element ratios [23,24].

The oxygen-transferring functionalities at the atom
level are considered as motion of octahedral units revers
changing their cross-linking. The activation energy a
hence the reaction kinetics are optimized if the units
change the cross-linking independent of each other; i.e
the movements are decoupled in space and time. In
respect it is obvious that the Mo5O14-type structure is supe
rior to conventional shear structures of metal oxides, suc
Mo3VO11−x and others, discussed in the literature [25–
as they require cooperative movements of chains of bu
ing blocks. The basic structure, of course, must be prese
during the oxygen transfer and phase separation and
tallization avoided. Such structural catalytic deactivating
processes have not been observed in the present sa
after catalytic reaction.

High-resolution and analytical TEM is a powerful tech-
nique for providing local information of specimens wi
respect to defects, peripheral structure, and compositio
the form of lattice fringe images and local EELS me
surements. This information is a significant supplemen
the information acquired from averaging techniques suc
XRD which are more sensitive to the bulk structure and
not provide sufficient information of the catalytically rel
vant surface structures in the material.

A series of papers have been devoted to the deeper u
standing of the relation between catalyst structure and ca
alytic performance in MoVW oxide catalysts [16,17,19,2
In the present work the study of the high-performance
alysts for selective partial oxidation reveals a majority
the Mo5O14-type structure, which is considered as the
tive phase in the molybdenum-based catalysts for sele
partial oxidation of propene by the means of high-resolu
and analytical TEM.

2. Experimental

The catalyst are prepared according to the follow
procedure: a transparent aqueous solution of ammon
tungstate, vanadate, and molybdate of the respective
chiometry of the target solid is spray-dried at between
and 250◦C head temperature and 150 to 110◦C offgas tem-
perature. The resulting solid is kneaded with water and d
at 140◦C in a forced convection oven. Subsequently
samples are calcined in air for 2.5 h raising the tempera
from 230 to 350◦C followed by increasing the temperatu
up to 400◦C within 2.5 h [for comparable materials an
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BASF AG]. The materials show characteristic reflections
the X-ray diffractogram at 22.3◦ 2θ and 48.8◦ 2θ . In ad-
dition, a typical broad halo over the range of 20 to 4◦
2θ can be observed (for reference diffractograms, see
and [19]). Surface areas determined by nitrogen sorptio
the calcined materials will generally range between 2
4 m2/g. The color of the calcined solid multicomponent o
ide will generally be black, due to the presence of vanad
in a state of valence of+ IV. For further treatment of the mu
ticomponent oxides, cesium and phosphorus (as acetate a
acid in aqueous solutions) are added as dopants to the
cined materials via two different impregnation techniqu
For subset A an excess of liquid used for impregnation w
regard to the total water uptake is employed, for subs
the amount of liquid with regard to the total water uptake
lower than the total water uptake. Both samples are allo
to settle with the impregnation solution at room tempera
for 1 h and then dried at 80◦C for 24 h in a forced con
vection oven, followed by thermal treatment at 400◦C under
nitrogen. The final catalyst is employed as compacted
grinded granulate of a size of 300 to 500 µm.

The powder specimens are prepared for electron
croscopy by standard preparation. The powders are cru
using a mortar and pestle and dispersed dry on meshed
per grids coated with a holey carbon film. The sample
are studied in a Philips CM 200 FEG electron microsc
equipped with a Gatan Image filter. Elemental informat
is obtained by EELS and EDS analysis, while crysta
graphic information is obtained from high-resolution imag
revealing lattice fringes and selected area electron diffrac
(SAED) patterns. Special care must be taken by fast im
acquisition to minimize the electron irradiation damage
the oxide specimens, which is one of the largest probl
using this technique. Scanning electron microscopy (SE
images are acquired on a S 4000 FEG microscope (Hita
The acceleration voltage is set to 10 kV and the working
tance to 8 mm.

Electron energy loss spectraof the catalyst samples a
acquired in the energy loss interval 200–700 eV with an
ergy dispersion of 0.5 eV. With this setup the Mo M edg
the V L2,3 edges, and the O K edge are present in
same spectra. The W M edges are located at approxim
1800 eV; hence, the signal to noise ratio is too low to de
the low concentration of W in the present samples. The
ergy loss near-edge structure (ELNES) of the V L2,3 edges
and the O K edge are revealed in spectra acquired in th
terval 470–570 eV with an energy dispersion of 0.1 eV.

EDS analysis is performed on a Philips CM 200 La6
electron microscope using a DX 4 analyzer system (EDA
equipped with a Li-doped Si detector with a resolution
140 eV at 5.9 kV. Elemental maps of molybdenum, va
dium, and tungsten are acquired by EDS in STEM mod
order to study the elemental distribution throughout the
glomerates. The elemental maps are acquired cumulative
from 256 frames resulting in a total acquisition time of∼1 h.
o
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d
-

.

y

-

3. Results

3.1. Morphology (SEM/TEM)

Fig. 2 shows characteristic SEM images of the sam
and corresponding TEM images. The samples from subs
reveal a rough and porous surface as shown in Fig. 2
Fig. 2b the surface of a sample from subset B is sho
The surface is less porous and more smooth than the
face of subset A samples. The differences, in morpho
are seen in the TEM images as well. In Fig. 2c the crys
of a subset A sample are sized 10–20 nm and clearly di
guishable. This primary structure is lost in the samples f
subset B as the agglomerates become more close packe
the single crystallites are no longer distinguishable in T
images such as Fig. 2d. Hence, the smaller crystal size
the higher porosity in the subset A samples lead to hig
surface area to mass ratios which might additionally impr
the catalytic performance compared to subset B samples,
discussed below.

3.2. Microstructure (HRTEM/electron diffraction)

The atomic structures are studied by high-resolu
TEM (lattice fringe images) and electron diffraction. T
crystalline structures of the samples can be divided
two groups. One group is extremely beam sensitive. A
less than 1 min of irradiation, the crystalline phases bec
completely amorphous. In Fig. 3a the crystalline structur
such a highly beam sensitive phase is shown. The uppe
of the image shows an amorphous area, which in Fig. 3b
grown to fill out the whole image view after less than 1 m
of additional low-dose electron beam irradiation. The p
pendicular lattice fringe distances found in Fig. 3a are 0.7
and 0.55 nm.

The second group of crystalline structures found in
samples is more stable under electron beam irradia
No change in their crystalline structure is observed wit
10–20 min. of exposure time. Fig. 4 shows a lattice frin
image of a crystal stable under irradiation. The resolu
of the HRTEM image is limited due to unfavorable de
cussing and misorientation of the crystal with respect to
incident electron beam, as seen in the fast Fourier trans
(FFT) inset in Fig. 4. The distance between the spots in
cubic pattern found in the FFT corresponds to 2.25 nm
real space, which fits very well with the unit cell param
ter (d100) of Mo5O14 in the[100] direction. Thus, the lattic
fringe image shows a Mo5O14-type crystal structure slightl
tilted from the[001] zone axis. The large unit cell param
ter of the Mo5O14-type structure in the[100] is giving rise to
a pseudolamellar nature when viewed along the[010] zone
axis. In Fig. 5a such a pseudolamellar nature is shown.
FFT of the HRTEM image (Fig. 5b) reveals parallel stre
separated with a distance corresponding to 0.38 nm w
coincide with thed001 distance in the Mo5O14-type struc-
ture. The (one-dimensional) ordering observed in the cry
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Fig. 2. SEM images and corresponding low-magnification TEM images of(a) and (c), a subset A sample, and (b) and (d), a subset B sample.
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Fig. 3. (a) High-resolution TEM image of the highly beam-sensitive cr
talline phase. (b) Same area as in (a) after less than 1 min of ele
irradiation. The phase has becomeamorphous. The insets show the FF
of the corresponding images.

destroyed in the outermost 1–2 nm of the crystal, as
well-defined crystal is encapsulated by a 0.5- to 2-nm th
structurally ill-defined layer. To avoid effects of the cry
tal edge in the FFT, the transformation is performed on
area excluding the outermost 3 nm of the crystal. Howe
as projected images are considered, ill-defined layers m
disturb the imaging along the electron beam. The stre
observed in the FFTs and electron diffraction patterns
shown here), which characterize the pseudolamellar na
of the structure, are observed with several different in
spacings. Lattice fringe images ofpseudolamellar structure
ordered in two dimensions as expected in the Mo5O14-type
structure viewed with misalignments to the[010] zone axis
reveal a broad spectrum of interspacings correspondin
different plane spacings in the structure.

Both the very beam-sensitive crystalline structures
the more stable phases are found in all the studied m
ial, both in subset A and subset B samples. The amoun
the different crystalline phases is not estimated as HRT
is not suitable for quantification of the crystalline stru
tures. Here, it must be pointed out that XRD analysis is
well suited for detecting defective structures observed in
HRTEM images, in particular, in the particle periphery.
Fig. 6 an XRD pattern of the samples is shown. The m
features in the patterns coincide for spectra acquired f
subset A and subset B samples. However, the profile o
pattern does not give any unique phase determination.
typical XRD pattern is compared with measured spaci
between lattice fringes in the high-resolution images of
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Fig. 4. Lattice fringe image of Mo5O14-type structure slightly tilted from
the [001] zone axis. The FFT of the image reveals spots spaced with a
tance corresponding to 2.25 nm in real space.

Fig. 5. Pseudolamellar structure in the Mo5O14-type structure. The FFT o
the HRTEM image reveals streaks indicating the large dimensions o
unit cell.

samples. The broad spectrum of lattice spacings obse
in the HRTEM images does not distinctively show up
the XRD powder spectrum. This indicates that XRD is
insufficient way to (quantitatively) characterize the pres
catalyst samples.

3.3. EDS mapping

Representative elemental maps of Mo, V, and W of a s
set A sample and a subset B sample are shown in Fig
Fig. 6. Typical XRD pattern of the catalyst samples compared with la
spacings found in the HRTEM. The XRD patterns do not reveal the de
tive structures in the samples.

Fig. 7. Elemental map of Mo, V, and W of a sample from subset A acqu
by EDAX in STEM mode. The metals are equally distributed through
the agglomerates.

and 8, respectively. In general, the high Mo content sh
as denser maps, as seen in Figs. 7a and 8a. The relati
tio between the metals in the oxide is revealed by compa
the Mo, the V, and the W map. In Fig. 7 the metals are s
to be equally distributed in the agglomerate, as no variat
are observed in the maps indicating the absence of p
separation. No variations in the elemental distribution
observed in the subset B samples either (Fig. 8). Howe
the denser map in Fig. 8c compared to the map in Fig
shows the higher vanadium content in the subset B agg
erates.
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Fig. 8. Elemental map of Mo, V, and W of a sample from subset B acqu
by EDAX in STEM mode. The metals are equally distributed through
the agglomerates.

3.4. EELS measurements (ELNES)

The short lifetime of the electron beam-sensitive ph
does not allow reliable EELS acquirements impeding spa
resolved analytical characterization of this phase. In
following paragraphs only the irradiation stable phase is co
sidered. Fig. 9a shows representative spectra of subset A
subset B catalysts after background subtraction and nor
ization. The spectra are scaled with respect to the fea
located at an energy loss of 325 eV. The Mo M4,5 edges
show up as a broad delayed edge located at 225–325
The two edges showing a white-line shape at 400 eV are
signed to the Mo M2,3 edges. The presence of vanadium
the samples is evident from the V L2,3 edges located at 51
and 524 eV with the white-line nature in the preedge reg
of the O K-edge threshold present at 532 eV. The appa
signals of the V L2,3 edges are significantly more inten
compared to the Mo M edges and the O K edge in subs
catalysts. The analyzed areas in the subset B sample
more V rich than the samples from subset A. The hig
signals of the O K edge in the spectra acquired from the
set B samples are due to the contribution from the hig
vanadium signal. Quantitatively EDS analysis supports
variation in the V to Mo ratio in the two subsets. In the su
set A samples the Mo:V:W ratio is found to 70:5:25, wh
the ratio in the subset B is 65:12:23.

Fig. 9b shows the electron loss near-edge structure o
V L2,3 edges and the O K edge. The V L3 edge and the
V L2 edge are located at 516.9 and 523.8 eV, respectiv
The O K-edge fine structure is dominated by a sharp thr
old at 530.9 eV and a broad feature located at 544 eV.
energy onset of the V L2,3 edges is identical in the spect
acquired from subset A and the subset B samples, altho
d
-

.

e

(a)

(b)

Fig. 9. Electron-loss spectra of samples from subset A and subset B. (a
Mo M edges, the V L edges, and the O K edge are present in the sp
The vanadium content is seen to be highest in subset B samples. (b) E
of the V L edges and the O K edge.

the latter are revealing more intense white lines due to
higher amount of vanadium. The O K edge looks simila
the two cases.

4. Discussion

The results presented here emphasized the importance o
characterizing the structure of catalyst material with meth
ods more sensitive to defects or irregular structures as
might be of great importance in catalysis. Unfortunat
such methods are often more time consuming.

Chemical and elemental analysis by EELS is imp
sible of the very beam-sensitive structures as discu
above. The elemental composition of the amorphous
terial shown in Fig. 3b is most likely different from th
crystalline structure shown in Fig. 3a. However, Fig.
and all other acquired lattice images and their FFT of
beam-sensitive phases support a cubic structure with la
parameter,a ≈ 2.2 nm. The crystal in Fig. 3a is then orient
with the [011] zone axis parallel with the electron bea
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This beam-sensitive phase might be related to the ge
high catalytic performance of the studied samples, bu
this phase is observed in both subset A and subset B
ples, the differences in the catalytic performance of the tw
subsets are presumably not to be found in the beam-sen
phase.

The crystalline structure of the catalyst samples stu
in this work is predominated by the Mo5O14 type, with no
or a very small amount of the fully oxidized orthorhom
bic MoO3 type, as no sign of this structure is found in t
HRTEM images or electron diffraction patterns. Stoichio
metric MoO3 is previously found to be inactive in acrole
oxidation. However, oxygen defects in this structure lead
MoO3−x catalyst favoring total oxidation [6,18]. Hence, o
thorhombic MoO3−x structures in the catalysts decrease
average selectivity for partial oxidation of propene.

The mixed metal oxides are homogeneouslydistribute
the agglomerate with no significant phase separation acco
ing to the elemental maps. The higher vanadium content
the subset B samples observed in quantitative EDS ana
and EELS must be considered as homogeneously distrib
in the samples on a scale resolvable with EDS mapping

The ELNES is known to reflect the local electronic str
ture and is highly sensitive to the local environment [30,3
The coincidence of the energy loss of the V L2,3 edges and
the shape of the white lines in the spectra acquired f
subset A and subset B samplesindicate that the chemica
environment of the additional vanadium atoms in the s
set B samples is identical to the vanadium atoms pre
in the subset A samples. From the intensity ratio betw
the V L3 and the V L2 white line the oxidation state of th
vanadium is estimated to be mainly VIV . However, this es
timate might be uncertain as the fingerprint spectra use
comparison of the white line ratio are acquired from p
vanadium oxides [32]. The O-K ELNES is superimpos
by the fine structure from oxygen atoms bound to mol
denum, vanadium, and tungsten, with the sharp thresho
530.9 eV assigned mainly to the Mo-bonded oxygen.
higher amount of vanadium-bound oxygen at the expens
Mo- and W-bound oxygen may cause the small differenc
intensity found at 540 eV in the two spectra in Fig. 9.

The structurally ill-defined phase observed at the sur
of the core structure of the Mo5O14 type in the TEM im-
ages could be highly relevant for the understanding of
catalytic performance of the present catalysts in ligh
the mechanisms discussed above. The structurally ill-defi
phase may serve as the prominent phase for adsor
of the organic substrate under selective H abstraction
oxygen insertion due to a high number of active sites. P
vious studies have shown the same ill-defined struc
encapsulating a Mo5O14-type structure in thermally an
acrolein-activated MoVW catalysts [16,17,19]. The core o
Mo5O14-type structure is suggested to act as an oxy
buffer due to its open structure of four-, six-, and seven
coordinated metal ions which allows oxygen diffusion to
surface as shown by XPS and RBS [16].
l

-

e

s
d

t

t

f

The origin to the differencein the catalytic performanc
of subset A and subset B samples may not be found in
subnanometer regime as the Mo5O14-type structure is ob
served in all the samples. The optimization of the cry
size must be addressed considering both the area of th
defined surface structure and the size of the Mo5O14-type
core. If the core is too small the reaction kinetics might
limited by the reoxidation speed and the oxygen diffus
velocity. Hence, the optimum crystal size is the optimum
tio between structurally ill-defined surface and core (buf
size. The difference in the morphology between the
subsets of catalysts studied in this work is reflected in
catalytic performance. The rough and porous surface o
subset A samples leads to a higher surface area of
samples. Furthermore, the crystal size observed in sub
catalysts might be closer to an optimum size, as the cata
performance is better. However, the difference in the va
dium content in the two subsets might play a more direct
in the catalytic performance than the indirect role as a ge
metric promoter of MoVW-mixed oxides with P and Cs
additives.

HRTEM images of the high-performance selective par
oxidation catalysts support the model of structural w
defined crystals containing the motif of the Mo5O14-type
structure, and more ill-defined surface structures of the c
tals. The absence of orthorhombic MoO3 structures in the
samples and optimization of the crystal size highly incre
the performance of the catalyst. The determination and
derstanding of the catalytic active phase will lead to a m
distinct path toward better selective partial oxidation ca
lysts.

5. Conclusion

Characterization of high-performance selective oxidatio
catalyst based on mixed oxides of molybdenum, vanad
and tungsten by electron microscopy and associated
niques reveals a high amount of substoichiometric oxi
The general high performance ofthe catalyst studied in thi
work is assigned to the absence of orthorhombic Mo3
and the defective structure of the Mo5O14 type observed in
the samples. Furthermore, a structurally ill-defined phas
found at the surface of the Mo5O14-type cores. These type
of structures highly relevant for the catalytic reactions can
not be fully revealed by bulk-sensitive techniques, such
XRD. The difference in the catalytic performance of t
studied samples is to be found in the morphology of the s
ples rather than in the crystallographic structure.

Defective structures such as the present Mo5O14-type
structure and the structurally ill-defined layer found on
surface of some of the crystals in the samples are no
vealed in the corresponding XRD results, emphasizing
importance of using nonintegral techniques when stud
structures fundamental in heterogeneous catalysis, su
surfaces.
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