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Abstract

The different preparation steps are characterized for the single-phase, crystalline, ternary oxide (MoVW)5O14, which is important
for catalytic, mild selective oxidation reactions. For the synthesis of this oxide, solutions of ammonium heptamolybdate, am
metatungstate, and vanadyl oxalate were spray-dried followed by different thermal treatments. The structures of the materials form
preparation step, starting from the precursor to the final product, were studied using scanning and transmission electron microsc
powder diffraction, thermal analysis, and Raman spectroscopy. Raman spectroscopy was also applied to shed some light into t
chemistry of the mixed precursor solutions. Raman data indicate that a molecular structure which seems to be closely related to
final crystalline Mo5O14-type oxide is already formed in solution. X-ray diffraction revealed that the thermal treatment steps strongl
the degree of crystallinity of the ternary Mo5O14 oxide. Transmission electron microscopy with energy-dispersive microanalysis confi
the presence of V and W in the molybdenum oxide particles and gave evidence for the (010) plane as the most developed face of
of this phase. Details of the structural transformation of this system at the different preparation and calcination steps are discussed
to their performance in the selective partial oxidation of acrolein to acrylic acid.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

About one quarter of all organic products produc
worldwide are synthesized via catalytic selective partial
idation reactions. The industrial and economic relevanc
research in this field, hence, is self evident. Generally, th
industrial processes are highly developed. Improvemen
such processes can be achieved only if fundamental un
standing is reached about active catalyst structures and
relation to catalytic performance.

Currently, MoVW-supported catalysts are used in
dustry for the synthesis of acrylic acid [1–5]. Despite t
industrial importance, fundamental information is unav
able on both the structure formation during synthesis and
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peculiarities of the atomic arrangements in these system
pending on different preparation routes and element rati

Previously, the Mo5O14-type phase was found to b
highly important for selective partial oxidation catalys
for example methanol oxidation [6], acrolein oxidation [
and propene oxidation [8]. Proceeding work [6–9] show
that the selectivity for partial oxidation products cou
be considerably augmented when the amount of Mo5O14

was increased. The structure of this oxide is built up
pentagonal bipyramids and octahedrally coordinated m
centers [10]. Coordination sphere changes that might exp
its activity in partial oxidation catalysis can easily
imagined in this structure. This oxide forms at a defin
transition metal ratio of Mo:V:W equal to 0.68:0.23:0.0
At the same time binary molybdenum-based oxides do
with different elements such as Nb, W, and Ta have b
synthesized and their structures have been identified as
of the Mo5O14 type [11,12]. These phases were found to
eserved.

http://www.elsevier.com/locate/jcat
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stable at a wide temperature range and a broad variatio
the element ratios. However, the ternary system has no
been synthesized as a single-phase material without t
of other molybdenum oxides; e.g., thermal treatmen
inert atmosphere results in the appearance of MoO2, while
treatment in air leads to MoO3.

Its identification as an important phase for partial oxi
tion catalysis makes this (MoVW)5O14 oxide also importan
as a model substance for fundamental surface science
ies, provided that single crystals could be grown. Attem
to grow single crystals via gas-phase transport reaction
sintering [8,13,14] showed that this phase forms from m
tures of molybdenum and tungsten and from mixtures
molybdenum, tungsten, and vanadium, but not from bin
Mo–V mixtures with high V concentrations. Both tungst
and vanadium play important roles as structural promo
in the formation and stabilization of this oxide and hence
catalytic activity.

It seems plausible that different thermal treatments
the precursor solutions affect (a) the composition of
usually mixed-phase catalysts and (b) the crystal size
the different constituting phases. Thus, the understan
of the aqueous precursor chemistry is required to con
the preparation of such mixed-oxide catalysts. Furtherm
subsequent drying and activation procedures from the
uid precursor to the active and selective catalyst are
paramount importance for the development of the optim
catalytic performance. Accordingly, knowledge has to
generated about the detailed processes which occur
ing these synthesis steps. Only then might it be possib
fully control not only the phase composition of the mixe
oxide catalyst, but also the crystal size, the crystallin
and the morphology of the active phase. A developed
thesis routine thus could lead to defined crystal size
even nanocrystalline (MoVW)5O14 mixed-oxide catalysts
Moreover, it offers a versatile path to control its element
composition. Effects of crystallite size/morphology and
emental composition on the catalytic performance could
studied separately.

To this end, some steps of the developed aqueous p
ration procedure are characterized by in situ micro
man spectroscopy. The important subsequent drying pro
and further activation and formation procedures are
vestigated by in situ Raman spectroscopy, high-resolu
electron microscopy (HREM), and X-ray diffraction (XRD
Comparison with Raman spectra of well-defined, sing
crystalline reference oxides [13] was used to assign
obtained spectra during these catalyst preparation rout
certain oxides, such as MoO2, Mo4O11, Mo8O23, MoO3,
or Mo5O14.

This investigation was aimed at the preparation o
single-phase Mo5O14-type material and the study of i
molecular architecture at every step of the synthesis. P
ble changes of the particle morphologies of the ternary o
and its precursors during thermal treatment were also th
cus of this study. Last but not least, the detected phys
f
t
s

-

-

-

s

-

alterations during synthesis should be related to the ch
ing catalytic activity and selectivity in the partial oxidatio
of acrolein.

This approach of a knowledge-based developmen
all synthesis steps combined with the use of complem
tary physicochemical characterization techniques led to
defined preparation of a single-phase (MoVW)5O14 oxide
catalyst for acrolein partial oxidation.

2. Experimental

The mixed-oxide catalyst with the Mo0.68V0.23W0.09Ox

composition was prepared by spray-drying of mixed so
tions of ammonium heptamolybdate (AHM; Merck, p.a
ammonium metatungstate (AMT; Fluka; purum,>85%
WO3 gravimetric), and vanadyl oxalate of the resp
tive transition metal concentrations with a pH value of
The aqueous solution of AHM with the concentration
0.963 mol/L MoO3 was prepared by dissolving AHM i
bidistilled water at 353 K. The aqueous solution of AM
with the concentration of 0.271 mol/l WO3 was prepared
by dissolving AMT in bidistilled water at 353 K. The aqu
ous solution of vanadyl oxalate with the concentration
0.379 mol/L was prepared by dissolving V2O5 (Merck;
extra pure) in an aqueous solution of oxalic acid (EG
Chemie; >99%) with the concentration of 1.93 mol/L
at 353 K. The different transition metal precursor so
tions were allowed to cool to room temperature and t
mixed by adding the corresponding amounts with a
tering pipette. The mixed solutions were heated at 35
for 1 h.

The Mo0.68V0.23W0.09 oxide solid catalyst precurso
was prepared by spray-drying the mixtures of the aque
solutions of AHM, AMT, and vanadyl oxalate with a spra
dryer of the “Anhydro”-type. Subsequently, the obtain
product was calcined at 623 K for 120 min in flowing
(flow rate: 3.6 L/h) and at 723 K in flowing helium (flow
rate: 3.6 L/h) for 120 min or only at 713 K in flowing ai
for 240 min. The heating rate to these end temperatures
6 K/min. The calcination was done in a gas flow reac
placed in a tube furnace.

The Mo, V, and W concentrations in the precursor
lutions, the solid precursor, and the catalysts were de
mined by atomic absorption spectroscopy (Perkin–Elm
PE 4100).

Raman spectroscopy was performed on a Labra
(Dilor) instrument equipped with a confocal microsco
(Olympus). A notch filter (Kaiser Optical) was applied to c
off the laser-line and the Rayleigh scattering up to 150 cm−1.
The spectrometer is equipped with a charge-coupled de
camera (1024×298 diodes), which is Peltier cooled to 243
to reduce the thermal noise. A He-laser (Melles Griot) w
used to excite the Raman scattering at 632 nm with a l
power of 1.4 mW. The following spectrometer parame
were used: microscope objective, 100; slit width, 200
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(spectral resolution, 2.5 cm−1); integration time, 240 s pe
spectrum; and 20 averages.

XRD analysis was carried out using an URD-63 sp
trometer with Cu-Kα radiation in the 5–70 2θ range by
continuous scanning (2◦/min). The integration time was se
at 20 s. The POLYCRYSTAL software package [15] w
used to refine the structure of the sample calcined in a
623 K and He at 713 K. Additional XRD measureme
were done at room temperature on a STOE STADI-P foc
ing monochromatic transmission diffractometer equip
with a Ge(111) monochromator and a position sensitive
tector. Cu-Kα radiation was used. The phase analysis w
performed with the STOE Win XPOW software packa
(version 1.06; Stoe Darmstadt, Germany) and with P
derCell (V 2.3; Bundesanstalt für Materialforschung u
-prüfung (BAM) Berlin, Germany).

The particle size distribution was measured on a Cou
Counter TA-2 from Coultronics. The specific surface ar
were determined by the BET method (Micromeritics).

The morphology and the size of the catalyst pa
cles after spray-drying and during calcination was de
mined by scanning electron microscopy (SEM) analy
SEM was conducted on a S 4000 FEG microscope
tachi). The acceleration voltage was set at 10 kV,
objective aperture was 30 mm, and the working dista
was 10 mm.

High-resolution transmission electron microsco
(HRTEM) analysis was carried out on a CM 200 ele
tron microscope (Philips) (point resolution, 0.2 nm; acc
eration voltage, 200 kV) equipped with an EDX syste
(EDAX). For HRTEM analysis, the samples were prepa
from suspensions of the powders in methanol. A d
of the methanol slurry was put on holey-carbon/cop
grids.

Thermal analysis (TA) was performed with a STA 44
Jupiter apparatus (Netzsch). Flowing helium and air
mosphere were applied (the flow rate was set at 15 ml/min
in both cases). The heating rate was set at 10 and 20 K/min.
Mass spectrometric analysis (TG-MS) of the evolved ga
was performed with an Omnistar quadrupole mass spect
eter (Pfeiffer Vacuum).

The sieve fraction between 0.4 and 0.6 mm of crus
pellets was used for the catalytic measurements. The
alytic tests were performed in a quartz tubular flow
actor (i.d. 4 mm). The catalyst (0.025–0.1 g) was
luted with quartz (1:10–1:4 by weight) to achieve b
ter temperature control. Reaction mixtures of 4% C3H4O,
8% O2, 20% H2O, and the balance He with total flo
rates between 0.2 and 2 ml/s were used for the ca
alytic measurements. The reactants and products wer
alyzed by an on-line gas chromatograph (Varian 38
equipped with TCD and FID detectors. A Porapak-QS c
umn (2 m×1/8 IN, s.s.) and a 60/80 Carboxen 1000 colum
(15 FTs× 1/8 IN, s.s.) were employed for the analysis
permanent gases and organic substrates. The carbon
balance was 100± 5%.
-

-

ss

Table 1
EDX data of the MoVW mixed oxides activated at the indicated tempera

Elements (at%) T = 383 K T = 623 K T = 713 K

V 18.9 21.2 24.4
W 10.1 11.1 7.3
Mo 70.9 67.7 68.3

3. Results and discussion

3.1. SEM

Fig. 1a shows a characteristic SEM image of cata
particles after spray-drying. All particles are spherica
shaped and have smooth surfaces. Their sizes range fr
to 50 µm with main values lying between 5 and 10 µ
The shape and the size of the spherical particles did
change after the calcination in air of the spray-dried mate
at 623 K, but the observed morphology of the sam
changed after heating at 713 K in helium or in air. The
results are given in Figs. 1b and 1c. One can see that now
spherical particles consist of numerous smaller particle
regular shape and size ranging from 0.2 to 0.5 µm. The E
results given in Table 1 show that the concentrations of
different elements slightly change with thermal treatmen

3.2. Particle size distribution and BET surface area

Analysis of particle size distribution shows that mo
particles have sizes between 5 and 10 µm (59.5%) and
data are in line with the SEM analysis. About 21% of t
particles are smaller than 5 µm, and a few particles are la
than 10 µm (19%). After calcination at 623 and 713 K,
particle size distribution did not significantly change.

The specific BET surface area of the dried precur
was very low at 0.8 m2/g; that of the calcined oxid
was 4.1 m2/g. These values are close to those reported
the industrial MoVW mixed-oxide catalyst [6–9].

3.3. TG-MS

The TA data of the spray-dried Mo0.68V0.23W0.09Ox sam-
ple, measured in flowing synthetic air, are shown in Fig.
Four main mass losses are observed at 385, 545,
and 675 K. Differential scanning calorimetry (DSC) p
formed simultaneously with TA shows endothermic eve
at 385, 525, and 675 K and two exothermic effects at
and 621 K, which are similar to the mass losses as evi
from the DTG trace. The first endothermic effect is as
ciated with a mass loss of 3.5% in the TA. As seen fr
the MS traces, 33.4% of the total amount of water in
catalyst is released from the sample. Water, carbon diox
ammonia, and nitrogen oxides are released at the endo
mic and exothermic effects at 525 and 563 K, respectiv
The release of carbon dioxide is due to the decompos
of vanadyl oxalate. Nitrogen oxides are formed from the
idation of ammonia and the reduction of the vanadium
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Fig. 1. Typical SEM images of the spray-dried precursor (a), the Mo
oxide catalyst heated at 623 K in air (b) and at 713 K in He (c) at diffe
magnifications.
molybdenum precursors. An exothermic effect is detec
at 621 K, which is related to only a slight mass loss of 3.5
Water and traces of ammonia, carbon dioxide, and nitro
dioxide are observed by MS. This exothermic effect is
sociated with a crystallization process as revealed by S
and XRD.

Fig. 2B displays the TA data obtained in flowing heliu
of the sample which was pretreated in flowing air at 62
for 2 h. Two major mass losses of 4.6 and 1.4% are obse
The DSC curve shows endothermic events at 378 and 55
which correlate with the mass losses as also confirme
the DTG trace. The first effect is accompanied by a m
loss of 4.6% as shown in the TG curve. The MS anal
of the evolved gases shows that only water is released
the sample. The second endothermic effect at 555 K is
accompanied by loss of water. Other thermal effects or m
losses were not observed up to 743 K. In this experim
the release of carbon dioxide or nitrogen oxides was
observed. These compounds obviously were comple
released during the pretreatment of the precursor in a
623 K for 2 h, in line with the TA data shown in Fig. 2A.

3.4. XRD

Fig. 3 displays the results of the XRD analysis of
Mo0.68V0.23W0.09 mixed-oxide samples after the differe
treatment steps. The XRD patterns shown in Fig. 3 of
initial and calcined samples differ considerably. The XR
patterns reveal that the mixed Mo0.68V0.23W0.09 oxide pre-
cursor was poorly crystallized after spray-drying (Fig.
and after calcination in air at 623 K (Fig. 3b). The broad h
lying between 5◦ and 14◦ 2θ is characteristic for the XRD
pattern of the spray-dried sample as evident from Fig.
It should be noted that a set of reflections of the Mo5O14
structure, such as (210) and (310), appear in this 2θ region
(Figs. 3c and 3d). After thermal treatment of the spray-d
sample at 623 K in air, the halo disappeared and a b
XRD peak is observed at 22◦ 2θ in the XRD pattern of this
sample (see Fig. 3b). In this case, the peak location is
close to that of the (001) reflection of Mo5O14. The spray-
dried material shows a second broad signal at 27.6◦ 2θ . The
broad reflection, observed in this range (Fig. 3a) transfo
into a set of sharp peaks, including the (550) reflection
Mo5O14, after calcination in air at 723 K (Fig. 3c) and
air at 623 K plus in helium at 713 K (Fig. 3d). These obs
vations indicate that a Mo5O14-type structure is preforme
in the spray-dried precursor but of course with a very
degree of structural ordering within the basal plane. T
observation is in agreement with published results of
structural studies of the nanocrystalline, industrial cata
[6,16].

The XRD pattern of the MoVW sample calcined in
at the higher temperature of 723 K is shown in Fig.
This temperature results in the crystallization of the comp
Mo–V–W oxide of the Mo5O14 type from the nanocrys
talline, spray-dried material as confirmed by the appear
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(A) (B)

Fig. 2. (A) TA in flowing synthetic air of the spray-dried Mo0.68V0.23W0.09Ox catalyst. (Top) (a) TG data; (b) DTG data; (c) DSC data. (Bottom) MS traces
of evolved H2O, NH3, CO2, NO2, and NO. (B) TA in helium of the spray-dried Mo0.68V0.23W0.09Ox catalyst pretreated in air at 623 K for 2 h. (Top) (a)
TG data; (b) DTG data; (c) DSC data. (Bottom) MS trace of evolved water.

Fig. 3. X-ray pattern of the MoVW oxide precursor/catalysts. (a) Spray-dried precursor; (b) catalyst calcined in air at 623 K for 2 h; (c) catalyst calcined in air
at 723 K for 2 h; (d) catalyst calcined in air at 623 K and in helium at 713 K; (e) catalyst calcined in air at 623 K for 2 h after operation in acrolein oxidation
for 80 h. The inset shows the 2θ region of diffractogram c which shows reflections due to MoO3.
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(a)

(b)

Fig. 4. HREM images and SAED patterns of Mo5O14 structure viewed along the [001] (a) and [010] (b) directions.
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of the sharp and characteristic peaks of this phase in
XRD diffractogram (Fig. 3c). However, traces of a MoO3
phase are also detected for this sample. The inset of F
shows the 2θ range of the diffraction pattern c, in whic
the reflections of MoO3 occur as marked by their respe
tive indices. The result of the assignment of the reflect
are given in Table 2. These XRD data are corroborate
Raman spectroscopy (vide infra). Hence, the single-p
Mo0.68V0.23W0.09O compound of the Mo5O14-type struc-
ture could not be identified when the sample was heate
air at 723 K. MoO3, known for its total oxidation activity, is
definitely present in the catalyst.

The single-phase Mo0.68V0.23W0.09O compound of the
Mo5O14-type structure is formed only after subsequen
heating the catalyst, precalcined in air at the lower tem
ature of 623 K, in helium at 713 K, as evident from t
XRD pattern of Fig. 3d, which additionally shows the
Table 2
X-ray data of the MoVW catalyst heated in air at 723 K

2θ D Int. (%) Phase

7.77 11.4 32 (MoVW)5O14

8.69 10.17 29.9 (MoVW)5O14

12.30 7.19 10.5 MoO3 (r)

15.6 5.68 8.4 (MoVW)5O14

22.29 4.0 100 (MoVW)5O14

23.13 3.84 55.2 (MoVW)5O14

23.44 3.79 39.0 (MoVW)5O14

24.82 3.58 39.4 (MoVW)5O14

27.28 3.266 36 MoO3 (r)

31.66 2.824 17.1 (MoVW)5O14

33.74 2.66 32.8 MoO3 (r)

38.98 2.31 12.2 (MoVW)5O14
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dices of the reflections of Mo0.68V0.23W0.09O. It has to be
noted that the XRD pattern recorded for the catalyst, wh
was thermally treated in air at 623 K and then operate
the acrolein oxidation for 80 h (Fig. 3e), is similar to the p
tern of Fig. 3d. This observation confirms recent results
the enhanced formation of the Mo5O14-type structure during
acrolein oxidation [7].

The XRD pattern of Fig. 3d was used for the stru
tural refinement of the ternary oxide sample. According
the results obtained, the structure is well described by
space group P4/nmm with the following lattice parameter
a = 4.54063,b = 4.54063, andc = 0.39979 nm. A slight
decrease of the unit cell parameters of the thermoactiv
ternary oxide is observed as compared to the refere
Mo5O14 reported by Kihlborg [10] (P4/mbm space group
a = 4.5990,b = 4.5990, andc = 0.3936 nm). The incorpo
ration of V and W ions into the structure of this molybdenu
oxide could be the reason for this. It was shown above
crystalline particles of this sample have W and V content
high as 9 and 23 at%, respectively.

Data given in Fig. 3 may indicate that the structure
the spray-dried catalyst precursor exhibits only close-ra
order rather than nanocrystalline three-dimensional (3D)
riodicity, because there is only one single halo in the X
pattern, which disappears upon calcination with the simu
neous growth of the broad (001) reflection of nanocrystal
Mo5O14 (Fig. 3b). In the case of nanocrystallinity, the
should be several very broad peaks, instead of one s
halo, whose intensities grow with raising calcination te
perature due to the increasing degree of sample crystall
Hence, it seems likely that the structure of the spray-d
sample is characterized by some structural ordering in
layer plane but does not possess any periodicity in the
pendicular direction, e.g., along [001].

Moreover, the gradual increase of the intensity of
(001) reflection during the crystallization of the Mo5O14-
type structure from an amorphous, spray-dried precu
indicates a lamellar or pseudolamellar character of
mixed oxide (Figs. 3b–3d). When the layers begin to p
into slabs, the 3D periodicity of the MoVW oxide becom
evident. That is also demonstrated by the increasing inte
ties of the basal reflections. The proposed structural m
fits well with Raman spectroscopic data, which also indic
the presence of nuclei of the Mo5O14 phase in the spray
dried material, and with TEM observations, which confi
the pseudolamellar character of the Mo5O14 structure (vide
infra).

Attention should also be focused on the fact that
crystallization process of the Mo–V–W oxide from t
amorphous precursor is governed by a proper mainten
of the cation oxidation states during the thermal treatm
steps to the final catalyst. According to the XRD analy
calcination of the spray-dried precursor in an oxidiz
medium, i.e., air, leads to the partial disintegration of
complex oxide phase of the Mo5O14 type as proven by
the reflections of MoO3 in the XRD pattern (Fig. 3, inset)
Hence, the treatment of the spray-dried precursor un
well-chosen tempering or reaction conditions is a criti
requirement for the synthesis of well-crystalline, sing
phase Mo–V–W oxide (Figs. 3c–3e).

3.5. HRTEM

According to TEM, the particles of the spray-dri
and the calcined sample (air, 623 K; helium, 713
are of platelet-like shape with sizes of about 200 nm
length and 10 nm in width. With the help of selected a
electron diffraction (SAED) patterns, the structure of
sample was identified as a Mo5O14 type. The SAED pattern
oriented along [001] zone axis and given in the inset
Fig. 4a reflects the closely packed character of the Mo5O14
structure in the basal plane. The SAED pattern show
the inset of Fig. 4b displays a set of strips similar
those characteristic of lamellar materials. Thus, this tern
oxide can be considered pseudolamellar. These layer
alternating along the [010] direction. It is evident from t
TEM observations that the (010) plane is the most develo
plane of the crystalline particle.

At higher magnification, the structure of the sample
rather complicated. A cubic motif of the dark spots
clearly visible in the HRTEM micrograph of the samp
indicating the Mo5O14-type structure viewed along th
[001] orientation (see Fig. 4a). The distance between
neighboring spots is equal to 2.25 nm, which fits well w
half of the unit cell parameter of Mo5O14. This value also
coincides with the distance between two channels forme
the pentagonal bipyramides in the structure of this comp
ternary oxide [17,18]. Therefore, it can be suggested tha
micrograph in Fig. 4a shows the channels in the basal pl
On the other hand, the pseudolamellar nature of the cry
structure is evident from the HRTEM image of the crys
viewed down the [010] projection (Fig. 4b) from which a
interlayer parameter as long as 1 nm can be measured.

EDX measurements indicate similar elemental com
sitions for all investigated particles of the ternary ox
sample. As evident from EDX, the concentrations of M
V, and W are equal to 68.13, 22, and 9.88 at%, respectiv
These values are in a good agreement with the EDX
obtained by SEM analysis.

The XRD and TEM data presented in this work are i
good agreement with earlier observations on the struc
arrangement of the MoVW oxide with an admixture
MoO3 [6,9]. The structural evolution of the main terna
phase during thermal treatment seems to be similar to
structural transformation of the catalyst in the present st
The XRD pattern of the precursor described in [6,9,
shows the same diffuse peaks, which became sharp
strong due to crystallization of the initial structure up
thermal treatment. Note that the (210) and (200) reflecti
although very broad, already exist in the XRD pattern of
precursor, whereas the (001) reflection is almost abse
the XRD diffractogram. After the first calcination step of t
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precursor, the reverse situation was observed. The fo
reflections disappear, and the latter start to grow until
sharp and intense peaks appear after further heating.
the structural point of view, this implies that there is a kind
short-order and structural periodicity in the [210] directi
but it is very poor along the [001] direction. This finding
in line with recent TEM data [7,9], which indicated diffusio
reflections in the SAED pattern. Irregular packing of th
layers within the ternary oxide particles in the direct
perpendicular to the (001) basal plane leads to the so-c
bundle structure. The TEM results obtained in this study
show this pseudolamellar character of the ternary Mo
phase.

3.6. Raman spectroscopy

Fig. 5A shows the Raman spectrum of an aqueous m
solution of the three transition metal compounds and
spectra of individual AHM, AMT, and vanadyl oxala
solutions for comparison. The spectrum (a of Fig. 5A)
the pure, colorless AHM (c = 0.96 mol/l Mo) solution
displays bands at 940, 894, 818, and 700 cm−1, in agreemen
with literature [19]. The Raman spectrum of the pure, b
vanadyl oxalate solution (c = 0.76 mol/l V) displays bands
at 974, 908, and 678 cm−1 (b of Fig. 5A), while a band
is detected at 971 cm−1 for the pure, colorless AMT (c =
0.27 mol/l W) (c of Fig. 5A). The spectrum d of Fig. 5A
was recorded for the freshly mixed solution of the precu
solutions. Raman bands of the fresh mixed solutions
observed at 964, 944, 910, 821, 790, 711, and 682 cm−1,
which are in the typical regime for Raman bands of polyo
metallates. These bands tentatively could be assigne
terminal M=O vibrations in the regime between 1 000 a
890 cm−1 and to M–O–M bridges in the regime between 8
and 600 cm−1. The calculation of the theoretical spectru
of a hypothetical mixed solution, which was fitted to t
experimental data (spectrum e of Fig. 5A), shows ba
at 973, 940, 894, 817, 701, and 678 cm−1. Note that the band
positions and observed relative intensities of the diffe
signals vary from those of the freshly mixed solution. T
hypothetical sum spectrum is clearly different from t
of the freshly mixed solution. Hence, it can be assum
that previously mixing the three starting solutions indu
a chemical reaction toward a polyoxo compound on a
basis with incorporated V and W.

Fig. 5A f shows the spectrum of a freshly mixed soluti
after additional heat treatment at 353 K for 1 h. The Ram
spectrum of this solution (Fig. 5A b) also differs decisiv
from that of the freshly mixed solution (Fig. 6A e). A ne
intense band appears at 878 cm−1 together with bands at 69
and 683 cm−1. These bands appear in the typical regi
of frequencies of Me–O–Me bridge stretching modes.
observation of these bands, thus, points to the forma
of polymeric aggregates after this additional heating p
sumably containing W and V due to the absence of t
respective Raman bands in the spectrum.
r

(A)

(B)

Fig. 5. (A) Raman spectrum normalized to the intensity of the ban
944 cm−1 of (a) the ammonium heptamolybdate solution, (b) the vana
oxalalate solution, (c) the ammonium meta tungstate solution, (d) the m
solution (0.53 mol/L Mo; 0.18 mol/L V; 0.07 mol/L W), (e) the sum
as calculated from the respective weighted spectra of the pure st
compounds and fitted to the experimental spectrum, and (f) the m
solution (of d) after heat treatment at 353 K for 1 h. (B) Raman spe
of the MoVWO oxide precursor/catalysts: (a) spray-dried, (b) dried in a
at 383 K overnight, (c) calcined in air at 623 K for 2 h, (d) calcined in ai
623 K for 2 h and in helium at 713 K for 2 h, and (e) heated in air at 72
for 2 h.

The Raman bands, detected at 938 and 872 cm−1 in the
solution Raman spectrum (Fig. 5A f) are also observe
the Raman spectrum of the spray-dried solid (Fig. 5B
together with a broad wing extending to lower wavenu
bers and a very weak band at 682 cm−1. Simultaneously
all other bands that were recorded for the solution dis
pear. Spectral alterations are evident as compared to
solution Raman spectra (Figs. 5A and 5B). By compari
with Raman spectra reported for Mo0.68V0.23W0.09 mixed-
metal oxide catalysts [6,9], the band observed at 872 c−1

after this treatment step is tentatively attributed to a mi
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Fig. 6. (A) Acrolein conversion over the Mo9V3W1.2O14 catalyst at 563 K
and as a function of operation time on stream. Spray-dried sample
calcination in air at 623 K for 2 h (circles); spray-dried sample a
calcination in air at 623 K for 2 h and subsequent treatment in He at 7
for 2 h (triangles). Reaction mixture composition: 4% C3H4O, 8% O2,
20% H2O, balance—He. (B) Selectivities to acrylic acid (triangles) a
CO+ CO2 (squares): spray-dried sample after calcination in air at 62
for 2 h (open triangles and squares); spray-dried sample after calcinat
air at 623 K for 2 h and subsequent treatment in He at 713 K for 2 h (fi
triangles and squares).

oligomeric species with a molecular structure which mi
already contain the structural motif of Mo5O14, i.e., the cen-
tral pentagonal bipyramid surrounded by five octahedra [
In this context, it has to be mentioned that similar R
man spectral bands were reported for the Keplerates
containing the pentagonal bipyramids as a structural
tif [20,21] Thus, the combined information from XRD an
Raman spectroscopy indicate the presence of a mole
MoVW precursor species and the absence of long-rang
der in the spray-dried solid precursor. After further dryi
at 383 K overnight, the Raman spectrum (Fig. 5B b) of
sample has not changed. The relative intensity of the b
at 866 cm−1 attributed to the polyoxo (MoVW)5O14 pre-
r

cursor, however, has increased somewhat compared t
band at the same wavenumber of the spectrum record
solution. A comparison with the XRD results (Fig. 3) cla
fies that the X-ray amorphous spray-dried precursor con
of these polyoxo clusters. Calcination of the sample in
at 623 K for 2 h resulted in a Raman spectrum (Fig. 5B
which has considerably altered as compared to the spec
of the dried materials (Fig. 5B a). The formerly prom
nent bands between 800 and 1000 cm−1 have changed in
shape and have lost their structure. The band at 662 c−1

assigned to Me–O–Me bridges shows a higher relative
tensity compared to the bands between 800 and 1000 c−1.
This increased intensity might indicate an increased de
of cross-linking in the solid. However, the Raman spectr
is still poorly resolved and is additionally characterized
a high background extending to lower frequencies, wh
points to an ill-defined, poorly crystallized material, in li
with the XRD results (see Fig. 3). The Raman spectrum
Fig. 5B d was recorded of the catalyst additionally tempe
in He at 713 K for 2 h. The spectrum is more resolved co
pared to the spectrum of the preceding step and shows b
and shoulders at 985, 949, 866, 818, 682, and 584 cm−1.
The Raman bands are more resolved and the backgrou
reduced compared to the mixed oxide after thermal tr
ment at 623 K in air. The observed band positions are
agreement with those reported by Dieterle et al. [9] a
Blume [13] for the catalyst prepared by other methods
with a different transition metal ratio. These spectral al
ations indicate an increase in crystallinity of the mixed ox
after this treatment step that fits well with the XRD resu
which demonstrated the crystallization of the Mo5O14-type
mixed oxide.

When the spray-dried sample was additionally calci
at 723 K for 2 h, Raman shows bands or shoulders
995, 875, 845, 818, and 667 cm−1 (Fig. 5B f). The
Raman band at 891 cm−1 can be attributed to monoclini
Mo4O11 [22], whereas the band at 845 cm−1 may be
assigned to orthorhombic Mo5O14, which is characterized
by Raman bands at 983, 909, 845, 790, and 728 cm−1 [13].
But XRD did not reveal the presence of Mo4O11 in the
sample (see Table 2) which is likely to be caused
its XRD amorphous state. Obviously, calcination in air
temperatures below 673 K (data not shown) leads to
formation of (MoVW)5O14 in phase mixtures with trace
of MoO3. Temperatures higher than 673 K result in t
decomposition of the majority of the (MoVW)5O14 phase
into a broad phase mixture.

3.7. Catalytic properties

The catalytic performances of the different, above-
scribed materials were studied in the acrolein oxida
under identical reaction conditions. Fig. 6A shows
acrolein conversions at 563 K and atτ = 0.12 g s/ml as
a function of time on stream. The selectivities to acry
acid and CO2 + CO with time on stream are displayed
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Fig. 6B. It is evident from Figs. 6A and 6B that the precur
pretreatment in air or in air plus He considerably affec
the final catalytic properties. The catalyst, calcined only
air at 623 K for 2 h, shows an activation period simi
to that observed for an industrial MoVWO catalyst [7].
is important to note that a significant change in catal
performance was not observed during the first minute
operation, which could be related to surface proces
such as desorption of water or surface reduction. S
processes can be excluded as responsible for the impro
catalyst activities. Moreover, the BET surface areas o
materials were very low with about 4 m2/g and did not
change upon the different calcination treatments or catal
Textural changes, thus, can be excluded as respon
for the changing catalytic activity. As suggested in
previous work [7], such an activation period is rela
to the formation of an active crystalline phase. In f
agreement and confirming previous results, XRD of
catalyst after operation in the acrolein oxidation for 80
revealed the exclusive presence of crystalline (MoVW)5O14
in this sample (Fig. 3e). The selectivity to acrylic acid o
the catalyst calcined in air also slightly increased with ti
on stream and reached 97% at an acrolein conversio
25–26%, while that to CO+ CO2 decreased (Fig. 6B
This slight change in the selectivities over the first 1.
might be related to redox processes within the cata
material [6]. However, it has to be stated that the time s
of the selectivity changes does not correlate with tha
the increasing catalyst activity. Hence, this result once m
proves that this increasing catalyst activity is not direc
related to redox processes in the material, which shoul
reflected by selectivity alterations.

The steady state selectivity to acrylic acid of 97
finally reached is close to that of the industrial catalyst
The catalyst, which was additionally treated in He
713 K for 2 h, reached only a six to seven times low
acrolein conversion rate under identical reaction conditi
Its selectivity to acrylic acid was also lower at 86%.

It is important to emphasize that treatments which l
to the decomposition of the Mo5O14-type structure were no
applied in the present catalytic tests. Previous investiga
have demonstrated [9] that the Mo5O14-type structure is
stable up to 818 K in He. Thermal treatments at temperat
above 829 K led to the decomposition of the metasta
Mo5O14 phase to stable MoO3 and MoO2 [9]. Additionally,
strong oxidative or strong reductive conditions were not u
in the present study, which also result in the formation
phases with higher or lower degrees of reduction, suc
MoO3 or Mo2O5−x [6,9,23].

XRD analysis on the sample with the high catalytic
tivity (sample heated in air at 623 K for 2 h) revealed t
a crystalline Mo5O14 structure appears after operation
the acrolein oxidation reaction (Fig. 3e). As was sho
previously the structure of the sample before reaction re
sents poorly crystalline (almost X-ray amorphous) mate
It seems likely that the induction period observed for t
,

g

.
e

f

sample is caused by crystallization of the Mo5O14 phase
during the reaction. Note that the catalyst heated in air
in helium and composed of single crystalline Mo5O14-type
structure shows low activity and less selectivity for acrol
despite identical XRD patterns of the activated material.

This phenomenon might be associated with differ
“real structures” of the compound under reaction conditio
e.g., size of the Mo5O14 particles, degree of nanocry
tallinity, and different oxidation states of molybdenu
vanadium, and tungsten. Further, the character of the s
tural disordering during the reaction might also be sign
cant. This result shows the full complexity of the system
demonstrating that the long-range structure of a cataly
necessary but by no means sufficient information to ob
a structure–function relationship. New ways in catalysis
search are therefore recommended that investigate in d
the real structure of the material in situ under reactive c
ditions.

4. Conclusion

A synthesis procedure which allowed the preparatio
the single-phase, well-crystallized Mo5O14-type oxide has
been developed in this work. The whole process of struc
formation starting from the precursor solutions up to the fi
product has been closely monitored. A strong interac
of AHM, AMT, and vanadyl ions involving the formatio
of Me–O–Me bridges and a mixed Mo, V, W compou
was observed with a structure closely related to that of
Mo5O14 type. This structural motif was maintained duri
the spray-drying process but the material showed a
crystallinity. Further thermal treatment removed ammo
water, and oxalate and increased the state of crystalli
While calcinations in air led to overoxidation with a pha
mixture among a well-crystallized Mo5O14-type structure
the pure single phase was obtained only after additi
treatment in helium.

Particles of this Mo5O14-type compound are oriente
along the [001] and the [010] zone axes. Microdiffract
patterns show the closely packed character of the Mo5O14-
type structure in the basal plane. This ternary oxide
pseudolamellar with alternating layers along the [010]
rection and a strongly developed (010) face. Structure
finement showed decreaseda andb lattice parameters wit
respect to Kihlborg et al. [10], but an increasedc parame-
ter. This effect is probably due to incorporation of V a
W into the lattice. This statement is also supported by
man spectral features and shows the importance of V an
as structural promoters to maintain the Mo5O14-type phase
presumably by stabilizing the pentagonal bipyramides.

While the catalyst that formed the Mo5O14 structure after
an induction period of about 2.5 h achieved the high
catalytic activity for acrolein oxidation, the synthesiz
single-phase material showed less activity but its select
was almost as high as that of the industrial material. S
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Scheme 1. (a) Oligo anions in solution; (b) material after spray-drying (
oxygen defects); (c) material calcined under low oxygen partial pres
where a variety of defects can be obtained; (d) binary oxide mate
calcined under higher oxygen partial pressure (i.e., air).

important conclusions can be drawn from this. Appare
the active material is single phase but distinctively differ
from the perfect structure of Mo5O14. The Mo5O14 structure
is an idealized endpoint that is formed under redu
oxygen partial pressure by the organization process
mixture of oligo anions, which are generated in solution. T
active phase is metastable until crystallization and oxida
decomposition into binary oxide phases occurs under
oxygen partial pressure (air and above). This is illustrate
Scheme 1.

These experimental results are highly significant for
ture catalysis research, because they confirm that a si
phase material can be catalytically active and that no p
-

cooperation or spill over phenomena are functionally
sential. Additionally, this work has highlighted the fu
complexity of these systems, because X-ray powder diff
tometry indicates the same crystallographic phase for
differently active materials. This difference can be explain
only by different “real” structures of the two materials.
must be strongly emphasized that precise analytical m
ods that reveal the details of a real structure of a given p
need to be developed to determine structure–function
tionships. The synthesis procedure reported in this pap
an example of this approach.
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